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ABSTRACT

In the Philippines, aquaculture in freshwater lakes contributes significantly to its economy,
food security and employmertilowever, intensive aquaculture often leads to degradation in
lake ecosystem integrity because of nutrient fertilisatiesulting in harmful algal blooms
(HABs), eutrophicationand degradation of water qualityThe few limnologicaland
palaeolimnologicalstudies carried out on Philippine lakes demonstrate a link between
aguaculture activity and degraded water qualitytbete is a lack of information to help define

how lakes have reacted over time to changing intensities of aquacaitd other catchment
effects. This research attempts to redress ihmbalance by using two different
palaeolimnological approaches to astbe impact of aquaculture @ix of the Seven Lakes

of San Pablo (Luzon IslandBoth approaches used multiple proxiggecifically, chlorophyll

and carotenoid pigmentsarbon and nitrogen isotopé HC , °Nji and C/N ratiosto help
disentangldake specific effects of aquaculture fraifme impacts of regionalrivers. The first
approach used generalised additive models (GAMs)stessesponses olakesalong an
aquaculturelisturbance gradiemind hencevhetherakeresponse was proportional to taeel

of aquaculture. The second approach endeavoured to quantify the extent to which aquaculture
(and other driversjed to change in algal communities using variance partitiominglysis

Using thiswhole-e ¢ 0 s y expeanmentdl desigmacross individal lakes allowed for amore

critical interpretation of the pigment and isoiopecordsBoth approaches concluded that there
was no proportional relationship between changes in the proxy record and level of aquaculture
disturbance, suggesting aquacultisr@ot the main driver of change. Land use changes (since
1950) explained the greatgsbportionof variance and corresponded to periods of significant
temporal change indicating it was a more dominant driver of change in algal commusities.
aguaculturentensity increased, lakdsecame moreutrophic and anoxiancreaseddue to
nutrient enrichment from a combination of anthropogenic (urbanisation, coconut plantations
and aquaculture) and climatic factors. In the majority of the lakes, chartipe proy record

predate the introduction of aquaculture, providing evidehaeaquaculture exacerbated pre
existing change especially in the lakes with the highest aquaculture disturbance. Furthermore,
each lake had a distinee response to aquaculture duethe impact of multiple stressors
(climate, land use and aquaculture) especially on the high disturbance dakeghe
modification by individual lake characteristics such abBydro-morphology Mitigation

strategies, therefore, need to be specificallyettgped for each lakevith consideration given



to their distinct morphological features and how this influences their complex response to

aquacultureand other environmental pressures
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Figure 4.4: Limnological profiles showing temperature, dissolved oxygen, conductivity, pH
and chlaophyll a concentrations for the study lakes. The light grey box highlights the
location of the thermocline in each lake. The red and blue lines show the euphotic depth and
depth of the bacterial plate respectively. This shows the uncoupling of the Eyexiand

the euphotic depth as the disturbance level increased. Depths of the thermocline and

chemocline for each lakes are shown in Table.4.1..........ooooiiiiiiiiin 96
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Figure 4.9: Measured photosynthetic pigment concentrations (completed using HPLC) for
surface, mid and bottom depths from each of the study lakes. Chlorophyll a concentrations,
determined usg a spectrophotometer, are also shown. The pigments are grouped to show

different algal groups/ INAICALOLS. ...........iiiiiiiiiie e 108
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Figure 4.13: Total phosphorus vs. Chlorophyll a of the study lakes. The soli@firesents
the trend line with the Rralue ShOWNL.............cooviiiiiiiice e, 120

Figure 4.14: Soluble reactive phosphorus vs. Nitra#@mmonium of the study lakes. The

solid line represents the trend line with th&VRIue SNOWRL............ccveveeviviieeeeeee e 122

Figure 5.1: Conceptual diagrams proposing how a deep (>10 m) tropical lake responds to
climatic warming and eutrophication. A) prior to climatic warming, with weak thermal
stratification, limited anoxia, abundant littoral algae @macrophytes and the absence of
purple sulphur bacteria. B) influenced by climatic warming showing more stable
stratification, hypolimnetic anoxia, purple sulphur bacteria and greater rates of internal
loading of phosphate. C) impacted by both climaticrmiag and eutrophication showing
stable stratification, shallowing of the anoxic layer, abundant purple sulphur bacterial,
reduction of littoral community abundance and greater rates of internal P loading. D)
hypereutrophic conditions resulted in furthéadowing of the anoxic layer, substantial self

shading of phytoplankton and aphotic dead zones without purple sulphur bacteria, reduced
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littoral communities and a smaller volume of water which is habitable for fish. The intensity
of green shading signifsealgal production. The arrows indicate mixing of the water column.
Temperature/dissolved oxygen water column profiles show a shallowing of the anoxic and
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Figure 59: The surface area of Lake Pandin utilised for aquaculture cages in hectares (blue)
and % (black). Source of each data point is listed in Table.54.............cccccoeeveeennnn. 150
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Figure H.2: Diagnostic plots for a fitted GAM of the PCA axis 1 scores from sediment core,
YAMBOZ2. Top left) € plot, top right) Residuals vs. linear predictor, bottom left)
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Figure H.3: Diagnostic plots for a fitted GAM of the PCA axis 1 scores from sediment core,
MOH2. Top left)Q-Q plot, top right) Residuals vs. linear predictor, bottom left) Histogram

of residuals and bottom right) Observed vs. fitted values................ccccveeeeiviinnennnnn. 301

Figure H.4: Diagnostic plots for a fitted GAM of the PCA axis 1 scores from sediment core,
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Figure H.5: Diagnostic plots for a fitted GAM of the PCA axis 1 scores from sediment core,
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Figure H.6: Diagnostic |ots for a fitted GAM of the PCA axis 1 scores from sediment core,
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Figure I.1: Estimated first derivatives (black line) of the GAM trend fitted to the
concentration of the pigemt alloxanthin from the six lakes in order of disturbance. Areas
where the confidence intervals have deviated from the red line signify periods of significant

(p<0.05) temporal change. The grey shaded areas correspond to 95% confidence intervals
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1. CHAPTER 1 - INTRODUCTION AND CONTEXT

Tropical freshwater lakeare under increasing threat from anthropogenic activities and climate
changeln order to develop appropriate managenstrdagtegiesit is vital to understand how
tropical lakes are reacting to these stres@diment cores can be usedléxipher the effects

of multiple drivers (e.g. climate change, aquaculture, deforestatiom)the problem is
ascribing what change recorded in lake sediments is due to natural variability or climate and
which are caused by anthropogenic dri&isnpsorand Anderson, 2009as they often cause

a similar response within lake syste(Mills et al, 2017) For example, rising temperatures

and eutrophication can cause increased anoxia, algal productivity, nutrient loading and nutrient
recycling. This is further complicated by the fact that these changes often occur simultaneously
(Mosset al, 2011) Lakes can alswary in their sensitivity to different drivers depending on
how they processes environmental perturbationbere is ao evidence that anthropogenic
drivers have reduced the sensitivity of lake systems to climate c{Rygeset al, 2011) The
Philippines is heavily dependent on its aquaclture industry for economic development and the
employment and food securittyprovides. A suitable strategy, therefore, is needed to evaluate
how aquaculture impacts ecosystem functioning, so that these important freshwater systems

can continue to provide the goods and services on which stakeholders depend.

1.1. Sociceconomics of tle Philippines
The Philippines currently has one ofrosasi ads
Domestic Product (GDP)f 303.8 billion United States DollarSD). It is classified as a
developing country which idefined as a poor agriculturalwatry that is seeking to become
more advancedboth economically and sociallfThe World Bank Group, 2019)t is an
emerging marketransitioningfrom a primarily agricultural ta services and manufacturing
based economiprimarily assembling components for foreign muliitional compan®. The
country is, however, still heavily dependent on agriculture which account&d/%rof GDP
and employe®5% of t he ¢ ou mt201§ (@he Warld Baknk Graum, 20)19The
main agricultural products are coconuice, corn, sugar and fruithe Philippineds also one
of the major fish producing countri@sthe world with aquaculture contributing 1.1% to GDP
and employing over a million people in 201Bufeau of Fisheries and Aquatic Resouyrces
2019). Despite the impressive growth rate sneiconomy in recent years, the Philippines has
major problems associated with wide income gnowth disparities between the different
regions and socioeconomic classes. OveB2 of the population live below poverty line
(defined as living off less thah90 USD a day)(Asian DevelopmeinBank, 2019)Developing



and exploiting its major resources, such as its aquaculture industry, is an important part of

redressing this imbalance.

1.2. Aquaculture in the Philippines
An increasing awareness among consumers of the health benefits offeredbloyl d&s seen
the aquaculture sector become one of the fastest growing food producing sectors globally. It
accounted for over 202 million tonnes of the fish produced worldwide in gBd@au of
Fisheries and Aquatic Resousc019)with an average growth rate annually of >12% (1976
to 2012)(Table 1.1; Krauseet al, 2015 The Phil i ppinesd aquacultu
crustaceans and molluscs amounted to over 1.79 biliiDin 2018(Bureauof Fisheries and
Aquatic Resourcg 2019)

The Asia Pacific markas expected to growlue to increased demand from Australia, India,
Japan and multiple South East Asian countfie®O, 2016) However, there is concern that

the Philippines will not be in a strong position to take advantage of this, as unsustainable
management of its fisheries has sad depleted fish stocks, degraded habitats and over
exploitation of its resourc&A0, 2016) The Philippines has seen its global ranking in terms

of aquaculture fall from an historical position of supplying 5% of global farmed fish supply in
1991 to 1.0% (volume) in 2046A0, 2016) As well as contributing t&DPthe development

of aquaculture haalsobeen found to benefit the poorest inhabitants; farmed fish having a high
nutritional conéent (Prein and Ahmed, 2000) and providing secure employment in areas where
this is often difficult to find (Gonzalez, 1998)z et al, (2007)found in a study of certain
coastal areas of the Philippinestaquaculture income reduced inequality. There is, therefore,

a pressing need for the Philippines krpand implement initiatives to ensure the future growth

and sustainability of its aquaculture industry.



Table 11: Production and trade data for fisheries and aquaculture industry in the Philippines {2287) (FAO, 2019)
*capture fishery is théarvesting of naturally occurring living resources in aquatic environments

Year 1980 1990 2000 2010 2011 2012 2013 2014 2015 2016 2017
Production (1000s tons) 1576 2209 2290 3356.5 3150.5 3113.7 3571.9 4125.6 4649.3 4355.8 4312.1
Inland 276.4 318.7 2638 493.7 498.8 505.9
Marine 1299.6 1890.3 2026.2 2862.8 2631.7 2607.9
Agquaculture 199.9 3799 3939 7447 767.3 790.9 8150 788.0 781.8 796.4 8225
Inland 32.1 81.9 112 308.3 306.9 310.1
Marine 167.8 298 281.8 436.4 460.4 480.8
Capturefisheries* 1376  1829.1 1896.1 2611.8 2363.2 2322.9 2199.3 2246.3 2.151.5 2.024.8 1887.1
Inland 244.3 236.8 151.8 1854 1919 1958 200.9 2155 2034 159.6 1625
Marine 1131.7 1592.2 1744.4 2426.4 2171.3 2127.0 1998.3 2032.8 1948.1 1865.2 17245
Trade (USD Millions)
Import 36.6 84.8 108.5 134 183.6 246.9 2654 2526 3584 3859 5804
Export 141.6 396 406.9 638.6 649.4 808.8 11439 9979 7759 720.8 869.2




1.2.1. The development of aquaculture in the Philippines
Aquaculture has been a traditional gitee in South East Asia for over 500 ye@fsget al.,
1989) Historicdly it was characterised by smaitale operations with poor management and
low yields (FAO, 2016. The earliest fishpondseremilkfish (and shrimp) grown in brackish
water using naturally occurring fry from tidal watgiSAO, 2016) Further species were
introduced into the Philippines during the early twentieth centhaiydingas Common carp
(Cyrpinus carpio introduced 1915, oysters Crassostrea iredalei 1931), Nile Tilapia
(Oreochromisniloticus) and SeaweedKéppaphycusand Eucheumaspp.; 19503 (FAO,
2016) Aquaculture has egmded significantly in the Philippines sint®73 when aecree by
President Marcogrovided tax exemptions and the promotion of research into fisheries
developmen{Malacaiiang Records Office, 1973)

m Nile Tilapia (Oreochromis
niloticus)-freshwater

m Milkfish (Chanos chanos)-
freshwater/marine

[ Carp (Aristichthys nobilis)-
freshwater

B Seaweed (Kappaphycus and
Eucheuma spp.)-marine

® Others including Shrimp
(Penaeus monodon), Mussel
(Perna viridis) and Oysters
(Crassostrea iredalei)-marine

Figurel1l: Cont (i battd awe elde achidf fterent f i sh
aquaculture productndnméarnolkigiimgs hiere §
(totali Bgrd®® 6 Fisheries and Aquatic



Aquaculture in the Philippines is carried amtnumerous diverse ecaggms the largest is
open coastal water (maricultyre specialised branch of aquaculjureaking up 75% of total
volume(in the Philippines)whichis divided into shellfish, finfish and seaweed cult{fgure

1.1; FAO, 2016) The second largest culeienvironment is brackish water areas (12.5% of
total volume)FAO, 2016) which comprises mangve swamps, estuarine areas and 4titi
zonesfor the cultivation of mainly milkfish and shrimpThe final culture environment is
freshwater (12.5% of total volum@FAO, 2016)whichis the focus of this research.

1.2.2. Freshwater aquaculture
Freshwater aquaculture utilises lakes (and other freshwater environments) to raise and breed
aguatic organiss) for economic purposed~AO, 2016) In the Philippines,freshwater
aguaculture began withe ntroduction of the Mozambique tilapi@reochromis mossambicu,
in 1950 Aquaculture expanded in the 1970s due to the ability tomidldish (Chanos changs
without the use of additional fish food and the successful cultivation of tilagakes, dams
and reservoirin Laguna de BagSouthern Luzon)The development of freshwater aquaculture
was also aided by a number of extensive and continuous programmes of aquaculture research
(by the Philippine Bureau of Fisheries and Aquatic Resources (BFAR), Cemtan State
University (CLSU) and the Southeast Asian Fisheries Development centre (SEAFDEC)
undertaken in the Phil i ppi ne®reoshromis mdloticuhr e 19 7 (
milkfish (Chanos chanos)arp (mainly bighead carpgyistichthysnoblisand common carp,
Cyprinus carpio) are the main species cultivated in freshwater aquaculldnegez et al.,
2008) The methods of cultivation vary from fish corrals/pens, fish tanks, fish cages and earthen
ponds. Levels of technology employed vary from low levels of technology in the cultivating of

milkfish in fish pens and cages to the genetic manipulation of tilapia.



1.3.Impacts of aquaculture in freshwater environments

Therapid expansion of the aquaculture sector globally over the last 30 years (from 5 million

to 63 million tonnesFAO, 2016)has led to a rise in aumber of environmental problems in

freshwater environments. These include water quality degradation, a reduction in water clarity,

contamination of drinking water and the food ch@ialumeraet al, 2004) eutrophication

(PaezOsuna, 2001; Andersaat al.,2002)and the introduction of invasive specf@sismendi
et al, 2009)(Figure 1.2).

" Microcystis bloom ]

+ Fish feed
+ Drugs (e.g. antibiotics, hormones)

Introduction of Clearance of . Sewage
ciotis iovasiey vegetation to . Unutilised fish feed.and fish wasteg
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| lFertmze |
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algae e.g. Microcystis,  +Algae (Eutrophication)
Cy Hndrosiwrmops B 1 P il l+ Bacteria to
‘ - d
. + Aigal toiln Algal/ (:)):::;‘t;actoﬂa ecompose
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1.3.1. Eutrophication and HABs
Eutrophication idefined as the enrichment of nutrients (such as P and N) stimulating algae
and plant productivity resultinip the depletion of oxygen (Glibeet al.,2010). Aquaculture
causes increased nutrient inputs in the formfffient from both the fish themsels and from
the high nutrient fish feed@Holmer, 2002) which leads tautrientenrichment. It is estimated
that up to 85% of phosphorus andt6®5% of nitrate entering the fish culture system as feed
is lost to the environment thugh waste and excretig8outhgate and Lucas, 2003jcreased
nutrientenrichment leads to eutrophication and deterioration in water qualityhwiay have
negative impacts on productivity and yield of aquaculture in freshwater lake environments
(FAO, 2016)

Figure 1.3: Picture of algal bloom from Lake Mohicap

Increased nutrient@utrophication) can also lead to tthevelopment of harmful algal blooms
(HABs; Figure 1.3 caused by cyanobacteria (Andersziral., 2002). Eutrophication causes
increased hypolimnetic dissolved oxygen (DO) corstion, progressively lowering DO
concentrations in the water column and enhancing diurnal DO fluctugti@iff, 2002).
Continued eutropbation can result in the complete exhaustion of DO and the formation of
hypoxic or anoxic conditions (in the hypolimnion) which can have a negative impact on aquatic
organisms. In the Philippines, eutrophication has not only had environmental impacts but
economic consequences too, through reduced revenue from the loss of habitat suitable for
aquaculture(Szekieldaet al., 2014) Furthermore,nutrient enrthment and stoigbmetric
imbalances can lead to the formation of HABs, further deteriorating water quality and

introducing toxic compounds detrimental to human hg&#erlet al, 2001; 2014)HABs are
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mostly composed of cyanobacteimafreshwatergPaerlet al, 2001) with the final phase of
eutrophication experiencing permanent cyanobacterial domin@dakulil and Teubner,
2000) This has been attributed to their physiological adaptations such as the ability of certain
species of cyanobacteria to fix nitrogéDokulil and Teubner, 2000Anthropogenic nutrient
loading reduces the N:P ratio which favours cyanobacteria, specifie#yocystous species
(which can fix nitrogenDolmanet al, 2012) It is common forprimary production irmost
tropical freshwater lakeso be N limiting (Abell et al, 2012; Bannisteet al, 2019) Since

many species of cyanobacteria are able to fix N bio#dlyicincreased delivery of nutrients
particularly P through fish food alters the N:P ratiocreasing the likelihood of the
development of HABsHowever, each lake system responds differentlgutrient loading
thereforemitigation strategies have take into account factors suchwaterresidence times,
hydrology, and the length and severity of eutrophication. Shallower tropical lakes generally
have quickerecovery timegfrom eutrophic conditionghan deep tropical lakes due to shorter
water regience timesand are less impactduay stratification and internal nutrient loading
(Jeppesenet al, 2005)

A complex range of factors suchtag intensity of the aquaculture, lake water retention time,
the algal species presenteterological conditions, and the abundance of grazefisience

the propensityof HABs to form(AlonsocR o d r € g u e zOsuna&, @003FCyanabacteria
compete well in lakes with high retention timessd a stratified water columas they have
slower growth rates compared with other algal gro{ipeerl and Huisman, 2008y hese
conditions allowHABs to regulate their buoyany permitting themo maintainan optimum
position in the water column for maximum growth (McGowan, 2015). Cyanobacteria are less
competitive in lakeshat have experienced increased precipitation and-diivén turbulence.

A lack of a stratified water domn results in the dispersion of cyanobacteedls as the
buoyancy mechanismeans they cannabntroltheir position in the water columimcreased
precipitation may also enhance the transport of terre€ifihl(from increased rwoff) and

lead toan increasein HABs (Miller et al, 2006) When periods of enhanced precipitation
(which occurs during the monsoon season in tropical climads)lowed bya dry period it

makes for ideal conditions for HABs to forfiMlcGowanet al, 2012) This means that lakes

can react differently to the same nutrient loads depending on the time of year and the type of
environnent. In addition, the effect of nutrient enrichmemt HABs has been found to be
species specifiAndersonet al, 2002) Detailed knowledge of the current algal species

occupying each lake is necessary to understand the nature of HABs.



Numerous studies have found a link between increased nutrient loading from aquaculture and
the expansion of large biomass bloofhegaspiet al, 2015 Bannisteret al, 2019) This has

been detrimental for the fisheries indus(Andersonet al, 2002)and led to public health
concerns (from contaminated drinking water). One of the most severe cases is that of Lake
Taihu in China(Glibert, 2013)which serves as a drinking reservoir for over 2 million people.
This lake becomes clogged annually with toxic cyanobacteria blooimMicrocystis
aeruginosa,a species which makes several toxic compounds including micracy$tn
blooms wee so severe in 2007, it necessitated the closure of the water supply for remediation.
The devel opment o f HABs has al so-ofhefdéish | i nke
populations) which impacts the industry through a loss of rev@rargsberget al., 2009)

Fish kills are an ecological phenomenon mainly caugeghbual stratification or upwelling

in the lake, in which the bottom water loaded with toxic substances (e.g. hydrogen, sulphides
and ammonia) is brought up to the surf@seullo, 2001) The fresh supy of nutrients (from

the deep water) encourages the developmeidiads (Kalff, 2002).

1.3.2. Chemical compounds
Many chemical compounds are dse aquaculture including antibiotics (to prevent and treat
disease) and hormones (to accelerate gravetlumeraet al, 2004) Antibiotics enter the lake
and the surrounding environment through leaching from fish faeces and uneaten antibiotic feed.
Up to 75% of the antibiotics used in aquitgre are transported to the surrounding environment
and accumulate in the lake sedim@dalling-Sgrenseret al, 1998 Lalumeraet al, 2004)
Studies byHerwig et al., (1997) concluded that aquaculture caused increases in the
concentrations of oxytetracycline (an antibiotic), and oxytetracycésestant bacteria in lake
sediments. In additiomhere is also evidence that antibiotics can cause a reduction in microbial
action within the sediments leading to rapid degradation of lake water ((&ditiyhgate and
Lucas, 2003)

1.3.3. Invasive species
Many nonnative invasive species have been introduced into freshwater ecosystems in the
Philippines, threatening their structure and func{ibownsend, 299). It has been estimated
that over 170 nomative fish species have been introduced to Philippine inland waters since
1900(Mendozeet al., 2019) This can lead to a decline in native fish populations and increased
competition for habitats and food, leading in some cases to the extinction of native fisl.speci
In North Patagonian lakdn Chile Arismendiet al, (2009)investigated the impacts of escaped

cultured salmonids from aquaculture on native fish populations. They found that escaped fish
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from fish farms led to a reduction in native fish species due to predation from the salmonids.
The increase in nenative fish species used in aquaculture has also led to the introduction of
nonnative parasites and pathogegiBeyer et al, 2005) which, areharnful to native fish
(Brown and Grenfell, 2001Beyeret al, (2005)found that parasitesuch asNeoergasilus
japonicug, from nonnative fish species spread from their original introduction site, freshwater
lakes in Somerset, United Kingdom, to other water bodasing concerns that this rapid
dispersal would negatively affect native fish species.

10



1.4.Other drivers of environmental change in tropical lakes
1.4.1. Anthropogenic drivers

In addition to aquaculture varietyof other anthropogeni@€tors impact tropicddkes (Figure
1.4).0ne of the main driverof change isleforestation and the assoedthange in land use
including agriculture (e.g. coconut) and urbanisatiorihe Philippines, 37% of the total water
pollution originates from agriculturesuch asanimal wasteand the use ofertilizer and
pesticide (Szekieldet al.,2014) Fertilisers used in agriculture result in theoff of synthetic

N and P into lake watersausing eutrophicatiofsmith and Schindler, 2009pften increased
urbanisation andxpansion of thetransport infrastructure leads further runoff andan
increased volume of human effluemthich fuels nutrient enrichment and HARBgcGrane,

2016).

Climate drivers Human drivers
Rainfall Clearance
Evaporation | Burning
Temperature Natural Anthropogenic Industry / mining
Wind Agriculture / pastoral
Storminess Water regulation / abstraction

- Species introductions
Impacts Impacts
Salinity changes Acidification
Light / habitat avaialibility Heavy metals
Eutrophication / productivity Eutrophication / productivity
Stratification / mixing _ Turbidity / light availability
Lake level Carbon loading

Lake level (water balance)
Stratification / mixing

Figure1l4: Schematic representation of how cl i mat
et al ., 2017)
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In SouthEast Asia anthropogenic emissisof SG;, NO, andNH4 haverisendramaticaly
since the 195Qslriven by economic developmesiich as increasddssil fuel combustion and
agricultural activities(Duan et al, 2016) Nitrogen deposition, especially of NHis of
increasing concern in Asia dueits impacts omitrification and nitrate leaching in-Nmiting
ecosysteméwhich is common in tropical lakesee above There is evidence that atmospheric
deposition is inflencing water quality in the Philippines causing an acidification of freshwater
aguatic system&Sia Su, 2008)Furthermore, the supply of biologically reactive forms of N is
fuelling HABs, enhancing eutrophic conditions and hastening oxygen dep(Eatam et al,
2007) Kim et al.,(2014) found that atmosphericde¢position contributedpproximately20%
to annual biological production in the South China Sea, which borders the Philippmees.
suggests atmosphericdéposition could be an importamitrient source for algae in tropical
lakes.

1.4.2. Climatic drivers
Tropical lakes are experiencing warming trends, with an increase of 1°C since 1850
(Williamsonet al, 2009 O'Reilly et al.,2015. The Philippines has seen a ris€0.68°Cin
the annual mean temperature since 1@0coet al.,2018) Increased lake temperatures have
resulted in prolonged thermal stratificatioeducel delivery of DO to the hypolimnion and
increased the extent and/or duration of anoxic conditj@fithelm and Adrian, 2007)Anoxia
in the hypolimnion can result in the internal release of P from the sediments fuelling
eutrophication(Hou et al, 2013. In African Rift Lakes, a greater temperature difference
between the deeper hypolimnion and upper epilimriasincreased the stability of the
thermocline and shallowed the mixing depth, reducing its stref\ghmer et al., 2005;
Verburg and Hecky, 2009; Katseval, 2014) Reduced mixing increases nutrient limitation,
diminishes algal productivity and increases water transpai@idfjamson et al, 2009) In
Lake Tanganyika, increased climatic warmamdreduced nutrient suppled to a reduction
in aquatic ecosystem productivity, due to a lack of ngn the euphotic zonfe O 6 R etiall | y

2003) This resulted in a 20% decrease in phytoplankton and a 30% drop in fish yield.

Significant changes to r#all patterns including severe flooding and extended droughts
throughout the 20century have had a profound effect on tropical lake systems (IPCC, 2015).
Extended droughts cause a reduction in lake level through changes to the inflows/outflows and
evapaation. Hydro-morphological modificationgaused bydroughts increasemean water
retention times andrthencoupled with warmer temperatures enhartbe effects of thermal

stratification.For example, a decline in precipitation resulted in a shallowingaké Chad
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from 25,000k (1960) to 1,350krin 1990(Coe andFoley, 2001) Hydrological variability
(combined withtemperature fluctuations) alters catchment vegetation and the delivery of OM
into lakes(Adrian et al., 2009) Severe flooding can increase erosion rates in the catchment
and lead to a rapid influx of allochthonous material into the lakes. Furthermore, increased
precipitation can cause increased ld&eels, through the increased input of water (from
inflows and the catchment). There is evidence that extreme storm @wvéitis are becoming

more intense as a result of climate change; Stuestlar, 2018)causes short lived mixing of

the water columriLewis Jr, 1984)This results in the release of toxic compounds (e.g) CH
from the hypolimnion and subsequent fish kills and algal blo@esdle, 1966)The IPCC
(2015) predicts that in the 2tentury the tropics will see an increase in the frequency of heavy

rain due to a rise in the number of storm events.

1.5. Disentangling the impacts of anthropogenic drivers from climate change
Various approaches céelp disentangle the impacts of anthropogenic and climatic drivers in
tropical lake systems. A muproxy palaeolimnological approach can be useful when
deciphering complex sedimentary recoftiills et al, 2017) This approach uses multiple
proxies (e.g. photosynthetic pigments, stable isotopes, diatoms) to simultaneously reconstruct
ecosystem and biotic responses in the lake, the terrestrial catchment and the regional landscape
over time. Due to the cortgx network of interactions within lake systems, it is desirable to
study as many proxies as possible in order to gain a wider overview of the si{Batisrand
Birks, 2006) The use of a mulfproxy approach is helpful in identifying the effect of a specific
driver (such as aquaculture) on lake ecosystems. This is because it provides a number of
independent lines of enquiry which allows the recartsion of past environmental conditions
with greater certaintyLotter, 2003) Furthermore, it is an effective strategy fotetenining

how the influence of different drivers has changed over time.

Inadditonst udying | akes along a disturbance gr ad
disturbance lakes (influenced by climate) to be compared with high disturbanse lake
(influenced by climate and human drivers) to separate out anthropogenic impactekinter
comparisons can also be useful when studyinghighpacted regions that have been exposed

to a variety of stressodloorhouseet al, 2014)and to separate local from regional drivers

(Mills et al, 2014) Trebitz et al, (2007) measured coastal wetlands along an agricultural
gradient determining that agriculture has a prominent impact on algal productivity, nutrient

recycling and water clarityCombinedwith a statistical approaglthis can helpto quantify
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individual drivers (e.g. aquaculture, urbanisation, and climate) and determine if indiaidual

a combination oénvironmentadlirivers are the cause @fcosystenchangs in tropical lakes.

1.6. Aims and Objectives
The aim of this research is to use two approatthegsiantitatively assess the ecological
response of six lakes, on the island of Luzon in the Philippines, to aquaculture practices
The sedimentary records from six lakes were investigatetéondi@e whether lake response
was proportional to the level of aquaculture disturbance. The specific research aims and
objectives are:

1. Determine how algal communities and organic matter properties vary along an
aquaculture disturbance gradient
1 Collect comemporary limnological samples to determine the current environmental
and ecological conditions of the six lakes to aid the interpretation of-doven
records
1 Reconstruct changes in primary producers and HABs using sedimentary chlorophyll
and carotenoidigments
1 Assess changes in | ake or gafNog “@Gaand er so
C/N ratios
2. Determine the drivers of change in algal communities and organic matter properties using
various statistical approaches
1 To determine periods of sigreiint temporal change in algal communities and organic
matter properties using GAMs
1 Determine the relative importance of regional and lscale environmental drivers of
lake ecosystem change using variance partitioning and end member analysis

1 Assess howalndscape characteristics have altered lake response to aquaculture
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1.7.Thesis outline

The structure of this thesiaddresesthe aims and objectivesutlined in section 6. Chapter 2
outlinesthemain factors which shape the physical environment ofttleyydakes (Seven Lakes of

San Pablo) such as geology, climate and land use and provides a detailed description of each of the
individual lakes. Sample collection and the subsequent laboratory and statistical analyses used are
described in Chapter &hager 4 evaluates the contemporary limnology of the study lakes to aid

in the interpretation of the individual palaeolimnological records, which followShapter5.

Chapter 5addresses the key timings of algal community changmrrespond to changes in
environmental driver§aquaculture, climate, land usa)order to support and interpret the results

of the regional synthesis. Chapéuses and combines the two approaches to determine if, and the
extent to which, aquaculture drove change in the stakiysl whilstconsideringindividual lake
hydromorphology Chapter7 summarises thenain findingsof this thesis and suggests future
studiesto build on the work presented here
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2. CHAPTER 27 REGIONAL CONTEXT

2.1. Introduction
A major factor influencing the esgstem functioning of tropical lakes is thpwsitionwithin
the landscapé€Nilssen, 1984) The legacy of past geological, climatic and anthropogenic
changes can have a profound effect on lake ecology,isoital to undersand how these
characteristics have changed over tinf@®nsideration othe physical characteristics and
human modifications ahe lake catchment is important in understanding how aquaculture and
other drivers have influenced lake proces3éss chapteprovides context for interpretation
of the proxy record which follows in Chapter 5.

2.2.Geology
The Philippinessi n t he O0Paci f i cshdeishamed region df high semicaad h o r ¢
volcanic activity surrounding the Pacific Ocean. Its location makhighly susceptible to a
range of natural hazards such as volcanic eruptions, destructive earthquakes and tsunamis
(Tupperet al, 2004) The tectonic settingof metamorphic terranes, magmatic aogshiolitic
complexes and sedimentary basins) heavily influences its gedlibgyisland of Luzon, is part
of the Philippine Mobile Belt; a stretch of crust situated between two subduction zones, the
Manila Trench and the Philippine trench (Figure 2The tectonic forces compressing the
region cause the bisection of Luzmnthe NS trending Philippine Fault System. The ophiolitic
complexes (which underlay the magmatic arcs), consist of tectonised periodities, that progress
to layered gabbros, sheetedalBomplexes, pillow basalts and finally to pelagic sedimentary
rocks. The study area (the Seven Lakes of San Pablo, Luzon) is part of the South Western
Luzon Volcanic Field which consists of Cenozoic volcanic rocks eruptéal 858 Ma and is
associated ith subduction processes from the Manila Trench. Geochemical studies on the Taal
Volcano (located in the same volcanic field) show that lava composition ranges frem calc

alkaline to iron enriche(Milkius et al.,1991)

2.3.Climate
The Philippines has a tropical climate with wet and dry seasons heavily influenced by its
topography, locatioand the tropical Pacific Ocean. This has resulted in a complex pattern of
sub climatic zones, differentiated by the distribution of rainfglgure 2.2).Despite this
regional diversity, temporal rainfall fluctuations across the country are uniformntecdeer
interr-annual time scales. This appears to be driven by the relationship between large scale
atmospheric dynamics and anomalies in sea surface temperatures in the Pacifii_mean
and Camargo, 2009)
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Figure21: Geol ogi cal map of the Philippines wi

highlighted. The main f aul(Mine$anhGessciemcesBuieaudDl
The climate of the archipelago can be divided into four distinct climatic types which vary with
respect to the amount and distributionpoécipitation (Figure 2.2).There are considerable
variations between the climatic typedth annual rainfall being as high as 5,000 mm in the
mountainous east coast section but less than 1,000 mm in some of the sheltered valleys
(Philippine Meteorologial Institute, 2016). In comparison to rainfall, there is little variation in
temperature throughout the country (mean maxima 28°C, daily variation 21°C to BBeC).
study area is located on the border of climatic types 1 anligBiré 2.2)with average

precipitation of 3178 mm per annum, a drier season from January toalemadingl24 mm
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per month)and a wet season from September to December (381 mm per nidhyerage
annual temperatuiie c. 26.5C and humidityis c. 88% (19042017)(Harriset al.,2014)

Rainfal in the Philippines is seasonally bimodal, driven by the biannual migration of the Inter
Tropical Convergence Zone (ITCZ) between 5° N and 5°S of the equator, which brings
moisture from both the Pacific and Indian Oceans (FigureRb&nin, 20@)). The annual

cycle of the ITCZ sees it move northward and southward as it follows the thermal equator
(Figure 2.2). These changes in the position and timing of the ITGZrhajr consequences

for the onset and duration of the monsoon season. Higésymee over the cold northern
hemisphere land masses, and areas of low pressure over the warm southern hemisphere push
the ITCZ south. Conversely, when the northern hemisphere land massep deaing the
summer, the temperature anomaly between the laththe ocean pushes the ITCZ northward.
This results in a bimodal rainfall pattern with northern and southern belts of monsoonal
climates confining a humid equatorizdne (Gasse, 2000)The Philippines experiences two

wet seasons, the first is the Nortsiemonsoon which occurs between October to January and
the second is the Southwest monsoon from June to OcfidiEmajority of the precipitation

falls as short, intense storms associated with the main wet season (June to Ccuatszg

and Baldia, 2015)

2.3.1. Fluctuations in the El Nifio Southern Oscillation (ENSO)
In the PhilippinesENSOis associated with wetter and drier peridelNSO refers to a naturally
occurring phenomenon that originates in the Pacific Ocean and congistsEiNifio (ocean
component) and the Southern Oscillation (atmospheric compofiegah and Camayo,
2009) Longterm research showed that tropical climates oscillate at irregular time intervals (3
7 years), usually between El Nifio and La Nifia phases (Tabldr2a normal year, the warm
water that builds up in the Pacific Ocean is pushed westiyastrong easterly trade winds,
which causeshe formation of rairin the North Western Pacific region. However, during El
Nifio this easterly wind becomes weakersalit is unable to push the warm water westwards.
The result is that the rain migratesteasds, causing enhanced rainfall in the Eastern Pacific
region and reduced rainfall in the Western Pacific. With respect to the Philippines, research has
shown thak&l Nifio years are, therefore, associated with an increased chance of drier conditions,
with droughts and stresses on water resources and agrididilango et al.,2009 Lyon and
Camargo, 2009)in comparison, La Nia is associated with a change to wetter conditions and

excessive rainfalHilario et al.,2009)
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Table 21: List of El Nifio and La Nifia @nts since 1950 as determined by the Oceanic
Nifio Index. A 3 month running mean SST anomaly was used for the 3865, 120-
17CW. Theyare defined afive consecutive 8honth periodgreate than +0.5° for warm
(El Nifio) events antess than0.5for cold (La Niia) events.The threshold is further
brokendown into Weak (with a 0.5 to 0.9 SST anomaly), Moderate (1.0 to 1.4), Stron
to 1.9) and Very Strong (O 2.0) event

El Nifio La Nifa

Very
Strong

195253 195152 195758 198283 195455 1955-59 197374
195354 196364 196566 199798 196465 197071 197576
195859 196869 197273 201516 197172 199596 198889

Weak Moderate Strong Weak Moderate Strong

196970 198687 198788 197475 201112 199899
197677 199495 199192 198384 199900
197778 200203 198485 200708
197980 200910 200001 201011
200405 200506
200607 200809
201415 201617
201819 201718

El Nifio events cause the trade winds to shift the West Pacific Warm Pool to the east, causing
high sea surface temperatures (S3i1 $he eastern equatorial Pacific. The West Pacific Warm
Pool is situated in the western Pacific Ocean and contains the warmest seawaters in the world
ranging from 2730 °C(Hanseret al.,2006) Once the La Nia begins, the heat in the Pacific

is drawn west by the North Equatorial Current recharging the warm pool. There is evidence
that the extent and temperature of the warm pool varies on a decaddPeytileet al.,2007)

Since these waters are warm enough to drive heat and moistunatbighe atmosphere its

position has a large influence on climate in Btglippines particularly rainfall.
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Table 22: List of typhoons that made land in southern Luzon, Philippines post 195
(PAGASA, 2019). Most recordsirto 1950 were unavailable

Date Name Category
1881 Haiphong Typhoon Unknown strength
1950 Typhoon Fran 1
1951 Supertyphoon Iris 5
1951 Typhoon Lois 1
1952 Typhoon Trix 3
1953 Supertyphoon Betty 4
1956 Typhoon KarerLucille 2
1956 Supertyphoon Ki 5
1960 Typhoon Olive 1
1960 Typhoon Lola 1
1964 Typhoon Winnie 3
1964 Supertyphoon Cora 5
1964 Typhoon Elsie 3
1964 Supertyphoon Opal 5
1966 Typhoon Irma 4
1967 Supertyphoon Emma 5
1970 Supertyphoon Joan 5
1970 Supertyphoon Patsy 4
1971 Typhoa Dinah 2
1972 Typhoon Dan 1
1974 Typhoon Ivy 2
1974 Typhoon Alice 1
1975 Typhoon Olga 3
1975 Typhoon Ruby 4
1977 Typhoon Kim 4
1980 Typhoon Betty 4
1985 Supertyphoon Dot 5
1989 Typhoon Dan 1
1993 Typhoon Ira 4
1993 Typhoon Lola 3
2000 TyphoonXangsane 2
2000 Typhoon Bebinca 2
2006 Typhoon Durian 4
2006 Tropical Xangsane 4
2008 Typhoon Fengshen 3
2013 Supertyphoon Yolanda 5
2014 Typhoon Glenda 5
2015 Typhoon Koppu 4
2015 Typhoon Melor 4
2016 Typhoon Sarika 4
2016 Typhoon Nockten 5
2017 Typhoon Doksuri 2
2019 Typhoon Kalmaegi 2
2019 Typhoon Kammiru 4
2020 Typhoon Vongfong 3
2020 Supertyphoon Goni 5
2020 Typhoon Vamco 4
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ENSOdynamics influences large scale atmospheric circulation resulting in seasonal changes
in the global climat system. It also heavily influences the severity and frequency of tropical
cyclones in the PhilippinefLyon and Camargo, 2009puring the summer of El Nifio events,
tropical cyclone activity is intensified in the West Pacific due toiticeease of midevel
atmospheric moisture and sea surface temperatures, with the converse being sedraduring
Nifia (Kubota and Chan, 2002yon and Camarga2009) There are statistically significant
differences between landfall rates in EIl Nifio and La Nifia years, with La Nifia years being
characterised by more intense typhoons making landfall on the island of (Seemder®t

al., 2000; Elsner, 2003;yon and Camargo, 2009Approximately 70% of the typhoons that
formed over the nortlwest Pacific between 1945 argD11 passed near to or over the
Philippines (Table 2.3; Cincet al.,2016). In a typical year, 15 typhoons (or tropical cye®n

enter the Philippines with five to six making landfall (Table K@bota and Chan, 2009)

2.4.Land Cover
The major feature of land cover change within the Philippines is the reduction of forest cover
which has declined considerably from 17 millibectares in 1917, (>50% of the total land
coverage in the Philippines), to 6.8 million hectares (27.8% of total land area) in 2018
(Philippine Statistical Authority, 2019). Of this, only 861,000 7%8) hectares is primary
forest. This gives a current fdeestation rate of ¢.2.1% per annum (USAID, 2017). The main
cause of forest degradation in the Philippines is -exploitation from logging, rapid
population growth and increased conversion of forest land for agricultural, residential and
commercial usesHowever, despite the overall declintbere has been an improvement in
recent years with an increase in forest cover from 22.0% of total land coverage (1990) to 27.8%
(2018) (Philippine Statistical Authority, 2013Jue to wide scale replanting effortg local

communities.

2.4.1. Agricultural shifts in the Philippines
The Phil i pagricuttugaicropsareacorm coconut, sugarcane, banaara] palay
(rice), accounting for 75,349,464 (90.3 %) out of total of 83,462,550 metric tons produced in
2014 (Philippine Statistics Authority, 2015%ince 2010, the production of sugarcane, palay
and corn has increased by 11.6%, 4.7% and 5.1% respectively. The high increase in yield for
sugarcane is due tomore efficient use of fertiliseResearch byahn and Asio, (1998y»und
low concentration®f P in Philippine soils so it is a limiting factor for terrestrial plants
highlighting the need for fertiliser use for agricultu@conut and banana prodiaoet has

declined by 1.3% and 0.5% respectively due to destruction of crops by Typhoon Yolanda
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(2013; Table 2.2) and heatwavé¢Bhilippine Statistics Authority, 2015)Even though
prodiction of theseagricultural cropgsugarcane, palay and coimgs increasedverallsince

2010, the land used for agriculture has stabilised at 13.5 million hectares (c.25% of total land
area) (Philippine Statistical Authority, 2019), highlighting the use of moreiefti farming
processes.

In Laguna province (where the study area is locateggure 2.3 the top four cropgroduced
(as of Jun018)were

1. Palayi There has been an increas8%.per annun(since 201) resulting in the
production of 130,94 metric tonsn 2014

2. Coconut Annual decline in coconut production o1% from 107,2162010 to 96,110
metric tons produce2014)

3. Banana Production has remained constant at 17y8@€@ric tonger annunsince 2010

4. Corn- Production has remained constant at 2,7@€&imtons per annuince 2010

The main agricultural crom the study area is coconut (Figure 2.3) atdimpacts will be
investigated further in Chapters 5 and 6.

2.5. A brief history of San Pablo City
San Pablo city is the nearest urban centre to thg stiedand its development is important and
directly impacts the&sevenLakes The first historical evidence of the existence of San Pablo
City, was the arrival of the Spanishm 1571 (Table 2.3)Between 1571 and 1815 trade was
restricted by the Spaniskesulting in minimal exploitation of Philippine land for agriculture.
This changed in 1834 with the lifting of trading restrictiohkis culminated in wide scale
conversion of land for agricultural purposes specifically tobacco, coconut, abaca and sugar,

which further expanded after the opening of the Suez Canal in 1869.

The longest and most direct anthropogenic impanotghe study arehave been from human
settlements and agriculture, which began before the Spanish Colonisation iff ttentiéy
(Table2.3). Conversion of land around San Pablo City began in tRecéftury for coconut
(Migrino, 2017) It started as small scale deforestation until the conversion of San Pablo City
into a oOfir st charactarises bydhe bujding aof manylt@uBsOand commercial

properties.
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Table 23: Timeline of historical events that occurred in the Philippines from 1521 to 1950
*anthropogenic events post 1950 are discussed in Chag#bifales and Amoroso, 2017)

Year Event

50,000 BC Stone age settlements present

25,0002,000 BC  Waves of migration of Negritos, Indonesians and Malays. They constructed
villages and used agriculture, mining, fishing aratling for their livelihoods.

1521 First Europeans reached the Philippines

1564 Discovery of a route to Mexico led to the development of the Manila Galleo
Trade.

1565 The Philippines becomes a Spanish coldie Spanish organised communitie
into towns under the rule of the Spanish colonial government and the Roms
Catholic Church. The indigenous populations as a result were pushed into 1
mountains and more remote regions of the Philippines.

1571 Spanish arrived at Sampaloc (later renamed Shlo Zty). Sampaloc was
converted into a parish

1571 1647 Sampaloc became a municipality and was renamed San Pablo City

17" Century Conversion of land around San Pablo City for coconut plantations

15651815 Manila-Acapulco Galleon trade was the magugsce of income during this
period. The Galleon trade brought silver from Mexico, which was used to
purchase Asian goods. During this time there was little exploitation of
indigenous material

1830 Port of Manila opened (restrictions lifted)

1834 Tariff free trade was formally recognised

Mid -19" Century
onwards

1869

1872

1873

1881 1896

1898

18991902

19011935
1941

1944
1944 onwards

1946
1950*

Opening of the Philippines to trade

Suez canal opened which allowed steamship service to be established bety
the Philippines and Europe

Cavite mutiny, an uprising of 200 Filipinoilitary personnel of Fort San Felipe
Believed to be the beginning of Filipino nationalism that would lead to the
Philippine Revolution of 1896

Additional ports opened in the Philippines for foreign commerce

Civil and armed campaign fondependence from Spain begins
SpanishAmerican War is fought between April 21, 1898ugust 13, 1898
resulting in Philippines ceasing to be a Spanish colony

Philippine American War resulting in American colonisation. This led to the
deathof 200,000 Filipinos mostly from famine and disease The Laguna de E
campaign (8-17" April 1899) saw the Americans push into Laguna province
Insular Government. It was during this period that construction of
highways/roadways were expandedhe Philippines

Japan invades the Philippines. Battle of the Philippines (fouBegember
1941 to § May 1942).

US forces retake the Philippines

Rehabilitation and construction of roads occurred after WW2 due to their
destuction during the war

The Philippines gains full independence
Conversion of San Pabl o

City into
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2.6.Study Lakes - The Seven Lakes of San Pablo
The study area, the Seven Lakes of San Pablo, consists of seven circghavatiee volcanic

crater lakes (Lakes Bunot, Sampaloc, Calibato, Palakpakin, Mohicap, Yambo and Pandin)

situatedn the southernmost region of Laguna, on the islandinbn, Philippines (Figure 2.3)
Lake Calibato was not analysed for this thesifie stuly lakes wee formed by a phreatic
eruption, when shallow lava from Mount San Cristabel reacted with groundweaitising the
formation of craters which then-filled with waterover 700 years ag@.LDA, 2009). The
nea est urban centre to the study area is
population residing here (NSO, 2013). The city covers an area of 2)@kima population
of c. 266,000 (2015) (Philippines Statistic Institute, 2017) (Figure Bi8lt up areastealily
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Figure 23: Map of the study area (Seven Lakes of San Pablo) with the main land uses highlighte
shows the location of the study area in relation to the remainder of the Philippinesa@sog
coordinate system:GCS_WGS 1984, Data source: Arc GIS Open Data, ESRI
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increasedetween 1988 and 2010 in San Pablo (Q@uintalet al.,2018) Since 2003, much

of the area nortleast of the city centre arnd Lakes Mohicap, Bunot ariRhlakpakin has also
been urlnised Coconut(Cocos nuciferd..) is the main crop in Laguna province and was
introducedaround San Pahltowards the end of the #&entury (Migrino, 2017§Figure 2.3).

The bcal population usethe Seven Lakes of San Pablo for a variety of socthlesmonomic
activities, which haveubstantiallyimpacted on water quality and the ecological integrity of
the lakes (Brillo, 2015a). Enhanced nutrient input from anthropogenic activities has led to
problems such as eutrophication &hBs on all of the laks.This has resulted inxsout of

the sevenlakes beingclassified as threatened (moderate pollution, sedimentation and
ecological stress) (DENENB, 2014) with Lake Yambo not yet classified (Table 2.4).

2.6.1. Aguaculture in the Seven Lakes of San Pablo
Aquaailture was first introduced to Lake Bunot in 1976 before spreading to the remainder of
the Seven Lakes over the next 13 yd&igure 2.4). Tilapia Qreochromisniloticus) is the
main species farmed the Seven Lakes with the useflofating cagesdue toits adaptability
and its relative resistarto poor water quality and diseg$O, 2016) Cages are constructed
of bamboo and empty oil drums fouoyancy (Figure 20). Each lake has been impacted to a
different extentwith LakesPalakpakin, Bunot and Sampaloansidered the most polluted and
Lake Pandin the most pristiriBrillo, 2015a, 2016c)This is due to a number of factors such
as location and the extent to which they are utilise@dmraculture and oth@uman activities
(Table 2.4).All lakes have experienced algal blooms, fish kills and a deterioration in water
guality which the fisherman believe is linked to aquaculture éggeendix A). Concernsver
the management of the lake bodies led to the establishmeb®75 of the Laguna Lake
Development Authority (LLDA) a specialised management body for the Seven Lakesof Sa
Pablo, Laguna de Bay and Lake Taal. The LLDA is responsible for carrying out environmental
management by preventing undue ecological deterioration of the water bodies and promoting
balanced growth within the Laguna regitui.DA, 2009). The LLDA is also responsible for
issuing permits and managing the aquacali@sources of the Seven LaKekDA, 2009).
TheLLDA has made some attentptmitigate these problems by limiting aquacultird 0 %
of the lake surface area (RA 8550 Fishery Coliheleality,however this has not been enforced
due to thdarge number of illegal fish farsin operation The deterioration in water quality led
to the LLDA undertakhg monthly water quality monitring in all lakes froni996 to 2016 (this

is discussed in further detail in Chapter
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1989 - Lakes Yambo
and Pandin

1979 - Lakes Sampaloc
and Calibato

1977 - Lake Mohicap

1978- Lake Palakpakin

1976 - Lake Bunot

Figure 24: Railway plot showing the different years that aquaculture was introduced to t
Seven Lakes of San Pablo
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Table 24: Main morphological characteristics of the Seven lakes of San RBhlw, 2015; 2016a, 2016b, 2016c; 2016d, 2016e, 20Tdfe
information from Lake Calibato was not included due to lack of data
*As determined by the LLDALDA, 2006a,2006b, 2006c, 2006d, 2006e, 2006f, 2009)

Maximum Surface Elevation _ y
Lake Area  above sea level Inflows Outflows Services Condition of the lake*
Depth (m)
(ha) (m)
Pandin Precipitation Seepag_e Aquaculture
62 20.5 207 Surface Runoff Evaporation (sparsely) Threatened
Underwater Springs Prinsa Creek Tourism
Yambo Precipitation Seepag_e Aquaculture 3
27 30.5 207 Surface Runoff Evaporation (sparsely) Not Classified
Kali-e Creek Tourism
Mohicap Precipitation Seepag_e Aquaculture
30 23 80 Surface Runoff Evaporation (low levels) Threatened
Underwater Springs  Pagbuga stream Tourism
Sampaloc Precipitation Seepage Aquacylture
27 104 106 Surface Runoff Evaporation Tourism Threatened
Underwater Springs Sabag Creek Settlements
Bunot Precipitation Evaporation Aquaculture
23 30.5 110 Surface Runoff Seepage Settlements Threatened
Underwater Springs Sabang Creek
_ Precipitation Seepage
Palakpakin 75 43 100 Surface Runoff Evaporation Aquaculture Threatened

Underwater Spngs
Pagbuga Stream

Padparan Stream

Settlements
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2.6.2. Justification for the choice of theSeven Lakes of San Pablo as the study
area

One of the major challenges of this research lies in distinguishing whether lake ecological
changes were initiated by aquaculture or by the numerous other environmental perturbations

that exist in this region (e.g. nitrogen deposition, climate chamgjading extreme events,

volcanic eruptions, mining and land use conversion). The Seven Lakes of San Pablo are ideal

for this study as the impacts of many of these regional perturbations are to some extent
mitigated by the fact that the lakes are withsnaall geographical area (&kn?). In addition,

these lakedavedifferent timings and intensities of aquacultateng a disturbance gradient

They range fr om 6 mor leakeslRamkpdkiogne Budotd atkhees Gspurcihs |
lakes Yambo and Pdim, and as such offer the potential to help to identify, isolate and quantify
whetherchanges in the proxy recowkre driven by aquaculture or other stressors. In addition,

the Seven Lakes are a priority for research in the Philippinesa@ndesignatd a key

biodiversity area. Their importance comes from the fact they are a critical resource, in terms of

their biodiversity, in supporting the livelihoods of local communities and more widely
contributing to the countr y®é sgndewstandimoomlyow Thi s
increasinganthropogeni@ressuregincluding aquaculturehave jeopardised the delivery of

vital ecosystem servicedo aid the development of mitigatiostrategiesand sustainable

policies.
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2.6.3. Individual Lake Descriptions
2.6.3.1. Lakes Yambo and Pandin

The twin lakes of Yambo (14.1160° N, 121.3670° E) and Pandin (14.1160° N, 121.3670° E)
are the most remote amdonsi der ed t h(EBigurm@5. fThesélgkesi have the e 6
highest elevation of (the Seven Lakes) of 207 m (Table 2aKe LlYambo is the only lake
without an inbutflow. It is fed bynatural springs anatonsequentlyits surface areaanvary
substantialf, depending on theeason (Figure 2. Brillo, 201&). Both lakes have been
utilised for aquaculture, howeveits spread is limited. Thisis becauseboth lakesare
oligotrophic (nutrienpoor, lowOM content, high dissolved oxygen (DO) in the hypolimnion)
and so havdow phytoplankton biomass (Brillo, 261 This results in aprolonged culture
period for fish stockgpaking fish farmingless financially viable (due tie cost of additional
fish food) The number of fish cages in Lake Yambo reached their peak 0b1D% t he | ak e
surface areain the 1990sbut sincethen cage numbers have decreased to only three active
cages in 2012 (Brillo, 2013). Cage numbers in Lake Pandin never reached the 10% limit and
as of 2005, only 3% of the lakeas occupied by fish cagélsLDA, 2006d). Lake Pandin has
had a substantial tourism industry since the-2000s run by a local community group, which
useshand pulled rafts to ferry toists across the laké€Bigure 26). Tourism did not begin until

2018 in Lake Yambo.

Lakes Yambo (top), GR: 4 .

1 1
Pandin (bottoM),1BR.320A1E

Figure 25: Map of La Yambo and Pandin sh

kes
Earth 1 magery, 2019)



Figure 26: Photographs of Lakes Yambo and Pa
A.Bamboo rafts wused for tourism at Lak:
B.Coconut plantations at Lake Pandin
C.Coconut plantations at Lake Yambo
D.Bamboo rafts used o6owitlhucosmnat pla&nr
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2.6.3.2. Lake Mohicap
Lake Mohicap Figure 27; 14.1033° N, 121.3775° E) is tlsecondsmallest of thestudylakes
with a surface area of just 23 hectares (Table E¥gn hough it has low number ofillegal
settlementgdue to the steep slopes of the catchment making it unfavourable for byi&hdg
a limited number of fish cageBigure 28), it is still a relatively polluted lakeBfillo, 20153.
Despite havindewereutrophication pressures than the other lakes, it haggpiérienced fish
kills (asreported byhefisherman and the LLDA To prevent further degradation of the water
guality, there has been a reduction in aquaculture cage numbers, to allow forelop mewnt
of tourism (which began in 2018), which, is seaa a more viable financié aquaculture
(Fisherman, pers comm). The high pollution in this lake coularbsult of a delayed reaction
to the decline in fish cages, the problem of surface rurmif the steep catchment dodthe

lack sewage systenfisr thesettlements (Brillo, 2015a).

Lake MohicapN, GR2114

Figure 27: Map of Lake Mohicap s
(Adapted from Google Earth i
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Figure 28: Photographs of Lake Mohicap
A.Fish cages with small huts. The
fisher men

B. Al gal Bl oom

C.Example of (hauséeittyh dtmessuersr ound
D.Exampgl|l emad ural forests in the |z«
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2.6.3.3. Lake Sampaloc
Lake Sampalog¢Figure 2.9;14.0791° N, 121.3299° E) is located within the urban centre of
San Pablo CityThis lakehasthe largest surfae area out of thstudy lakeg104 hectares) and
is considered one of thmost developednd pollutedBrillo, 2016a). A number of structures
such as a boardwalk around the |di@ises and restauramgere constructed in the catchment
in the 19801990s (Figure 210; Brillo, 20169). In addition, Lake Sampaloc is used for
aquaculture, with 232 fish pens/cage operators occupying 16.4% of thm 12R84 (Jose,
2005 Brillo, 2016a8). The addition of fish farm waste, excessive use of fish feed and effluents
from thecity drainage systerhascaused the lake to becometrophicwith a deterioration in
water quality(Brillo, 20163). Increased nutrienied to a rise in excessi¢ABs and water
hyacinth proliferations (covering almost 60% of the lake), fisis kitbul smelling water and
inhibited growth inthe tilapia population farmed in the fish cagésaquinon, 1997 Brillo,
20163).

Lake Sampaloc, GR: 14.0791° N,113299° E

Figure 29: Map of Lake Sampaloc showing coring locations
(Adapted from Google Earth imagery, 2019)
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Figure 210: Photogr
A.Fi sh cages
afl oat

B. Al gal
C.Fish cages
D.Exampl e of

not

bl ooms vi

t he

yet operati
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2.6.3.4. Lake Bunot
Lake Bunot Figure 211; 14.0822° N, 121.34R° E) is the second closest lake to the urban
centre of San Pablo (Table 2.#quaculture exparatl rapidlyafter its introdudion in 1976
resulting in this lake having the second highest aquaculture intensity of all the cored\fakes
of 2006, 183 fislpens/cagewereoperationalcovering 30.6% of the lake (Figurel2, Brillo,
2015b). This has resultad the building ofmany illegal settlemest with two-thirds of the
lake shorenow occupied by structuresigure 212; Brillo, 2015b) It the most cogested of
thestudy lakesind a dumping ground for humaglated waste (Yap, 2004.lack of drainage
and sewage systems around Lake Bunot means wasseladjed directly into the lake.

Lake Bunot, GR: 14

56 2y e -

Figure 211 Map of Lake Bunot showing coring
suggests extension al gal bl oyooms2 Q1AD)a pt
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Figure 212 Photographs of Lake Bunot

A.
B.

C.
D.Coconut

Fish cages. These are constructed u
Ei chornia spp. (watteraqhluydadicntma)c,r otphhn
San Cristobal is visible in the bac
Example of the settlements that sur
p | ations
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2.6.3.5. Lake Palakpakin
Lake PalakpakinRigure 2.B; 14.1113°N, 121.3384° E) is the shallowest (only 7.5 m deep)
lake(Table 2.4)lt is riverine systenas a result o strong currenflowing in from the Pagbuga
Stream and outia the Padparan Stream (with these two streaensgmore subtantial in size
than thein/outlets for the other lake®rillo, 2016b). The Pagbuga Stream connects Lake
Palakpakin with Lake Pandin (which is upstream). Lake Palakpakin has short water residence
times due to the strong water floallowing the lake to flush out toxins and pobunts quickly
(Brillo, 2016b). Tte stronginflowing current has also led to the accumulation of soil and other
particles causingshallowing of the lake and the inlig@aasiet al.,2006) In the long term this
could leacashortenng of t he | akeds | ife span and make
to flooding @rillo, 2016). This lake is primarily used for aquaculture (Figurtp.with 18%
of the total surface area i®@8 being utilised for caggBrillo, 2016b). The increase in fish
farming in the last 30 yearbas caused aexpansionin illegal settlementslargely on the
northern tipof the lake (Figure 24). The lack of a sewage system meidngsmajority of waste
from the settlements (and thidlage) is directly dischargedhto the lakeThe high volume of
aguaculture has resulted in this lake having the highest aquaculture intensity out of all the cored

lakes.

Lake Palakpakin, GR:

Figure 213 Map of Lake Palakpakin sh
water suggests extensive al gal b
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Figure 214: Photographs of Lake Pal akpakin
A . Tidiaa in a fish cage

B.Pagbuga Stream (an inflow of Lake al a
pl antations are visible in the backgro
C.Example of the settlements that surrou
D.Fi sh cages with Mount Sa Cristobel i n
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2.7.Previous Studies on the Seven Lakes
Limited research on the Seven Lakes indicateda deterioration in water quality, which is
relatedto the level of anthropogenic disturbar{&antiago and Arcilla, 199Zafaralla, 2010;
Bannisteret al, 2019) The most impacted lakg8unot, Sampalo@and Palakpakin)have
shown a deterioration in water quality as a result of aquacufaune other athropogenic
drivers)resulting in eutrophication, fish kills, algal blooms and hyacinth proliferatidhe
last few yeargSantiago and Arcilla, 1993; LLDA, 2006b, 2006¢, 2006d, 2006e, 2006f, 20063,
2009; Zafaralla, 2010Solpico et al.,2014). In Lake Mohicap, Cordero and Baldia (2015)
found that aquaculture was causing a shift in phytoplankton communities (to a cyanobacteria
dominated system) and a deterioration in water quality to a critical(letaete a reversal back
to the noreutrophic state wad not be possible) St udi es suggest that e
lakes(Lakes Yambo and Pandiaje susceptible to both anthropogenic (e.g. aquaculture) and
climatic impactgZafaralla, 2010Bannisteret al., 2019) Thesestudies concluded that there
was a greater tendency for algal blooms to form in lakes used for aquacultui evgrat

low intensities.

In the last few years the publication of the first two palaeolimnological studies highligkted th
important ecosystem services that the Seven Lakes provide and the sensitivity of tropical
freshwater systems to disturbance press(iegaspiet al, 2015 Bannisteret al., 2019).
Legaspiet al.,(2015) was the first low swlution palaeolimnological study completed on Lake
Mohicap (or any of the Seven ¥C)CMsaliosandi ng d
photosynthetic pigments. This study showed that benthic diatom communities had disappeared
in the youngest sedimisdue tohigh productivity in the epilimnion resirg in the shading

of benthic habitats. This was examined in der@iBannisteret al., (2019); the first high
resolution palaeolimnological study of Lakes Sampaloc, Mohicap and Y.ahti® study

found that even though the lakes have differing intensities of aquaculturalifejlowed a
common trajectory and timing afpotential regime shiftcharacterised by the replacement of
Fragilaria crotonensisKitton 1869 with Aulacoseiragranulata (Ehrenb.) Simonsemand

Discostellacomplex(Cleve and Grunow) Houk and Klee 2004
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3. CHAPTER 3 - MATERIALS AND METHODS T FIELDWORK, LABORATORY
WORK AND STATISTICAL ANALYSES

3.1. Sample Collection
3.1.1. Introduction
It is important to develoj robust methodology that can effectively answer the aims of this
research. The individual techniques chos®ed to complement each other to help disentangle
the irfluence of various drivers that impact the study lakes. The methods described below have
been selected to provide the data needed for the two approaches (see sectmdeteg)nine
if increased aquaculture intensity resulted in a proportional charibe proxy record.

3.1.2. Fieldwork - Sample collection
Two fieldwork excursions were carried out to the study area, the Seven Lakes of San Pablo
(Lakes Mohicap, Sampaloc, Palakpakin, Bunot, Calibato, Yambo and Pandin), southern
Luzon, Philippines. A single sadent core was collected (using a UWITEC (gravity) corer)
from Lakes Sampaloc, Palakpakin, Bunot, and Mohicap in May 2017. Equipment malfunction
of the gravity corer necessitated a second fieldwork excursion in April 2018 to collect the
remaining cores frorhakes Yambo and Pandin (Table 3M{. sediment core or water samples
werecollected from Lake Calibato due to equipment malfunction. A boat was used to collect
a sediment core from the deepest part of each lake, identified uBlagtemo echotest Bcho
sounder and recorded usingsarmin etrex 1@GPS. Immediately after collection at the field
site, core lengths were measured and descriptions taken, noting any colour and lithological
changes and the presencer@icrofossils. The cores were sectiondgd th5 cm increments for
the top 30 cm of the core and 1.0 cm increments for the remawmitlerfurther subsampling
(of approximately a third of the samplajo a separate sampling bfag pigment analysis. Due
to a lack of sufficient freezer facilitiem site, all samples were stored in air tight black bags in
the fridge at 4°C to prevent deterioration. Once transported toKhesamplesfor pigment
analysis, were stored in the freezer2°C and the remainder stored in the refrigerator at 4
°C, to pevent deteriorationAll laboratory work was completed at the University of

Nottinghamthe British Geological Survegnd the Environmental Radiometric Facility, UCL

3.1.3. Sampling of plants, soils and fish food
A variety of contemporary samples were cobecfrom each lake (Table 3.2) for stable isotope
anal ysi s. Since identical products of O6start
are used at all the lakes, only one sample of each was collected. The change from starter to

finisher fishfood occurs when the fish are 4 months old. Littoral mud samples were collected
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from the study lakes, except Lake Sampaloc, by scooping a handful of mud into a labelled
sample bag. At Lake Sampaloc, the constructiora ohised promenade around the lake
perimeer prevented sample collection. Samples were collected from the two most abundant
aguatic plant species at each ldkehornia spp. (water hyacinth) anBistia spp. (water
cabbage), determined by visual observation. In addition, terrestrial plant arshbgoles were
collected from coconutQocos nuciferpand bananaMusaspp.) trees found within the lake
catchments. After drying at room temperature for three days, the plant samples were stored in
a fridge at 4°C to prevent decomposition.
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Table 31: Inventory of all sediment cores used in this thesis including date of collection and the team involved
*These sediment cores were used to cross corrél®®e dates to the respective cores from the same lake

UoN-University of Nétingham, UK
NUS National University of Singapore, Singapore
UST-University of San Tomas, Manila, Philippines

Sediment Core

Name Lake Sample Location Date of Collection Team involved with Collection
SAMP1* Sampaloc 14A04Nj44 NUS, UST
121A19Nj4 June 2015
14A04044. Author, UoN, NUS, UST
SAMP2 Sampaloc 121A19647 May 2017
. . 14A07Nj19 NUS, UST
MOH1 Mohicap 121A20Nj0 June 2015
- 14°07°20.43"N Author, UoN, NUS, UST
MOH2 Mohicap 121°20'03.37"E May 2017
YAMBO1* Yambo 14°07.148'N June 2016 NUS, UST
121°22.108' E
14° 07'08.32"N .
YAMBO?2 Yambo 121°91'58.64"E April 2018 Author, UST
14A04651.
BUNOT?2 Bunot 121A20636 May 2017 Author , UoN, NUS, UST
: 14A060637.
PALAK Palakpakin 121A20621. May 2017 Author, UoN, NUS, UST
PANDIN Pandin 14°06'51.30°N April 2018 Author , UST

121°22'05.20"E
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Table 32: List of the contemporary samples collected from the study lakes with the date of colledtion ¢

sampling location shown

: Date of
Lake Sample Type Sample Location Collection
WaterCabbagédPistia spp.) 14A040645. 100606N May 2017
Sampaloc Water Hyacinth Eichorniaspp.) 14A040645. 100606N May 2017
Coconut Leaf Cocosnuciferg 14A040645. 100606N April 2018
Coconut Bark Cocos nuciferp 14A04645. 100606N April 2018
Water Hyacinth Eichorniaspp.) 14° 06'39.57"N 121°20'17.40"E May 2017
Coconut Barl{Cocos nuciferp 14° 06'4448"N 121°20'11.23"E  April 2018
Palakpakin Coconut LeafCocos nuciferp 14° 06'44.48'N 121°20'11.23"E  April 2018
Grass 14° 06'44.48'N 121°20'11.23"E  April 2018
WaterCabbagédPistia spp.) 14° 06'41.32"N 121°20'15.28"E  April 2018
Water Hyacinth Eichornia spp.) 14A040643. 76060N May 2017
WaterCabbagéPistia spp.) 14A040643. 7600N May 2017
Grass 14A040640. 740606N  April2018
Littoral Mud 14A040640. 740606N  April2018
Bunot Coconut LeafCocas nuciferg 14A040640. 740606N April 2018
Coconut Bar{Cocos nucifera 14A040640. 740606N April 2018
WaterCabbagéPistia spp.) 14A040640. 740606N  April2018
Banana BarKMusaspp.) 14A040640. 7406dN6 April 2018
Banana LeafMusaspp.) 14A040640. 740606 N  April 2018
Water Hyacinth Eichorniaspp.) 14° 07'22.76"N 121°20'07.26"E = May 2017
WaterCabbagdPistia spp.) 14° 07'23.24"N 121°20'09.86"E = May 2017
Coconut LeafCocos nucifera 14° 07'23.26"N 121°20'10.65"E  April 2018
Mohicap Coconut Bar{Cocos nucifera 14° 07'23.26"N 121°20'10.65"E  April 2018
Grass 14° 07'23.26"N 121°20'10.65"E  April 2018
Littoral Mud 14° 07'23.26"N 121°20'10.65"E  April 2018
WaterCabbagdPistia spp.) 14° 07'23.24"N 121°20'09.86"E  April 2018
Banana Leaf 14° 06'44.52"N 121°21'54.33"E  April 2018
Coconut BarCocos nucifera 14° 06'45.20"N 121°21'53.47"E  April 2018
Coconut LeafCocos nuciferp 14° 06'45.20"N 121°21'5374E April 2018
Pandin . Grass 14° 06'45.20"N 121°21'53.47"E April 2018
Littoral Mud 1 14° 06'45.20"N 121°21'53.47"E  April 2018
Littoral Mud 2 14° 06'44.52"N 121°21'54.33"E  April 2018
Aguatic Macrophyte 14° 06'45.94"N 121°21'53.72"E  April 2018
Wata CabbagdPistia spp.) 14° 06'46.18"N 121°21'53.17"E  April 2018
Coconut Barl{Cocos nucifera 14° 07'15.08"N 121°22'10.27"E  April 2018
Coconut LeafCocos nuciferp 14° 07'15.08"N 121°22'10.27"t  April 2018
Grass 14° 07'16.31"N  121°229.08"E  April 2018
Yambo Littoral Mud 14° 07'16.31"N  121°22'09.08"E  April 2018
Littoral Mud- 1m from shore 14° 07'16.04"N 121°22'08.66"E  April 2018
Littoral Mud- away from tourist area 14° 07'15.96"N 121°22'05.12"E  April 2018
Banana LeafNlusaspp.) 14°07'13.11"N 121°22'11.15"F April 2018
N/A Starter Fish Food Sampaloc May 2017
N/A Finisher Fish Food Sampaloc May 2017
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3.1.4. Water quality sampling
Measurements of the physicochemical parameters of the water column were taken at the same
locations as the core collections. A YSI EXO1 muydtbbe was used to collecpH,
conductivity, chlorophyle, DO and temperature data. To do this the Aprbbe was slowly
lowered over the side of the boat and a measurement taken every second. Water clarity was
estimated using a Secchi Disk. Light intensity readings were collected using a LI Cor Sensor
Light meter L1192, at 1 m intervals down the water column.

To calculate the euphotic depth (the depth at which 1% of incident irradiance is available to
photosymhetic organisms), the following equation (equation 1) was used &egefuet al,
(2014)

Equation 1: (& =Inp/e)n I

<

Verticallighte x t i nct i on ®oefficient (a, m
lo is surfacdight irradiance
I, is light irradiance at a certain depth Z, and Z is depth
Euphotic depth (Zeu) = 4.6/ &

3.1.5. Water samples
Water samples were collected from thaface, mid and bottom depths (Table 3.3) of each
lake, using a Van Dorn sampler. Aeichshed Nalgene bottles were used to collect 2 litres of
water from each depth. Of this, 125 ml of unfiltered water was decanted into a Nalgene bottle
for alkalinity, 250 ml of filtered water was retained for major ion, silicate, soluble reactive
phosphorus (SRP) and ammonium analysis. Finally, 25 ml of unfiltered water was acidified

with 1.5ml of 0.5 mol sulphuric acid for total phosphorus (TP) analysis.

A measured vinme of water was filtered usigF/F Whatmanglass i br e f i laneker s ( 0
a hand pump filtration unit, to collect sufficient filtrate for chloroplaylend photosynthetic

pigment analysis. All filtrate samples were stored frozen, and water samijpigerated at

4°C, to prevent degradation. Algal pigments are light sensitive, so were processed quickly

under low light conditions to prevent photo oxidation.
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Table 33: Details of water samples collected (in May 2017) shgwlepth and location

Lake Depth Sample Location

Surface 0.5m 14A04644. 9066 N
Sampaloc Mid 10 m 14A040644. 900606N
Bottom 20 m 14A04644. 9066 N

Surface 0.5m 14A06637. 63%16.\4 4
Palakpakin Mid 3m 14A060637.63060N
Bottom 6m 14A06637.630606N
Surface 0.5m 14A04651. 1566 N
Bunot  Mid 10 m 14A04651. 1566 N
Bottom 20 m 14A04651. 1566 N

Surface 0.5m 14° 07'20.43"N  121°20'03.37"E

Mohicap  Mid 10 m 14° 07'20.43"N  121°20'03.37"E

Bottom 20 m 14° 07'20.43"'N  121°20'03.37"E

Surface 0.5m 14°06'51.30"N  121°22'05.20"E

Pandin  Mid 18 m 14°06'51.30"N  121°22'05.20"E

Bottom 30m 14°06'51.30"N  121°22'05.20"E

Surface 0.5m 14° 07'08.32"N  121°21'58.64"E

Yambo Mid 15 m 14° 07'08.32"N  121°21'58.64"E

Bottom 30m 14° 07'08.32"N  121°21'58.64"E
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3.2. Sample Analysis
An outline of the analyses completed onwaer samples are below.
3.2.1. Water Chemistry
3.2.1.1. TP and SRP
Prior to analysis, all glassware used was washed in 25% HCI and then rinsed with distilled
water to remove any P adhered to the glass, to prevent contamination. 25ml of acidified
unfiltered water (fromte 25 ml Nalgene bottle collected specifically for this analysis) was
analysed using the method describetMackerethet al.,(1989) TP is a measure of all forms
of phosphorus, dissolved or particulate. The first stage of the analysis for TP (adding 1 ml of
278:22 HSQy) was completed in the field. Once in the laboratory, 0.7g of potassium
persulphate powder was added to each sample and then a digestion was performed in a pressure
cooker for 1 hour at 70°C. This was followed by the addition of ammonium moly{idatg,

potassium antimonyl tartrate (0.5 ml) and ascorbic acid (1 ml).

SRP is a measure of orthophosphate, the filterable (soluble, inorganic) fraction of phosphorus
(the form directly taken up by algae and plants). For SRP, 50 ml of filtered waterses u
following the molybdenum blue method as describedViackerethet al., (1989) This
involved adding 5 ml of the SRP mixed reagent (5 parts 140:98@442 parts ammonium
molybdate; 2 parts ascorbic and 1 part potassium antimonyl tartrate). AkER B&ursthe
absorbance of both mixtures was measured smectrophotometer at 885 nm. A number of
calibration standards were also analysed with a known concentration of TP and SRP to ensure

the validity of the results.

3.2.1.2. DissolvedSilicate
Silicate analysis wasooiducted on 4 ml of filtered water. Plastic bottles were used due to the

presence of silicates in glassware. This analysis was completed using the molybdate yellow
method described iMackerethet al.,(1989)

3.2.1.3.  Ammonium
50 ml of filtered water was analysed for amnomn using the method describedMtackereth
et al., (1989) This method involved the addition (in order) of phenol (2 ml), sodium
nitroprusside (2 ml) and an oxidising solutionn(§ 4 parts alkaline solution; 1 part sodium
hypochlorite solution). After 1.5 to 12ohbrs in a low light environment, absorbance was

measured on spectrophotometer at 640 nm.
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3.2.1.4. Total Chlorophyll and Photosynthetic Pigments Analysis

The filter papers labelled for chlorophydl were analysed using a photospectrometer as
described i{Lorenzen, 1967andMackerethet al.,(1989)

The amounbf chlorophylla was calculated using equation 2 below:
Equation 2: Chlorophyth (ng/l) = (11.85(Aes-A750)-1.54(Ase4s5-A750)-0.08(As30-A750)) X E/V
Where E=volume of extraction solvent (ml) and V=total volume of water filtered

The filter papers labelleaf photosynthetic pigment analysis were analysed using the method
described in section 3.2.3.3. However, instead of using 0.2 g of freeze dried sample, the filter
paper was cut into fine strips for extraction.

3.2.1.5. Alkalinity
Alkalinity, the ability of watergo buffer acid, was measured using 10 ml of unfiltered water
(as described iGoltermaret al, (1978). This analysis required a two stage titration in order
to calculate the concentration of, firstly carbonate, (using 5 ml of phenolphthalein) and
secondly, bicarbonate, (using 5 ofl BDH indicator). Both chemicals were titrated using
sulphuric acid until the solution had turned grey in colour. During both steps, the volume of

acid used in the titration was recorded.
To calculate alkalinity, the following equations (equation 3 gnaete used:
Equation 3: Alkalinity in milliequivalents (mequiv/L)=10y/x

With x=volume of water in ml, with y = Bicarbonate alkalinity =yii (ml) or Phenolphthalein

alkalinity=yi (ml).
Equation 4: Total alkalinity = yi+ yii (ml)

3.2.1.6. lon Chromatography for major ion analysis
lon Chromatography was used to quantify the concentrations of the major cation&{Na
Ca&*, Mg®") and anions (Gl NO*. SO?). 2 ml of filtered water (from each sample) was
analysed using the Basic IC plus manufacturedMayrohm UK Ltd. The eluent (used to
analyse each sample) consisted of 3.2 mmol/l of sodium carbonate and 1.0 mmol/l of sodium
bicarbonate which was passed through a Metrosep A supp5 column 250 mm long and 40 mm
wide, with a flow rate of 0.7 ml per minut€he IC calculated the concentration of each ion

based on peak area.
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In order to compare the ions and alkalinity, all values were converted into milliequivalents per

litre (meg/l) using the following equations (equations 5 and 6).
For the alkalinity measaments:
Equation 5: Alkalinity in meq/I= 10x/y
x=volume of water, y= total alkalinity (ml)
For the ion concentrations:
Equation 6: Meq/I= x/ atomic weight
x=ion concentration in mg/|

3.2.2. Lake Trophic Status
Trophic state is defined as ttwtal weight of biological biomass in a waterbody at a given time
and placeBekteshi and Cupi, 2014} is abiological response to nutrient loading of an aquatic
system and can be modified by various parameters such as (1) nutrient supply (geology, soil,
vegetation, human langise); (2) climate (sunlight, temperature, hydrology) and (3) basin
morphometry (depthyolume, surface areajRast and Lee, 1978)The onset of lake
eutrophication can invoke many water quality issuesjuding algal blooms, low DO
concentrations (which has implications for the lake biota), fish kills, and the loss of water
clarity (which affects the light penetration and therefore, photosynth@&s) Straten and
Keesman, 1991Muller and Stadelmann, 20Q4)ake trophic status was obtained using the
system developed by Vollenweider and Kerekes (OECD, )188@ how it varied along the
aquaculture disturbance gradient. The OECDBsifecation is based on actual values of TP,
chlorophylla and Secchi depth using a fixed boundary system (Table 5.7). Higher values of
TP and chlorophyla and shallower Secchi depth readings suggest more eutrophic conditions

and vice versa.
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3.2.3. Sediment ore analyses
All sediment cores were analysed for lassignition (LOI), photosynthetic pigments, stable
i sot Qe by analysis and C/N ratios. The chronology for each sediment core was
obtained either directly usirfg®Pb dating or by crsscorrelation of1%Pb dates with previously
collected dated cores. The descripsiohthe methodologies are below.

3.2.3.1. Loss-on-ignition
LOI was used to determine how dry density (k&g OM (LOIssq) and carbonate (L@ds)
content has changed over timetla study lakes. For this research, LOI measurements were
necessary as a precursor for multiple analysessse@hs critical for the pigment analysis in
order to calculate the relative pigment mass to the OM concentration. Expressing pigment
abundance rative to the OM concentration minimises the dilution effects from minerogenic
inwash. This correlates more strongly with the past biomass of phototrophs than when
calculated relative to sediment dry weight (Leavitt, 1993). Dry mass density measurements (in
this case LOlks) were required to calculate dry mass accumulation rates f&%Bb constant
rate of supply (CRS) modelling (see section 3.2.3.4) and to indicate the quantity of sample

neede fCofamrd®Ngganalysis.

3.2.3.1.1. Method

All six sediment cores were analysed at 1 cm intervals (due to the small sample volume in the
top 30 cnof the core). Density corrected LOI was obtained using the method descritheidi in
et al., (2001) A 15 ml syringe (with the end cut off) was used to ensure only*lo€each
sample was analysed. In order to prevent cross contamination, the syringes were washed with
distilled water after every samplgvet samples (of 1 cfhwere weighed and placed in a
crucible and left in an oven overnight at 105°C (to remove moisture), samples were then
reweighed before they were placed in a furne
organic carbon. Followig reweighing the samples were returned to the furnace for 2 hours at
925°C (in order to remove carbonates). Bulk sediment was analysed for dry density)(LOI
OM content (LO#s0), carbonate content (L@k*1.36), minerogenic content (100
(LOlss0+LOlgzs)) and bulk dry density (dry weight (g)/volume @&tDean, 1974; Heiret al.,
2001; Santistebaet al, 2004)

3.232. Using %C, %N, Cl3ClasRimdltoonderstarmdn d U

sources of OM

Stable isotopic analysis of sedimentary OM allows for the assessment of the source of the OM,

including whether it is from €plants (such as vascular plants includiegeal grains and trees)
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C4 plants (such as grasses, and somevascular aquatic macrophytes) or lacustrine algae
(Figure 3.1). Most photosynthetic plants and lacustrine algae usestpati@vay (Calvin
pathway), which preferentially takes tC over!3C, with an averag&C/**C ratio 0f322 to

830 4. Pl ant spathwap (Hatctslaok pathlwag), p@duceraor e pd*€i t i ve
value ofsd a 46 @ (Meyers and LallieiVergés, 1999)
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Figure3.l: Typi cal r an g e isatdpic @mpdsitionaotdara plants,n
Cs land plants and lacustrine algae (adapted from Meyers and Lallegges, 1999)

C/N ratio is the ratio of the mass of carbon to the mass of nitrogen in a sample. It is calculated

by dividing %carbon (%C) by %nitrogdfoN) and is influenced by the presence/absence of

the polysaccharide cellulose, the main component of plant cell Wdbyers and Ishiwatari,

1993) Nonvascular aatic plants have a C/N ratio of 4 to10, whereas, vascular land plants

have a C/N ratio of >2Q0Meyers and Ishiwatari, 1993Therefore, if a lake haswer C/N

ratiosa n d&°C values of betwees5ands3 04 ( Fi gure 3. 1; Me yiter s an
suggests OM is dominated by lacustrine algal souks&d/N ratio of 13 to 14 would suggest

a mixture of norvascular and vascular contributions, which is expected i lakess(Meyers

and Ishiwatari, 1993) Al gal OM h%Csvaluas cdnipdrdd eéon@and plantd or

benthic algae. Lake derived OM produced by algae (which usesstipat@vay) utilises

dissolved CQ@ which is in isotopic equilibrium with the atmosphere. However, dissolved CO
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is isotopcally indistinguishable from OM produced by I@nd plants within the lake catchment
(Meyers and Lallieivergées, 1999). One useful way to distinguish the OM from lacustrine alga
fromGlandplantsi s by combi ni n’gvaDégNgure8.1)i os and U

Table 34: Factors likely to influence organic geochemistry in the sediments of the Seven L:
San Pablo away from the pegjuaculture means af*Corgvalues= 83 0 . 7 &4 PMogwvalued =
+2.9a
*depends on the on species of aquatic macrophytepte
** can caus e P®\aygif danitrificatiendesds to ia residiial N pool becoming
enriched in*>N
*** hav®dl khagbhed of 10 to 204a

0

** * x  BNavalges ab3  t 3a
Variable | Factor Response Source
U3Corg | Increased anoxia Decrease Conradet al.,2011
U3Corg | Increased algal productivity Increase Meyers and LallieiVerges,
1999
U3Corg | Increased OM from aquatic Highly variable* Conradet al.,2014
macrophytes
U3Corg | Increase in soil erosion Increase Melack andCoe, 2013
(allochthonous OM)
U%Corg | Increase in methanogenesis Decrease Legaspiet al,, 2015
U¥Corg | Increase input of C4 plants Increase Meyers and LallieiVerges,
1999
U%Corg | Presence of*C depleted Decrease Torreset al.,2012
phytoplankton
ut Corg Influx of littoral sediments Decrease Chenet al.,2017
ut Corg Input of fish food Increase See Table 5.1
i®Norg | Presence of dissolved nitrate | Increase Meyers and.allier-Verges
1999
U™Norg | N2 fixation Decrease Fogel and Cifuentes, 1993
Ui®Norg | Utilisation of NOzor NH, by Increase Peterset al.,1978
algae
U®Norg | Increase in trophic state Increase Peterson and Fry, 1987
U"®Norg | Increased proportion ddH4* Increase Barnes and Mann, 2009
UNorg | Increase in denitrification Increase/Decrease’l Meyers and Terges, 2001
U®Norg | Increased algal productivity Increase Meyers and_allier-Verges
1999
U®Norg | Increased input of human Increase*** Mayeret al, 2002
effluent
U®Norg | Use of synthetic fertilisers Decrease**** Finlay and Kendall, 2007
UNorg | Increagd use of fish food Increase See Table 5.1

3.2.3.2.1. Organic carbon isotopic ratios
In warm, strongly stratified lakes, G@xchange between the lake and the atmosphere is

restricted and Htake processing of organic carbon by bacteria and other heterotrophic
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organisms is intense(Boehrer and Schultze, 2008)Microbial processes such as
methanogenesis (which is the formation of methane by anaerobidoescaod is the dominant

termi nal OM degradation process in &nexic f
valuesofs40tos6 0 a8 due t o t he p?C byfbactedgbegaspetal, a0i3) ak e o f
As the study lakes are strongly stratified tropical lakles,influence oimethaneproducing
microbial communities is an i mp¥Csreaondd consi d

3.2.3.2.2. Organic nitrogen isotopic ratios
i°Norgcan give important information about the sources of OM in a lacustrine environment

(Meye's andLallier-Vergés 1999) . The identificat®fwsn of d
possible due to variations between the inorganic N reservoirs available to land and aquatic
plants as well as various algal groups. Dissolved nitrate has an isotipiofre/ to+1 0 a
whereas, atmosph®N icf nGa& r (oMaliwevengesEHoa) This

di fference i SN idotopictrahos of digas+t & h g lan@ plants1 &) and
nitrogenfixing cyanobacteriaf1 to+2 a ) :fixild cyandoacteria assimilate atmospherig N

so algal assemblages with high abufNaices of
+1 to +2 a (Fogel and Cifuentes, 1993)n comparison, lgae utilise NQ or NHs from
dissolved inorganic ni tY¥Nwaue@7to+D0 NPetensehal.,.c h has
1978) '°Nivalues of marine sources (such as the fish food used at the study area) can vary
depending on the origin and trophic state of the source organism. Each trophic transfer

i ncr e aS\evaluebywXto+8 & meani ng hbe th awv eNgRetersom and r i

Fry, 1987) Fish foal consisting of heterotrophic remajmso u | d ¢ a u'¥ealubsiflPher U
to+3 0a) .

The reduced form of nitrogen (NH is considered the preferred form of N for phytoplankton
uptake(Glibert et al, 2016) The preference for NHis due to the lower energy requirement
for the cell and the ability to easily transpogddtoss ell membranes compared to Nl@nder

N limiting conditions (common in tropical lakes). Anthropogenic activities such as aquaculture
are a rapidly increasing source of NHue to direct excretion and decomposition of undigested
feed(Bouwmanet al,, 2013) Increased input of reduced forms of N, combined with climatic
change, is thought to impede Mhrbxidation (to N@). The resulting stratification may
increase the reduction of NOn surface waters leading to an increased availability of"NH

(Huesemanet al.,2002) HAB species are disproportionally favoured when N is available in
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its reduced (NH) form rather than in its oxidised forms (MOLacustrine environments with
an increasing proportion of Nican cause a depletion’itN and negativéi™®N values.

N vatuesn
h'2Nv e
values through denitrification, which is the redostof NOs to N2 Denitrification is stimulated

transformations of
t he t hat

Bi ogeochemical resu

and can indicate processes t ak

by anoxia and high temperatures in sedim@isyers and Teranes, 200Bnoxia is more

Inorganic Nitrogen Organic Nitrogen

o NO5 Assimilatory Phytoplankton . _
(NO7) nitrate reduction 7 Z\'irrc:_r_-_*eu Consumption
&= +5%0 S15N= 15%,
Uptake
= +20%0
Consumer and
De-itcification  NiFifiCation————————— NHs" Excretion Decomposer
&= H25% &= +10%0 d Nitrogen
S15N=0 to -2%e i
Ammonification
= <[%o
L :\_3 L N-fixation L Dl‘:\O 1\:3(1 «— FExcretion
(gas) o= 0-2%o Organic Nitrogen
315N=0%o SI5N= +5%,
Figure 322 Si mp | i ft']lf\l«e:(ycahq:ua;mOW| ng the differen
o1 . .
t hiieR val uddegofnntt mg and end products and t
(Barnes and Mann, 2009)

likely to occur and be more persistent in tropical lakes compared to temperateEagrs
tropical lakes with low productivity will likely be anoxic during periods of extended
stratification (Lewis, 2010)irtually all stratified tropical lakes will lose a substantial portion

of their N inventory on an annual basis through denitrification and, therefore, have a greater
likelihood of N depletion by phytoplankton growing in the epilimnion. This process
prefaentially uses the lightéf'N in the reduction of N&to N, further enriching the residual

BN in the DIN pool, r &8valltessing in isotopical!]l
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Lakes with higher N concent rdNvauesnomparedtd oads
pristine lakes because of anthropogenic presqivlager et al, 2002) Human and livestock

wast e hdNealudsofglato20a, whil st synt HfiNevaliesof fert i
83 to+3 & (Finlay and Kendall, 2007) Unt r e at e BN valgesaffi0do+h @3 adin d
volatisation, nitrification and denitrification within septic systems can cause further enrichment

o f®™Nivalues. NGi n groundwater from &Nywmluds oftl@tpst e ms
+2 0 a i nvatdrsa(kownsendt al.,2001).

3.2.3.2.3. Stable IsotopeLimitations
Numerous | imitations ar BCoansiiNedi as meltihle laket h i n
processes can influence the isotopic signal. Robust interpretations of isotopic signatures
requires a kneledge of the processes that control and modify their signals within the lake
system(Leng and Marshall, 2004) For example, di algNratiestasc pr o
proteins and lipids decompose rapidly. In addition, it can becdiffio distinguish between
exchangeable and fixed, l[dnd inorganically bound N found in claigh lacustrine sediment
(Talbot, 2002)

3.2.3.2.4. C/N limitations
Interpreting sources of OM can also be difficult asp@ants have a similar cash isotopic
ratio to lacustrine algae, but this difficulty is mitigated with the use of C/N ratios, as lacustrine
algae and gplants have different valug®eyers and LallieiVerges, 1999)Soil OM may
have a high N content (with C/N values cldsethat of planktonic algae OM) due to the
presence of Bfixing microorganisms around plant roots, exacerbating the difficulty of
interpreting OM source@ albot, 2002) Furthermore, the significant processing of these ratios
on land, prior to dposition in the lakes, can lead to difficulty in interpretation. A further
limitation of interpreting C/N ratios is that OM undergoes degradation in the water column as
well as during diagenesis, which can modify elemental composition and C/N ratios in th
sedimentary record (Meyers and Lalkerges 1999). C/N ratios in algal derived OM
increases, as it sinks in the water column, due to the selective degradation of N rich proteins,
especially prevalent in lakes with high productivity (Meyers and Lalliengés, 1999).
However, this change is not large enough to significantly influence C/N differences between

algae, nofvascular and vascular plants.
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3.2.3.25. Cand N massfi*®Nog a n d*Cdi isotopic laboratory
preparation and analyses

All sediment core sampleat(0.5 cm resolution for the top 30 cm and 1 cm for the remainder

of the core) were analysed f0'*Corg, i*°Norgand C/N ratiosThe contemporary samples listed

in Table 3.2 were also analysed for stable isotopes. Samples were frozen, freeze dried and then
subsampl ed, so t haCogCalrdtiosveCsand®oNandyhe etlter hélfo r
f o MNorgi Preparation for stable isotope analysis was carried puhéd author at the
University of Nottingham and completed by technical staff at the Isotope Geoscience Facilities,

British Geological Survey.

U3Corg sSamples were prreated with 5% HCI to remove CagQvashed three times with de

ionised water and driegt 40°C. Sediments were then ground to a fine powder using a mortar

and pestle and weighed into tin capsules. The amount weighed depended on the percentage of
OM in the sample (estimated from Ly v a | u &Gy percantage total organic carbon

(%TOC) and percentage total nitrogen (% TN) were analysed by sample combustion in a
Costech Elemental Analyser (EA) coupledlm® to a VG TripleTrap and Optima duialet

mass s p e cCphjovaies ware. calirated to the VPDB scale using withim

laboratory standards (BROC2 and SOILA) calibrated against NBS 18, NBS 19 and NBS 22,
with an analytical reproducibility of N <0.1

ratio with an analytical reproducibility of + <0.1.

F o *No@g the samples wengowdered, weighed and then placed in a glass vial. The amount
needed for the analysis was dependent on the percentage of N in the sample (as determined by

t he %NYN, safmples wetke analysed by the Thermo Finnigan DeltaplusXL with oxidative

and redut i ve el e me n N Values werd galibmtedsto a Known international
standard of atmosphericoNising withinrun laboratory standards (BROC2 and SOILA)
calibrated against NBS18, NBE9 and NBS 22, with a | aborato
SD).
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3.2.3.3. Photosynthetic Pigments
For over 60 years, palaeolimnologists have been examining fossil photosynthetic pigments in
sediment cores as a way to reconstruct changes in taxonomic groups of phototrophs in
freshwater lakes. Primary producers are organismsnaatihh ecosystem that produce biomass
from inorganic compounds (autotrophs) and consist almost entirely of photosynthetically
active organisms (plants, cyanobacteria and a number of other unicellular orgdQisias)
and Weihe, 2015)Since most primary producers within freshwater environments have
pigments, fossil pigments can give invaluable insight into the entire record of in situ biomass
(Sanger, 1988a)rhe use of a palaeolimnology to analyse preserved photosynthetic pigments
in sediment cores allows for the identification of changes in the different primary producer
groups. This is determed by the particular combination and abundance of each pigment
(McGowan, 2013) Pigmentsfound in sediments are also strongly dependent on the
environmental conditions at the time of depositiiicGowan, 200Y allowing for the
reconstruction of short and lostgrm environmental changes within lak€omaet al,, 2007)

Pigments are chemical compounds, which reflect only certain wavelengths of visible light and
as such ar mraddtiono pigments ard the means by which autotrophs (organisms
which make their own OM using photosynthesis) capture light energy during the light
dependent reactions of photosynthdkishtenthaler, 1987)Since each pigment only reacts

with a narrow range of the visible light spectrum, each autotroph evolves different types of
pigments to broaden the range of wavelengths that can be used in photosynthesis to maximise

capure ofsolarenergy(Meyers and Ishiwatari, 1993)
Pigments can be divided into the following classes:

Chlorophylls. Chlorophylla is found in all phototrophs and fundamental to the process of
photosynthesié Fi gur e 3. & al, 20R)IClelonobhylha palsses energised electrons
onto molecules, which manufacture sugars in all oxygenic photosynthesinigmgs, plants,
algae (the main primary producer in lakes) and cyanoba¢&aiaer, 1988)Chlorophyl a is
the primary pigment, absorbing energy from the wavelengths of\daletto orangeed light
and reflecting green/yellow ligliMcGowan, 2013)Some oxygenic photosynthetic organisms
possess adddnal chlorophylls such as chlorophigland chlorophylt. Chlorophylib is found
mostly in land plants whilst chlorophytl is found in certain marine algae, including the

photosyntheticChromistaand dinoflagellates.
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Carotenoids. Carotenoids are unable to transfer sunlight energy directly into the
photosynthetic pathway so are known as accessory pigments. These are usually red, orange or
yellow in colour and are composed of two smallsiar bon rings connected
carbon atoms. Catenoids absorb light in the 406600 nm wavelengths (violet to green light)
(McGowan, 2013) They are found in the chloroplasts and chromoplasts of plants and other
photosynthetic organisms such as baatand fung{Sanger, 1988)There are over 600 known
carotenoids divided into xanthophylls such agifluand zeaxanthin (which contain oxygen)

and carot ewas pt-camtere anfl lycogene (which contain hydrocarbons and

no oxygenYMcGowan, 2013)

Photosynthetic Bacteria.Bacteriochlorophls (Bchl) ¢, d ande are the main light harvesting
pigments found in green sulphur bactéBarrego and Garci&il, 1993) They harvest far red

light in the 720755 nm range, whereas, purple sulphur bacteria useabmhb as the main

light harvesting pigments, which absorb infrared radiation in the range of 800 to 1400 nm
(Surette and Stearns, 201@arotenoids, chlorobactene (for green sulphur bactéttiegneen
pigments), isorenieratene (for those with brown pigments) and okenone (for purple sulphur
bacteria) aid light energy capture and accompany bchls. Okenone is best adapted to the yellow
green transition (5206m), whilst isorenieratene and chloroteawe absorb green light between
520550 nm on the visible light spectrum. Each anoxygenic phototroph occupies a different
depth range within lacustrine environments. The presence of different pigments can, therefore,

be useful indicators to constrain thepth of the oxieanoxic zone over time.
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Fossil pigments are excellent indicators of stiertin change and can aid in identifying causes

of eutrophication in freshwater lakes. Multiple studies conducted found increases in pigments
from filamentous cyanoloderia (myxoxanthophyll, aphanizophyll) and siliceous algae
(diatoxanthin, fucoxanthin) suggesting prolonged eutrophic conditions caused by
anthropogenic activitie@all et al,, 1997, 1999; McGowaet al, 2012) The increases in these
pigments all attest that greater algal production in the study lakes (during the Gisy&8rs)

was most likely the result of increased anthropogenic activities. Howkake morphology
heavily influences pigment preservation (Figure 3fd), examplea greater lake depth
combined with an irradiated/ater column would lead to enhanced pigment degradation
Therefore, a | ak e 0 wustphé gossidereavhen iotér@aratiry igneenti st i ¢
records.

Palaeolimnology studies using photosynthetic pigments in tropical freshwater lakaglare
common Studies byGarciaRodriguezt al, (2002)andVerschureret al, (1999)on African

lakes used sedimentary pigments to

Aleal investigate  environmental  change
Production

(specifically algal blooms and increased

productivity) caused by natural and

Algal
Senesence

Zooplankton . e .
Grazing anthropogenic  actities.  Garcia

Rodriguez et al., (2002) found that

-

-

Photooxidation increases in pigment concentrations in

1986/87 most likely resulted from
eutrophication caused by sediment input
Digestion from a storm event in 198&.erschuren
et al., (1999) found thabetween 1915
and 1945 algahbundance was between

Oxidation 100-300% higher than present day,

which was characterised by unialgal

it

Algal Fecal blooms of filamentous cyanobacteria.

Sinking Rate Smking Rate

However, the abundance of

Do |, cyanobacteria declined between 1945

and 1970, due to a progressive reduction

Figure 34: Pat hways of pig
transformation and de
(adapted from Cudding

in nutrientconcentratios
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3.2.3.3.1. Method for High Performance Liquid Chromatography
(HPLC)

Analysis of photosynthetic pigments of the sediment core samples wadeteinpsing
reversegphase HPLCand online photo diode array (PDA) spectrophotom@itgGowan,

2013) HPLC is an analytical technique that can quickly isolate and separate biochemical
markers such as photosynthetic pigments and therefore, has the ability to address the aims and
objectives of this research. A modified apach ofChenet al, (2001)was used for this study,

as it is able to separate out the main indicator species of carotenoids and chlorophylls as well
as their degradation products.

This analysis was carried out in the HPLC laboratory at the School of Geography at the
Universty of Nottingham. Frozen sediments were freeze dried and 0.2g of freeze dried sample
was transferred into a labelled vial for extraction in 5 ml of Hjr&de acetone: methanol:
water (80:15:5) over night in the freezer-&tC. Extracts were decanted irdd60 ml beaker

and the residue washed with solvent until all pigments were extracted. The extracts were
filtered using a 0.22pum PTFE syringe filter to remove any sediment and then placed under a
stream of N gas until all the solvent was evaporated. Sasyptere stored in a freezer under

N2 gas before being redissolved in a measured amount of injection solution (acetone: ion
pairing reagent consisting of 1.875g tetrabutyl ammonium acetate, 19.35 g ammonium acetate
and 250 ml deionised water: methanol (%) (Chenet al, 2001) The volume of injection
solvent varid among samples in order to optimise the concentration for a good separation
(which was assessed visually). The samples were then placed on the autosampler tray in the

HPLC unit for analysis.

3.2.3.3.2. Separation of pigments in HPLC
Pigments were separated by resestphase HPLC, where the stationary phase is nonpolar and
the mobile phase is polar (McGowan, 2013). HPLC separates pigments on the basis of polarity
and mass, which is achieved by forcing solvents (mobile phase) under pressure (>2000 kPa)
through a sepating column consisting of fine (<10 um) densely packed particles (stationary
phase). As the pigment mixture travels through the separation column, polar pigments that have
less affinity for the stationary phase travel through the column quicker, asabewalyreater
affinity for the solvent.The mass of each molecule (known as retention time) atk® ai

separation (McGowan, 2013).
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Table 35: Solvent separation gradients. Modified from Chen et al., (2001).

Time (minutes) % Solvent A % Solvent B %Solvent C Flow (ml/min-1t)
0 100 0 0 1
4 0 100 0 1
38 0 25 75 1
39 0 25 75 1
43 100 1
52 100 1

The HPLC system contains an Agilent 1200 series quaternary pump, autosampler, and PDA
detector, which detects UV and visible spectra data (of wavel&S@H750 nm) every 2

seconds. Eachs®i nut e run started and ended with a o
grass containing known pigments, prepared using the same method as the sediment core
samples) to identify any drift in retention times and @giment identification. This method

involved a mobile phase comprised of solvent A (80:20 Methanol: 0.5 m ammonium acetate),
solvent B (90:10 acetonitrile: deionised water), solvent C (100% ethyl acetate) and a stationary
phase consisting of an ODS Hypgé®lumn (25x4.5 mm; 5um particle size) (Tabl®)3.To

remove air bubbles, all solvents were degassed for 5 minutes prior to use.

3.2.3.3.3. Identification of sedimentary pigments
Chromatogramswvere analysed omhe Agilent Chemstationandt he pi gment 6s p¢
retention timeand spectral characteristicsn the chromatogramere used to identify the
pigment, based on comparison with known pigment standgrgisre 3.5; McGowan, 2013)
The relationship beteen pigment mass and peak area was deternbipedjecting known
guantities of commercial pigment standards into the HRLAevelop gment sandardsThe
abundances of pigments were expressed as-mates (nmol) to account for different
molecular weights and then calculated relative to OM (estimated by 84).Olhe lack of
comparable pigment standards and low concentrations of bacteriochlorophylls, meant
identification could not be definitive. They were therefore, excluded from any subsequent

analyses.
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3.2.3.3.4. Photosynthetic PigmentLimitations

There are a numbeof limitations in utilising photosynthetic pigments to infer past
environmental condition€One major problem is degradation before and after deposition on
the lakebottom which can result in pigments being lost from the sedimentary record. Different
types of pigments are more prone to degradation than others, due to differences in their
molecular structure. Carotenoids are generally more stable but xanthohylls (a type of
carotenoid) can be prone to degradation due to the presence -@&m%iée end grup. Where
pigments have a molecular structure such as the C=C double bond and the presence of oxygen
containing functional groups, they are susceptible to diagenetic alteration as this provide sites
for attack frommicrobes (Meyers and Ishiwatari, 199Furthermore, the more labile
pigments are vulnerable to degradation (after algal deatiti)the greater the lake deptand

longer period of time exposed to oxygerthe more substantial the pigment degradation.
Differences in the degrem which diffeeent pigments degrade can hamper attempts to
reconstruct shifts in algal abundances and communities. Chlorophyll pigments are especially
prone to degradation. However, this problem is mitigated to some extent by the fact that
chlorophylls produce recognisie and detectable breakdown products, which means they can
still be identified in the sedimentary record (McGowan, 2013). One final limitation of using
photosynthetic pigments is that the concentration and type of pigments observed in the
sedimentary read can change in response to many different variablesh as productivity

and preservation. It can, therefore, be problematic to disentangle the exact cause of the changes
observed. This problem can be mitigated by the use of a-pmaky palaeolimnologal
approach to provide information on a wide range of variabdeaid in the interpretation of

past environmental conditions.
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3.2.3.4. Sediment Chronologies?'%Phb dating
Accurate sediment chronologies are based on the principles of radioactive decacayd d
constants. They are crucial in palaeolimnology, so the timing of any observed changes in the
sedimentary record can be correlated to environmental chéBg#t al.,2013) One of the
most important and reliable methods of dating recent sediments less than 150 ye&téRiid is
dating(Last and Smol, 20025'%Pb (halflife of 22.3 years) is a naturally occurring daughter
isotope of the*®U decay series (Figure 3.6). A aliproportion of?2Rn atoms (the daughter
isotope 0f%°Ra) produced escapes from the soils into the atmosphere where it dec¢&9b to
(Last and Smol, 2002 his is then deposited into lakes by precipitation or catchmeraffun
and subsequently accumulates in the sediments on the lak@bker et al., 2000) This
method provides important insights into different processes that occur/influence lake systems
such as anthropogenic drivers and witHake processeg@\pplebyet al, 2001)

4.51x10 yr 1602yr 3.82 days 22.26yr 138.4 days
238U 226Ra 222Rn 210Pb 210|:)0 206pt

Figure 36: The main stages of the Uranit@38 decay series with the hdifes shown
(adapted from Appleby, 2001)
m

Total 21%Pb activity in sediment has two components: suppdi®&b, which is derived from

in situ decayof the parent isotopé®®Ra, and unsupportett®Pb, which is derived from
atmospheric fluXLast and Smol, 2002Yhe sipported component is measured using alpha or
gamma spectrometry by assuming it is in radioactive equilibrium 3tAa (Last and Smol,
2002) As unsupported'®Pb cannot be directly measured, it is calculated from subtracting
supported?’®Pb activity from total activity(Appleby et al, 2001) Total 2!Pb activity is
measured via its granddaughpoduct?%Po which it is assumed to be in equilibrium with
(Applebyet al, 2001)

00¢eidooemQ
Equation 7

Where Gnspresent unsupported®Pb activity, Gn{0)= estimated initial unsupportéd’Pb

concentration, o&a=decay constant , t=age of
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The constant rate of'%Pb supply (CRS) modevas applied to calculatchronologies for all
sediment cores due to the Ronotonic features of tHé%Pb profiles(Applebyet al, 2001)

A chronology is calculated by comparing the unsuppc®®&b, whose activity then becomes

a function of its haHife from the upper, newkgeposited sediments, withe activity at lower
depths (Equation 7Noller et al., 200Q. This information is used to determine how
sedimentation rates have varied over t{@ppleby, 1998; RuiFernandezt al, 2007) This

model assumes that changeshia sedimentation rate through time will result in change to the
initial unsupported%Pb concentrations. Therefore, the dates of the older sediments are not
calculated from present concentrations?$Pb but from the distribution of!®Pb in the
sedimentrecord (Last and Smol, 2001). This model takes into account differences in sediment
focusing, alterations due to various geochemical processes and those produced by catchment
inputs(Applebyet al, 2001).

To validate chronologies derived froffPb moded, artificial radionuclide activity can be
measured. The atmospheric fallout of caesii87 (*'Cs) and americiur241 f**Am) from
atmospheric testing of nuclear weapons (from 1953 to 1963) and the Chernobyl disaster (1986)
can be used as stratigraphic keas (Appleby et al, 2001) Further validation of thé'%Pb

model can come fronthe use of marker horizons from welbcumented events such as
volcanic eruptions. The use of artificial radionuclides and marker horizons not only helps
validate the?*%Pb clronology but also to understand how atmospheric and sediment flux has

changed prior to deposition.

3.2.3.4.1. Limitations
These techniques do have some limitations with respect to atmospheric deposition and storage
within lake sediments. Variations in rainfall ciead to different delivery of atmosphefiéPb
and other radioisotopes to a lak&ppleby et al, 2001) but even in regions where wet
deposition is similar, factors such as forest canopy and uneven topography have been shown to
increase depositio(Branford et al., 1998) Increasedsediment accumulation from erosion
caused by land use changes within the lake catchment and the transport of old sediments
depleted irf*%Ph, can distort thé!%Pb signal making it difficult to interpréRuiz-Fernandez
and HillaireMarcel, 2009) Once deposited in the lake sedimehe radionuclides can be
redistributed within the sediment column from turbidity currents, sediment slumps and mixing
in or near the sediment water interfg@®pleby et al, 2001) Sediment mixing typically
results in flattening of th&'Pb activityvs. depth profile and degradation’dfCs and**Am

peakgApplebyet al, 2001) 13'Cs is particularly susceptible to chemical advection or diffusion
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within pore waters due to its higher solubility compared'®®b. Furthermore?!®Pb dating

cannot baised on sediments over 150 years old when other dating methods such as radiocarbon
dating would have to be used. Despite these limitations, the CRS model has been validated for
use in the development of accurate chronologies, often supportétCyand*Am profiles
(Appleby and Oldfield, 1978; Applelst al, 2001)

3.2.3.4.2.  Methodology for 2'%Pb dating
Due to financial constraints, only three sediment cokesl®T2, PALAK and PANDIN were
analysed fof'%b dating. A chronology was developed on the three remaining cores, SAMP2,
MOH2 and YAMBOZ2, by correlating dates from previously collected cores from the respective
lakes (Table 3.1).

Dried sediment samples froBfUNOT2, PALAK and PANDIN were analysed f&Pb,??°Ra,

137Cs and?*Am by direct gamma assay at the Environmental Radiometric Facility (University
College London), using a ORTEC HPGe GWL series -typlé coaxial low background
intrinsic germanium deteat. 2!°Pb was determined via its gamma emissions at 46.5keV, and
225Ra by the 295keV and 352keV gamma rays emitted by its daughter is&®ipdollowing

3 weeks storage in sealed containers to allow radioactive equilibraétiea.and?**Amwere
measurd by their emissions at 662keV and 59.5keV (Applebyal., 1986). The absolute
efficiencies of the detector were determined using calibrated sources and sediment samples of
known activity. Corrections were made for the effect ofabborption of low errgy gamma

rays within the sampl@Appleby, 1998)

3.2.3.4.3. Cross-correlation of cores for chronology development
The sediment cores SAMP2, MOH2 and YAMB@2recorrelated with dated'°Pb cores
collected from the same lakes in 2015 by project partners at the National University of
Singapore (SAMP1, MOH1 and YAMBOL1; published in Bannisteal.,(2019) using LOJso
and diatom relative abundances (Table 3.5)). Peaks and trends in #ae frOfiles and the
main diatom taxa were used to crassrelate the core pairs. For SAMP2, MOH2 and
YAMBOZ2, diatom analysis was completed at multiple intervals to capture the main
trends/peaks in the five most abundant diatom speéigla¢oseira granwdta, Fragilaria
crotonensis, Discostella stelligera, Discostella pseudostelliff¢ustedt) Houl and Klee, 1939

andNitzschia paledKutzing) W. Smith >90% of the total abundance in all three lakes).
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3.2.3.4.4. Diatom Analysis
Samples were freezdried and chtompreparation followed the modified method of Renberg
(1990), using 10% HCI treatment to remove carbonates, and 3@ptéiremove OM. The
samples were left in the water bath at 90°C immersed@ kintil all OM had been removed.
Rinsed samples were mountedto microscope slides using Naphrax. A minimum of 300
valves werecounted per sample at x1000 magnification using a Zeiss Axioskop 2 Plus
microscope. The five main taxa were courdsdhey accounted for >90% of the total diatom
abundance (as shown inasteret al.,2019)andall other species were categorised together
as O Ktammreer ad Lang8ertalot (19861991) assisted identification.

3.2.3.45. Developing a suitable age model
The CRS model was applied to calculate chronologies for all sediment cinst*Es and
24IAm were detected in the sediments of PALAK and PANDIN, the CRS chronologies were
validated with independent time markers. The decay rate and reduced accuracy of counting
21%pp at low activities, means that before ¢.150 years, extrapolatisediment chronologies
to the bottom of the core (using the three earliest known sedimentatienwate performed
on SAMP2, MOH2 and YAMBO?2. As not all levels were analysed'f#b, a linear regression
was used to fill in the gaps between datehdas to ensure each sample depth had a date

assigned to it.
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3.2.3.5. Historical data collection of local and regional environmental
records

In order to understand the casual mechasisimchange within the sediment record it is
necessary to compile a timeliné @hanges that have occurred at each of the lakes. Archival
data from local and regional sources were used to determine changes in aquaculture timings

and intensities, climate and urbanisation.

3.2.35.1. Interview data from stakeholders
The method and sources fiire interview data are detailed full in Bannister (2020). Full
interview transcripts are shown in appendix A. Whilst completirddwork various
stakeholders (fishermen, lake managers) were interviewed to aid in the collection of archival
data. Variees of different stakeholders were interviewed to collect-fiestd accounts as
limited information was available from scientific journals. The questions were related to
changes in aquaculture timings/stocking densities as well changes to other anthicopoge
activities that occurred within the lake catchment.

3.2.3.5.2. Meteorological data
Records from many meteorological stations in the island of Luzon are incomplete or cover a
restricted timescale. Composite records can, however, provide a continuous datdset to al
comparisons over timescales relevant to the sedimentary recorttZQ98). The particular
recordused was taken from the Climate Research
temperature and precipitation recoftharris et al, 2014) The dataset calcaties records on
grids of 0.5° x 0.5and, for the study lakes, was centrediopon 121 A2 1 Nj00. OnjE,
at an altitude of 135 mrhe gridding method used for Version 4 of this prodigchot
documented in the Harrit al., (2014), but can be accessed via Gmogle Earth Interface
(TMP and PRE onlyjool within theRelease Notes  CRU_TS4.00.tkhe gridding method
is based on angulalistance weighting, which gdg greater weighting to closer meteorological
stations. This record was deemed most representative oflithate at the study area.
Deviations from the 1962018 mean were calculated in order to highlight periods of

cooler/warmer and wetter/drier weather.

A bimonthlyrecord of the El Nifio Southern Oscillation (ENSO), the Multivariate ENSO Index
(MEI) was retrieved from the National Oceanic and Atmospheric Administration (NOAA)

(https://www.esrl.noaaay/psd/enso/méi/ The MEI is based on the six main variables {sea

level pressure, the zonal and meridional componeffitsea surface wind, sea surface

temperature, surface air temperature and total cloudiness fraction of the sky) observed over the
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tropical Pacific(NOAA, 2018) This record was chosen due to its proximity t@ skudy site
(the record is of the NW Pacific) and due to the importance of ENSO in influencing, the climate

of the Philippines (discussed in Chapter 2).

3.2.35.3. Urban Expansion
Historical information on occupied housing units in San Pablo City was obtained Heom t
Philippine Statistics Bureau based on census data (https://psa.gov.ph/pofardtion
housing/node/129804) from 1960 to 2015. The annual number of occupied housing units was
calculated by linear interpolation between census years. San Pablo Citymaitherban
centre (Figure 3.3) so, tlthstance from the centre of each lake to the edge of San Pablo city
was used as a variable of urban expansion. This was done by measuring the distance (in km)
using Google Earth imagery from the centre of each laki@etclosest edge of San Pablo City

(determined by visual inspection) annually from 1984 until present day.

3.2.3.5.4. Population
Historicalinformation concerning population change in San Pablo City was obtained from the
Philippine Statistics Bureau (based on emndata) from 1950 to 2015. Annual population
estimates were calculated by linear interpolation between census years. Census data was not
available prior to 1950. A greater human population in a given area suggests increased human

effluent and possiblencreased pressure on the surrounding aquatic systems.

3.2.3.5.5. Agriculture
Coconut plantations have been present in the catchments of all the lakes sindectm@tury
(Migrino, 2017; Bannisteet al, 2019) Visual inspection, historical records and interview data
with stakeholders (appendix A3how it to be the most prevalent crop grown in the lake
catchments and the surrounding area (Figure 2.3). Howtereeonly available data is the area
in hectares occupied by coconut plantatisimece 1990 in the province of Laguna collected
from the Philippine Statistics Bureau
(http://openstat.psa.gov.ph/PXWeb/pxweb/en/DB/DB__ 2E_ CS/0072E4EAHOO0.px/table/tab
leViewLayout1/?rxid=bdf9d8d®6f1-4100ae0918ch3eaeb313). In order to calculate the
volume in hectares occupied by coconut plantation before 1990, a linear regression was applied
to all data points between 1990 and 2018 to calculate the equation. This equattoenwesed
to extrapolate the data back to 1960.
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3.2.3.5.6. Aquaculture Cage Numbers
Multiple sources were used to create a fgsolution record of aquaculture cage numbers at
the study area. A freedom of information request to the LLDA, the governing authattity of
study lakes was used to acquire information on how aquaculture cage numbers have changed
over time. This data is based on the number of fish pen permits issued at each of the lakes per
annum. Further data on cage numbers was determined from theilg¢gztntiago and Arcilla,
1993; Santiago, 1994; Brillo, 2015a, 2015b, 2016a, 2016b, 2016c, 200tdwas combined
with landsat imagery, (Google Earth an®éGS), which was used to count the number of
individual aquaculture cages in each lake in the years 2009, 2010, 2012, 2015, 2016 and 2017.
Three main cage sizes were counted in the study lakes, IxI®x15m and 20x2On
(interview data; Appendix A)In order to account for the differentage sizes used for
aguaculture, the average (cage slfix15 m; Google Earth, 20)9vas used when calculating
fish density. Ths was done for the years wherndsat imagery could not be used to determine
cage numbers. T allowed the percentage of the total lake surface area occupied by
aquaculture cages to be calculated. A linear regression was usetfgolategapsin the time
series In order to standardise the data collected from different sources, aquacultere cag
numbers were converted &gpercentage of lake surface afeaing the average cage size of
10x15 m). Data from multiple sourcesould then becombined to create high resolution

recordsto permit comparison between the different lakes.
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3.3. Statistical Analysis
The objectiveof the statistical analyses is to quantitatively assess the ecological response of
thesix lakesto aquaculture practiceasdescribed below.

3.3.1. Ordination methods to determine algal community change over time

Ordinationmethods are @sl to represent and summarise data along multiple(argendre
and Birks, 2012) in order to interpret patterns in species composition of ecological
communities. Principal component analysis (PCA) and other forms of ordination reduce
multiple dimensional datasets into two dimensions by rotating the data to explain maximum
variability in axis 1, followed by axis 2 et¢Legendre and Birks, 2012; Palmer, 2Q14)
Therefore, PCA mvides an overview of the linear relationships between species and samples.
PCA axis 1 scores are used to describe variati@aigal communitiegLegendre and Birks,
2012) This is achieved by minimising the square of the distance from each pdietlice
that dissectghe centroid (which is a vector of zero when spediave been centralised and
standardised)Ralmer, 2011 PCA axis 1 scores catmerefore describe community change
at each sample interval. The further theamplescores deviate from the centroid, the greater
the variation of species titatintervd, independent of whether the result is negative or positive.
If two pigmentsare plotted close to one another,shenples have a similar species composition
(Lepg and Gmilauer, 2003)

Redundancy analysis (RDA) combines both PCA and linear regression to extract and
summarise the variation in a set of resgvariables (in this case photosynthetic pigments)
that can be explained by a set of explanatory variglhlegendre and Birks, 2012This is
achieved by fitting regressions of multiple response variables onto various explanatory
variables, with the resulting matrix of the fitted values subjected to R@&endre and
Legendre, 1998)The standard result of a RDA is the total variance of a data set paditione
into constrained and unconstrained variance. The constrained variance is the variance
explained by the explanatory variables, whilst the unconstrained variance is the variance not
explained by the explanatory variables. Therefore, if the constrainesheaiis higher than the
unconstrained variance, most of the variance is accountbég the explanatory variabléSer

Braak, 1994)

3.3.1.1. Method
The pigments used in this analysis werdoxanthin, diatoxanthin, lutetaeaxanthin,
canthaxanthin, echinenone, okenone (if present), chlorophghlorophyllb, pheophytina,

pheophytina, phaeophorbideand b car ot ene. Prior to analy

71



abundances were standardigeing a log(x+1) transformation to normalise the data and to
reduce the asymmetry of distributifipegendre and Birks, 2012J his approach was used to
address the issue of differential preservation or difference in measured concentrations of the
algal pigments between sites. This transformation was carried out on ttra théervals (for

the top 30 cm) and 1 cm intervals for the remainder of each core SAMP2, MOH2, YAMBO2,
BUNOT?2, PANDIN and PALAK.

Thetransformed sedimentary pigment records from each of the study lakes were analysed using
the indirect ordination method pfincipal component analysis (PCA) using CANOCO 5. This
analysis was carried out on individual lake sediment records to determine change in individual
lake systems. To create a combined PCA plot, all pigment samples for all lakes were used to
allow for adirect comparison between the lakes with high and low aquaculture intdrssty.

data was analysed using the linear ordination method of PCA with the PCA axis 1 scores then
being extracted (Legendre and Legendre, 2012). PCA axis 1 scores were usededhedu
pigment assemblage data to a single summarising value that was interpreted as algal
community change. This was necessary as linear regression and variance partitioning can only

be used on a single response variable.

A RDA ordination (using CANOCO 5)as completed on the contemporary pigment samples
to determine if any of the water chemistry variables (see section 8&rEjated withthe
changes observedlhe explanatory variablesvere also standardised using a log(x+1)
transformation prior to amgsis. Single constrained ordination was completed on each
environmental variable individually to test ggnificance with only variables with a p<0d®
beingincluded in the RDA.
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3.3.2. Generalised Additive Models (GAMs) to determine trends in algal
pigments

GAMs are a regression based method for estimating trends (Simpson, 2018). They are a
statistical model in which the usual linear relationship between the response and predictors are
replaced by several ndimear smooth functions, to model and captime nonlinearities in

the datgBirks et al,, 2012) Unlike Generalised Linear Models (GLM§&AMs are not limited

to a defined mathematical functicas they replace a defined function with a 4pamametric
smoother to uncover existing relationships (Equation 8; Simpson, 2018).

Equation 8 y=b0+(x1)+JIDN(O,(i2)

Where b0 is the constant terni(x1) is the smoothing term ardUDN(0,02) is the linear

predictor.

It also has regularisation of predictor functions to avoid overfitting and can handle the irregular
spacing of samples in time. The main underlying assumptions are that the functialtstave a
and the components are smoBirks et al, 2012)

3.3.2.1. Why GAMs are appropriate
GAMs can landle norlinear, linear and nemonotonic relationships between response and
predictor variables. GAMs are ideal to use when assumptions cannot be made on the specific
mathematical function needed for the distribution, when there idimgarity in the esidual
plots, which may suggest separametric modelling and whemprior hypothesis suggest
nortlinear or skewed relationship amongst variables. GAMs are, therefore, ide@deddtg
as they use automatic smoothness selection methods to objedetetmine the complexity
of the fitted trend. This allows potentially complex, Aowear trends, proper account of model
uncertainty and the identification of periods of significant temporal changes. This permits an
accurate statistical analysis of tdsnin this data. The immediate advantage of the GAM is that
models are not restricted to the shapes of trends fitted via global polynomial functions such as
in GLMs. Instead, the shape of the fitted trend is estimated from the data itself. GAMs have
beenused in multiple studies to model the relationship between species response in relation to

environmental variableSimpson and Anderson, 2009)

3.3.2.2. Method
The GAMs were fitted using the R package 6 mg c v 6, 6scambéb and oO6gr

package R (version 4.0.2) The exact R code used is aSippson, (2018)These three
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packages calculated the GAM model for each proxy and created a graphic, which fitted the
model onto the data. GAM models were applied to the individual PCA ax@dssitom each

of the cored lakes to assess if there were any trends/patterns shown in the algal communities
over time. Furthermore, GAMs were fitted to determine if change in algal community
composition was proportional to aquaculture disturbance gradiketfirst step in developing

an appropriate GAMmodegl s t o choose an appropriate smoo
of the data. The smoother chosen needs to fi
that balances the fit of the model witiodel complexity to avoid overfittingimpson, 2018)
Furthermore, & needs to minimise the predict
(Restricted Maximum Likelihooddnd GCV smoothers were used to explore which smoother
resulted in the optimal fit. After the GAM was fitted to each datasesummary() function

was used to check the significance of the smooth terms, to determine if a trend was statistically
significant (p=<0.05). A REML smoother was used forlaltes (except Lake Palakpakin) as

it was less likely to over fit (which results overly wiggly fittedsplines) compared to GCV

smoot hers and minimise prediction errors. H
axis 1 scores from Lake Palakpakin, a GCV smoother resulted in a more optimal fit as the
REML smoother missed the untiéng trends in the data.

Table 36: List of basis dimension (k values) used for the GAttdsl to PCA axis 1 score:
from individual lakedo ensure best fit of the smoothing function

Lake k value
Pandin 75
Yambo 70
Mohicap 60
Sampaloc 80
Bunat 80
Palakpakin 50

To fit a GAM using the REML or GCV selection, the size/ rank of the basis expansion (k value)
has to be selected manually. The k value is the upper limit of the degrees of freedom associated
with the smoother (e.g. the number ofalpbints in the model). The exact number of k is not
critical however, it needs to be large enough to pick out the underlying {f&ngsson, 2018)

The gam.check() function was used to check if the basis dimension (k value) for a smoother
was adequate (Wood, 2017). As part of the output of the gam.check() function, the dstimate
degrees of freedom (EDF) value gs/en. Essentially, the larger the EDF value, the more
wiggly the fitted model. Values of around 1 tend to be close to a linear term. This effectively

determines if there is any additional nonlinearity or structure in the residuals that can be
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explained byfurther smoothing (e.g. increasing the k value). For all datasets, GAMs were run
with multiple k values to determine the optimum EDF value to ensure the best fit of the
smoother. This resulted in the use of a different k value for each lake (T&plé& 25%
confidence interval (95% Ciyas applied to assess the usefulness of each model and to identify
periods of significant changeSinpson, 2018). The 95% CI was created from with +/
2*standard error of the estimate trend at each sample if8@mgpson, 2018)Furthermore,

the gam.check() function produces four diagnostic plots to ctieckalidity of the model

(Figure 3.7). Thesare:

1. Quantilequantile plots of residuals to identify outliers and heavy ta@ie upper left
normal (QQ) plot is very close to a straight line, suggesting reasonable distributional
assumptiohso6l st ahte o aveer offline this s

the model.
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Figure 37: Ideal diagnostic plots for a fitted GAM. Top lefty@plot, top right)
Residuals vs. linear predictor, bottom left) Histogram of residuals and bottom right
Observed vs. fitted values
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2. Histogram of residuals for detecting roarmality. Ifthe histogram of residuals (lower
left) is shaped like a normal distribution curve then the model is consistent with
normality.

3. Residuals vs. linear predictor to find non constant error variatidés. data points in
the upper right plot are scattered this suggests that variance is approximately constant
as the mean increases.

4. Observed vs. fitted values to detect #iorearity, unequal error variances, and outliers
to determine if there is any dependency within the dafaositive linear relation with
a good deal of scatter (in the lower right plot) shows there is equal variance and no

outliers skewing the model.

3.3.3. Determining periods of significant temporal change in GAM fitted PCA
axis scores

GAMs were also used to determine periods of significant temporal change in the individual
PCA axis 1 scores, as well as the pigment and isotopic records from each lake. Thisavas do
by determining if the first derivative at any time point of the fitted trendonsistent with the

null hypothesis of no change. This was done to see if the introduction/changes in aquaculture
intensity corresponded with significant changes in algaimunities. Confidence intervals are
again calculated from the first derivative estimates using2#gtandard error. Periods of
significant change are identified as those time points where the confidence intervals of the first
derivative does not includeero. If the first derivative us indistinguishable from the value of

zero that means there is no significant trend in the fitted model.

Determining periods of significant temporal change of the fitted GAMs was completed with

the functionpadlidaege védmganvad heve&kr si on 4. 0. 2) .
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3.3.4. Variance Partitioning
Variancepartitioning involves partitioning the variance in a biostratigraphical sequence, such
as photosynthetic pigmen(Birks et al., 2012)by the use of a series of direct gradient analyses
(e.g. RDA). This technique attempts to estimate the fraction of variance explained by
categories bmeasured explanatory variables (e.g. environmental) in relation to a response
variable (e.g. algal community compositigBprcardet al.,1992; Hallet al, 1999) Variation
partitioning tests and determines the likelihood that these sets of explanatory variables explain

patterns in a response variable (algal community compogiBoiffjth and Peres\Neto, 2006)

This technique was ultimately chosen in order to quantify the extent to which algal pigment
changes were caused by aquaculture and other variables (such as climate and land use). It
allowed direct comparison between the study lakes to deternvhether the variance
explained by aquaculture, differs between the high disturbance lakes (Sampaloc, Bunot and
Palakpakin) and the low disturbance lakes (Yambo and Pandin).

3.3.4.1. Variance Partitioning Method
Variance partitioning is sensitive to misgnhistorical data(Hall et al, 1999) Due to
incomplete/missing historical data, variance partitioning was completed eh3@&samples
onl y. The analysis included the six stable
lutein-zeaxanthin, candxanthin and okenone) (Table7B. However,since the number of
carotenoidswas less than the number of environmental variables, chlorophylls and
pheophytinb were also included. Fordkes Sampaloc and Mohicap, chlorophglland
echinenone were regded as a single variable since they have a similar retention time and could
not be separated out in the chronogram. The same pigments were analysed in all lakes wherever
possible (Table 3). The oneexceptiorbeingthe inclusion of okenone, an indicafor anoxia

and stratification, which wasot presenin Lake Palakpakin.

77



Table 37: List of pigments used for variance partitioning in each lake

*coelutes with chlorophyll a

Lake

List of pigments

Pandin

Yambo

Mohicap

Sampaloc

Bunot

Palakpakin

Alloxanthin (cryptophytes)
Diatoxanthin(siliceous algae)
Lutein-zeaxanthir(chlorophytes/cyanobacteria)
Canthaxanthin (cyanobacteria)
Okenongpurple sulphur bacteria)
Chlorophyll b (chlorophytes)
Chlorophyll a

Pheophytin b (chlorophytes)

b carotene
Phaeophoride a

Echineone* (cyanobacteria)

XXX XX XX XXX

XXX XX XX XXX

XXXXXXXXXXX

XXXXXXXXXXX

XXX XXX XXX

XX XX X XXX
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Table 38: Explanatory variablegpost1960)used in variance partitioning analysis on
sedimentanpigments. Variables are listed according to the variable categories of clin
aquaculture and land use as descdlie the text

Variable category

Climate (C) ENSO Multivariate Index
Annual precipitation (mm)

Annualtemperature (°C)

Aquaculture Q) Surface area occupied by cagé%o)

Land Use (L) Population of San Pablo City

Number of houses

Area of coconut plantation (ha)

Distance from San Pablo Cifgm)

Variancepartitioning was carried out using the method describédlaihet al, (1999)using
CANOCO 5. Prior, to the analysis, all pigments and explanatory variables were log(x+1)
transformed. The explanatory variables were split into three categories land use (L),
aquaculture (A) and climate JGTable 3.8). As the focus of this thesis is to investigate the
controls of longterm biological change rather than inter annual variability, fossil pigment and
historical data were smoothed using a-j@ar running mean (20e2011, 2012017 etc). As

the sediment cores were collected from Lakes Yambo and Pandin a year later than the other
cores, the historical data were smoothed using ayia running mean using 202812,
20132018 etc. As the number of samples inputted must match for both pigueahts
explanatory variables, the pigment sample inputted into the analysis were matched with the
middle year of the fivgyear running mean, e.g. 2015 was matched with 2017 . Any empty

data cells recorded as zeros and not missing values.

Constrained andgrtial constrained ordinations using direct gradient analysis (RDA; ter Blaak,
1988) were used to evaluate the relationship between the three categories of explanatory
variables (C, A and L; Table 3.7) and changes in fossil pigments. Firstly, singleairoedstr
ordination was used for each variable separately to determine the % of variance explained and
the p value for each individual variable. Only variables with a p value <0.005 were determined
to cause significant change in fossil pigments and weredadlin the variance partitioning

analysis. In the land use category, a number of the variables were strongly correlated. These
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Table 39: List of variables used detailing which were removed at each stage, see table 3.5 for the full list

Lake
Pandin Yamibo Mohicap Sampaloc Bunot Palakpakin
Original list of variables| Population Population Population Population Population Population
used Housing Housing Housing Housing Housing Housing
Coconut Coconut Cocout Coconut Coconut Coconut
Distance Distance Distance Aquaculture Distance Distance
Aquaculture Aquaculture Aquaculture Temperature | Aquaculture Aquacultue
Temperature | Temperature | Temperature | Precipitation Temperature | Temperature
Precipitation Precipitation Precipitation ENSO Precipitation Precipitation
ENSO ENSO ENSO ENSO ENSO
Variables removed afte| Precipitation Population Precipitation Precipitation Population
single constrained ENSO Temperature None of the | ENSO ENSO Precipitation
ordination (e.g. p value ENSO variables were ENSO
>(0.005) significant so
Variables removedue | Housing Housing variance Housing Housing Housing
co-linearity Coconut Coconut partitioning was Coconut Distance Coconut
Distance not completed Coconut
Final list of variables | Population Distance on this lake | Population Population Distance
used Aquaculture Aquaculture Aquaculture Aquaculture Aquaculture
Temperature | Precipitation Temperature | Temperature | Temperature
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correlating variables needed to be removed, as their inclusion weakens the model, since each
variabledoes not add new information but instead infuses the model with noise. This was
completed using the CORRELL function in Microsoft excel, which determined that all land
use variables were highly correlated (r>0.98)ereforepnly one variable from the ldnuse
category was included in the variance partitioning to best represent how sewage pressure from
humans has impacted algal communities over time. Forward selection with Bonferroni
correction was also completed on individual categories to determing ibfaihe variables

were significantly correlated with the fossil pigment record. Bonferroni correction is used as
sequential variables were measured to adjust the p value due to there being an increased risk
of type | error (increased likelihood of a sificeint result by pure chance when there is not

one) when multiple analyses are conducted on the same dependent variable (e.g. fossil pigment
record). The variance inflation factor (VIF) was identified and checked it was <20 to make sure
all collinearity wthin categories had been removed. For all analyses, 95% confidence limits

were estimated using unrestricted permutations.

The next stage consisted of five stgpall et al, 1999) For all steps (Figure 9, a p value

was used to determine the sigraifice.

1) A canonical ordination, with no covariables was used to measure the total amount of
variance (as the sum of all the canonical eigenvalues) attributed to all the explanatory
variables (C+A+L; Figure 3.8) and the total of unexplained variance (@68+L)) in
the fossil pigment records.

2) A number of partial canonical ordinations were used to calculate the variance explained
by the effects of each individual category (C, A or L). This was completed by running
ordinations of individual categories withe two other categories as covariables.

3) A series of partial canonical ordinations were used to calculate the pure effects plus
first order interactions for each set of predictors (L+LA, L+LC, A+AC). For each run,
one category of explanatory variable wadr@d with one of the remaining categories,
acting as a covariable.

4) First order interactions (LC, LA, AC) were calculated by subtracting the values
calculated during steps 2 and 3 (for example (LC= (L+LKE)

5) The second order interactions (LAC) were aldted as the difference between the sum
of the varianceexplainedin the first four steps (LAC=100-A-C-LC-LA-AC-

unexplained variance) and 100%.
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First Group - Second Group -
Land Use Aquaculture

Third Group -
Climate

Figure 38: Example Ven diagram showing how variance is partitioned among three grou
explanatory variables. The letters correspond to the fractions (L, C, A) comprising of ind
categories and first (e.g. LA) and second order interactions (e.g. LAC)
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3.3.5. Linear Regressiont o det er mi ne the relationship
characteristics and algal conmunities

Linear regression models describe the relationship between a response variable to a single
regression models describe the relationship between a response variable to a single explanatory
variable using a straight linas shown in the equationloe:

Equation 9 Y = agttBy*X
Where: a is t he iorstheslopeawhith denotesthé ahange inayxpersinit b
change in the independent ®@ariable; X is the error term (McDonald, 2014).

Linear regressions are a useful step towastidishing environmergommunity relationships

by produdng a line of best fit (Legendre and Legendre, 20AR)adjusted?? valueis used to

test the strength of the relationship between an explanatory and a response variable, whilst
taking into accounthe influence of sample sifeegendre and Legendre, 2012)he adjusted

R?> measures how close the data is to the fitted regressigmlitiea value of 1 meaning the
values of the X variable can precisely predict the response in the Y vdligiglendreand
Legendre, 2012A p value (<0.05) shows a significant relationship between the two variables
(McDonald, 2014). However, this analysis does assume the relationships aré llneap g and
Gmi | a u e.rLinear2ely@s3ipn models have been used in many studies to explore the
relationship between physicahd physiochemical characteristics of lakiisaemeret al,

(2015) used linear regression models to determimeich variables best predict lake
stratification in multiple lakes worldwide. It determined that lake morphological variables and
lake temperature are better predictors of lake stratification (as they explained a high % of

variance) than lake warming rates

Linear regressioa were used to understand whidhygical site characteristics (lake depth,
elevation, lake surface area, catchment area, CA:LA ratio) were important in determining
change imlgal communitiegmeasured as MariKendall coefficients of idividual lake PCA

axis 1 scores) and al gal bi omass (deter mine
sediment cords AdjustedR? values and p values were used to determine the strength and
significance of the relationshifhe linear regressions feach of the five site characteristics

was performed using the Im() functionthe statistical package {®ersion 4.0.2).
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3.3.6. Mann-Whitney U Testto determine the relationship between two
categories of physical characteristics

MannWhitney U testsare a uskil statistical technique to determine if two datasets are
statistically different from one anothewhen the data is neparametric (e.g. not normally
distributed). ManAVhitney U test assumes that the dependent variable is measured at an
ordinal or contiuous scalethat there are two categorical independent groups and the two
variables are not normally distributed. This test can either determine the difference between
the mean or the median of the two groups depending on the shape of the distrilfutiens.
distributions have the same shape then the test will compare the medians rather than the means.
The distributions had a different shape therefore, the MEhiney U testwas used to
determine whether the means were statistically differditis test wascarried out to on all
proxies, pre and post aquaculture to determine if the introduction of aquaculture coincided
with any significant changes in the proxy recdvidnn-Whitney U tests were performed using

the wilcox.test(y,x) formula inthe R paca g e 0 p Ghe p vakiesvsa®$ used to determine

the significant difference between the two site characteristics.
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4. CHAPTER 41 LIMNOLOGY OF THE SIX LAKES

4.1.Introduction
This chapter describes the physical, chemical and biological aspects sititlyelaks, to
providea betteunderstanding of the contemporary functioning of these ustddied tropical
lake systems.

4.2.Tropical Limnology
Lakes systems respond physically, chemically and biologically to environmental and climatic
changes and as syclare exellent sensors of such change. However, climate and
environmental changes influence lakes in many wdyslerstandinghesedirect and indirect
links can helpto realise the potential of lake sediments as recorders of past climate and
anthropogenic distutbance (Battarbee, 2000) The physical, chemicaland biological
characteristicof lakes, hae been intensively studied in temperate regions, vatigterm
monitoringprogrammegBeeton, 1963Chapra, 1980Muelbertet al.,2019. In comparison,
tropical lakes ardess commonlystudied, and the fctioning of lakes at low latitudes (the
tropics) is generally poorly understoodMultiple studies have supported the idea that many
(larger) tropicalakes do indeed show seasonality in mixing, stratification and phytoplankton
successior{Talling, 196; Cordero and Baldia, 2015)Although many processes are shared
between temperate and tropical lakes, their physical, chemical and biological characteristics
differ (Lewis, 1987 Dangeret al., 2009. Tropical lakes are pentially more sensitive to
changes in temperature and nutrient availability than their cooler climate equialents,
1987 Adrianet al.,2009, while N may be more limiting, and nutrient cycling more efficient

(in tropical lakes), than previously thougitbell et al.,2012; Bannisteet al.,2019)

Deep tropical lakes (> 5 m deep) are usually only weakly thermally stratified with a much
smaller temperature difference (thermocline) between the epilimnion and hypolimnion
compared to temperate lakéKalff, 2002) This meansthat only limited changes in
temperature and wind driven turbulence are needed to mix tropical lakes. Eutrophication
further enhances the stability of stratification by increasing the concentrations of OM in the
epilimnion which sink to the hypolimnionntreasing the density of the deep wdizadle,

1981 Singhet al.,2019. The dissolved oxygen (DO) concentration of water is influenced by
temperature, therefore, high temperatures in the hypolimnion of ttdgies means there is

less DO per litre than temperate laK€sikushimaet al., 2017) Higher productivity in the
epilimnion of tropical lakes all year round can lead to a larger oxygen demand in the

hypolimnion from decomposition of OM (that sinks from the surface waters). This results in
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all deep tropical lakes becoming anoxic at dégphacintyre, 2012fFukushimaet al, 2017)

Even though tropical lakes experience less pronounced seasonal changes compared to
temperate lakeghere isstill a clear annual phytoplankton successiontfie Philippines,

starting in JanuarfFebruary at the end of the wet season) of diatoms, chlorophytes,
cyanobacteria and finally dinoflagellatésewis, 1986 Hubble and Harper, 2002)with

nutrient and light availabilitpeingthe twodominantcontrolling factorgLewis, 1978 Ahmed

and Wanganeo, 20L5However, there is evidence that eutrophication and climate change are
influencing the phytoplankton sus=son in tropical lakes resulting in the dominance of
cyanobacterigFerberet al.,2004) Lakes in tropical EasAsia (TEA) are possibly the least
studied and understdawithin the tropics, despite the region undergoing some of the highest

rates of environmental change on Earth.

4.3. Water quality monitoring of the Seven Lakes of San Pablo
The Laguna Lake Development Authority (LLDA) began monitoring the surface wateyquali
of the Seven Lakes of San Pablo in the 1980s in order to evaluate the impacts of anthropogenic
activities on the lakes and to secure ecosystem services. Even though monitoring has taken
place since the 1980s, only data collected from 12@@ was repaoed (by the LLDA) due to
equipment malfunction and a lack of chemicals. This involved the monthly collection of DO,
pH, total suspended solids (TSS), total dissolved solids (TDS), turbidity, chlorijienftCate
(NO3) ammonium(NH4"), inorganic phodpate P O , piochemical oxygen demand (BOD),
chemical oxygen demand (COD) and chloroplaytheasurements. For Lake Yambo, water
guality data was only collected between 2002 and 2008. Nitrate and inorganic phosphate
concentrations have also been obtained fr@d@62016 for Lakes Yambo, Mohicap and
SampalodBannisteret al, 2019) Bannisteret al.,(2019) collected water column prales of
temperature, DO and pH quarterly (during February, May, September and Nod20&T)
from Lakes Yambo, Mohicap and Sampaloc to determine hosetlparameters change

seasonally.
The LLDA monitoring determined that between 1996 and 2008:

NH4" concentrationsncreased inlalakes (except Lake Palakpakiwjth the largest increases
observed in the Lakes Bunot and Sampaloc of up to 5000 and 2500 ug/l resp€Etyualy
4.1). In comparisonthere were modest increased.ake Yambo and Pandin o8& and 160

pg/l. Lake Palakpakin shows uniform WHoncentrations of 180 pgthroughout the
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the measurements collected for this research, to determine temporal changes in the stur
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monitoring period.There was anncrease inPQy concentrationsin Lakes Bunot and
Sampalocbetween 1996 and 200@hereas therevasno change in thetherlakes. PQyj
concentrationsleclined inLake Sampaloc to 250 pg/l in 2014. However, as the data for Lake
Bunot is not available after 2006 is not possible to determine ifithlakefollows the same
trend.NOs™ concentrationsemainedelatively constant foall lakes betweef®996and2005 at
<200 pg/l. Lakes Sampaloc and Mohicap exhibited a spike in values in 2008 topeBl00
Finally, Cf conentrations remained relatively constant at 10 to 20 mg/l in all lakes. In 2004,
Cl- concentrations spiked in all lakes (Figure 4.Which could be due to equipment

malfunction.

The data shows that during this period the least disturbed lakes (Yambaratid) Pad lower
levelsof NQ,NHsfand PO | , ¢ o mpuabeelakest(BunotahdeSampglosce d i
This observation is supported by the lake rankings in terms TP, chloragmdl secchi depth
measurements (Tablel), with Lakes Bunot and Samipc again showing the highest values,

in comparison to Lakes Yambo and Pandin. This suggdkeat Lakes Bunand Sampaloc are

the more productive and degraded lake systiiaasthe relatively pristine Lakes Yambo and

Pandin.

Quarterly temperature and D@rofiles collected by Bannistest al., (2019 do not show
uniform values during the cold season (Februayygesng there isstable stratification and
limited mixing in Lake Sampalodn this lake, DO concentrations reach anoxic condition (<2
mg/l) & a water depth <10 nmn Lakes Yambo and Mohicap, water column temperature
measurements (of 25 and 26°C respectivedgame unifornm February This pattern was not
observed in the DO profiles suggesting that an equal temperature between the epdiminion

hypolimnion did not result in mixingh these two lakes.

4.4. Aquaculture Intensity
Mean fish density was used to rank the lakes in term#eisity ofaquaculture. Annual data
of aquaculture cage numbers wadlated from a variety of sougs (see s#ion 3.2.3.5.4).
Missing values were infilled using linear regression to ensure the data from each lateawas
similar resolution For each lake, fish density was calculated for every year aquaculture was

present (Table 4.1), as follows:
Equation 10:

No. of cages x no. of fish per cage* = total no. of fish in the lake per annum
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* based on amverage fish cage siz# 10x15m with 5000 fistper cage (interview data,

Appendix A).
Equation 11:

Total no. of fish in the lake per annum / Lake surface éreetares) = Fish density (no. of

fish/hectare) per annum

To calculate a mean value for cumulative aquaculture intensity over recent years, the following

calculation was performed.
Equation 12:

Sum of annual fish density values / number of years aquaeultas present = mean fish

density
This resulted in a disturbance gradient from lowest to highean fish densitgf:

Lake PandirA YamboA MohicapA Sampalo® Bunoth Palakpakin (Figure 4.2).

Table 41: Ranking of the laleaccording to mean aquacultudensity since aquaculture was
introduced to the lakes

Aquaculture criteria

Mean Fish density (number of fish per hectare) Standard Deviation = Rank {owest to

highest)
10076 7721 Pandin
14787 13963 Yambo
56172 47886 Mohicap
56206 44075 Sampaloc
76343 50186 Bunot
85170 53656 Palakpakin

89



Figure42: The study | akes ranked bsiend oornd etrh eo fr easquulatcsu I ltiusrtee d nitne n
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4.5.Methods for contemporary sample collection and analysis
Water quality sampling took place at tretudy lakesn May 2017 (the end of the hot dry
season)A YSI EXO1 multi-probewasusedto collectwater column profiles gbH, electrical
conductivity, chlorophylla, DO and temperature data all lakes except Lake Calibato (see
section 3.1.4)Water samples were collected from the surfawiel and bottom depths (Table
3.3) of each ke witha Van Dornsampler These samples were analysed for TP, SR,
silicates, chlorophyla and photosynthetic pigments (see section 3.1.5). For a description of
the full methodology for each analysis, see Chapter 3.
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Table 42: Morphological characteristics of the study lakes. Depth of the thermocline*, anoxia (or near anoxic conditions**), 8gttgleuphotic
depth*** and the depth at which conductivity (chemocline) increases, are also stated

* defined as the thibut distinct layer in which there is a substantial drop in temperature compared to the layers above and below

**defined as DO concentrations <2.0 m@Nirnberg, 1995; 2004)
*** defined in section 4.6.2

Average Thermocline
Elevation Surface| Catchment . Secchi| Euphotic Surface (m)* . .
Lake Date | above seg D((:np;th Area Area Clg\a.llt_ig Depth | Depth Water '?;?fla Cont(errJ]():tlwty
level (m) (km?) (km?) (m) | (m)** | Temperature| Top | Bottom
(C)
23.9 (shows
. April an inversion
Pandin 2018 160 62 0.24 0.48 2.0 3.10 7.16 36.1 7.1 11.5 8.2 between 7.1
and 23.9)
April 7.9 (shows a
Yambo 160 27 0.305 7.5 245 | 253 | 22.20 36.6 7.7 15.5 12.2 .
2018 decline)
Mohicap 2/(I)a1y7 80 30 0.23 6.8 29.5 | 1.58 4.28 35.6 3.9 7.0 5.3 5.3
Sampaloc 'Z\?)af?/ 106 27 1.04 10.7 10.3 | 0.98 5.25 36.8 2.7 7.4 3.9 5.3
Bunot Iz\/(l)aly7 110 23 0.305 20.9 68.6 | 0.67 2.21 37.2 2.0 9.0 4.5 14.7
Palakpakin '2\/:)?’7 100 7.5 048 10.05 209 | 1.73 2.47 36.2 0.3 6.1 3.9 5.0
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4.6.Results
4.6.1. Morphometric and catchment characteristic

Thestudy lakes have a variety of morphometric characteristics (Table 4.2). Lake aiegth
from 7.5 m (for the shallowest lake, Lake Palakpakinpfom (for Lake Pandir). Lake
Palakpakin is the only lakstrongly influenced by riverswith the Pagb@ga Steam (as an
inflow) and the Padparan Stream (as an outfldwke catchments ranged in size from8.4
km? (LakePandin to 20.91 krA (Lake Sampaloc), with an average catchment size of 7.3 km
The catchmentdor Lakes Sampaloc, Bunot and Palakpakere very flat (as shown by the
digital elevatiormodel; Figure 2.3) wheredlse catchment sized Lakes Yambo, Pandiand

Mohicap weresmaller anccharacterised by steep slopes
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4.6.2. Physicochemical characteristics
Along the aquaculture intensity gradiesgcchi depthshe thermoclineand euphotic zones
shallowed(Figure 4.3) In comparison, electrical conductivity increased with depth in the high
aquaculturdakes,but showed a decline in the low disturbance lakes (Figube Secchi eepth
(Table 4.2)varied between0.67 m inLake Bunot, t03.1 m inLake Pandincorrelating well
with level of aquaculture (Figur&t.3). The euphotic depth (the depth at which net
photosynthesis occurs at a light intensity of 1% of that of the surface) rénoge®.21 m
(Bunot) to 22.20 m (YamboJpllowing a similar trend to Secchi depth measurem€gfitpure
4.3). The order of light penetration (the depth of the water column at which light penetrations;
from the deepest to shallowestasLake YamboA Lake PandirA Lake SarpalocA Lake
MohicapA LakePalakpakinA Lake Bunot.

Secchi Depth Euphotic Depth
3.5 25
= e Pandin R2=0.6674 E ® Yambo R2=0.5344
£ 3 = 50
=~ e
%_2.5 =
82 Yamba Palakpakin 815
. ° 2)
%1.5 Mohicap 5 10 Sampaloc
o 1 o o Bunot §. * Pandin Palakpakir
g 5 Sampaloc uno O Mohicap .
0 0 Buno
0 20000 40000 60000 80000 100000 O 20000 40000 60000 80000 100000
Mean Aquaculture Density (fish/ha) Mean Aquaculture Density (fish/ha)
Anoxic Depth Depth of Deep Chlorophyll Maximurr
14 - e 20 :
E12 o Yambo R?=0.7318 - ® Pandin R? =l0.9067
£ 10 o 15
o 8 e Pan : og Yambo
&) Mohicap S = € 10
o 6 Bunot c3& Bunot
S 4 ° ® % = 5 °
Z 2 Sampaloc Palakpakin O 5 Sampaloc
0 5 0 Palakpakin
0 20000 40000 60000 80000 100000 0 20000 40000 60000 8000010000(¢
Mean Aquaculture Density (fish/ha) Mean Aquaculture Density (fish/ha)

Figure 43: Scatterplots with a linear regression fitted showing the relationship between tl
secchi, euphotic, anoxic depth and the depth of the deep chlorophyll maximum against r
aguaculture intensity for the study lakes
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Surface water temperatures ranged from 35.6°C (Lake Mohicap) to 37.2°C (Lake Bunot) with
a median temperature of 36.5°Taple 4.2;Figure4.4). Temperature declined with depth in

all lakes, declinig most rapidly at the thermocline in all lakes (except Lake Palakpakin; Table
4.2; Kalff, 2002).The temperature profile of Lake Palakpakin declined more gradually with
depth in comparison to the other lakes. The bottom temperatures of the lake watdrBwari
30.5°C (depth 22 m, Mohicap) to 32.1°C (depth 28 m, Sampaloc) (Fdyrén comparison,

the shallowestake, Lake Palakpakin had a warmer bottom temperature of 35.1°C (depth 6 m)
(Figure4.5).

All lakes showed anoxic or near anog@nditions n the deeper watersyen the shallow lake,
Palakpakin, at the sedimewater interface (Figurd.5). DO concentrations of the surface
waters varied between 14.3 mg/l (Lake Bunot) toregdl (Lake Palakpakin) with a meah of

7.5 mgl. DO concentrations eclined with depth in all lakesvith a proportional relationship

to aquaculture intensity (Figurd.3) and followed the same pattern as the respective
temperature profls. DO concentrations declined in Lake Sampaloc at a depth of 3.5m,
resulting in anoic conditions(classified as <2 mg/Nurnberg, 1995; 20043t depth 3.9 m
(Figure 44). In comparison, the decline in DO in Lakeandin and Yambwasobserved at a
greater deptliFigure 45), with anoxia starting at @epthof 8.2and 2.2 m respectively in the
water columnThe only deviation from this pattern whake Palakpakinwhich had amore
gradual reduction DO concentration from 6.3 mg/l at the surface to 0.3 mg/l at the lake

bottom

The electrical conductivities of surfaseat er s ranged from 208 €S/ cn
eS/ cm (Lake S a.b)pwiH tledayges( valuesceureein the deep lakes with

the highest levels of aquaculture (Lakes Mohicap, Sampaloc and Bdr) electrical
conductivity increased sliglytwith depth in all thdakes except folLakes Yambo and Pandin.

The electrical conductivity profile gradually increased in Lake Sampaloc to the highest
conductivity of 1019 uS/cm at the lake bottdoakes Mohicap, Bunot and Palakpakin had a

sharp increse in electrical conductivity at theatersediment interfacé his increasevasmost

likely reflecting measurementd the sedimentvater interfaceLakes Pandin andYambo ha

the lowest onductivities, which varied little throughout the water column,aieing stable at

226 and 208 €S/ cm respectively
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Figure 44: Limnological profiles showing temperature, dissolved oxygen, conductivity, pl
chlorophyll a concentrations for the study lakes. The light grey box highlights thevfoo&the
thermocline in each lake. The red and blue lines show the euphotic depth and depth of t
bacterial plate respectively. This shows the uncoupling of the anoxic layer and the eupht
depth as the disturbance level increased. Depths of the thignmand chemocline for each
lakes are shown in Table 4.1
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Surface waterdakeswere alkaline, with pH in ranging from 7.QZake Palakpakin) to.91

(Lake Bunot; Figure 4), while pH in the bottom waters ranged from 6.1 (Lake Bunot)db 6.
(Lake Yambo) pH declined in all lakesvith depth indicating a change towards more acidic
conditions in the hypolimnion. Lake Bunot had the highest pH of 9.51, which declined to 6.28
in the lake bottom. Lakes Yambo and Pandin had less of a differetwednethe surface and
lake bottompH, with a difference of 1.82 and 2.37 units of pH respectively.

4.6.3. lonic Composition
The highest total alkalinitythe concentration of C& and HCO ions) was found in Lake
Bunot (6.8 meq/l, depth 18 nffrigure 46), whilst Lakes Yambo and Pandin had the lowest
overall total alkalinity of <2.9 meq/Lakes Sampaloc, Bunot and Pandin had similar values
throughout the water column of 3a&d 2.1 meg/l respectively. Lakes PalakpatdMohicap
showed high variability downthe water column(Table 4.3; Table 4.4). Lakes Yambo and
Pandin had the lowest NaK*, Mg?", C&*, SQ% out of all the study lakesand the
concentration of these ions displayed an e@aaicentratiorthroughout the watecolumn
(Figure 46). In the remaning lakes (Sampaloc, Mohicap, Bunot and Palakpakin) the
concentratios of Mg?* and C&* weresimilar at c. 0.4 meg/Na* and K concentrations were

also similar in Lakes Sampaloc, Mohicap, Bunot and Palakpakin
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Table 43: Measured conductivity, pH and ionic composition forghely lakesncluding anions, cations and alkalinity in mg/l unless stated otherwise. BDI

abbreviated for Below Detection Limitn

fiissing data/not collected)

Cations (mg/l)

Anions (mg/l)

Lake Depth| Conductivity pH Toya_l Carbpr]ate Bicart_)o_nate

(m) (us/am) Na" | NHs* | K* | Mg?" | c&* ClI | NOs | PO | SO | Alkalinity Alkalinity Alkalinity

(meqg/l) (meqg/l) (meqg/l)

0.5 227.1 8.88| 3.168| BDL | 1.489| 2.609| 6.338| 5.017| BDL | 0.008| 1.822 2.15 0.35 1.8

Pandin 18 210.3 6.92| 2.936| 0.004| 1.51|2.518| 6.562| 4.537| BDL | 0.084| 1.695 1.3 0 1.3
37 270.8 6.56| 2.817| 1.923| 1.589| 2.775| 6.982| 4.794| BDL | 0.0333| 3.907 2.85 0 2.85
0.5 210.6 8.74| 2.599| BDL | 1.267| 2.501| 6.009| 4.358| BDL | 0.014| 1.957 2.05 0.3 1.75
Yambo 15 190.0 7.28|2.633| BDL | 1.297| 2.473| 5.936| 4.289| BDL | 0.007| 1.926 2 0.05 1.95
35 214.2 6.91| 2.520| BDL | 1.225| 2.505| 5.574| 4.228| 0.155| 0.013| 1.921 1.9 0 1.9

0.5 407.8 8.85| 5.638| BDL | 1.797| 6.009| 9.003| 8.305| BDL | 0.028| 6.202 4.1 0.3 3.8
Mohicap 10 439.6 7.12| 5.015| 1.010| 1.730| 5.909| 11.329| 7.651| BDL | 0.024| 3.438 4.25 0 4.25
25 769.2 6.40| 5.013| 1.970| 1.956| 6.688| 13.185| 7.394| BDL | 0.092| 2.184 6.75 0 6.75

0.5 407.8 8.85| 5.356| 1.929| 2.706| 5.102| 8.086| 9.554| BDL | 1.086| 3.907 3.5 0 3.5

Sampaloc| 10 439.6 7.12|5.959| BDL | 2.817| 5.227| 8.184| 9.777| 0.257| 0.900| 5.416 3.4 0 3.4
18 475.0 6.94| 5.998| 0.123] 2.949| 5.205| 7.732|10.141| 0.345| 0.814| 5.392 3.45 0 3.45

0.5 309.6 9.51|5.235| BDL | 2.498| 4.122| 5.750| 6.795| BDL | 0.748| 3.503 4 0 4

Bunot 10 344.2 6.90| 4.548| 0.219| 2.512| 4.000| 6.586| 6.476| 8.604| 0.888| 3.017 1.8 0 1.8
18 990.4 6.15| 4.571| 1.961| 2.797| 4.464| 8.117| 6.326] BDL | 1.656| 2.178 6 0 6

0.5 356.6 7.97|16.384| BDL | 1.86|4.478| 6.998| 6.328/ BDL | 0.251| 5.161 3.4 0 3.4
Palakpakin 3 356.2 7.62| 6.400| BDL | 1.832| 4.541| 7.183| 6.028| BDL | 0.255| 5.198 34 0 3.4
6 376.4 6.95| 5.737| 0.244| 1.901| 4.536| 7.093| 6.023| BDL | 0.323| 4.847 3.4 0.15 3.25
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Table 44: Measured conductivity, pH and ionic composition forghely lakesncluding anions, cations and alkalinity in meqg/I. BDlalsbreviated for Below
Detection Limit { missing data/not collected)

Depth Conductivity

Cations (meg/l)

Anions (megq/l)

Lake H " . . . . ) ) L . Total Carbonate  Bicarbonate
(m  (uslem) ~ PT Na' NHe K' Mg* C#* CF NOs PGP SOZ Alkalinity  Alkalinity  Alkalinity

0.5 227.1 |8.88]0.138] BDL [ 0.038[0.217[ 0.317 [ 0.143 | BDL [ 0.000 [ 0.038 2.15 0.35 1.8

Pandn 18 210.3 6.92| 0.128| 0.000| 0.039| 0.210| 0.328 | 0.130 | BDL | 0.001 | 0.035 1.3 0 1.3
37 270.8 |6.56| 0.122] 0.107| 0.041| 0.231| 0.349 | 0.137 | BDL | 0.000 | 0.033 2.85 0 2.85

0.5 210.6 | 8.74]0.113] BDL | 0.032| 0.208] 0.300 | 0.125 | BDL | 0.000 | 0.041 2.05 0.3 1.75

Yambo | 15 190.0 |7.28|0.114| BDL | 0.033| 0.206| 0.297 | 0.123 | BDL | 0.000 | 0.040 2 0.05 1.95
35 214.2 |6.91]0.110| BDL | 0.031 0.209| 0.279 | 0.121 | 0.003| 0.000 | 0.040 1.9 0 1.9

0.5 407.8 | 8.85| 0.245| BDL | 0.050| 0.501| 0.450 | 0.237 | BDL | 0.003 | 0.127 4.1 0.3 3.8

Mohicap | 10 439.6 | 7.12| 0.218| 0.056| 0.044| 0.492| 0.566 |0.219 | BDL | 0.006 | 0.072 4.25 0 4.25
25 769.2 6.40| 0.218| 0.109| 0.050| 0.557| 0.659 | 0.211 | BDL | 0.009 | 0.035 6.75 0 6.75

0.5 407.8 | 8.85] 0.233] 0.107| 0.080 | 0.425| 0.404 | 0.273 | BDL | 0.011 | 0.081 3.5 0 3.5

Sampaloc| 10 439.6 |7.12| 0.259| BDL | 0.072| 0.436| 0.409 | 0.279 | 0.004| 0.009 | 0.113 3.4 0 3.4
18 475.0 | 6.94| 0.261| 0.007| 0.076| 0.434| 0.387 | 0.290 | 0.006| 0.008 | 0.112 3.45 0 3.45

0.5 309.6 |9.51]0.228| BDL | 0.064| 0.344| 0.287 | 0.194 | BDL | 0.008 | 0.073 4 0 4

Bunot 10 344.2 | 6.90| 0.198| 0.012| 0.064| 0.333| 0.329 | 0.185 | 0.139| 0.009 | 0.063 1.8 0 1.8
18 990.4 | 6.15| 0.199| 0.109| 0.072| 0.372| 0.406 | 0.181 | BDL | 0.017 | 0.045 6 0 6

0.5 356.6 | 7.97| 0.278| BDL | 0.048] 0.373] 0.350 | 0.181 | BDL | 0.003 | 0.108 3.4 0 3.4

Palakpakin 3 356.2 | 7.62|0.278| BDL | 0.047|0.378| 0.359 | 0.172 | BDL | 0.003 | 0.108 3.4 0 3.4
6 376.4 | 6.95| 0.249| 0.014| 0.049| 0.378| 0.355 | 0.172 | BDL | 0.003 | 0.101 3.4 0.15 3.25
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4.6.4. Nutrients
The total phosphorusTP concentration in surface waters
1574 eg/ | ( Qrammd luec ;0 f md &)4i@ eoncéntrationtcFeasgdumthe 4 .
depth in all lakes exceftte shallowest LakBalakpakin, where the TP concentration remained
congantat alldepth& t ¢ . (FigOré 47k Ttheé TIP concentrations in the hypolilmmaried
from 43 ¢eg/ | (Yambo) to 3034 ¢eg/ | (Bunot ; r
phosphorus (SRR componentof TP r anged fr om 14 ¢ @anlpaloCc;Y a mbo)
medi an val ue o4f5 Tab&e8l). SRP/intreased with deptlein all lakes except
LakePal akpakin, where the SRP concdolowingahi on r ¢
identical pattern to the TP concentratioBsth TP andSRP concentrations increased along the
aguaculture disturbance gradient, with Lake Palakpakin the exception to the pattern (Figure
48.The SRP concentrations in the hypolimnion
(Bunot; medi an iguee4.9). AlllakeEexce@ 8r Lakg Yambbad (ddtectable
concentrations oframonium (NH"). The highest concentrations of WHc.1900 ug/l) were
found in the deepest measured depths of Lakes BhMuatticap and Pandin (Figure7.Table
4.4). Lake Sampalc was the only lake to hawH," in its surface waters with a concentration
of 1929 ug/l. The silicate concentrations in the surface wai@oss all sampled lakes ranged
from 3.5 pg/l (Sampaloc) to 9.4 ug/l (Mohicap, metialue of 6.8 pg/l) (Figure 4), with no
proportional relationship to the aquaculture disturbance gradient (Hg8reln all lakes
silicate concentrations generally increased with depth ranging from 1.9 ug/l (Lake Sampaloc)

to 10.4 pg/l (Lake Mohicap, with a median of 9.0 ug/l).

102



_\%?
®

Pandin 0.5
Pandin 18 .
Pandin 37 prm— e
Yambo 0.5
Yambo 15
Yambo 35
Mohicap 0.5
Mohicap 10
Mohicap 25
Sampaloc 0.5
Sampaloc 10m
Sampaloc 18m

Bunot 0.5n3] e

Pandin

Yambo

Mohicap

Sampaloc

Bunot 10 Bunot
Bunot 18
Palakpakin 0.5n
Palakpakin 3r

Palakpakin 6r

Palakpakin

[ [ [ [ | [ [ | [
0O 1500 3000 O 1000 2000 O 1000 20000 8 15
Mo/l mo/L mo/L Mo/l
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and silicate, collected in May 2017 at three different depths from the water columns of the study lakes
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4.6.5. Biological Characteristics: Chlorophyll a

The chlorophylla water column profilegtaken by theYSI EXO1 multi-probe Figure 44)

showed thathe shallowestake LakePalakpakin had the highest chloropla/ioncentrations

of all thestudylakesof 41.5 ug/l at the surface, before gradually declining to 7.0atghe

lake bottom (Figure ).

In the other lakes, the chlorophyldepth profiles followed a

different pattern, with concentrations of >3.0/lag the surface (except Lake Batrwhich had

a higher surface value of 13.8 ug/l) and peak with values of 10.0 ug/l at the depth which

coincides with the thermocline andaycline The peak in chlorophylh concentrationss most

likely the depth of the deep chlorophythaximum(DCM) in the water column (Tabld.5).

The depth of the DCM showed a proportional decline along the disturbance gradient (Figure

4.3). Lake Pandin exhibited twspikesof chlorophylla concentrations (at depths 5.7 m and

11.1 m) The anomalously high chlorophylvalues observed at tideeepespoint of the water

column profiles are most likeheflecting measurements the sediment.

Table 45: Depth of deep water chlorophyll maximum in stedy

lakes

Lake Depth ofDCM (m)
Pandin 18.9

Yambo 14.4

Mohicap 5.5

Sampaloc 5.1

Bunot 5.3

Palakpakin 2.2
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4.6.6. Photosynthetic Pigments
Pigment concentrations remained low in Blkes at all depths (Figure 9. Only low
concentrations0.03nmol gto f cafotene, diatoxanthin (siliceous algae), chloropbyhd
pheophytinb were observed in Lakes Yambo and Pandin. In comparison, Sekepaloc,
Palakpakin and Bunoshowed a wider variety opigments fromalgal groups including
cyanobacteria (canthamthin and myxoxanthophyll), siliceous algae (diatoxanthin and
diadinoxanthin), and chlorophytes (lutein and chlorophyllThese three lakes also had the
highest levels of chlorophydand b carotene (indicators of
highest value found in the surface watersLake Bunot (3.2 and 0.amol g* respectively).
Concentrations of alalgal pigments increased along the aquaculture disturbance gradient

(Figure4.10, with chlorophyte taxa showing a proportional change to thé déaguaculture.

Okenone (from purple sulphur bacteria) was only observed at the mid and bottom depths of the
deepest lake, Pandjfigure4.9. The presence ofk@noneindicates anoxic conditions. Purple
sulphur bacteria require illuminated anoxic ciinds and therefore are often found at the
bottom of oxyclines in high water clarity lakes this type of bacteria cannot grow under oxic
conditions(Kalff, 2002). Purple sulphur bacteria require reduced forms of sulphur @&.do1S
anoxygenic photosynthesis and as a result are not found in oxygenated or dark waters. Many
species of purple sulphur bacteria have flagellae for moditity gas vacuoles for buoyancy,
allowing vertical migration in the water column for optimal nutrient and light condifkaif,

2002) These characteristics mean that purpldphur bacteria are likely to proliferate in
stratified water columns that are undergoing eutrophication (due to the readily available supply
of reduced sulphur from OM decomposition). However, algae in the epilinfnioich also
become more prevalent under eutrophic conditions) can shade purple sulphur bacteria out,

resulting in a decline in bacterial communities.
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PCAwas carried out on theater columrpigmentassemblagedo identify trends or clusters

in the data(Figure 4.138). Axis 1 explaied44.8% ofthevariance and axis 2 expl&d19.4%

of the variance. Several groupings were identified in the PTi#e first group consisted of
samples from Lake Palakpakin, which were distinguishedhiglp abundancesf peridinin
(dinoflagellates) and diadinoxanthin (siliceous algae including diatoms). The second group
consisted of the surface anddmdepth samples from Lakes Bunot and Sampalod the
surface sample from Lake Mohicaphese samples were characteriggdthe presence of
chlorophyll a, b  c,athe odegeadadon product of chlorophydl pheophytinb and
cyanobacterial pigments (canthaxanthin, myxoxanthophyiife third and largest laster of
samples consisted @l the remaining samplesvhich conssted of mostly bottom water
samplesThis cluster was associated with the presence of okenone (purple sulphur bacteria)
and low concentrations of chlorophwy) b carotene and cyanobact e
lutein-zeaxanthin) As okenonewvasonly presenin the mid and bottom samples from Lake
Pandin, a second PCfrigure 4.11b)was createdwithout okenongto see if itled to a
realignment of the remaining pigmenksowever, it led taminor changesuggesting okenone

wasnot driving the changm algal @mmunitiesalong axis 1.

RDA was completed on all samples and the 16 measured environmental variables (Figure
4.12), to explore correlations between water chemistry and pigment (algal) assenshiages.
constrained ordination was carried out on eaclak#g individually to determine the % of
variance explained by each variable and the p vallome of the variablesvere less than
p<0.005 suggestinghese environmental variables were not highly significant in explaining
change in the contemporary pigmeatfata. Only temperature (886, p=0.02), Na (15.9%,
p=0.024),K* (159%, p=0.02),Mg>* (14.7%, p=0.024) and SO (4.1%, p =0.042) were
included in the RDAThis suggests thaemperatureNa", Mg?* and SG@* are most likely

driving changes in algal commities.

There was aiscrepancy in the twohlorophylla measurements collected bB}PLC and the
spectrophotometeiThese are due to the differences in analytical technique. HPLC measures
pure chlorophylla and therefore does not include other phorbinglegradation products
(which are given separatelyyithin the measurement compared to spectrophotometric
measurementgMeyns et al., 1994. To ensure consistency and reduce confusibwe, t

chlorophylla measurement from HPLC was uded any further discussion.
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4.7.Discussion
There are two outstanding characteristics ofdfuely lake. Firstly, they show limnological
variability, even though they occupy a small geographical &8eaondly, they show aear
changeassociated with aquacultutiatensity that indicat progressiveeutrophicationas

aquaculture increases

4.7.1. Physicochemicalkonditions in the water column
The \ertical structve of physiochemical profileshangedalong theaquaculturegradient
(Figure 44: Table4.2). Thelakes withlow aquacultureYambo and Pandihadthe deepest
thermoclinespxyclines and euphotic depthsdomparison to thiakes with high aquaculture
(Bunot and Sampaloc). DO concentrations declined with depth in all lakes and followed the
same pattern as the respective temperature profiles in eacii feksuggest oxygenation of
the water column imainly driven by lake mixingln thelow disturbance lakes, Lakes Yambo
and Pandin, iffusion of oxygen from the atmosphere combined with high light irradiance, high
water transpareng¢ylimited mixing and algal photosynthesisneantthe epilimnionwas
supersairated with respect to DO.The high irradiance and water transparency allows
phytoplanktonto photosyntheses at a much deper depth in the water columso lower
disturbance lakebave a deeper oxyclineompared to lgh disturbance lakes (Figure 3.5
Furthermore, onsiderable OM input from the epilimniamthe high disturbance lakessulted
in elevatedrespirationand oxygen demanih the hypolimnion progressively lowering DO
concentrationscausing a shallowing of the anoxic lay@alff, 2002). In more eutrophic
conditions the dense phytoplankton bloonnsay get restricted closer to the surfadee toa
lack of light penetration at g¢h from selshading(Bursonet al., 2018) This is because
phytoplankton must balance opposing gradients of light from alatie the availability of
nutrients(Descyet al, 2005; Leactet al, 2018) This results in a shallowing of the anoxic
layer and the thermocline (as sunlight can no longer penetrate as deep into the water column)
and restricts the water volume for aquacultlineLake Bunot (which had the second highest
level of aquacultung the anoxic layer and euphotic depitl dot intersectresulting in a lack
of suitable conditions for the growth of purple sulphur bact@igure 44). The hgh pH
measured in the surfaceaters of high disturbance lakedikely resuls from increased
photosynthetiproductivity (Bwanikaet al.,2004 HennyandNomosatryo, 2016 High algal
productivity would further enhance stratification through the release of ions during
decomposition in the hypolimnion. Tkergechangegof >100%) in the conductivity at depth
observed in the high disturbance lakes (Bunot, Sampaloc and Mphésgecially acute in
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Lake Sampaloc, would a@knsitystratification of the lake waters, further preventing potential
overturn that may awr due to thermal instabilitfHalfman, 1993) Lake Palakpakin has a
different water column profile compared to the other lakes because it is a shallow polymictic

lake (Figure 44), rather than having steep thermoclin€Table 4.2)

Deep tropical lakes (>10 m depth) tend to be monomictic (mix once per year) or meromictic
and spend most of the year with stable stratification. In consfzesipw tropical lakes tend to
undergo mixing multiple times a year and,aherefore more likdy to be polymictic(Lewis,

1984 2000) Multiple studies have shown that shallow tropical lakes undergo regular mixing
of the water columrfTalling, 2001;Lopeset al.,2005; Xing, 2011)with water temperature

being a major driver of changes in algal communities in these lakes. Lake Palakpakin exhibits
a gradual decline in temperature, with DO following a similar pattern. Its shallower depth (7.5
m), high flushing rates (Brillo, 208b) and shallow sided catchmighave resulted in constant
mixing of the water columnTalling (2001) determined that in unsheltered shallow tropical
lakes, wind induced circulatiomprevents the formation of a persistent thermocline except
during @almer periods. There is evidence at the time of sampling (May 2017, the end of the hot
dry season), that there were anoxic conditions at the sedwatet interface. This was
unli kely to have been caused by teptmpuwasar y st
most likely caused by degradation of OM in the sediments drawing down the qSajezk

et al, 2009) These differences in conditions betwéake Palakpakin and the other lakes will

have implications for interpreting the sedimentary record at this lake.

The lack of mixing in the water column regdin anoxic conditions in the hypolimnion of the
study lakegat the time of sampling, May 20}, &xceptin Lake PalakpakiiNirnberg, 2007)
Anoxiais widespread in many tropical freshwaters, especially givedigw conditions and
reduced mixing (Chapmaet al., 1998), though it has been shown that the DO content of
shallow lakescan vary with seasonal rainfall (Chapman and Kramer, 1991). As a consequence,
the hypolimnia all of thestudy lakesexcept Palakpakjrare unlikely to mix completely as a
result d any diurnal or seasonal mixing. study byBannisteret al, (2019) examined the
temperature depth profiles of LakMohicap and Yamboand found that during the cooler
months (December to Februarihe temperature between the epilimnion and the hymadin
becomes uniform. However, the DO profiles showed distinct differences between the
epilimnion and hypolimnion suggesting that this temperature differences does not cause
mixing. Seasonatlepth profiles were not collected from other lakes, howevearpuld be

suggested thahe other lakes with high aquacultufleake Bunot) could show the same trend.
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The mixing of tropical lakes is predominantly controlled by wind, rainfall, and humidity rather
than seasonal temperature changes, as seen in tempkestana lakes at higher altitudes
(Beadle, 1966; 1981; Woodt al., 1976) It is likely that increased eutrophication has
intensified stratification of the high disturbance lakes through the associated impégtg on
penetratior(Mazumder and Taylor, 1994ndthe chemoclinéas discussed abov€amacho,
2009) It is probable that some for m (butnotthee as on a
bottom waterspccurs n most lakes (most notably after periods of lyeia@ams during the wet
seasons). fie steegsided nature of many of the crater lakaffords some protection from the
wind (Gunkeland Beulker, 2009)and would reduce the likelihood of mixing the water
column Although, t is likely that complete mixing in the deeper crater lalesssuggested by
the high electrical conductivity in the hypolimnion; Figurd)4s rare (lakes >5 m({Beadle,
1966 Melack, 1978.

Thetimings of the seasonparial breakdown in thermal stratificatipm the colder months of
December to Reruary coincidedwith fish kills and algal bloom&sreported by the fishermen
Appendix A). Itis possible that the mixing causélde release of nutrients and/or toxic
substaces such as hydrogen sulphate and other reduced compounds (SughNidGHFE™).
These compoundsccumulate in the hypolimniomluring stratificationand after mixing
(Figures 4.7; 4.8)consume mostof the DOin the mixed layefWilhelm and Adrian, 207).
This could account for thmajor fish Kills(interview data, appendix Ayith the fresh supply
of nutrientg(from the deep watgrencouraginghe development of algal bloorisalff, 2002).
This phenomenon has also been seen in a number of lakes of volcanicahgi® hilippines
(such ag.ake Lanaolewis, 1996. One possiblexplanation oftie presence of fish killsnd
algal bloomscould be due to thpartial breakdown of stratification and mixing of the water

column on an annual basis during the cold seéBeadle, 1966)

4.7.2. Major ion chemistry and therelationship to geology and other factors
The ion compositionand electrical conductivity of the study lakes showed thigiinct
groupings alongheaquaculturedisturbance gradierFigure 48). The first group consisted of
the twolow disturbancdakes Yambo and Pandin (characterised by lower ion concentrations)
and the second group the high disturbance lakes (characterised by higimeconcentrabns;
Figure 48). The main drivers of chandge ion composition are geology, climate, vegetation
and anthropogenic impadfialff, 2002). As the lakes occupy a small geographical area (<16
km?), it is assumed that changes in rainfadtitemperature are uniform across the study area.

The underlying geology may show some variation and could account for some of the
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differences in alkalinity (lgure 46; seebelow). However,human disturbance within the
individual lake catchmestarethe most likely cause dlie majority of thedifferences between
the two groups. Hman wastgagricultural runoffand aquaculturencrease the conductivity in
lakesdue to the addition of Cl(BhateriaandJain, 2016) The higher concentrations of @i

the high disturbance lak€Bigure 4.9)could indicate the input of ngmoint sources suchs
human wastegfrom the heavily urbanised whment(Marti et al, 2004; Wu and Chen, 2013)
Furthermore, LLDA monitoring datd_LDA, 2006a,2006b, 206¢c, 2006d, 2006e, 2006f,
2009)showed consistently higher-@hlues in the high disturbance lakes (Palakpakin, Bunot,
Sampaloc) between 1996 and 20Bly¢re 4.1)Kaziet al, (2009)andXu et al, (2012)found

that in Manchar Lake (Pakistaand Zhangweaian River Basin (Chinasewage input from
domestic and industrial sources caused an increase imt@é sedimentsThe difference in

ion concentrations between tlakes withlow and highlevels of aquaculturecould be as a
result of increased sewagnputfrom an expanding human population (the population of San
Pablo City increased by 40,000 inhabitashiising thisperiod)(BhateriaandJain, 2016)

The dominant anion in thetudy lakesvas HCQ™ from weathering and demposition ofOM
(Chakrapanket al., 2009) (Table 4.3. The concentration of HCGOgenerally increased with
depth due to the buileip of OM in the hypolimnion. The predominance ofCand Md¢*
characterised by high (>0.8) (€aMg?*) / (Na'+K™)) equivalent ratios suggests the prevalence
of carbonate weathering in tlekes caused by the underlying geology (cal&aline to iron
enriched volcanic rocks; section 2.Zhe lower C& values of 0.29 meq/l in the surface waters
of Lake Bunot could be due to the uptake of'Qg phytoplanktor(Ross and Gilbert, 1999)
In comparison, the higher €avalues in Lake Mohicap of 0.45 meg/| cobie attributed to the
release of additional €a by decaying phytoplanktocombined withweathering processes
(Khadka and Ramanathan, 2018pw (Na'+K*)/Tz") (TZ" is the sm of base cationic charge)
ratios of <0.4 suggestslow contribution of cations from aluminosilicate weatherfagnich

is consistent with the local geologMilkius et al, 1991). The high alkalinity(>2.0 meqg/I)
was probably du¢o leachingfrom the underlying bedroc&f calcalkaline to iron enriched
rock (Milkius et al.,1991).

4.7.3. Nutrients and eutrophication
Lakes with thénighest levels oaquaculturénad thdargestobservedconcentrationsf TP and
SRP (Figure 48), with Lake Palakpakin being the exception to this pattédigher
concentrations of TP (including SRP) are found in $akich have undergone eutrophication

due to increased inputs of P from anthropogeaiercegKitkataet al.,2002) The high levels
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of SRP (>250 ¢ qidlSampalocthellakds with th@ivd mrwd secondighest
aquaculturadisturbanceespectively gives an indicatiomhat a greater concentratiortd P is
available for algae to utilise for photosynthg&isover, 2000) These lakes have parienced
expanding human populations within their respective lake catchments, as well as high levels
of aquaculture (see Chaptex Bn comparison, Lakes Mohicap, Yambo and Pandin have had
lower levels of aquaculture and limited human settlement. Thioghbhake Palakpakiriad

uni form TP values t hr oug handlowertPhvauesven theugh c ol un
it has the highest aquaculture intensity (Figdu® providing further evidence that this lake is

well mixed. It also has higflushing rates (Brillo, 2016band therefore a shorter retention

time, which removes P from the lake system at a faster catebined with low P delivery

from Lake Pandin The differences in P concentrations betweersthdy lakesare probably
caused by prolonged anoxic conditiqoausing internal P loadingtombined withincreased
anthropogenic P inputs.

Higher concentrations of both TP and S@&Pthe bottom waters) in the deepest of the study
lakes may be parthydue to the anoxic conditiorad lack of light in the hypolimnion {@Gure

4.75; Figure 48). Under low light conditionsSRPis notutilised bygrowth ofphotosynthetic
organismsFurthermore, the decomposition of algae could also release P back into the water
column. TP (and SRP) concentrations would further increalsées with more pronounced
anoxig as this causes the release of iron bound P into the water coKomwalczewska
Maduraet al.,2018) KowalczewskaMaduraet al, (2018)found that S@* production (from
bacterial sulphate decomposition) may exert an influence on P availability in sediB@#ts.
reduction can bind to iron in the sediment under anoxic conditions. P mobilisation znd SO
reduction in anoxic sedimemtould generate a pH increase that would further inhibit P
absorption(Claveroet al., 1997) Thelake with high aquaculturéSampaloc) with abundant
purple sulphur bacterial communitiéghich use $to produceSQs?) hasthe highest S& in

the mixolimnion as a result of $®production fromsulphur bacteriaThese lakes alduave a
lower concentratiof SQ:% in the hypolimnia suggesting that $S®could be binding to Fé

in the sediments (Figure @). In Lake Bunotthere are lowelSQs? concentrations irthe
mixolimnion, which indicates that purple sulphur bacterial growth are limited due to shading
from algal communities at the surface. Theref@®? is probably used as an electron acceptor
by the host sulphate adacing bacteria (which thrive in anaerobic, unilluminated conditions)

resulting in lowelSQ* concentrationand the production of?S This indicates that lakes with
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more abundant bacterial communities have less P being bound into the sedumieh{sould
be contributing to high levels of P in the hypolimnion of the high disturbance lakes.

A majority of the Nobservedn the study lakes was in the reduced foNHi{") rather than its
oxidised form (NQ@), could bedue toa number of reasons includitige assimilation of N@
and the liberation d{iH4" during metabolism and decomposition by alféetzel, 2001)The
high concentrations of NHin the surface waters of Lake Sampaloauld have resulted from
the direct discharge of sewage (as the lake is located in the cdntihe city with an
approximate population of 40,00@imzon et al, 2018), from runoff from the concreted
catchment and high levels of microbial decomposition in the epilimtlampelet al, 2018)
NH." can be discharged directly into the water column as a component of human sewage,
animal waste and indust(@onzalezt al, 2004) NH," is toxic to fish at cocentrations >2000
Mg/l (Karasu Benli and Kdksal, 20Q5k0 high concentrations in the epilimnion has
implications for aquacultureNHs" occurs in water bodies fro the mcrobiological
decomposition of Nompounds in OM and has lobgenthought to be the preferred form of
nitrogen for phytoplankton uptaK@atricia M Glibertet al, 2016) As NH;" is the preferred
form of N, the lack of NH' in the surface waters of tistudy lakes(except in Lake Sampaloc)
could be due to phytoplankton uptake. The hypolimnion of Lakes Bunot, McodnchpPandin
were characterised by high levels of NHesulting from ammonification in the sedimeaind
the intense decompositi@amd mineralisation of nitrogenous Q/olloset al,, 2001; Gonzalez
et al, 2004)at the oxieanoxic interfacgKalff, 2002). Lake Yambo had a wetixygenated
epilimnion (which reach#to a depth ofl4 m) which would result in N concentrations
remaining low as th&lHs" produced would be quickly oxidised to MOThis could explain
why the low disturbance Lake Yambo contairsesmaller concentration of ammonium (<2.0

pg/l), compared to the other lakes.

The concentrations of nutriergach as N1 and PG* in deepanoxic waters generally exceed
their levels in theepilimnion of the study lakegherefore, the fluxes of theseitrientsfrom
lower watergprobably havean important influenceroproductivity in the epilimnior{Figure
4.7, Gulatiet al, 2017) This is becausanoxia stimulates the release df&m sedimentgsee
above) Combined with the removal of N through denitrificatidiis causes low N/P ratios in
deep watergTable 4.6) Mixing of these waters into the epilimnigmost likely caused by
the episodidisruptionof the thermocline resultg in the transfer of nutrientd.ewis, 2010)
This has been observed in Lake Lanao, Philippines where nivinided the nutrient supply

to the epilimnion(Lewis, 1996) However,all lakes do not have highalues of P in the
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hypolimnion. Lakes Sampaloc and Palakpakin have relatively uniform P values throtighou
water column. Lake Palakpakin is a welixed shallow tropical lake that lacks a stratified
anoxic layer, which could explain the uniform values. Lake Sampalstratified lake with

a welldeveloped anoxic layer (Figure 4. and therefore the uiorm P values could be
explained by the input of P from urban sources within the catchment (which would also explain
the highNH4" values in the surface waters of this lake).

Theincreases ithlorophylla observed in all lakegelative to the concentrat observed in

the water depths above and belovedyld correspond to theedp chlorophyll maxima (DCMs)

in lakes(Table 4.5). DCMs vary between lakes andsually consist of the in situ growth of
metalimnetic phototrophs including cyanobacteria, clgbybes and diatoms (Camacho,
2006) Thermal stratification determines DCM depth because it can regulate nutrients mixing
from deep waters into the euphotic zdiéhite and Matsumoto, 2012)nd is an important
factor in cetermining the depth of strong vertical gradients in nutrients. The DCMs siiidhe
lakesalso correspond to the ligkiktinction depth (Table4.1). This shows that DCMs form
because phytoplankton must balance opposing gradients of light from aboveheith
availability of nutrients, which often increase with depth under stratified cond{fisscyet

al., 2005; Leachet al, 2018) The differing depths of the thermocline anlerefore the
increased availability of nutrients from mixing between the metalimnion and the hypolimnion,
influences the depth of the DG\t the study lakes (Figuret.
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4.7.4. Relationships between N, P and Chlorophyk
Nutrientratios in the lakes suggest that N rather than P probably limits phytoplankton growth
in the study lakes. e relationship between TP and chlorophylas investigatedihe results
showedan insignificant relationship between the two variablés@27, p=0.03in the surface
waters of the study lakes in 20(Figure4.13), with the ChiTP ratio ranging from 0.01(Lake
Sampalof to 0.22 (Lake Mohicap (Table 4.6) This suggests that TP isnportant in
determiningchlorophylla biomass. However it sommonly accepted th&hl: TP ratios >0.9
suggest strong P limitationwhereadow Chl: TP ratios (<0.2) indicatsome factor other than
P is limiting phytoplankton biomagSpearst al.,2013) The lack of nitrogen in the surface
waters of the lakesuggestdN (Table 4.6) limits phytoplankton growth the study lakes
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Figure 413: Total phosphorus vs. Chlorophyll athie study lakes. The solid line represents the trend |
with the R value shown
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Table 46: List of nutrient concentratiorf®r thestudy lakedased on chl: TP and DIN: SRidictaing the liniting nutrient. DIN is thesum

of nitrate and ammonium

Lake TP (ung/l) | Chlorophylla ChI: TP Ratio Nitrate Ammonium SRP DIN: SRPRatio Limiting

(na/l) (na/l) (na/l) (na/l) Nutrient
Pandin 26.25 2.77 0.11 0 0 8.93 0 N
Yambo 40.00 1.03 0.02 0 0 13.91 0 N
Mohicap 44.38 9.65 0.22 0 0 25.71 0 N
Sampaloc 1573.75 16.77 0.01 0 0 747.5 0 N
Bunot 986.88 69.66 0.07 0 1929 1086 1.78 N
Palakpakin 305.00 17.69 0.06 0 0 251.1 0 N
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The ratio betweebioavailable P and NSRPDIN (when DIN =nitrate and ammoniumyvas
calculated aa generagjuide to understand whether N is the limiting nutrient at the study lakes.
This is not ideglas DIN misses out speciesN such as N@, NHs (which were not measured

as part of this study) and therefore underestimates the concentration of dissolved N in the
surface waters. Thmajority of the samples had no detected nitrate or ammonium in the surface
waters except for Llae Sampaloc (which has dNDSRP ratio of 178) (Figure 4.13 Theratio

of <7, suggests thal is the limiting nutrient in this lakéDowning et al., 2001) This is
consistent with the presence of myxoxanthophyll (from2 Nixing and filamentous
cyanobacteria) in Lak8ampaloqHuszaret al.,2006) which bloom in low N concentrations
(Gulat et al, 2017) It is likely that one of the major sources of P is from anthropogenic sources
especially in te lakes with high aquacultur@Palakpakin, Bunot and&ampaloc) This
combined with a greater internal N loss at higher temperatures via deatikif (Lewis, 2000;
2002) could explain the observed INnitation. Combined with the high variability in Chl: TP
ratios this evidencesuggests that N, not ®as the limiting nutrient in all of thetudy lakesat
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Figure 414: Soluble reactive phosphorus vs. Nitrate + Ammonium of the study lakes. The solid line
represents the trend line with thé ®lue fown
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the time of sampling.These findings mvide further credence that N limitation of
phytoplankton is common in tropical lakétss possible that N limitation has been exacerbated
by anthropogenic inputs of P.

DIN:SRP ratios calculated from nutrient data collected by the LLDA (sectionsti§jested

that Lakes Sampaloc, BunahdPalakpakin have been N limited since 1996, whereas Lakes
Mohicap, Yambo and Pandin were P limited between 1996 and2003. s suggests a
the limiting nutrient in Lakes Mohicap, Yambo and Pandin from P toelNvben 2006 and
2017. One explanation is that the limited human settlements and increasing levels of
aquaculture (which input P into the lake) in thelsgv disturbancdakes finally reached the
required level to cause a switch of the limiting nutrigm et al, 2015) Earlier inputs of P

from anthropogenic sources prior to 199%cluding human sewage and fish feambuld
explain why nutrient limitatiorpatterns inLakes Sampaloc, Bun@ind Palakpakindid not
change betweeh9962005 This shift in nutrient limitation in Lakes Mohicap, Yambo and
Pandin could have resulted from increased mptP from fishfood used in aquaculture and
from human effluent (from the limited human settlemdhtspezand DavalosLind, 1998).
Furthermore, the increagsetemperature obsesd (see section 4.7.1) promotesreased rates

of denitrification (a major sink of N in lakes) and release of P from sedi(K@ftau et al,

2014) The minimal anthropogenic pressuislLakes Yambo and Pandin combined with
increased warming could have accounted for the switch from P to N limitatithe following
chapter, analysis of the fossil pigment record will be used to determine the timing of these

6switcheso.

The input ofPQ:> into the lake systems has almost certainly increasi irecent past (Figure
4.1, in accordance with the findings from the LA2006a,2006b, 2006c, 2006d, 2006e,
2006f, 2009) due to the observed catchment disturbance through land clearance for
urbanisation, coconut plantations and from aquacultBeziods of intense rainfalombined
with steepsidedcrates, would aid the transport of nutrients into the lakidutrient limitation
tends to be stronger in tropical lakes compared to temperate aquatic Systeradr., 2002)
The greater efficiencgf nutrient recycling in the epilimnion and monimolimnion also makes
tropical lakes more setisie to external nutrient inpu{§ulatiet al.,2017) with those situated
within urban environmentsuch as Lak&ampaloc (Figurd.l) receive extremely high nutrient
loads(Merildinenet al.,2003) Human impacts such as urbanisation can réswt massive
response in aquatic systems due to modification of catchmemlbgg(Miller andHutchins,

2017) and through nutrient losBom erosion and runoffThe Philppines has undergone

123



substantial land conversion due to rapidpulation growth and migratio(Malaque and
Yokohari, 2007 Bravo, 2017) The resultingurbanisationcould explain the rise in P inputs
into the study lakes.

4.7.5. Contemporary lake phototrophs inferred from pigments
The composition of the algal communities in each lake changesfimmphytes to siliceous
algae as aquaculturedisturbanceintensity increases (Figure 4.11Yhe PCA shows that
siliceous algaewere associated with the high disturbance lakes (Bunot, Sampaloc and
Mohicap) and chlorophytes (green alga#) the low disturbancé&kes (Yambo and Pandin)
(Figure 4.12) Gonzlez and Roldn, (2019)also observed the damance of chlorophytes in
the oligotrophic section of Lake Titicaca (the deep Lago Mayor) as a result of minimal
eutrophication. Multiple studies have found that the dominance of siliceous algae and
cyanobacteria as a result of eutrophication from antlgepic source¢Soareset al, 2012
Gonzlez and Roldn, 2019) Siliceous algaeespecially freshwater diatoms (which are
abundant in thestudy lakeg(Bannisteret al, 2019) have a faster growing rate umdson
inhibiting conditions(Berg et al.,2017) Fenget al, (2019)found significant differences in
phytoplankton communities between a eutrophic and oligotrophic lake in China with
phytoplankton density higher in the eutrophic lake compared to the oligotrophic lake. This was
observed in th low disturbance lakes (Yambo and Pandin) having a reduced density compared
to the high disturbance lakes, which had undergone eutrophicasieatrophicatiomncreased
along the aquacultuigradient highernutrient concentrations (specifically N, Pda®i (Figure
4.8)) favoured the faster growing diatoms over green algae. However, as nutrient enrichment
continues, these bloorase likely to beeventually replaced with cyanobacteria due to changes
in the nature of resource limitatigRerberet al, 2004) The timing of the samplingt the end
of the hot dry season (May 201@nd t he d&ésingle pointdé sampl.
patterns of phytoplankton composition observed, and mean that stages oftthgguikton
succession could have been missed. There is evidence of high concentrations of cyanobacterial
blooms in Lake MohicapHigure 1.3) butwere not captured by the water samplberause

they are all concentrated towards teey surface of thdake

Lake Palakpakinhas high abundances of peridinin (dinoflagellates) and diadinoxanthin
(siliceous algae including diatomgfrigure 4.11) Diatoms bloom during periods of high
nutrient (N, P, Si) concentrations as they have an enhanced storage capatipafticularly
reflected by their intrinsic growth rat¢€ordero and Baldia, 2015) As nutrients become
depleted dinoflagellates (which are mixotrophic) start to blo@ewis, 1978 Hubble and
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Harper, 2002)The fact that pridinin (dinoflagellates) were only observed at Lake Palakpakin

is possibly due to the timing of sampling, missing the dinoflagellate bloom in the other lakes.
Further evidence of this succession was found in a yearlong study of Lake Mohicap from April
2013to March 2014 Cordero and Baldia, 2015 he phytoplankton suession in Lake
Mohi cap was <correlated (Peazx0dm@pa809001)cwater el at i
transparencyrg-3.90, p=0.001) and temperature=(0.518,p=0.000).This study found tat
dinoflagellateblooms appeared in July 2QX8ter the diatonbloom andavoured theseasonal
depletion of nutrientsThe dinoflagellatdbloomswere then replaced by cyanobacteria during

the rainy season (August to November), followed by chlorophytes and diatoms in the cool wet
season (December to February). Thenignof sampling (May 2017), at the end of the hot dry
season would have most likely captured the bloom of dinoflagellates in the succession when
Lake Palakpakin would have been seasonally depleted, prior to the beginning of the rainy
season in Junéd.ake Lanao, Philippineshasa clearannualsuccessiorstarting at the end of

the wet season (Janudrgbruary)from diatoms and cryptomonads to chlorophytes followed

by cyanobacteria and finally dinoflagellaigégwis (1978) Furthermore, a study completed on

the eutrophic temperate lake, Rostherne Mere (United Kingdom) found that the dominance of
phytoplankton groups changed as a response to light limitation and timing of thermal
stratification(Reynolds and Belliger, 1992) In Rostherne Mere, dinoflagellates dominated
during the warmer summer months unless there was high water clarity, which would promote
cyanobacterial blooms. This suggests the dominance of dinoflagellates in Lake Palakpakin
could be in part deito its polymictic nature and eutrophic state preventing high transparency
in the water columnDinoflagellates sit at the end of this successional sequence due to their
ability to use a variety of nutrient sourcasd motility(Lewis, 1978) However, this sequence

can be regularly interrupted. In Lake Palakpakihe lack of cyanobacterial pigments
(canthaxanthin, myxoxanthophyll and zeaxanthin) could be the result of wind driven
turbulence and high flushing rates from the inflowing Pagbuga Stream preyvehée
proliferation of ganobacteria. These factors npanevent the formation dd stratified water

columnwhich isneededo maintain their buoyancysroom and Kardinaal, 2016

The similar PCA scores for Lakes Yambo and Paratid low pigment abundancsegggests
similarity between the algahnd bacterial communities in these two lakEgyure 4.11).
Furthermore, phytoplanktaghowed no significant vertical changespecies compositioout
there was a shifin abundance (Figurd.10). High light penetration in thee two lakesof
22.20m and 7.16m (for Lakes Yambo and Pandin respectively; Table 4.2) and substantial lake
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depth especiallyn Lake Pandin (62 m) woulihhibit pigment preservation and promotes
degradationespecially of the more labile pigments such asrophyll a after algal death
(LeavittandHodgson, R06). This could explain the low pigment conceionsfrom all algal
groupsfound in these two lakeEenget al, (2019)found that oligotrophic lakes have a lower
density of both bacterial and algal communities due to a lack of nutrients. The lack of nutrients
in these two lakes (Figure 4.8) combined with poor pigment preservation couldnetk@ai
nearidentical pigment profiles of these two lakes.

Okenone was only observed in teepest lake (Pamg at depths >15mdue to the fact that

the sampling depth did not capture this narrow depth interthe other lakedPopulations of
phytoplarkton and photosynthetic bacteria in lakes are restricted to narrow depth intervals
(called the bacterial plat¢yolkmanet al, 1988)A bact eri al O6pl ateb i s |
where light penetrates to the anoxic layer and consists of phototropgbiitisbiacteria found

just beneath the oxianoxic interfac€Fenchekt al.,2012) Generally, theipper layers of this

plate consists of purple sulphur bacteria, whilst green sulphur bacteria occur in the lower levels.

This is due to the more efficient light harvesting mechanisms in green sulphur b@Géfja

2002) As photosynthetic bacteria require illuminated anoxic conditions, this leaves a small

window in the water column where these bacteria can tlifigeire 4.4).

N2 fixing cyanobacterial pigments were only detected in Lake Sampaloc suggestexkibé

N in the surface watersf this lakemay have favourethis type ofcyanobacteria. Nfixing
cyanobacteriavas mostikely abundantat the time of sample collection due tevitN:P ratio

and low DIN (Ferberet al, 2004 Figure 4.14. Additionally, the increase in P loading from
aguaculture and sewage input from the settlements can tempetianiljate the growth of N
fixing cyanobacteria (as recorded by the presence of myxoxanthqphyGowanet al,
2012). At the time of samplingthe water column was stratified, therefore, there would have
been limitedinteraction between the epilimnion and hypolimni@his would haveestricted

the upwelling of nutrients from the hypolimnion.

4.7.6. Lake Trophic Status
Thereare some differencean the trophic states of each lake depending on the criteria used.
The OECD classificatiorfTable 4.7) uses three different variables (TP, satephih and
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Table 47: Lake trophic status as defined by OECD (Vollenweider and Kerekes,1982)

Trophic State TSI (0-100 OECD
scale) TP (ng) Chl.a (ugll) | SecchiDepth

(m)

Ultra-Oligotrophic - <4 <1 >12

Oligotrophic <40 <10 <25 >6

Mesotrophic 40-50 10-35 2.58 6-3
Eutrophic 50-70 35100 8-25 3-1.5
Hyper-eutrophic >70 >100 >25 <1.5

chlorophylla concentrations) to determine trophic state. The results from the study lakes using
chlorophyll a indicates LakeYambo is oligotrophic, Lake Pandins mesotrophic, Lakes
Sampaloc, Palakpakin and Mohicap are eutrophic and Lake Bunot is hypereuiigiiie

4.8). In comparison,TP and secchi deptmeasurements suggest all lakes autrophic or
hypereutrophic. me of these discrepancies could bessult of the lakes having TP and
chlorophylla values very close to the OECD boundaries (TdklgTable 4.8. As chlorophyll
avalues are more likelo provide agood estimate of algal biomass, they are a better indicator
of lake trophic stateThe lowtrophic stategalculated by chlorophyh in LakesYambo and
Pandin is likely a@estament to the relatively low algal biomass in the photic zone. Whereas,
Lakes Bunot and Mohicap had a chlorophg/IT'SI (trophic state indicator) that indicated
eutrophic onditions reflecting the pronounced cyanobacterial algal blooms (from visual
observations) and higher algal biomass in these two ldk@sever, the estimated trophic

states must be used with care as the index was originally developed for temperate lakes.

Table 48: Lake trophic status calculated using the parameters defm&ollenweider and Kerekes
(1982)

Lake Name DSSt(;]C?rin) TP (ung/l) ?uz:ll)a Secchi Depth | Total Phosphoruy Chlorophylla
Pandin 3.10 26.25 2.77 Meso Meso Meso
Yambo 2.53 40.00 1.03 Eutro Eutro Oligo

Mohicap 1.58 44.38 9.65 Eutro Eutro Eutro
Sampaloc 0.98 1573.75| 16.77 Hyper Hyper Eutro
Bunot 0.67 986.88 69.66 Hyper Hyper Hyper
Palakpakin 1.73 305.00 17.69 Eutro Hyper Eutro
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Fundamental differences between tropaadl temperatkakes can lead to simplifications with
regard to trophic stat(Salas andvartino, 1991) However, it can be used to compare lakes
within a small geographical area such as the study |dkeschlorophylla trophic gradient
shows good correlation withéraquaculture disturbance gradient (Table Table4.8; Figure
4.10).

4.8. Summary of limnological changes along the aquaculture disturbance gradient
The study lakesshowed distinct physical, chemical and biological changes along the
aquaculture gradient.sfaquaculturencreased, there was a shallowing of the thermocline, the
oxycline, euphotic zone, chlorophgland pH profiles (Figure 4.4; Table 4.2). The RDA shows
that temperaturand a number of cationgerecorrelated with pigments (p=<0.05; accougtin
for 31.26 of the variance), providing evidence of concordant shifts in biota and
physicochemical conditions (Figure 4.12). Along the aquaculture gradient therea was
proportionaldecrease in hypolimnetic DQvhich implies oxygen was being consumed in
regiration and microbial degradation leading to a widening of the anoxic layer and an
associated increase in algal biom@&slff, 2002 Rhodeset al, 2017) This occurs in the more
disturbed lakess these lakes have increased nutrierdtitap fuelling increased algal blooms
(as shown by the TP:Chl ratibigure 4.13). The sinkingf these blooms into the hypolimnion
and their subsequent degradatia@sults in greatesonsumption of DO leading #shallowing
of the anoxic layer. In contraghe low aquaculturdakes, such as Lakes Yambo and Pandin
have a reduced algal biomass and greater water transpaféregllows phototrophic algae
to live deeper in the water column, deepening the anayer Hypereutrophic conditionsan
lead to increases in epilimnetic algal biomass, whesults in light limitationof benthic and
bacterial communitieffom shadingby algae at the surfadgBursonet al, 2018) As algae
photosyntheise, theyare restricted to the depth of the euphotic zoHewever,as the algal
biomass increasei consumes D@ndreduces light availability with depthThis resultsn a
thinning of the euphotic zone and DO profi{Egure 44; Kalff, 2002). At the advanced stages
of eutrophication, algae can only occupy the surface of the water column, which receives
oxygen via diffusion with thetmosphereAlthough an increase in eutrophication iility
causes an expansion in algal biomass, this is not sustained in prolonged hypereutrophic
conditions. This is because of selading by algae, which reduces light limitation forming

6dead zonesd in the water col umn.

As Lake Palakpakiis a shallow plgmictic lake, it has different algal assemblages compared

to the other study lakeét is classified as eutrophandlacks an anoxic layer at depfleppesen
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et al.,(2010) determined that shallow lakes respond differently to eutrophication compared to
deeper tropical lakeslue to a lack of stratification and anoxiurthermore, tiis lake has a
substantial submerged macrophgtanmunity(determined by visual observatioo) mpared

to thedeeper lakesvherethey are restricted to neahore area®©Oncesubmerged macrophytes
become abundarthey can greatlpreventwave resuspension of sedimergsulting in a less
turbulent water columiiSchefferand Van Nes, 2007)Conversely due to the high flushing
rates(Brillo, 20160) in Lake Palakpakin, the presence of submerged macrophytdd beu
unlikely to influence the turbulence of the water coluriiimelack of light at the bottom of the
water column suggests that higlrbulence resulteth oxygenated bottom waters. The high
turbulencecould prevent the development of anoxia and permanent stratification.

The concentration of chlorophydlwassimilar inall the study lakeg¢c. 10 pg/l) however, the
depth at which chlorophydl was observed in the water column decreases alorgjtlaulture
disturbance gradient (Figure34zigure4.5). In the most eutrophic lakgée area of chlorophyll
ais concentrateé in a smaller depth of the water coluraa these lakesppeamore productive

in the surface waterExamples of @imilar phenomenon happening in freshwater lafoesd
increased phytoplankton population density reduced the depth of the euphoticszane a
consequence of sethading(Bindloss, 1974) Silsbeet al, (2006)found that a shallowing of
chlorophylla profiles among different bays of Lake Victoria occurred due to increased thermal
stratification, which, reducednixing and led to light limitation. Increased eutrophication
results in an increase bpolimnetic DO consumption leading to a widening of the anoxic
layer and light limitation(Rhodeset al, 2017) As the depth of epmnion shallows it also
prevents access to nutrients in the anoxic l@aiff, 2002), which could explain the similar

chlorophylla conentrations in all the study lakes regardless of trophic state.

It is possible that changes in fish abundance have influenced phytoplankton biomass via
0t r ophi ¢ espeaialcimattidakesowith the highest fish densit4 trophic cascade is
caused byhe addition/removal of the top predator and the reciprocal changes in the relative
populations of other organisms in the food chafgeneck, 2012)Meerhoffet al, (2007)

found that warming influences fish community structure through increased density and smaller
size (from enhanced reproduction). Furthermore, this study found that fish predation pressure
was stronger in subtropical lakes in quamison to temperate lakes, due to stronger predation
pressures on zooplankton with warmiiglehner, 200Q) Mazumderet al., (1990) also
hypothesised that low abundances ohgtavorous fish were associated with high abundances

of zooplankton, low algal biomass and improved water clarity. In the study lakes, the fish used
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for aquaculture are predominantly fed using fish food, however, fishermen (see interview data,;
Appendix A) have also used algal blooms as a source of food. As trophic cascades control
species composition and nutrient recycling this could explain why Lakes Bunot and Sampaloc
have similar concentrations of chlorophglto those in Lake Yambo and Pandin. Usualty
increasein nutrient loadingalongthe aquaculturgradientwould cause an increase algal
biomass and productiqiluszaret al.,1998 Gonset al, 2008) however this was not observed
at the study lakes. As a lake becomes hypereutrophic, pigment concentrations might not
increase with eutrophication due light limitation because of sefhading (as observed in
Lake Bunot). The shallowing of the photic zone would also result in a smaller water volume
in which to conduct aquaculture. Howeveéqrdero and Baldia, (2018pserved, these lakes
undergo substantial seasonal variability and therefore, the single (point)ngpoquid have
missed the period of high algal blooms.

4.9 Summary of key findings
Thesix lakesshowed distinct physical, chemical and biological changes along the disturbance
gradient:

1 There were significant differences between the lakes with (Hgllakpakin, Bunot,
Sampaloc and Mohicap) and those with low aquaculture (Yambo and Pandin)
indicating the combined impact of aquaculture and other driveranoxia, nutrient
cycling, ion composition and algal communities

1 The hypolimnion of all the dgelakes were anoxic, with the depth of the anoxic layer
and DCM shallowing along the aquaculture disturbance gradient. In comparison, the
shallow lake Palakpakin shows evidence of temporary stratification at the sediment
water interface at the time of saling (at the end of the hot dry season). This suggests
that oxygenation of the water column is driven by mixing conditions

1 Human disturbance (urbanisation, aquaculture) is the most likely cause of differences
in ion composition and electrical conductivitythin thesix lakes

1 Thesix lakesare N limiting, however, evidence suggests that this was not always the
case. Lakes Mohicap, Yambo and Parttineexhibited a shift from P to N limitation
since 2006. The increasing use of fish food could be a contgpfactor with all lakes
becoming N limited by 2017

1 There was a shift in algal communities from chlorophytes to siliceous algae and
cyanobacteria, providing evidence of a major restructuring of algal communities due to

enhanced nutrient loading from fistofd and excretion. Lake Palakpakin has different
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algal assemblages (dominated by dinoflagellates) compared to théak#sas a result
of it being a shallow polymictic lake

1 Chlorophyll a profiles show a shallowing along the eutrophication gradientheet
concentration of chlorophyé stays relatively constant. As the anoxic zone shallows,
it concentrates the chlorophglinto a smaller water volume. There is evidence that in
the most eutrophic lake (Bunot) algal biomass has progressed to the sesigededd
zones have formed in the water column. This suggests that pigment concentrations

might not increase with eutrophication due to-séthding.

An understanding of how lake systems respond physically, chemically and biologically to
environmental andtlimatic changes is necessary to interpret core records correctly. The
contemporary limnology will have implications for how pigments and OM are preserved in the
sediment record. A shallower and more pronounced anoxic layer would reduce degradation in

the water column and result in a higher concentration of pigments being deposited in the
sediments. However, this also reduces the water volume in which autotrophs can
photosynthesis in the water column. Thoée | i mn
against which the impacts of aquaculture and interpretation of the core records can be made in
Chapter 5.
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5. CHAPTER 517 RESULTS AND INTERPRETATIONS OF INDIVIDUAL LAKE

SEDIMENT RECORDS

5.1. Introduction
The aim of this research is to quantitatively asses®tological response of the Seven Lakes
of San Pablo to aquaculture practiceswever, disentangling the impact of aquaculture on
tropical lakes is problematic as they are under threat from a variety of climatic and
anthropogenic pressures (not just agyulture) Separating outhe impact of aquaculturis
more difficult in lakes experiencing eutrophicatiandincreagdtemperaturgas both drivers
canproduce similar responsesuch as increased anoxia, algal productivity, nutrient loading
and nutrientecycling(Figure 5.1)Marti et al, 2004; Verburg and Heckp009;Mosset al,
2011 Levineet al, 2012; Jeppesest al, 2014. To complicate matters further, catchment and
lake characteristics have the ability to modify the response of algal communities to both
aquaculture and other drive(soorhouseet al, 2018) This can result in the dilution or

confoundingof the impacts of aquaculture in the sedimentary record.

This thesis attempts to assess the impact of aquacblpsidyng lakesat different points
alongadisturbance gradient, to assess wheldlez response was proportional to the level of
aquaculture disturband€igure 5.2) This chapter takes an initial look at how individual lake
responses compare to the timings of change in the proxy and histedoadls, to identify

possible drivers of algal community change in the study lakes.
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Figure 51: Conceptual diagrams proposing how a deep (>10 m) tropical lake responds to climatic warming and eutrophication. Aglpriatitowarming, with
weak thermal stratification, limited anoxia, abundant littoaéyae and macrophytes and the absence of purple sulphur bacteria. B) influenced by climatic warr
showing more stable stratification, hypolimnetic anoxia, purple sulphur bacteria and greater rates of internal loadirgpbafhdC) impacted by bothrohtic
warming and eutrophication showing stable stratification, shallowing of the anoxic layer, abundant purple sulphur beedetign of littoral community abundar
and greater rates of internal P loading. D) hypereutrophic conditions resultedtirer shallowing of the anoxic layer, substantial s#l&ding of phytoplankton and
aphotic dead zones without purple sulphur bacteria, reduced littoral communities and a smaller volume of water whieblis faaldish. The intensity of green
shadingsignifies algal production. The arrows indicate mixing of the water column. Temperature/dissolved oxygen water columshawfdeshallowing of the

anoxic and euphotic depth as eutrophication progresses.



5.2.Brief Summary of Materials and Methods
Single sediment core (< 1m in length) werecollected from Lakes Bunot, Sampaloc,
PalakpakirandMohicap in May 201andLakes Yambo, and Pandin in April 20@s&e section
3.1.2).Each sediment core was analysed for photosynthetic pignesggn-ignition (LOI),
stableis o t o p*@ sNjjaind C/N ratios(see section 3.2.3). To acquire a chronology for
each core, two difrent methods were used. For sediment cores from Lakes Bunot, Palakpakin
and Pandin?'°Pb dating was used (see section 3.2.3H) the three remaining cores (from
Lakes Sampaloc, Mohicap and Yambo), an age model was developed by correlation with dated
cores previouslyollected from the respective lakegable 3.1 Chapter 3). Detailed records
of aquaculture cage numbers, population, housing numbers, coconut cultivation and
meteorologicablata (mean annual temperature and precipitation) were compikeddsgon
3.2.3.5).Mean fish density was used to rank each lake alyngquaculturedensity(Figure
5.2, section 4.1.4) taid in the interpretation of the individual lake recofsise section 4.4).

:

Mean Fish Density (no. of fish/hectare)

0
Pandin Yambo Mohicap Sampaloc Bunaot Palakpakin
Lake
Figure52. Aquacul ture intensity calcul a
fish/ hectare) in order of i Roreaehdake, n ¢

meanfish density was calculated using all years aquaculture was present
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5.3.Results
5.3.1. Meteorological Datafrom 1901-2018

As records from many meteorological stationsthe island of Luzon are incomplete or cover

a restricted timescale, a composite record was used. The particular record used was taken from

t he Climate Research Unit 6s T Sesnpetatire gnd o b a |
precipitation record@Harriset al, 2014) The dataset calculates records on grids of 0.5° x 0.5°

and, for the study lakes, was centredupon 121 A2 1 NjOO. OnjE, 14A05Nj24.
135 m. The gridding method is based on angwudatance weighting, which gives greater

weighting to closer meteorological stations.

Mean annual temperature recostiowed agradual increasthroughout the 20and early 2%
century from 26.5°C (1901) to 27.5°C (2016). This was punctuated by a more rapid increase
in temperature between 1918 and 1938 and betweenal®/3018as summarised by the 5

year smootimg (Figure5.3). The mean precipitation recordosted greater variability with a
gradual increase in the early*2@entury from 1733 mm (1911) to 3055 mm (1936)owed

by a slight decline to 2103 mm in 1938eyond that precipitation stabilised atac2200 mm

per annum until 197eforegradually hcreasg throughout the remainder of the2énd the
beginning of the Zlcentury peaking at 3301 mm (1999) (Figuses).

5.3.2. Urban Variables
Historical information @ population andoccupied busing units in San Pablo Cityere
obtained from the Philippe Statistics Burea(based on census data
5.3.2.1. Area Planted/Harvestedwith Coconut in Lagunaprovince
(Hectares)
Historical data omhe area occupied mpconut plantationgerecollected from the Philippine

Statistics Bureau:

(http://openstat.psa.gov.ph/PXWeb/pxweb/en/DB/DB__ 2E_ CS/0072E4EAHOO0.px/table/tab
leViewLayout1/?rxid=bdfod8d&6f1-4100ae0918ch3eaebll). Since 1990, there has been

a decline in the area utilised for coconut from 66,631 hectares (1990) to 59,980 hectares (2019)
(Figure 5.3). To calculate the area utilided coconut prior to 1980 a linear regression was
applied to thevholedataset suggesting that2,953hectares of coconut were present in Laguna
province in 196@assuming plantation rates have remained consfEmy is consistent with

decline in coconut plantation rates and an increase in forest cover since 1960 in Laguna
(Philippine Statistical Authority. 2018ge section 2.4).
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5.3.2.2. Population
The population of San Pablo showed a gradual increase from 22,612 (1901) to 50,435
inhabitants (1948). This was followed by a more rapid increase in population for the remainder
of the 2" and early 2% century to 276,285 in 2018 (FiguBes).

5.3.2.3. Occupied Housing Units in San Pablo City
The number of occupied housing units in San Pablo showed a linear increase in values from
12,358(1960) to60,788(2015) (Figure5.3).
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5.3.2.4. Distance fromthe edge of San Pablo City (km)
San Pablo City is the main urban centre (Figure, 3@}hedistance from the centre of each
lake to the edge of San Pablo city was used@exy for urbanencroachment onto each site
(see section 3.2.3.5.43ince 1984the boundary of San Pablo City has gradually encroached
on the catchment of atlored lakesexceptLake Sampaloc (Figur&.3). As Lake Sampaloc is
located witlin the centre of San Pablo City it has tdurbanised catchmeince at least
1984 (i.edistance of the lake from the edge of the city is Q.Krake Bunot (the second closest
lake to the centre of San Pablo City) was 0.68 km away from the city boundary in 1984, with
the urban area reaching the lake catchment in 2004. In comparison, the teistlalvance
lakes Yambo and Pandin (which are situated furthest from the city boundary) have seen the
city boundary encroach from 5.48 and 5.16km (1984) to 3.93 and 3.63 km (2018) respectively.

533. 1l sotopic analysis of contemporary fiend
There vas awide rangein the G*3C  a i°N isoliope ratios of the contemporary samples
collected from the lakes and their catchments (TableB.l)e t o mac KN wvalees f ai | u |
are missing forsome oftees ampl es. The most HowaleefBad. Bapul t
for the sarter fish food. This is due to the origin of the food which comprises fish meal/oils,
plant proteins, minerals and vitamins, and comes from primarily marine sources. This
ouniquelyd high value (compared to tihie ot hel
identifying the presence of ad° walueslfotwatee i n t
cabbagePistia spp.) were highly variable, with the highe$t9 . 2a (Lake Sampal o
lowests331a Lake Mohicap)Figure 5.4 Figure 5.5. The highv ar i a b N vialteg i n U
of Pistiaspp., ranged from2.3t0+8 . 548 (Lake +®amB@mal(da)keti®ohi cap
values for water hyacinthE{chorniaspp.) ranged betwee2 8 . 4 a ( Laka26Bunot )
a (Lake Mohi caFgire §5FAggiy hese two. lakes showed the greatest
variationi n'*Nivaluesfor water hyacinth Eichorniaspp.),at+1 2. 2a8 (Lake Buno!
+1.3a (Lake Mohicap). The meanwadszd.tEifCc val u
and+4 . Ofat GN, with limited variabilitybetween lakes | n c osa&apic ratiosn , U
of coconut leaf fluctuated betweaP66a ( Lake BBB0o93d @abdke Mohicap
5.4). TheC/N ratios showed a clear distinction between wood and aquatic macrophytes, with
the wood samples havinglues >50 and aquatic macrophytes having values between 6.9 to
18.9(Figure5.5) When combi ned WG isotopictratics ar€doisistentwtiti o s
plants that use az®hotosynthetic pathway.
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Figure 54: P h ot o g rVeagehHyacioth Eicliomin spp) (B) Water CabbageP{stia spp)
and (C) Coconut plantatiofCocos nuciferp(photo credit: Suzanne McGowan)
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Table 51: Stableisotopic ratios( 1C , *NJj %C, %N and C/N ratios foromtemporary samples
collected from theored lakes and their catchments.

Lake Sample Type Vi U°N %C %N C/N Ratio

WaterCabbageRistia spp) 819.2 +18.0 353 5.1 6.9

Sampaloc Water Hyacinth(Eichornia spp) 832.5 +11.4 438 4.2 10.5
Grass 816.35 +10.19 14.49 0.74 19.5

Coconut Barl{Cocos nucifera 027.87 +4.11 48.68 0.75 64.9

Water Hyacinth Eichorniaspp) 829.4 +5.4 443 2.9 15.4

Coconut Barl{Cocos nucifera 828.45 40.26 0.32 124.6

Palakpakin Coconut LeafCocos nuciferp 830.06 34.60 2.06 16.8
Grass 814.03 +2.22 31.69 1.96 16.2

WaterCabbagePRistia spp.) 830.48 +7.54 37.11 3.53 10.5

Water Hyacinth(Eichorniaspp) 831.3 +7.4 441 3.3 13.2
WaterCabbageRistia spp) 828.4 +12.2 43.0 238 15.3

Grass 814.04 +8.25 36.41 2.26 16.1

Littoral Mud 827.76 +7.03 4.13 0.32 13.1

Bunot Coconut LeafCocos nuciferp 826.85 41.88 2.99 14.0
Coconut Barl{Cocos nucifera 828.82 48.82 0.52 93.5
WaterCabbageRistia spp) 830.37 +7.39 36.09 3.15 11.5

Banana BarKMusaspp.) 824.23 39.62 0.79 50.1

Banana LeafMusaspp.) 826.91 39.01 1.89 20.7
Water Hyacinth(Eichorniaspp) 332.6 +1.3 46.6 5.9 7.8
WaterCabbageRistia spp) 832.5 +2.7 46.4 5.9 7.8

Coconut LeafCocos nuciferp 833.95 37.18 1.97 18.9

Mohicap Coconut Barl{Cocos nucifera 829.33 47.48 0.47 100.6
Grass 832.09 +3.49 33.40 3.03 11.0

Littoral Mud 827.48 +5.01 2.61 0.19 14.0

WaterCabbageRistia spp) 833.07 +2.70 32.61 1.91 17.1

Coconut LeafCocos nuciferp 828.38 +4.46 45.27 1.21 37.4

Coconut BarKCocos nucifera 828.09 +4.15 45.33 0.62 72.6

Grass 816.35 +8.2 1449 0.74 19.5

Pandin Littoral Mud 1 825,50 +3.84 0.13 0.01 13.0
Littoral Mud 2 826.10 +3.38 0.25 0.02 13.3

Aquatic Macrophytéspecies unknown 621.34 +8.67 24.80 2.02 12.3
WaterCabbageRistia spp) 826.67 +2.31 34.05 3.92 8.97

Coconut Barl{Cocos nucifera 826.81 40.37 0.39 104.9

Coconut LeafCocos nuciferp 828.97 +2.78 43.73 1.41 31.0

Yambo _ Grass 813.16 +6.36 34.28 1.76 19.5
Littoral Mud 823.32 +3.31 0.43 0.03 17.2

Littoral Mud- 1m from shore 824.82 +3.29 0.58 0.03 18.2

Littoral Mud- away from tourist area 822.81 +3.03 1.73 0.14 12.8
N/A Starter Fish Food 826.2 +33.9 40.8 4.2 9.7
N/A Finisher Fish Food 826.5 +2.5 46.0 5.7 8.0
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5.4.Lake Pandin

5.4.1. Field Core Description
From 47 to 15 cm, sediment cor® ANDIN consisted of consolidated dark broM-rich
gyjtta (Table 5.2) Betweenl5 cm andO cm, sediment colour changed from a dark to light

brownunconsolidatedyjtta.

5.4.2. Sediment Chronology
In the corg total 21%Pb activities did not reachn equilibrium with supported'®Pb activities
(Figure 56; Appendix B). Total 2'%Pb activityat the top of the core was 240.29 Bq'Kg
increasing to 292.97 Bq Kgat 10.25cm and decreasing to 61.28 Bq Kat 46.5 cm.
Unsupportec?%Pb activities declined irregularly with deptipermitting the use of the CRS
model to develop the core chronolo¢ppleby and Oldfield, 1978; Appleby, 2001f'Cs
activities in the sediments weslow and only detectdoktween 30.5 and 43cm (Figureb.5).
The CRS agelepth model placed 1963 between 32.5 and 35.5 cm, in agreement WitiCthe
record(Figure 56). The CRS agalepth model suggested that sediment accumulation rates
could be divided into three stages: <0.069 gty before 1940, 0.138 g chyr? between
the 1940s and 1980s, and 0.082 g’gm’ after the 1990s. These stages are divided by two
increased sediment accumulation rates in the 1940s and 1980s, suggesting Watteats
that caused the increased rates at the times have changed the sedimentation processes in the
coring location. The calculated agwdel indicatedhat the48 cm core covered the past c. 130
years étarting from1890).
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Table 52: List of sediment corg@cluding descriptions) from the six cored lakes used in this thesis
*Sediment cores collected by Wayne Bannister and team from the National University of Singapore. These cores werechas gaatysethis projectud

were used to tién dates for thé*®Pb chronology

Lake Core Name PLl ST DXEEHn Geological Remarks
Collected (m)
pandin PANDIN April 2018 62 0-15cm Light brown unconsolidated gyjtta, high organic matter content
1547cm Consolidated dark bwn gyjtta, high organic matter content
0-27 cm Water
: 27-33 cm Light brown unconsolidated gyjtta, high organic matter content
Yambo | YAMBOZ | April 2018 21 3335 cm Dark brown layer of gyjtta with wood fragments
35-80 cm Light brown consolidad gyjtta, with high organic matter content
Unconsolidated sediment core. Sediments weregmeed Slight changes in
Yambo | YAMBO1* | June 2016 27 0-104 cm colouroccurredwhen organic matter levels were lower. Many plant
macrofossils present.
0-6 cm Unconsolidated gyttja
6-36 cm Water
Mohicap MOH?2 May 2017 30 3679 cm Dark brown gyttja, high organic matter content, macro rich (high volume o
leaves present)
Lighter brown gyttja, high organic matter content (abrgiour change from
79-120 cm . .
dark to light brown at this boundary)
Mohicap MOH1* June 2015 30 0-88 cm Unconsolidated sediment core. Setﬁments were fine. Mostly black and we
throughout the core. Colour is consistent.
0-30 cm Dark bravn , organic rich gyttja
Sampaloc | SAMP2 May 2017 27 30-35 cm Water
35-64cm Light brown, organic rich gyttja
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Unconsolidated sediment core. Sediments were fine. Slight changes in cc

* -
Sampaloc | SAMP1 June 2015 21 SHER @ when organic matter levels were lower. Many plaacrofossils present.
0-30 cm Unconsolidated, dark brown gyttja with high organic matter content
Bunot BUNOT?2 May 2017 23 30-57 cm C_onsolldated, dark _brown gyttj_a w!th_ high organic matter content _
57.82 cm Light _brown, consol!dated gyttja witigh organic matter content, laminated
contains macrofossils (leaves)
0-12 cm Dark brown gyttja, high organic matter content
Light brown gyttja, high organic matter content, walninated, contains
Palakpakin| PALAK May 2017 7.5 12-70 cm macrofosss (leaves and wood fragments) (abrupt colour change at this
boundary from dark to light brown)
70-74 cm Dark brown gyttja, high organic matter content, well laminated
Table 53: Comparison of the mean and standard dewiatis ( S. D. ) of |l i thol ogical, isotopic an
LOls50(OM content)  LOlgzs(carbonate UH3Corgisotopic 15 . . )
oo (%) content) (%) Cenim U Nogi SOt Opi C b carotene (nmol¢(OM))
CoV CoV CoV CoV CoV
Mean S.D. (%) Mean S.D. (%) Mean S.D. (%) Mean S.D. (%) Mean S.D. (%)
Pandin 143 5.2 36 27 17 63 8310 1.8 6 +1.3 0.6 50 21.2 24.5 116
Yambo 185 9.1 49 54 19 36 8309 09 3 +1.8 0.3 18 8.1 9.4 117
Mohicap 17.7 8.2 46 138 49 36 8322 24 7 +1.2 0.8 65 197.0 102.8 52
Sampaloc 30.3 5.9 19 58 38 65 8281 23 8 +5.7 0.5 8 457.9 345.5 75
Bunot 27.8 8.1 29 16.4 179 109 830.1 2.3 8 +3.1 1.4 44 132.4 122.6 92
Palakpakin 12.2 3.2 26 78 21 27 8316 0.7 2 +4.5 0.9 20 144.7 115.2 80
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5.4.3. Sediment Lithology
PANDIN had the second lowest meand standard deviation @M of 142% and 52%
respectively, of all the cored lakes (Table 5.3). It also had the lowest mean and standard
deviation for carbonate content 072 and 1.7%PANDIN also has the third @hest CoV for
both proxies.The OM and carbonate content increased gradually towards the youngest
sediments to their maximum values of 21.0% (2000) and 8.0% (2000) respectively (Figure
5.7). In comparison, the water content declined in the youngest sddifnem 87.0% (pre
1900) to 76.6% (20H2). Bulk dry density was highly variable pi®88, with values
fluctuating between 0.23 and 0.§&n?. After 1988+3, the bulk dry density values declined

and remained constant at ¢.0.10 glcm

5.4.4. SedimentStable Isotopes and C/N Ratios
The mean and st aliCdvasrindhe thiddieiramge ofoaluesfyet this ke had
the second | owest mean and?Nvhlies(fabltD3ndthe st an
second highest CoV for both proxies T H@& C/N ratios, %C and %MNecords remained
constantas2 9. 0a, 13.0, 6.0% and 0. 4%. Afterd98ktbe i vel y
U'3C and C/N ratios gradually declined towards the youngest sedimes@s4a 04 and 10.
respectively. The %C and %N values increased duringdhee period to 10.0% and 0.8%
respect i ¥YNerécogrd remaifigd eonsliant+¥ . 88 until 2000, when t

to increase, reaching a maximunt@ . 3a i+ 2018

5.4.5. Sedimentary Pigments
Sedimentary pigments in PANDIN showed high variabilityotighout the core (Figure 3.
reflected in the second .highescé¢ntCoavt i wanlsu eo f:
diatoxanthin (siliceous algae) and diadinoxanthin (the precursor pigment of diatoxanthin) were
relatively stable until 1910, followed laydecline to their lowest values by 1960, as summarised
in the PCA axis 1 scores (41.7% variance explained; Fig@e Bhis also coincided with
significant temporal change in algal communiti@sgure 58). The concentrations of
chlorophyll a, canthaxartin (colonial cyanobacteria), okenone (purple sulphur bacteria),
lutein-zeaxanthin (chlorophytes, cyanobacteria) and alloxanthin (cryptophytes) were
low/undetectable until the late 1980s, when the concentrations of these pigments started to
increase to the peak values. In 20@2 and 200&2, there were two sharp peaks in the

concentrations of all pigments except chlorophydind diadinoxanthin.
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5.4.6. Historical Records
The timings of notable events are shown inl&&h4.

Table 54: Timeline of the main anthropogenic changes within the catchment of Lake
Pandin withdata source shown

Year Source

Pre1989 Coconut plantations introduced. The exact date is unknc Interview
Data

1989 Aquaculture introduad However it remained limited due Brillo, 2016d

to Pandin being oligotrophic (nutrient poor, low OM
content,high DO concentrations in deeper waters) resulti
in low phytoplanktorbiomass This prolongdthe culture
period of fish stocks, requiringiore foodto grow, making

it more expensivelhe residentalsostuck to the 10% rule
(see Chapter 2)

2000 Aquaculture cage numbers peak at 1.7 hectares (7.08% Brillo, 2016d
lake surface)

2001 1.54 hectares of cages (6.41% of lake surface) (maximu LLDA
cagecoverage)

2003 Beginning of tourism on the lake Brillo, 2016d

2005 SKMBLP established by residents to directly manage th Brillo, 201&d

ecotourism enterprise
3% of the surface area used for aquaculture

2006 0.64 hectares of cages (2.67% of laugface) Interview
Data

2008 0.64 hectares of cages (2.67% of lake surface) Interview
Data

2010 0.64 hectares of cages (2.67% of lake surface) LLDA

2012 12,108 tourist reported to have visited the lake (11,022 Brillo, 2017

locals and 246 foreigners)
Last reportd algal bloom (they occurred annually prior tc
2012 although the date they first appeared is unkown

0.74 hectares of cages (3.08% of lake surface) LLDA
2013 14 registered fish cages Brillo, 2017
2014 0.74 hectares of cages (3.08%ald surface) LLDA
2015 0.71 hectares of cages (2.96% of lake surface) LLDA
2016 0.43 hectares of cages (1.79% of lake surface) LLDA
2017 0.43 hectares of cages (1.79% of lake surface) LLDA
2018 0.43 hectares of cages (1.79% of lake surface) LLDA
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5.4.7. Interpretation of Palaeolimnological Records
Low nutrient levels (Figure 8), depressed algal productivity (Figure9y. high water
transparency (Table 4.2) and | imited aquacul
compared to the other lakeBhe small standardeviationsof U**Corg, U*Norgandb carotene
Table 5.3) suggests the impacts of aquaculture and other anthnap@getivities were
minimal. Yet the high CoV (in comparison to its position in the aquaculture disturbance
gradient) suggesthis lake has high variatiom ithe proxyrecord High water transparency
would cause limited algal productivity and high degradadiopigments prior to deposition in
the sediment recor@Cuddington and Leat¢, 1999) This is supported bythelw b car ot en
concentrations (<30nmol g!), OM values (<15%; Tableés.3) and high pheophytin
a/chlorophyllaratio (Reusset al.,2005) The morphological features of this lake are important
in moderating its response tovironmental change. Lake PandBrthe deepest of all the cored
lakes (62 m), with the second deepest euphotic depth (7.2 m) and oxygen penetration depth
(8.2 m; Table4.2) making it more susceptible to a loss of pigments prior to deposition, than
the otler lakes. Bment depositionafluxes in the sediment decline with lake, euphotic and
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Figure 59: The surface area of Lake Pandin utilised for aquaculture cages in hectares (blue) and % (!
Source of each data pu is listed in Table 5.4
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oxygen penetration deptthere is agreater exposure to oxygen and lighta deeper water
column whichcause®leaching of the pigmen{€uddington and Leavitt, 199%urthermore,

Lake Pandin has the smallest CA:LA ratio of all the cored lakes (®aB)e meaning the
catchment is likely to have a relatively limited influence oitake processe@Valteret al.,

20200 Lake Pandin has been i nfdmoghologieatfeaturgs i t s
which need to be considered when interpreting lake responses.

Thereare two major shifts in the proxy record of Lake Pandin. The first period of significant
changebetween 1930 and 197@&s determined by shifts in tH@AM; Figure 5.8), was
characterised by decline in all pigmentgmost pronounced in the 1950s; Figur&)ba
significant change in algal community composition (Figu® and a higher sedimentation
rate (0.15 g cn? yr). After 1980, pigments did not change sigpaftly, but there was a
cont i nuous Bdwaloes ifromgs29 itons3 433 an increase in OM, a spike in
sedimentation rates, the appearance of okefiooen purplesulphur bacterjpanddeclining

C/N ratios.There was also high variability in the isotopic records, whichoodéd with a
higher samplingesolution (see section 3.1.2). Sir&0,0™N isotopic ratios increasetbm
+0.8t0 +3.3a .

Prior to 193Q the lack of change in the proxy record, specifically, gHC values 06293

and the lack of anoxic indicators.§. okenonefFigure 5.1a) suggests lake conditions were
characterised by low algal productivity, limited anoxia and unstthdgification preventing

the formation of a purple sulphur bacteria lag@eadle, 1966)The changes noted in algal
communities and sedimentation rates between 1930 and 1970 were most likelyuthef
resuspension and focusing of sediméReusset al, 2005) The focusing of previously
deposited material from the sides of the lake (evidenced by a spike in sedimentation rate at this
time) (Sanger, 1988hbinto the deep depositional site, could dilute the pigment concentration
from settled phytoplanktofEngstromet al., 1985 Conley and Banchi, 200% Hily et al,

2008) This could also explain the spike in the seditagon rate in 1980. The perioddiange

in the proxy record post 1980 suggests the onset of stratification and anoxic conditions in Lake
Pandin which would explain the concordant increaspigmentconcentrations (suggesting
enhanced preservation), appance of okenone and declinetiiC values. There are two
possible explanations to explain the decline in C/N ratios. One explanatiooréased
contribution of algal drived OM (Meyers and LallieiVerges, 1999 suppoted by highetb
caroteneandchlorophylla concentrations. Alternativelyhe decline in C/N ratiosould bedue

to the influence of newly deposited material, which contains easily degraded components from
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algae (with a C/N ratio of-8) (Meyers and Teranes, 200Galmanet al, 2008) More
prevalentanoxig would causeenhanced preservation M, andtherelative preservation of

N in the sediment recordlehmannet al.,(2002)determinedseasonally anoxic Lake Lugano
(Philippines)had a 30% lower net loss ofabd Ncompared to oxic lake$he best explanation

of increasg U'°N isotopic ratios (from+0.8 to+3.3 & ) and the lack of change in algal
indicators since 2000is changes in N cycling in the hypolimnion. Mesechanisms of N loss
(such as nitrification, denitrificatipranammoX are selective fot*N (BedardHaughnet al.,
2003 Hamersleyet al,, 2009) sopreferential loss of exce$¥N from a system over time leaves
the residual N pool enriched AN (Hogberg, 199Q)causing increaseidf°N values.It could

be hypothesised tha larger and mer persistent anoxic hypolimniocaused increased
denitrification(Hecky & al., 2001, Martin et al., 201Q)Contemporary limnological data also
suggests a shift in the limiting nutrient from P to N between 2006 and 2017. All these changes
to the N cycle would prometthe loss of N from the lake system, further enhancing N limitation

in the epilimnion.

The limited nature and timings of anthropogenic activities and aquaculture in Pandin suggests
climatic warming and/or other processes most likely drove changes ipralig records.
Human activities consist of the partial conversion of the lake catchment for coconut and
nominalsettlements (Figure B0; Table5.4). This isdue to the remote nature of the lake (the
only access is via a 1 km trek from the nearest road)aadesire by the local inhabitants to
preserve the lake for touris@iigure 510; interview data;Brillo, 2017). Aquaculture was
introduced in 198%nly occupying a limited volume (@aching a maximum extent 6f1% of

t he | akeds s urDuatoa misnmatehain timings, 2arthbopogenic activities or
aguaculture cannot be driving the concordant decline in pigments noted in the proxy record
between 1930 and 1970. The mostlikexplanation is that its small CA:LA rati®jala et

al., 2000) combined with intense typhoon activity in the early 1950s (Table 2.2) enhanced
wind-induced wave turbulence and resuspension of sediresuiedin a reduction in pigment
concentrationsThe second period of change in the proxy recocdurredpost1980 (Figure

5.7), agairthis does not coincide with the timisgf anthropogenic activitiesvhich did not

start in the catchment until a decade later. Climatic warming is a more likely explanation.
Historical meteorological records indicate a warmirandl at the study area since 1900 waith

faste rate of increase since 1980 (Figurdb). Increasedhermal stratification of the water
column more pronounced anoxic layand enhanced preservati@rancoet al.,2009)(Figure

5.7b; Wanget al, 2012)would cause amcreasdn all pigments, the appearanceaenone
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and a dé% and 6/ ratiosiTheie are two possible explanations for the change in
U'®N values.The first is the combined prase of low levels of aquaculture and the influence
of tourists. The secondxplanation could be atmospheric N deposition contributing to the
change in %N and"N values(see section 1.4.1)Lake Pandirhaslowest disturbance and
thereforeis most likdy responding to climate rather than aquaculture or other anthropogenic

drivers.

A

Figure 5.10Ph ot o gr a pfhan dpHoto trealik Suzanne McGowan)
A.Foreground) bamboo rraefltast i avned yb aucnkt goruocuhned
number of cocomade tgteresctamrde snan
B.A fishermaenrptitbimgath rope tied to tre
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5.5.Lake Yambo
5.5.1. Field Core Description for YAMBO1

The £diment core YAMBOL1 consisted of 104 cm of unconsolidateddnaged sediment
with abundant remains @fjuaticmacrophyes (Table 5.2)

5.5.2. Sediment Chronologyfor YAMBO1
InYAMBO1, total?'°Pb activitieseached equilibrium with supportétfPb at a depth 9.5
cm(Figure 511). Total?'%b activitydecreased fror210.23Bq Kg* (at the top of the coréd
27.91Bq Kg'at 79.5cm (Appendix C). Unsupported'®Pb activitiesdeclined irregularly with
depth, permitting the use of the CRS model to develop the core chrondfggpleby and
Oldfield, 1978; Appleby, 2001)Activities of 3'Cs and®*!Am weretoo low in the samples
analysed to validate the chronologies base#®b data and the CRS moddlhe CRS age
depth model suggested thatliment accumulation rates incredrom0.11to 0.22g cm?yr-
! between the base of the core ddd5cm (1998t2), which is the peak atimulation. A drop
in sediment accumulation rates followed this to 0.15 ¢ gm at 0.75 cm (20182). The
calculated age model indicatduat thel04 cm core covered the past c. 38@rs, however
ages for the basal sediment®re extrapolated beyonché lowermost?'%Pb date using a
constant sedimentation rafhe published chronology for YAMBOL is found in Bannister
al.,, (2019).
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5.5.3. Field Core Description for YAMBO2
The53cm sediment core YAMBO2 consistedligit brown unconsolidated gyjttaith ahigh
OM content (Tablé&.2). The core was intersected by a layer of dark brown gyjtta with woody

fragments at 383cm. Above27 cm, the sediment core weasry floccy witha high water
content.

5.5.4. Sediment Chronologyfor YAMBO2

There was aeasonablenatch between theOlssoprofiles of sediment cores, YAMBO1 and
YAMBO2, indicating good potential for cross correlation (FigutEh.Two tie-in points were
determined through tié%Pb-dated portion of core YAMBO1, withesliment core YAMBO?2,
based on % organic matter (L£&) (Table 5.5). The diatom profiles between YAMBO1 and
YAMBOZ2 were also similar, so to further constrain the age model, eight furthier g@nts
were determined by matching shifts in diatom relatlweralances from thé°Pb-dated portion

of core YAMBO1, with sediment core YAMBO2 (Figurel3; Table 5.5).
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Figure 513: Correlations in % relative diatom abundance betw&€Rb dated sediment core
YAMBOL1 and sediment core, YAMB&9Pb-derived dates (Year AD) corresponding to tie
points from YAMBOL1 are indicated by red dashed lines.

5.5.4.1. Justification for selection of tiepoints based on diatom profiles

The two tiepoints atdepths 2.25 and 25 cmwerevital for the development of the chronology
of YAMBOZ2 as they captured the declineAnlacoseira granulatdbetween depths-B cm in
YAMBO1. Combined with the LOI tie points at depth 6.25 cm, this constrained®®Medates
for the youngest séadents of YAMBO2 In addition, theLOl tie point at depth 17.25 cm
matched withthe peak in LOJso in YAMBO1. The two tie points at depths 19.25 and 20.25
cm were crucial as they captured the sudden drBpagilaria crotonensisat depths 225 cm

in YAMB OL1. The four oldest tie points at depths 25.25, 32.5, 35.5 and 39.5 cm were necessary
as they captured the earliest peakAmlacoseira granulataand its subsequent decline in
abundance. These tie points also captured the first drie@agilaria crotonens abundance
(and its recovery) between depthsf&®cm in YAMBOL. This helped to constrain the age
model of YAMBO?2 back to the earlie$t°®Pb date from YAMBOL.
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Table 55: List of tiepoints between YAMBO1 and YAMBOZ2 correlatsihig % organic

matter (Olssg) and diatoms

YAMBOL1 (Collected in 2015] YAMBO2 (Collected in 2018)
: , Method used
Depth (cm) Date Corresponding Corresponding
Depth (cm) Date
2.5 2013 2.25 2013 Diatom Analysis
3.5 2011 3.25 2011 Diatom Analysis
7.5 2006 6.25 2006 LOlss0
10.5 2002 12.25 2002 Diatom Analysis
21.5 1987 17.25 1987 LOlss0
22.5 1986 19.25 1986 Diatom Analysis
23.5 1984 20.25 1984 Diatom Analysis
27.5 1979 25.5 1979 Diatom Analysis
30.5 1976 32.5 1976 Diatom Analysis
35.5 1967 35.5 1967 Diatom Analysis
38.5 1964 39.5 1964 Diatom Analysis
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Figure 514: Age-depth model for core YAMBO2 using craksging methods
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5.5.4.2. Age Modelfor YAMBO2
Any dates below 39.5 cm in YAMBO2 were extrapolated using the mean of the three earliest
sedimentation rates from core YAMBOL1 (at depths 49.5, 53.3 anat68.® accounfor the
uneven sedimentation rates amongstes collected from the same lake (Appendix C). This
resulted in the deepest sample from YAMBO2 at 53.5 cm having an extrapolated date of 1945.
An agedepth model (Figure 54) was created for YAMBOZ2 based on tbss correlation
with 2%Pb dated constant rate of supply (CRS) model (Appleby, 2001) established for
YAMBOL.

5.5.5. Sediment Lithology

YAMBOZ2 had the third highest mean OM content (18.5%) yet the highest standard deviation
(9. 15%) and CoV (49%) This sedimenhcore also had the second lowest mean carbonate
content (5.4%)standard deviation (1.9%&nd second lowest CoV (36%]j the cored lakes
(Table 5.3). The water, OM and carbonate content remained relatively constant throughout the
length of the core excedor a dip in values in 1971, most likely due to an influx of
mineralogical material (as shown by an increase in the residual component of LOI; Figure
5.15). The bulk dry density fluctuated between 0.3 g/and 0.03 g/cfhalong the whole core,

with two spkes to 0.5 g/crin 1971 and 2017, most likely from-imash events.

5.5.6. SedimentStable Isotopes and C/N Ratios

YAMBO?2 had the second lowest standard deviationitd€ and | oWef99a famrd U
0.34 resyRNMBOZehgd t he secldnd hiNoEkand 18%oV f or
The U'3C record declined towards the present day fa® . 04 ( BP®.59a t(©02005)
followed by a sharp decline t8 2. 5a& ( 2Wwel®Y) . ( APNgrecoid remained

relatively constant throughout the whole core, only fluctuating slightly betwée®h and

+2 . 7 Bhe %C and %N records remained constant at ¢.6.0% and 0.5% until 1990 when the
values started to increase rapidly to tme@ximum extent of 19.0% and 1.8% (1994). This was
followed by a decline in %C and %N values to ¢.6% and 0.6% respectively in 2018. Compared

to the other geochemical records from YAMBOZ2, the C/N values were variable, fluctuating
between 19 and 11.5, pi®80 (Figure 515). After 1980, the values remained constant at 11.5

until 1994, when there was a sharp increase in values to 15.1 (2004). In the youngest sediments,

there was a decline in values to 11.6 (2018).
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5.5.7. Sedimentary Pigments

YAMBO?2 had the lowest smentary pigment concentrations and standard deviatidn of
caroteneof all the cored lakes (Table 58t the highest CoVfds c ar ot e Rigmerit 1 1 7 %)
concentrations of chlorophy#l, b car ot ene, cant haxanthin (cya
sulphur bacteria), Iluteirzeaxanthin (chlorophytes, cyanobacteria), pheophytin
(chlorophytes) alloxanthin (cryptophytes) and diatoxanthin (diatwemepined low until the

early 2000s when concentrations started to increase (Figlie Bhere was also a peak in
concentrations of chlorophyl, canthaxanthin, okenone, pheophytin alloxanthin and
diatoxanthinin the early 197QsUnlike the other lakes, echinenone (cyanobacteria) was not
detected in Lake Yambo. Concentrations of all pigments sharply increagde&zDiitand then

declined to the present day as summarised in the PCA axis 1 scores (29.0% variance explained)

which coincides with significartemporal change in algal communities (FigurkGh.
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5.5.8. Histori cal Records
The timings of notable events are shown inl&&h6:

Table 56: Timeline of the main anthropogenic changes within the catchment of Lake
Yambo from 1956 onwards with data sources shown

Year

Source

1956
1980s
1989

1996
1997
1999

2000
2001
2002

2004

2006
2009
2010
2012

2013
2014
2015

2016
2017

2018

First cocomit plantations
Algal blooms occur annually in January
Aguacultureintroduced

Colour of the lake water changed from blue to green

2.6 hectares of cages (8.52 % of lake surface)
LLDA introduced tilapiafishlings

Highest number of fish kills reported{&ebruary)
Aquaculture cage numbers reached its peak
2.1 hectares of cages (6.89 % of lake surface)
2.059 hetares of cages (6.75% of lake surface)

Road built to the edge of Lake Yamimmwthe lake is

accessible by road

Fish kills observed in February

1.6 hectares of cages (5.25% of lake surface)
1.2 hectars of cages (3.93% of lake surface)
0.8 hectares of cages (2.62% of lake surface)
0.74 hectares of cages (2.43% of lake surface)
3 fish cages operational

Fish kill event reported

0.64 hectares of gas (2.10% of lake surface)
0.74 hectares of cages (2.43% of lake surface)
0.71 hectares of cages (2.43% of lake surface)
Tourismincreased

3 Fish pen cages operational

0.71 hectares of cages (2.33% dddasurface)
0.64 hectares of cages (2.10% of lake surface)
0.21 hectares of cages (0.69 % of lake surface)
Tourism became more established

Only 1 fish pen operational (606mllocated for
aguaculture)

Establishing new fish pens is prohibited

0.15 hectares of cages (0.49% of lake surface)

Interview Data
Interview Data
Interview Data

Interview Dda
Brillo, 2016c
Interview Data

Interview Data
LLDA
Interview Data

Interview Data

Interview Data
Interview Data
LLDA

Interview Data

LLDA
LLDA
LLDA
Interview Data

LLDA
LLDA
LLDA
Interview Data
Interview Data

LLDA
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5.5.9. Interpretation of Palaeolimnological Records
LakeYambo hat he | owe st n8damolgh Tableb.B)oftalethe sampled lakes,
suggesting eithelow algal productn or enhanced decompositiaf algal pigmentgprior to
deposition in the sedimentshe low pigment concentratiorzerossall algal groupsould be
due to two factors. Firstly, Lake Yambo had the deepest euphotic depth of 22.2 m (Table 4.2)
and a water column depth of 27 m (Table 2.4). This would inpiginent preservatioas
evidenced by low concentrations of ¢ a r @omlanecdewithhigh irradiance in the water
column this would promote degradatigrespecially of the more labile pigmentuch as
chlorophylla (Leavitt andHodgson, 2006) Secondly, low pigment concentrations could be
due to low levels of nutrients in the lake (Figure 4.Bgnget al, (2019)found thata lack of
nutrientsin oligotrophic lakesaused lower density of both bacterial and algal communities
This is supported by low Chl: TP ratio (of 0.02) showing low chloropaytroduction in this
lake In Lake Yambo, the low concentrationsfof ¢ a rwere grabably due to a combination
of both factors.Since 200Q concordant increases in all pigments, anceelige in both the
pheophytina/chlorophylla (c. 1.5) and C/N ratiggrovide evidencef improvedpreservation

conditions(Galmanet al.,2008.

Prior to 2000, there was minimal change in algal communities and lithological redesgd&e

the high varability in the C/N recordfrom 1950),a continuous declina U'3C values from

-29.0 (in 1%0) to-31.5a (in 1980) and a colour change of the lake water from bluggeaen

(Table 5.6) Therewas a notable spike in pigment concentrations and bulk dry density @ 197
After 2000, there was a major shift atgal @mmunitiescomposition(as shown by the PCA

axis scoresFigure 5.5) anda changen the limiting nutrient from P to N (see Chapter Bhis

change is characterised by concordant increases in all pigment concentrations and OM content
and the continued dige in i*C valuesto 8334 . Throughout the sequence, tiléN record

remained constamttc. +2 a.

Palaeolimnological evidence suggesiat prior to 2000, Lake Yambo had a waetixed water
column, limited hypolimnetic anoxia and extensive OM degradation prideposition in the
sediment recorflGuilizzoniet al.,1986) Post200Q a significant change in algal communities
(characterised by concordant increas@a all pigment3d indicatesenhanced preservation
conditions(Reusset al.,2005) and a decline in both the pheophyaichlorophylla ratio (c.
1.5) and C/N ratiosGalmanet al.,2008 suggeststable stratification and pronolett anoxia

conditions. Low nutrient levels in the epilimnion (determined by water monitoring data
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(LLDA, 2006f) and contemporary limnologyjndicates increased productivitywas not

responsible

—e— 9 of Aquaculture Cage Coverage
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Figure 517: The surface area of Lake Yambo utilised for aquaculture cages in hect:
(blue) and % (black)Source of each data point is listed in Table 5.6

Thehigh variability in the C/N recorfitom 1950 to 1980 coincides thiintensivedeforestation
within thelake catchmentThe first coconut plaationswere planted in 195b6efore spreading
to a large proportion of theatchmenby the present dafgee interviewdata in Appendid;
Figure 518). Deforestationcan causencreasedsoil erosion with a larger proportion of
terrestrial OMentering the lakgRhodesand Davis 1995 Kaushal and Binford, 1999)
Combined withthe steep sided catchmenhis would result in the lake being suppliedth
allochthonous materiakspecially during the wet seasdrhe influx of the terrestrial end
members withhigh C/N ratie (>15 (Table 5.1¢ould be a possible causetbéhigh variability

in the sediment recor@leyers and LallieiVerges, 1999)The spike in pigment concentrations
and bulk dry density in 197®&as probably due to a largeflux of minerogenic material.

Although aquaculture was introduced in 1989 (Figuder5.along with the construction of
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human settlements (Figure 88), the low intensity and mismatch of timings (between
aguaculture and alggbmmunity change) suggest they are unlikely to be driving the changes
seen in algal communities, post 2080. a ¢ k o f ¢ FPNirecgrd (erhaming chnstanti
atc.+2 a pupports the view thatquaculture had minimal influence on this lake, as fish food
and human wa$SNveluehod+38 dh ialPtd+200 & r e s Townsend/ e | y
Smallet al, 2007) A more likely explanation is that an accelerating rate of increase in climatic
warming, since 1980 caused more prevalent anoxia and enhanced preservation of algal
pigments(Figure 5.7bBrancoet al, 2009) Increased anoxia would cause internal loading of

P and could account for the shift in limiting nutrient and the colour change of the lake water
from blue to green (most likely suggesting the presence of HA&He 4.6.

Figure 518 Photographs of Lake Yambo

A. Maimade structures and coconut plantat.
B.Overview of wiarkge maagmibaua usl ht (ohote credia $urasne
McGowan)
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5.6.Lake Mohicap
5.6.1. Field Core Descriptionfor MOH1

The 88 cm sediment core M{Q consisted of unconsolidated watery and-fin@inedblack
coloured sedimer(Table5.2).

5.6.2. Sediment Chronologyfor MOH1

In MOH1, total?*%Pb activity Figure 5.8) reached equilibrium with supportédPb at a depth
of 46.7cm Total?'%Pb activitydecreased frorh86.45 Bq K¢ (at the top of the core) to 33.67
Bq Kglat 47.5cm. Unsupported®Pb activities declined irregularly with depthpermitting
the use of the CRS model to develop the core diogy (Appleby and Oldfield, 1978;
Appleby, 2001)Activities of *'Cs and*Am weretoo low in the samples analysed to validate
the chronologies based éHPb data and the CRS mod@ppendix D) The CRS agelepth
model suggested thaediment accumulain rates increasl from 0.06to 0.25g cm? yr?t
between the base of the core @@ cm (2012t2), which was peak accumulatiofihe
calculated age model indicatéldat the95 cm core covered the past c. 260 years (1715),
however ages for the basal seditsavereextrapolated beyond the lowermé¥Pb date using
the earliest known sedimentation rate (0.0653 ¢ gmt). The published chronology for
MOHL1 is found in Bannistegt al.,(2019).
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Figure 519: A) Agedepth modeand sediment accumulation rates and B) changes in
and supported!®Pb for the MOH1 sediment core
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5.6.3. Field Core Descriptionfor MOH2

Between 120 and 79 cm, sedimeore MOH2 consisted of lightrown gyttja with a high OM
content(Table 5.2) This was followed by an abrupt colour chang&&cmfrom light to dark
browngyttja. The sediment between-38 cm was characterised &yighabundance of leaves
from aquatic macrophyte$he less consolidateskdimentrom 36 to O cmconsised of very
floccy sediment with ailgh water content and gyttja the top 6 cm.

5.6.4. Sediment Chronologyfor MOH2
The profiles of LOkspof the sedimeat cores, MOH1 and MOH®&id not matchwell (Figure
5.20), so diatom analysis was used between the depths-40 cm tohelp establish the
stratigraphic relationship between the cores. The diatom profiles between MOH1 and MOH2
were similar, allowing for cres correlation between the cores (Figu&lp.Seven tigpoints

were determined through cross correlation of diatom relative abundances (Table 5.7).
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Figure 520: Correlations in % organi
matter (LOkso) betweerf'%Pb dated
sediment core MOH1 and sediment
core, MOH2 ?1%Ppb-derived dates @ar
AD) corresponding to diatom tigoints
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dashed lines

Depth (cm)
~NOoO OO0 gD OWWNN
O o1 ©O U1 ©O U1 ©O 01 O O1

LOI-550 (%) LOI-550 (%)

169



Depth (cm)

&6& (\\Q\ & (\6\6
> & © N4
< 2 2 O o
2> < ,09\ & Q'z}
& N X @ @
< {0()0 (}6\ ,499 &'b ] /\/é; \(\Q}
o o F & N
1 J 1 J (. (.
o - I— b = 2012
o — n — - = 2010
) —_— | = 2004
— o (S — - = 1997
[ — e = 1989
- - = 1963
T T r T T T T T T [ B D B | rm

s T e e e e T T ™ U m
1530 0 40 800 15300 200 50 100 O 25 50 0 20 O 50 100 010 010

Relative abundance (%) Relative abundance (%)
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5.6.4.1. Justification for selection of tiepoints based on diatom profiles
No tie-points were basedn LOIsso in MOH2 due to the poor match between Efoprofiles
for MOH2 and MOH1. The diatom tigoints at depths 10.25, 15.25 and 20.25 cm were crucial
for the development of a chronology for MOH2 as they captured the fluctuating trend in
Aulacoseira ganulataandFragilaria crotonensisabundance between the depths of 5to 15 cm
on MOH1. The tiepoints at depths 25.25, 30.5, 35.5 and 40.5 cm were necessary as they
captured the decline iaragilaria crotonensisand the increase iAulacoseira granulatard
Discostellacomplex abundance between the depths of 15 to 40 cm on MOHL. This helped to

constrain the age model of MOH2 back to the earfféBb date from MOH1.

5.6.4.2. Age Modelfor MOH2
Below 40.5 cm, dates MOH2 were extrapolated using the three earkestwn sedimentation

rates from core MOHL1 (at depths 29.5, 35.5 and 41.5 cm, Appendix D). The three earliest
values were used to account for the uneven sedimentation rates amongst cores collected from
the same lake (Appendix D). This resultedhe deepdgsample from MOH2 at 69.5cm having

an extrapolated date of 1773. An age moBgyre5.22) was createtbr MOH2 based on the
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cross correlation wittf°Pb dated constant rate of supply (CRS) model (Appleby, 2001)
established for MOHL1.

Table 57: List of tie-points between MOH1 and MOH2 correlated using % organic ma
(LOIssq) and diatom analysis

MOHL1 (Collected in 2015 MOH2 (Collected in 2017)
. . Method used
Depth (cm) Date Corresponding Corresponding
Depth (cm) Date
5.5 2013 10.25 2013 Diatom Analysis
7.5 2012 15.25 2012 Diatom Analysis
10.5 2010 20.25 2010 Diatom Analysis
15.5 2004 25.25 2004 Diatom Analysis
20.5 1997 30.5 1997 Diatom Analysis
25.5 1989 35.5 1989 Diatom Analysis
36.5 1963 40.5 1963 Diatom Analysis
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Figure 522: Age-depth model for cor®IOH2 using crosslating methods

171



5.6.5. Sediment Lithology (LOI)
MOH2 had the fourth highest mean OM content of 17.7% and sbeondhighest mean
carbonatecontent of 13.8% of all the cored lakes (Table 5.3). MOH2 also had the second
highest standardeviation andhe highest CoWor OM content of 8.226 and49 % respectively
(Table 5.3), suggesting high variability throughout the sediment core. The OM content
remained constant at 11.0% until 1970, when there was a peak in values to 54.0% (E&yure 5.
followed by a gradual decline in values22.5% (2017). The water content showed a decline
in values in the oldest sediment, reaching a low of 78.0% in the 1830s, followed by a
subsequent increase in values to 95.0% in 1930. The values then plateaued at ¢.90.0%. The
carbonate content and bulkydiensity showed a decline in values throughout the core from
17.2% and 0.1815 g/dl776) to 13.9% and 0.0873 g/&(@017)respectively. The carbonate

content record showed high variability throughout.

5.6.6. Sediment Stable Isotopes and C/N Ratios
The %C and%N values fluctuated betweenl5% and 0.41.4% respectively until 1990
(Figure523) . During t he “ameéN yléias dezled frdsd@ 7 h1 & and
+1 . 748360 44+0amdd respectiveély. %C,n DM Baluasd t he |
increasedtes30 . 8a, 16. 043,. 51a. % ldmdved by a decline i
sedi ment s. MOH2 al so had t¥Ce oHli god édsitighestt an d a |
Co V M (65%])suggesting high variability throughout the sediment core. Unlikettrer
proxies, the C/N record remained constant until the early 2000s when there was a rapid increase
in values from 10.5 to its maximum value of 17.3, suggesting a sudden influx of allochthonous

OM. This was followed by a sharp decline in values forrémeainder of the core.

5.6.7. Sedimentary Pigments
The sedimentary pigment recordMOH2 was highlyarialde (Figure 5.22) as shown by the
standard deviation of 102.8 nmot fpr b carotene (Table 5.3Post1990, the high variability
may be partly explained by the greater sampling resolution (0.5 cm). Chloraplkigh not
present in detectable concentrations uri#3as it was overshadowed by a hajtundancef
echinenone (cyabacteria). Chlorophy# has a similaretention time as echinenoaed could
not be separated ithe chromatograptHowever, it was still possible to determine if both
pigments were presefrom visual inspection of the spectfieigure5.23). Myxoxanthghyll
(filamentous/N-fixing cyanobacteria) appeared in 1870 reaching a peak of 195.6 nmol g

before disappearing from the record by 1900. Concentrations o€ a r loteéineeaeanthin
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(chlorophytes, cyanobacterjacanthaxanthin (colonial cyanobacteria) and echinenone
(cyanobacteria) gradually declined throughout the length of the core, as summarised by the
PCA axis 1 score80.0% variancexplained; Figue 524). In comparison, the concentrations

of diatoxanthin (siliceous algae)llexanthin (cryptophytes), pheophytib (chlorophyte$
increased. Okenonépurple sulphur bacteria) first appeared in 1820, after which the
concentration sharply increased tal4®nmol ¢'(1831). The concentrations of okenone then

fluctuated over the remainder of the core.
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5.6.8. Historical Records
The timings of notable events are shown inl&&h8:

Table 58: Timelineof the main anthropogenic changes within the catchment of Lake
Mohicapwith data source shown

Year Source

Pre1940s Coconut plantations already present when the fishern Interview Data
was born. Unknown when first planted

1977 Aquaculture introducedhe main species wetgapia Interview Data
reared in floating cages

1980s Water clarityat a depth of.5 m Interview Data

1990s Switch in the type of fish food usdém floating fish Interview Data
foodto sinking fish food 10 Philippine peso per bag
cheaper)

1990 Aquaculturecage numbers reach peak coverage of 7 Interview Data
hectares (30.43% of lake surface)

1991 Fish cages and illegal structsmestroyed by typhoon Interview Data
7.0 hectares of cages (30.43% of lake surface)

1994 6.3 hectares of cages (27.39% of lakdaxe) Interview Data

1996 6.0 hectares of cages (26.13% of lake surface) Interview Data

1999 5.3 hectares of cages (23.00% of lake surface) Interview Data

Post2000 Beginning of remediation efforts by the LLDA LLDA

Switch to floating fish food (in line witthe other lakes) Interview Data
due to the harmful effects of the sinking fish food

2001 4.29 hectares of cages (18.63% of lake surface) LLDA

2004 LLDA reports 80 fish cages operating occupying an a Brillo, 2015a
of 36000 (15.65 % of lake surface)

2006 3.2 hectares of cages (13.84% of lake surface) Interview Data

2010 2.5 hectares of cages (10.87% of lake surface) LLDA

2012 1.0 hectares of cages (4.35% of lake surface) LLDA

2013 Only 25 registered fish pens operating Brillo, 2015a
Last reported fish Kilevent LLDA
0.9 hectares of cages (3.91% of lake surface) LLDA

2014 0.8 hectares of cages (3.48% of lake surface) LLDA

2015 0.7 hectares of cages (3.04% of lake surface) LLDA

2016 0.5 hectares of cages (2.17% of lake surface) LLDA

2017 0.5 hectares of cages (2.17% of lake surface) LLDA

2018 Fish cages decreasing by 10 a year Interview Data

15 fish pens operating but there are plans to reduce t
number further
0.87 hectares of cages (3.78% of lake surface) LLDA
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5.6.9. Interpretation of Palaeolimnological Records
Compared o t he ot her | akes, Lake Mohicap ranks i
concentrations (Table 5.3) coinciding with its position along the aquaculture gragiehas
t he hi gh elS\Nt(6926) suggestigthis lake has the highest variation in this proity
had the | Qgvaliesh2aB@a)i provi di ng perplé sulghorce o f
bacterial communities and pronounced anoxia in the hypolim(Byown et al., 1983)
Moreover, the firstobservedappearance of chlorophylt in the 1920s (without being
overwhelmed by echinenone (cydoacteria))and the low pheophytia/chlorophyll a ratio
indicates there is enhanced preservation in the water column.sTimspart due to_ake
Mohicap haing a steep sided catchmenthich would reduce the impact of wind driven
turbulencegMacintyre, 2012)

There are two main periods of change in the proxy recbtdke Mohicap yettheydid not
coincide with any significant temporal change in algal communiiiée first was between

1830 and 1930, witRPCA axis scoresdicating agradual shift in algal comunities (Figure

5.24). This period sawthe extirpation of myxoxanthophyll (flamentous and. Fiing
cyanobacteria), the first appearance of okenone (purple sulphur bacteria) and the beginning of
a de c I¥Chyalues.The second period of change,spd980, ischaracterised by a shift

in sediment colour from light to dark brown gyjtta andapid increase (followed by a gradual
decline pos000 in all isotopic records and OM content. There was also a concordant
increase in all pigment@-igure 523) reflected in a sharp peak in PCA asmores (Figure

5.24). A decade after thi000s) there was a spike in C/N ratios (from 10.5 to 17.3) followed

by a sharp decline.

Prior to 1830, the lack of okenone (and labile chloropdjydind highi*3C valuesof 5283 in

the sediment record suggests the wabdumn in Lake Mohicap was wethixed and lacked a
permanent anoxic layer (Figufela). In 1830, the appearance of okenone (purple sulphur
bacteria) and the BewlieafronsB8a o(f 1 8 38@Jadted Pi7 B¢ |
indicates the development of anoxic conditiqkalff, 2002 Conradet al, 2014) The
disappearance of myxoxanthophyll from the sedimentacprd (in 1900) coupled with a

d e ¢ | i Nevaluesnindidates the replacement effiXing taxa Thissuggestan increase in

N:P ratios, asonN: fixing blooms prefer high N and P levé€Raerlet al.,2001) After 1980,

t here was aniC (fronta36dats &0.85 )n, PNif(from +0.4 to +2.53 )
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cyanobacteriglutein-zeaxanthinand a shift in sediment coloumost likely dueto a rise in
productivity (Paerlet al, 2001) This is supported by increases in nutrient concentrations (N
and P;LLDA, 2006a) The shift in PCA axis scores during this period suggests thseda
changein algal community compositiorF{gure 524). The spiken C/N ratios in 2000 (from
10.5t0 17.3 indicates a large influx of N at this time.

—e— Aquaculture Cage Coverage
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» 10 35
Q
g 5
3 - 30 ©
g 8 %
(]
g 6 S
3 - 20 -
= E
S a4 - 15 §
9 )
S i (o
% 10 E
8 21 o
o -5
<

0 T T T T 0

1970 1980 1990 2000 2010 2020

Year (AD)

Figure 525: The surface area of Lake Mohicap utilised for aquaculture cages in hectare
(blue) and % (black). The blue shading corresponds to when sinking fish food was use:
aguaculture. Source of each data point is listed in Table 5.8

The first appearance ammioliferation of okenondpurple silphur bacteria) 820 and the
beginning o FCopvaludseaintidesveth thenonsét of a warming period in this
region. Sea surface temperatures reconstructed using corals from the western Pacific show
the beginning of a general warming treinoim 1800 (Tierneyet al, 2015) The steep sided
catchment would have sheltered the Ildi@m wind driven turbulence and increased the
likelihood of stratification and anoxia in the water colu(figure 5.1b; JearPhilippeet al.,

2015) The second period of change, post 1980 coincides with the introduction of aquaculture

178



in 1977 and its subsequent rapid increase to its peak intensity (30.43% Fifi8@ 525).
This period also saw ase in the construction of mamade structures artbconut/banana
plantations within the lake catchment (Figur2gp. The change ipigmentsand the increase

in the isotopic records could be attributedre use ofdditional fish food and fish excrement
fuelling algal productivity(Kibria et al.,1997) Furthermoreghange irthe 20004rom floating

to the more harmful sinking fish food (as it was 10 Philippine peso per bag cheaper, see above)
could have caused the spike in C/N ratibgure 523). The subsequentvdch back to the
floating fish food in the midate 2000s also correlates with the decline in C/N ratios (Table
51).After2 000, t he ¥ eaxrdN aoieesponds with remediation efforts by the
LLDA (in response to the deteriorating water quality and HABs; Figu26) 5T he indicated
declines in algal productivity and anthropogenic loading could be explained bydtieioa

of the number of fish cages within the late 5% in the present daghd the demolition of

illegal structures.

Figure 526: Photographs of Lake Mohicap
A.Extensive al gal bl ooms

B.Fi sh cagemadw tsht rmuiacnt ur e

C.Mi xture of coconut and native for

background
179



5.7.Lake Sampaloc
5.7.1. Field Core Description of SAMP1

The sediment core SAMPdf 81 cmconsisted of unconsolidated fine grained sedisigch

in aquatic plant macrofossils (Table 5.2)
5.7.2. Sediment Chronologyfor SAMP1

In the SAMP1 core total 22%Pb activitiesreached equilibrium with supportéPb at a depth
of 46.5 cm (Figure 27). Total 22%Pb activityincreased froni89.61 Bq K¢ (at the top of the
core)to 212.88Bq Kg!(19.5cm), which was subsequently followed by a dectn&8.22Bq
Kglat 46.5cm (Appendix E).Unsupported'®Pb activities declined irregularly with depth,
permitting the use of the CRS model to develop the cbronologyAppleby and Oldfield,
1978; Appleby, 2001)Activities of 1*'Cs and?*!Am weretoo low in the samples analysed to
validate the chronologies based dfPb data and the CR&®jedepthmodel. The CRS agie
depth model suggested that sedinmatunulation rates increaslfrom 0.02to 0.15g cm2 yr-

! between the base of the core ddd5cm (1994+3). This was followed by a drop to 0.@7
cm?yrtat 0 cm (201582). The calculated age model indicatiet the81 cm core covered the
past c. 700 yeand290), based on the date of the oldest sedimén published chronology
for SAMPL1 is found in Bannistesat al.,(2019).
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5.7.3. Field Core Description of SAMP2

The & cm sediment core SAMP2 consisted of lightvang organic rich gyjjta until 30 cm
when there is a colour shift to dark brown gyjgiathe remainder of the core (Table 5.Phis

is intersectedy awatery layerpetween 3530 cm

5.7.4. Sediment Chronologyfor SAMP2

LOlsso profilesof SAMP1 and SAMP2 we similar (Figure 28) indicating a good potential

for cross correlationLOlssoprofiles from both cores were compared using tie points, which
identified distinctive changes; thus allowing the correlation for dates at thyeeinties down

the corg(Tale 5.9). The diatom profiles between SAMP1 and SAMP2 were also simsiar

to further constrain the age model, seven additional points were determined by matching
diatom relative abundances from tH€Pb-dated portion of core SAMP1, with sedimeotre
SAMP2 (Figure 529; Table 5.9).
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; 21%p dated sediment core SAMF
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%_ 40 7 tie- points are shown with a red
3 457 dashed line and the LOI tie point:
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Figure 529: Correlations in % relative diatom abundancetween?'®Pb dated sediment core
SAMP1 and sediment core, SAMPPPb-derived dates (Year AD) corresponding tog@nts
from SAMP1lare indicated by red dashed lines.

5.7.4.1. Justification for selection of tiepoints based on diatom profiles
In order to constrain th&°%Pb dates for the youngest sediments in SAMP2, two tie paints
depths3.25 and 5.25 cm were used which captured théngein abundance ochulacoseira
granulataobserved in the top 6 cm of SAMP1 (Figur2®. Furthermore, the tipoint at 10.25
cm was necessary to capture the spikieragilaria crotonensisabundancend the plateau in
abundance oAulacoseira granulatabserved in SAMP1 between depthd®cm. The four
oldest tie points at depths 22.25, 24.25, 30.5 and 37.5 cm were necessary as they captured the
increasing trend imMAulacoseira granulataand the decline irFragilaria crotonensisand
Nitzschia paleambseredin SAMP1between depths 285 cm This was combined with a final
LOlsso tie point at depth 46.5 cm. This helped to constrain the age model of SAMP2 back to
the earliest'®Pb date from SAMP1.

5.7.4.2. Age Modelfor SAMP2

Below 37.5 cm, dates in SAMP2 were epiméated using the three earliest known
sedimentation ratsfrom core SAMPL1 (at depths 31.5, 35.5 and 39.5 cm). The three earliest
values were used to account for the uneven sedimentation rates amongst cores collected from
the samdake (Appendix E). Thigesulted in the deepest sample from SAMP2 at 58.5 cm
having an extrapolated date @f1790 An age model (Figure 30) was created for SAMP2

based on the cross correlation witle?%Pb dated CRS model (Appleby, 2001) established for
SAMPL1.
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Table 59: List of tiepoints betwee®SAMPL andSAMR2 correlated using % organic
matter(LOlss0) and diatom analysis

SAMP1 (Collected in 2015)| SAMP2 (Collected in 2017)
: . Method Used
Depth (cm) Date Corresponding Corresponding
Depth (cm) Date
1.5 2015 3.25 2015 Diatom Analysis
3.5 2012 5.25 2012 Diatom Analysis
4.5 2010 7.25 2010 LOlsso
7.5 2004 10.25 2004 Diatom Analysis
18.5 1983 18.25 1983 LOlss0
19.5 1980 22.25 1980 Diatom Analysis
22.5 1973 24.25 1973 Diatom Analysis
28.5 1953 305 1953 Diatom Analysis
35.5 1929 37.5 1929 Diatom Analysis
49.5 1839 46.5 1839 LOlss0
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Figure 530: Age-depth model for core SAMP2 usingssdating methods
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5.7.5. SedimentLithology
SAMP2 had the highest mean OM content of 30.3% (yet only the fourth highest standard

deviation of 59%, lowest CoV of 19%and the thirdkoweg carbonate content of 8% (Table
5.3). Water, OM and carbonate content remained relatively constant until 1950 at c. 90%, 20%
and 2% respectively, when large fluctuations were observed in all lithological records (Figure
5.31). A noticeablefeature waghe peak in the carbonate content of 18% in the 1960s. Bulk
dry density stayed constant at 0.15 gf¢hmoughout the core.

5.7.6. SedimentStable Isotopes and C/N Ratios
SAMP?2 had the highest me&hRC andi!°N values of all the cored lakes (Table 5B &3C, U
%C, %N and C/N values all remained constar6ét0a , 12.0%, 2.0%6 and 110 respectively
until 1950(Figure 531). Between1950 and 19801*3C values declinedt@3 0 & a n %N, %C
U'°N andC/N values increasetb 22%, 2%+5 adand 12.7respectivelyAfter 1 9 8 0 ,°Ct he
N, %C and %N showd high variability, withfluctuations ini*3C record(of betweers3 4 a
anda26: vparticularly prominent (standard deviation of@.3Table 5.3). This caicided with
the onset of higher sampling resolution. The C/N ratios declined rapidly in 1980 and then
stayed constant at 8.2 until 2017.

5.7.7. Sedimentary Pigments
SAMP?2 hal the highestconcentrations of all sedimentary pigme(itable 5.3) of all the cored
lakes Pi gment concent okeronedpurgle solghur bacteciglutemnt e n e
zeaxanthin (chlorophytes, cyanobacterialoxanthin (cryptophytes) and diatoxanthin
(siliceous algae remained low until 1950Chlorophyll a was notpresent in detectable
concentrations until 1@ as it was overshadowed byigh abundance of echinenone (Figure
5.31). Myxoxanthophyll (filamentous/pfixing cyanobacteria) reached a peak of 250.7 nmol
g! (1840) before it disappeared from the record by 1870. Concentratiarigooéphyll a,
echinenone, canthaxanthin (colonial cyanobacteria), hzegxanthin, pheophytin b
(chlorophyte} alloxanthin and diatoxanthin all started to increase in 1950, before peaking in
the late 2000s (as summarised by the PCA axis 1 sc89e3% varianceexplained). This
coincided with the highest rate and only period of significant temporal change in algal
communities Figure 532). Okenonestarted to increase in 1950 from 74.8 nmoblkg 154.3
nmol g* until 1982 when it suddenly decreased #3.9 nmol ¢. After 1982, okenone
concentration steadily increasedAll pigments were highly variade after 197Q which
coincided with the depth of higher sample resolutidris was also reflected in SAMP2 which
had the highest st andar emoliggofall the dorediakes (Tableb ¢ ar
5.3).
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5.7.8. Historical Records
The timings of notable events are shown inl&&h10:

Table 510: Timeline of the main @hropogenic changes within tliatchment of. ake Sampaloc
from 1950 onwards with data source shown.

Year Source
1950 Conversion i nt characterisdd Interview Data
by large scale development
1975 Water is still clear Interview Data
1979 Aquaculture starteohtensively Santiago and Arcilla, 1993
1980 6 hectares of cagéS.77% of lake surface) Santiago and Arcilla, 1993
1981 6 hectares of cagéS.77% of lake surface) Santiag and Arcilla, 1993
1982 10 hectares of cag€8.62% of lake surface)  Santiago and Arcilla, 1993
1983 12 hectares of cag€$1.54% of lake surface) Santiago and Arcilla, 1993
1984 16 hectares of cag€$5.38% of lake surface) Santiago and Arcilla, 1993
1985 16 hectares of cag€$5.38% of lake surface) Santiago and Arcilla, 1993
1986 21 hectares of cag€20.19% of lake surface) Santiago and Arcilla, 1993
1987 24 hectares of cag€23.08% of lake surface) Santiago and Arcilla, 1993
1988 25 hectaresfacagey24.04% of lake surface) Santiago and Arcilla, 1993
1989 28 hectares of cag€26.92% of lake surface) Santiago and Arcilla, 1993
Floating cages for tilapia expanded
1990 33 hectares of cages needing 600@df fish Santiago, 1994
food annuallymaximum cageoverage)
1998/99 Major fish kills in colder months Interview Data
2000 Big fish kill event- Stakeholders believe that Interview Data

increased aquaculture caused the deteriorati
in water quality since the 1980s and is
responsible for the algal blogs and fish kills
(which occurred annually in November and
December respectively)
2001 23 hectares of cages (22.12% of lake surfac LLDA

2002 17.1 hectares of cages (16.44% of lake surf: Jose, 2005

Early 2000s Reductionin fish cages to 12 hectarekl(54% Brillo, 2016a
(20032006) of lake surface

2005 More fish kills Interview Data
2010 10.55 hectares of cages (10.14% of lake LLDA
surface)
Big fish kill event Interview Data
2012 163 fish pens operating Brillo, 2016a
10.03 hectares obges (9.64% of lake surface LLDA
2013 10.03 hectares of cages (9.64% of lake surfa LLDA
2014 Promenade constructed along lake edge Brillo, 2016a
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10.47 hectares of cages (10.07% of lake LLDA

surface)
2015 10.47 hectares of cages (10%0 of lake LLDA
surface)
2016 8.4 hectares of cages (8.08% of lake surface LLDA
2017 400 families of illegal settlers discharge Interview Data

household waste directly into theke
8.46 hectares of cages (8.13% of lake surfac LLDA

2018 8.96 hectare of cages (8.62% of lake surface LLDA

5.7.9. Interpretation of Palaeolimnological Records
Lake Sampalocltit h e hi g h'¥Cs. N a r© alivalues @M conterandhigh
nutrient levels ¢f bothPQ:> and NQ)) in the water columiFigure 4.) suggstingthisis the
most productivef the cored lakes (Table 5.3). HigHCorg and U**Norgvaluescan be attributed
to high productivity due to the selective removal’d€ and**N fromthe DIC and DIN pools
(Meyers and Lallier-Verges, 1999) The majority of the lakecatchment is urbanised and
historical records state this has been the case since at least 1984 (see sectiorRerdda).
of stabilising forest covdrom a lake catchment namplify soil erosionescalatng inputs of
minerogenic material into the lakErfterset al, 2010) andfuelling algal productivityMelack
and Coe, 2013)Low pheophytina/chlorophyll a ratios anda high pigment inventoryalso
indicates googbreservation in this lake. This lake also had the highest standard deviations for
b carotene (345.50 nmot'gTable 5.3)and CoV (75%)suggesting this lake has demonstrated

the greatest pigment response, despite being ranked third on the aquaculture gradient.

There are three main periods of change in the proxy record of Lakeafa(as shown in the

PCA axis scores; Figue3l). The first period between 1800 and 1900, was characterised by

the extirpation of myxoxanthophyll and minimal change in the isotopic and lithological
records. The second period from 1950 to 1980tke beginningf an increase in all pigment
concentrations and™N isotopic ratios. There was also a sharp decreag€Gnvalues(from
826t0304) and C/ N ratios (12.7 to 8.5) tTand a r
The final period was after 1980, characterised by a sharp decline in okenone {01489

nmol g?) with a recovery in values pe499Q This period also saw a sharp decline in C/N

ratios, high variability ini**C valuesand a concordant increase in total productivity and

cyanobacterial pigments.

The presence of okenomethe earliesdated samplec(179Q (Figure5.31) suggests anoxic
conditionsand enhanced preservatiomoughout the sediment recqifériedrichet al, 2014)

The gradual changes in algal communibesveen 1800 and 19@@n be explained gdditive
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nutrient sourcegfrom an increasing populationjicreasing N concentrations in the water,
causing the replacement oi fiking with non-N: fixing cyanobacterigPaerlet al, 2001) The
sharp jump in okenone (purple sulphur bacteria) and incre@asdgal productivity indicators
(chlorophyllia, b car ot en,,1950pprovidas turthes @vidence of a rapid influx
of nutrients, fuellingpurple sulphurbacterial productivity. The sudden drop in okenone
concentrations in 1980 suggests algal biomass at the surface increased to such traexktent
reduced light penetration and water transparéh@tackandCoe, 2013)resulting in a decline

in bacterialcommunities deeper in the water colu(@rown et al., 1983 Cohenet al.,1993;
Yang et al, 2009. Elevated productivity combinedith anoxia could explain the high
var i abi I'®Ctegordafierla8h e U
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Figure 533 The area of Sampaloc occupied by aquaculture cages in hectares (blue) ¢
(black). Source of each data point is listed in Table 5.10
The presence of okenone in the sediment record, @2, Igredateshe onset ofclimatic
warming in this regiowhich began i1800; section 5.6.93uggesting anoxic conditiomgere
driven by anthropogenic activitiefnthropogenic activities have been present at Lake
Sampaloc since the Y Zentury, due tas location in the centre &an Pablo City(Table2.2;

Figure 534). Multiple studies of tropical lakes have shown that nutrient inputs (N and P) from
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anthropogenic activities can lead to anoxic conditions in the hypolinfrieckyet al, 1994
Hayamiet al, 2008 JeanPhilippe et al, 2015 Fukushimaet al, 2017) The increase in
nutrient sources from the expansion of $ablo City probably drove thehanges in all
communities, between 1800 and 190able 2.2 Figure 532). Expandingpopulationand its
associated infrastructure would have increasedniat of untreated domestic wagteith a
U'®N value of +5 to +2 5 A Teranes and Bernasconi, 200€ausing the extirpation of
myxoxanthophyll. The second period sifnificantchange, 1950 to 1980, corresponds with
largescale deforestatioand increased urbanisation,%en Pablavas tranormed into a first
class city in 1950This would result in extensive erosi@Raramageet al, 2016)and aarge

Figure 5.34: Phot ogr aphs (mhéto cteditkSeizartha Mcsanan) c
A.Bamboo strucGuedgat the | ake
B.Foreground) Fish cageaseasdribatkgesund) ti
C.Bamboo rafts wused .f olTrh et rsaendsi pnoernth eotnd rtéhyeB U

prior to subsampling
D. For egrBoaumbdo)o rafts used dmd bhaakgmpound)n
made structures
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input of allochthonous OMcausing the change®/ N r a tCeaduesaFigdré.3l) and

fuel the rapid increase in okenone and algal productivity indicaiddslack and Coe,
2013)This would have been furthexacerbatedby the introduction ofaquaculture in 1979
(Figure 533). Interview data suggestiat over 50% of the nutrients added to fish cages
through feedwith a Gi*>N of +3 3 Jare lost to the surrounding environmé@ondweet al.,
2012) contributing to the increaseéd®N values in 198@Figure 531). The variabilityin the

Ut3C recordn 1980 is explained in part by a higher sampling resolution (0.5 cm compared with
1.0 cm for the older samples). However, higher phototrophiodpctivity, changes in
allochthonous sources and the development of anoxia and methanogeegaspiet al,
2015) are likely to also be contributing factors. Increased eutrophication caused by the
introduction of aquaculture and anthropogenic pressures probabhedeacstage, in 1980,
whereincreased algal biomass reduced light penetration and water transp@eheyet al.,
1993) causing the decline in okenordter 1990, the secondary increase in okendtigufe
5.31) suggested a recovery in the lake syst&mms corresponds with remediation efforts by
the LLDA which saw a reduction in aquacultwage numbers (froll.736 in1991 to 8.62%

in 2018 (Figure R3)).
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5.8.Lake Bunot
5.8.1. Field Core Description
The bottom 14 cnf82-57 cm) of the sediment corBUNOT2 (total core length of 82 cm)
consisted of consalated weHllaminated gyttja witha high OM content and macrofossils
(aquatic macrophytéeaves) (Tablé.2). The top 57 cm of sediment was consolidated, dark
brown gyttja witha high OM content, which became unconsolidated betweeh@a.

5.8.2. Sediment Chronobgy

In BUNOT2, ptal 22%Pb activities did not reach equilibrium with supporté®b activities
(Figure 535). Total 21°Pb activityat the top of the core was 104.34 BqKipcreasing to
136.62 Bq K¢ at 24.25cm and decreasing to 49.01 Bq Kat 80.5 cm (Appendix F).
Unsupported?%Pb activities declined irregularly with depttpermitting the use of the CRS
model to develop the core chronola@\ppleby and Oldfield, 1978; Appleby, 200Bytificial
fallout radionuclideg**'Cs and?**Am) were not detcted in the sedimentthereforethe CRS
chronologiescould not bevalidated by any independent time markéhe CRS agedepth
model suggested that the sediment accumulasitewasc.0.1 g cn? yr?, with someperiods
of increasedsedimentation rates ithe 1960s, 1970s and the 2010 calculated age model

indicatedthat the82 cm core covered the past c. 88 years (1932).

5.8.3. Sediment Lithology (LOI)
BUNOT2 had the second highest mean and third highest standard deviation for both OM
content (of 278% ard 8.1%) and highest carbonate content 4%6.and 17%) of the cored
lakes (Table 5.3). The water content stayed constant at 90%; however, there were dips in the
record in 19656, 197@5 and 20182 to 85%. The OM content remained at 25% until 1980,
when tlere was a marked increase to 42%. Values then stayed c¢.40% untiB2988n they
started to decline (Figure 3). Carbonate values remained low (<6%) until 1:€83when
there was a sudden increase to >30%. After 1990, the carbonate content fluctghthgl sli
peaking at 57% in 20%2. The increase in carbonate content ocedi20 years after the
increase in OM suggesting this changas not because ohcreasedproductivity but moe
likely a dilution effect.The bulk dry density stayed relatively constdmwoughout the core at
0.15g/cm.
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5.8.4. Sediment Stable sotopes and C/N Ratios
BUNOT2 had the highest standatdviationand second highest CavVo N (6f 14: and
44% respectivelyof all the cored lakes suggesgtin hi gh var i abi'iCivdlugs i n t h
remained constant @5: until 195619, when they started to declines88: in 198314
(Figure 536) . Af t e8C valudsistarted to fluctuatd, with the highest variability after
19 9 7 N"N.valuestemained constant a2 unt i | 199 7 N3N statédttee r  wh i
increase to+6: (however, it demonstrated high variability; Figure 5.34). The higher
variability after 1997+3, could partly be explained by a higher sampling resolution. The %C
and %N recads both followed a similar pattern, with records remaining constant (at 10% and
1%) until 1978+5. In 197815, both records increased (to 25% and 2.5%) until 1983+4, when
values started to steadily decline to 15% and 1.7% respectively in 2017+2. The G/N rati

showed a gradual decline in values from 11 to a minimum of 7.5 in 2016.

5.8.5. Sedimentary Pigments
BUNOT2 had the highest concentrations of sedimentary pigments after Lake Sampaloc (Table
5.3)and the third highest CoV of 92%igmentconcentrations remainembnstant until 1975
(excluding okenone) when they started to increase, as summariged RCA axis 1 scores
(45.5% variance explained; Figure3B). Between 1970 and 199also coincidd with
significant temporal change in algal communities (FiguB&)5b c ar ot eaeanthin, ut ei n
pheophytinb, dloxanthin and diatoxanthinreached their peak concentration between 1975
and 1990 before declining in the youngest sediments. Okenone started to increase in the oldest
sediments of the core reaching a peak ®f nmol ¢'in 1960, followed by a fluctuation in
values until 19834. After 19834, okenone was not detected@he concentrations of
chlorophyll a and canthaxanthin (colonial cyanobacteria) remained constant at c. 70 and 40

nmol g* throughout the core. IBpigments showed high variability after 1955(Figure 536).
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5.8.6. Historical Records
The timings of notable events are shown inl&d&hl11:

Table 511: Timeline of the main anthropogenic changeéthin the catchment of Lake
Bunot from 1950s onwards with data source shown.

Year

Source

1950s to
1970s
1976

1980

1984
1989
1995
1998

2001
2005

2006

2009
2010
Post2010
2012

2013

2014
2015
2016
2017
2018

Water is very clear

Aguaculture established. Beginnin§a population
increase

Floating cages estalitied. Water is still clear

4 hectares of cages (13.11% of lake surface)

6 hectares of cages (19.67% of lake surface)

8 hectares of cages (26.23% of lake surface)
10.48 hectares of cages (34.36%8ake surface)
Aquaculture cage number reach maximum
coverage of 11.58 hectares (37.97% of lake
surface)

Decrease in fish farming

10.48 hectares of cages (34.36% of lake surface
Fish cages occupy Z83% of the total surface aree
of the lake (equivalent to 8 hectares)

LLDA reported 183 cages occupying 30.6% of
Bunot

4.58 hectares of cages (15.02% of lake surface)
7.8 hectares of cages (25% 0f lake surface)

Up to 150 fish cages operate on the lake

Big fish kill and algal bloonevent Algal blooms
are seen as positive (by the fishermen) as they
become a source of food for the fish (used for
aquaculture)

7.6 hectares of cages (24.92% of lake surface)
Last reported fish kill (previously occurred in
January)

6.9 hectares of cages (22.62% of lake surface)
4.17 hectares of cages (13.67% of lake surface)
4.17 hectares of cages (13.67% of lake surface)
3.8 hectares of cages (12.46% of lake surface)
3.8 hectares of cages (12.46% of lake surface)
65 fish pens operational fish cages have been
removed in the last year)

2.8 hectares of cages (9.18% of lake surface)

Interview Data
Interview Data
Interview Data

Interview Data
Interview Data
Interview Data
Interview Data

LLDA
Coronado, 2010

Coronado, 2010

Google Earth
LLDA

Brillo, 2015b
Interview Data
LLDA

Interview Data
LLDA

LLDA
LLDA
LLDA
LLDA
Interview Data

LLDA
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5.8.7. Interpretations of Palaeolimnological Records
Lake Bunot hd the secondhighest aquaculture disturbance of the cored lakes (Tableydtl)
theOM, b ¢ a @l valnesnordhe standard deviations or C¢Vable 5.3) do not
correspond to its position on the disturbance gradlesw values for the algal productivity
indicators suggest light limitation (evidenced by a euphotic depth of 2.2abte 4.2)was
restricting the depth of the photic zonen the water columnavailable to algae for
photosynthesize, depressingg@uction on a whole ecosystem sgalee section 3.7.1Burson
et al.,2018) Lake Bunot has the largest CA:LA ratio of 68.6 meaning the catdlerertsa
greaer influenceon in lake processes than in the other lakes. In lakes vattger drainage
arearelatively morenutrients and sedimentierive from allochthonous sourcgompared to
within the lake)(Walter et al, 2020) A partially urbanised catchment also amplifies soil
erosion, escalating the input of minerogenic material into the lake which fuels algal
productivity(Melack and Coe, 2013)

Thereweretwo rapid periods of change in algal communities in Lake Buastshown by

PCA axis scores) (Figure &). The first period change occurred betwed40 and 1960

(Figure 5.36) and washaracterised by an increase in okenone (especially after W@s0ut

any accompanyin@gcrease iralgal productivity indicatorand thebeginning of a decline in

U'3C from 825 t08334a . The second period aiignificantchange occued between 1980 and

199Q This was characterised by the sharp decline d@hd subsequentlisappearance of
okenoneThere was alsomapi d 1| ncr eas enzearantifin andapheopghyhn e , | u
concentrations followed in 1990 bygaadual decline in all pigments. Furthermdhes period

saw a change in the isotopic and lithological recoatsincrease i%C, %N, i*°*Norg, OM

content andhe beginning of a decline {@/N ratios

An increasen okenonebetween 1940 and 1960ggests a shift eeper light penetration and
increased water transpareneyhich resultedn an enlargment of photosynthetic bacterial
communities (Gemerden, 1995; Overmarsnd Van Gemerden, 2000)The lack of an
accompanying increase ialgal productin indicators cyanobacterial pigments and OM
content suggés this increase wasot fuelledby nutrient enrichmenfLirling et al., 2017)

Thed e ¢ | i ¥Cevaluesfrond2 5 & ( 1 934303 (t109 7 O B6) (rovideg avideace 5 .
of the increasing influence of anoxic conditions. The disappearance of okenone from the
sediment record in the 1980s suggests hypereutrophiditions have caused liglnitation

(from algal seshading), creating deawnes in the water coluni@onroyet al, 2011) Water

quality measurementllected since the 199@y the LLDA, show an increase in nutrients
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particularly phosphate, (from 1:8g/l (1996) to 1.9 m¢/(2004)) and nitrate concentrations

(from 0.02 mg/l (1997) to 0.17 mgRQ06)). Usually an increase in nutrient availability would

lead to an increase in primary production, but this is not the case here. The declining values in
the majority of the pigmnts suggests the shallowing of the anoxic layer is limiting the depth

at which phototrophs can photosynthesise (Figuie 4.
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Figure 538: The surface area of Lake Bunot utilised for aquaculture cages in hectares
and % (black)

Thefirst period of change identified in the proxy record (between 1940 and 1960) pooiss

to a period of limited anthropogenic activity at this lake, mordasing temperatures
anthropogenic or otheronranthropogenic factors are most likehe cause of change in algal
communities (Figure 5.1d). Climatic warming would have enhanced aimoxonditions
allowing purple sulphur bact ¥Qvalses FigureBg.oom an
The shift in the majority of the proxy recordbetween 1980 and 193fbrresponds to the
introduction of aquaculture in 197@hich increased tosipeakvalue of ¥.97%% of lake surface

area, in 1998; Figure 3) and a concordant increase in human settlements (Figgd®e bhis

development wouldntensify eutrophication(resulting in algal selfhading) and causa
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shallowing ofthe anoxic layer (igure 58d) (Fukushimaet al, 2017) Theincreagd input of

human ef f PNwaloesof(lOtd+2 @ a)i and f i s'iNvdlueso3 3(awi t h a
causi ng YNvalues sinseghe 1980Sandweet al.,2012) Interestingly, a reduction

in cage numbers (from tI#900s) has not resulted in a response in algadmunities.

Figure 5390 dtho g rod p HBsu ln@hbto credit: Suzanne McGowan)
Extensive al gal bl ooms

Fish cages and bamboo rafts used fo
Maimade structures

Extensive macrophyte coverage

oo
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5.9.Lake Palakpakin
5.9.1. Field Core Description
The toal length of the sediment core PALAK was 74 cratween/4 and 70 cmthe sediment
consisted of dark brown wdlhminated gyttja with a high OM content (Tat#l®). This was
followed by alayer of lighter brown wellaminated gyjjta, rich in macrofossi(aquatic
macrophyte leaves amdood fragment)between 70 and 12 crithe top 12 cm consisted of

unconsolidated dark brown gyjjta

5.9.2. Sediment Chronology
In the PALAK corg total 2%Pb activities did not reach equilibrium with supporté®Pb
activities(Figure 540). Total?'°Pb activityat the top of the core was 56.19 Bq'Kacreasing
to 122.37 Bg Kg at 8.25 cm and decreasing to 66.00 Bq Kgt 71.5 cm (Appendix G).
Unsupported?%Pb activities declined irregularly with deptipermitting the use of hCRS
model to develop the core chronolo@ppleby and Oldfield, 1978; Appleby, 2000)he fact
that the msupported*®Pb activity in the surface sedimemésiched zersuggests distbance
in the sedimentation process’Cs activities in the sedimentgere low and only detected
between 62.5 and 65.5 cm (Figure 5.3%)e CRSagedepthmodel placd 1963t8 at 65 cm
in agreement with th&’Cs recordFigure 5.39) The CRS agedepth model suggested that the
sedimentatiomccumulation ratécreasd from 0.03 g cn? yr (1942+15)to 0.11 g crf yr?t
(1980+5) Therewereconsiderable fluctuations in sedimentatamtumulatiomrates in the last
thirty years, with sharp peaks in the 1980s, 2000slmmdurface sedimentd he calculated
age model indicatethat the74 cm core covered the past c. 75 years (starting in 1942+15).
5.9.3. Sediment Lithology (LOI)
PALAK had the lowest mean and standard deviation for OM content (of 12.2% and 3.15%)
and the third highest carbonate conten8%a). of all the cored lake§Table 5.3) but has the
highest aquaculture densityhewater content remained constant between c. 85% throughout
the core except for two falls to 75% in 197516 and 1988+4. OM content peaked at 18.6% in
1942+15 and then declined until 1990, when thereavglsw rise in OM content from 8.1%
to 16.4% (2017) (Figure &1). The carbonate content remained constant at c. 6.0% except for
a large peak in values of 14.0% in 1976+5. Bhék dry density steadily decreased from 0.15
g/cn? (1943+15) to 0.05g/cm (2017+2).
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5.9.4. SedimentStable Isotopes and C/N Ratios
PALAK had the secondbwest mearand lowest standard deviaticand CoVfor i3C of &
31. D4 and2% yet had the second highest mean (
f o ¥N ofiall the cored lakes (Table 5.3heU*3C record from PALAK was relatively stable,
with the values fluctuating slightly betweed 1 & &a3rm3da (r&541H) . PN ecord
was constant at€3a unt il 1995N3, when the values st
+6a, which was maintained to thet3pbaseithedé&¢.
and %N follow a similar pattern with a steadgrgase in values to 10% and 1% respectively
in 19687, then a decline towards relatively constant percentages of 5% and 0.6% respectively,
for the reminder of the core. C/N ratios were stable at 12 until 1970+6, when they continuously
declined to 8 (201742

5.9.5. Sedimentary Pigments
Compared with the other lakes, the concentrations of sedimentary pigments in PALAK
remained relatively constant throughout the whole core (FigdB,%even though this lake
has a standard devi at i‘amthe third lowest€CaB0oiTabee of 1
5.3).Pigment concentrations of chlorophgll canthaxanthin (colonial cyanobacteria), lutein
zeaxanthin (chlorophytes, cyanobacteria) altakanthin (cryptophytes) all remained constant
until the early 2000s (Figure4l) . Concentrations of b caroten
algae) increased slightly between 1940 and 1960, followed by high variability until 2000.
Concentrations of ploghytin b (chlorophytes) were relatively stable (at 500 nmd) gntil
1985+4, when values rapidly increasdo 1000 nmol g. Subsequently, pheophytib
concentrations declined to c. 600 nmdllgefore plateauing. This is summarised by the PCA
axis 1 sores, which show continuous change throughout the core (55.8% variance explained).
After 2005, concentrations of chlorophydl b carotene, cant haxant |
diatoxanthin all showed an increase and high variability (which coincided with the higher
sampling resolution). This coincided with significant temporal change in algal communities
(Figure 542).
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5.9.6. Historical Records
The timings of notable events are shown inl&d&h12:

Table 512 Timeline of the main anthropogenic changes within the catchment of Lake
Palakpakin from 1960s onwards with thealgource shown.

Year Source
1978 Intensive guaculture first introduced Interview Data
19861990 Floating cages introduced Brillo, 20160

17 hectares used for aquacultgm@aximum cage
coverage) (35.42% of lake surface)

1996 16 hectares of cages (33% of lake surface) Interview Data

2001 15.89 hectares of cages (33.11% of lake surface) LLDA

2005 13.5 hectares of cages (28.13% of lake surface) Interview Data

2007 12.30 hectares of cages (25.63% of lake surface) Interview Data

2008 Aquaculture stratures occujed 85000 (c.18% of the Palancaran,
total surface area) 2016

2009 5.22 hectares of cages (10.88% of lake surface) Google Earth

2010 10.51 hectares of cages (21.90% of lake surface) LLDA

2012 9.8 hectares of cages (20.42% of lake surface) LLDA

2013 8.2 hectares of cages (17.08% of lake surface) LLDA

2014 7.95 hectares of cages (16.56% of lake surface) LLDA

2015 6.77 hectares of cages (14.10% of lake surface) LLDA

2016 4.796 hectares of cages (9.99% of lake surface) LLDA

2017 93 cageg4.566 hectares of cages) LLDA

2018 4.372 hectares of cages (9.11% of lake surface) LLDA

5.9.7. Interpretation of Palaeolimnological Records
Lake Palakpakini® di st i nct o6 in comparison {(<éa5mhe ot h
polymictic lake, and asud, lacks a stratified water column and a permanent anoxic layer (see
Chapter 5)This lake had the lowest mean OM content of all the cored lakes (Tablens.3
second lowest CoV (26%) suggesting low variability in OM content in Lake Palakpakin
Combined vith low pigment values and the absence of chlorodhyiut high abundance of
its degradation product pheophytinthis suggests poor conditions for pigment preservation.
Two factors explain this. Firstly,ake Palakpakin is a shallow lake system, influaed bywind,
river flow and high flushing ratg®rillo, 2016b), so mixing in the water columfillustrated
by the limnological datasection 4.7.Lprevents anoxia from developing in the hypolimnion
Secondly, pigmentsnderggohotodegradation when exposed to lightuphotic depth of.7
m (Table 4.3) allowed photosynthesis to maintain DO at depth, inhibiting fossil pigment
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preservation before permanent buff@aarciaRodriguezet al.,2002; Leavitt, 1993)The lack

of okenone, relatively stabi#>C values §3 2 . 0 & Yhe aresehce of DO (0.5 mgii) the
deepest watersuggests the absence of sustaiardxa (Deeveyet al., 1963) Furthermore,

the contemporary limnology data showed thaite Palakpakin réithe highest abundances of
chlorophyllb (>0.1 nmol ¢") and pheophytib (>0.5 nmol ¢') (Figure4.9) of all thecored

lakes. Today, his lake has abundant floatingnacrophytegwhich produce chlorophyib)
(Figures $44). The irregularemoval of water hyacintbH={chorniaspp.)by the fishermeno

make room for fish cages shows this lake has a problem with prolific aquatic macrophytes
(supportedby the high abundance of lutemeaxanthin and pheophytin since the1980s;
Figure 544).
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Figure 543 The surface area of Lake Palakpakin utilised for aquaculture cages in he
(blue) and % (black). Source of each data point is listed in Table 5.12

Prior to 1970, there was minimal change in the isotopic and lithological redaridafterwards
t h éCodirecordstarted o fluctuate,and C/N valuesdeclinedfrom 12.5 to 8.Pigment
concentrations remained stable until 2005, after which variability was high (corresponding to

a higher sampling resolution). wb spikes in sedimentation rates in 1990 and 2005
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corresponddto pek s Crg Chnsistently highi*®Norg valuesfurther increasedfrom +4
to+6 a pfter 1995

Thes | i ght i ncr esddiatoxanthin hrouglzout the sedieentary record, indicated
increased algal production (Figure 6.2%)nce 1970, declining /@ ratios, increase®M

contentand contemporary limnology (Figure 4.1) provided evidence of a shift in algal groups

from diatomsA chlorophytesA cryophytesA cyanobacteria (Chapter 4). High nutrient

loading (supported by water monitoring data; Figure Bidgure 47) has led to the proliferation

of Eichornia spp. (Brendoncket al, 2003; Yuet al., 2019) The dominance of aquatic
macrophytesvould causeincreased littoral production (supported by high pheophlgjin

inputting high quantities of ONinto the water columiReitsemaet al., 2018) stimulating
aqguatic productivity. |l ncreases | HWCwluesduct i:
(Torreset al., 2012) but Lake Palakpakidisplaydf | u ¢ t &@ vaiues.gThigiindicase

either the presence bXC depleted phytoplankton or OM from aquatic macrophytes influenced

the3C of organic carbon in the sedimerfisu r t h e FQramdu'éN, valu@sof thetwo main

aquatic macrophgs Eichornia spp. andPistia spp; Table 5.1) suggestthey may be
contributingt o war ds t h¥Cvallesmotdu a thien oc otn’&Nivaluese(Rigurey hi g
5.44).

Lake Palakpakirhad the highest aquaculture density (FigudS)pof the studied lakg yet

records limited changes in the proxy record (compared to the other cored lakes) suggesting a
lack of bottorawater anoxiaand riverine influenceh a s 6dampened?®6 i ts
anthropogenic and climatic drivefBhis lake had the lowest OM aitfC standard deviations
providing further evidence that a |l ack of
disturbance. Changes in precipitation could be responsible fou ct uat HPOommrdi n t h
(Figure 6.1) as trends show a slightly drier periodtvieeen 1970 and 1990. Reduced
precipitation in this shallow lake woultiave led to lake level drawdowiteading to
desiccation, decomposition and erosion of littoral sedimanis their subsequent deposition

at the coring sitéChenet al., 2017) It would have increaskesediment resuspension from
littoral areas and the gesition of minerogenisedimentgsupported by spikes in the bulk dry
densityand sedimentation radesduman activities expanded considerably after 1970, thih
introduction of aquaculturén 1978, rapidly increasing to peak densitythe late 1980s
(35.2% of the lakesurface area)The 1970s also saw an increase in the number of human
settlements, with rise in the number of coconut plantatians the encroachment of San Pablo

City into the lake catchmerfFigure 544). Thesepressures could accaufor the low C/N
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ratios, observed from 1970 onwards and for the fluctuations in all pigments (post 2000s),
especially, when combinaslith oxygenated condition® aid pigment preservation. TGN
ratios of the starter and finisher fish food are 9.7 a@déspectively, therefore, their increased

use would cause a decline in C/N ratios.

A

Figure 544: Phot ogr aphs (hototralik Buzaree MeQowaa)k i n

A.Chen Qingin Christina on a boat hol ding
B.Foreground) fish cages and background)
C.Extensive macr omahaya de cOtvreur atger eaa d

D.Fi sh cages surrounded by macrophytes
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Often up to 50% of the fish food is not consumed by the(figlkrview data; Gondwet al.,

2012 leaving the remainder to be utilised by alg&®ng et al, 2020)which could be a
contributing towards the fluctuating pigment values. At885,thes ma | | i n'tNr eas e
from +4 to +6 &, indicates there was anput of anthropogenic N sources into the lakke
concordant increases in thencentration of canthaxanth@md luteinzeaxanthin(indicatoss

for cyanobacteria) suggests anthropogenic ssuare fuelling cyanobacteria bloonihe
introduction of aquaculture, over a decade prior to tbbamgesshows other human sources

such as deforestation for coconut plantations and human settlements must be responsible.

5.10. Summary
The analysis osedimen recordshas identifiedhow sedimentation conditiongary between
lakes and has helped to understand how the individual morphological features of each lake are
modifying their response to environmental change. A comparison of the timing of changes in
the proxy record with those in the historical records has allowed an initial identification of the
possible drivers of these changes. This will be explored in detail in Chapter 6, which attempts
to quantify the extent to which aquaculture is driving lake nesgs.
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6. CHAPTER 67 IS LAKE RESPONSE DRIVEN BY AQUACULTURE?

6.1. Introduction
Lake sediments demonstrate continuity, environmental and seasonal sensitivity, and as such
provide high resolution records of past environmental and climatic chgHgekll et al,
1999) Lakes can act as sentinels for both aliemchange and human impacts directly, or
indirectly, through modifications of the catchmg®attarbee, 2000; Adriaet al, 2009)
Climatic warming has resulted in tropical lakes having more stable stratification, reduced
mixing and more prevalerdnoxia in the hypolimniorfLewis Jr, 1984) Reduced mixing
increases nutrient limitaticenddiminishes algal productivitgwVilliamsonet al.,2009) which
can have an acute impact on pelagic and benthic communities. To complicate matters, tropical
lakes are becoming increasingly stressed by human adisiieh as urbanisation, agriculture
and aquaculturéMcGrane, 2016)Anthropogenic eutrophication leads to nutrient loading and
increased algal productivity, which further amces anoxic conditions (Figugel). This
results in the shallowing of the hypolimnion, restricting ttodume ofwater availablefor
aquaculturg(Kalff, 2002). Increased nutrient loading is seen as one of the main causes of
changes to phytoplankton succession, resulting in the dominance of cyanoli&etbeaet
al., 2004 Cordero and Baldia, 2015Pespite its association with surface algal blooms,
increased nutrient loading does not always result in net higher algal produztivatyhole
lake basisas eutrophication can progress to the stage where dead zones form in the water

column due tolight limitation from selfshading (Figuré.1; Bhateria and Jain, 2016)

Tropical freshwater lakes are under ingiag threat fronboth anthropogenic activities and
climate changebut dsentangling and separating out these two drivers is problematic as they
both carcause a similar response within lake syst@vhifis et al., 2017) Separating out tise
impacts is most difficulin lakes experiencing eutrophicatibacausencreasing temperature
may produce similar responsesich as increased anoxia, algal productivity, nutrient loading
and nutrient recyclingMosset al, 2011) One approach is to use lakes that are located within
a small geographical areas it can be assumed that the pressuredezk by regional drivers
(such as climate) will be similar on all lakd®y accounting for the impact of such regional
drivers it isreasonable to attribute any further observed changes in lake communities to local
(catchmentscale), probably anthropogeniactivities (Mills et al, 2017) although these
impacts would be shaped by individual lake morpholdgythermorestudying lakes along a

6di st ur b a,suckas gquazuturaiows comparisonw® bemade between relatively

Opristined | akes (subjected to climate dri ve
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how increased aquaculture disturbance relates to the development of features, such as
eutrophication and anoxiéhelps understand howhese lakes will evolve over decadal

timescales.

6.2. Brief Summary of Statistical Materials and Methods
This thesis used two methodological approaches to determine if aquaculture has driven change
in the lake district of th&even Lakes of San Pablo. Thetfapproach assessed whether lake
response was proportional to the level of aquaculture disturbance. This approaGAivsed
fitted to the PCA axis 1 scorésom individualPCA) to determine patterns/trends and periods
of significant temporal change in alcommunitiegsee sections 33and 3.3.3). Correlations
between periods of significant temporal change for the individual isotopic and pigment records
and the introduction of aquaculture were also nofedthermore, the difference between the
pre andpost aquaculture meangas usedto assesghe response of each proxy to the
introduction of aquaculture and to determine if there was a proportional response to aquaculture
intensity. MannWhitney U testswere used teevaluatedifferences between pre ampdst
aquaculture values fai**C , *Niiand C/N ratiogsee section 3.3.7p help determine the

influence of fish food on these records

The second approach attempted to quantify the extent to which aquaculture drove change in
algal communities an@M properties in comparison to otrdrivers of change. This approach

used variance partitioning to quantify the extent to which aquaculture and other variables (such

as climate and land use) were responsible for algal community change (see section 3.3.4).
Finally, linear regressionwasuse t o under stand the relationsh
characteristics, algal commiyichange (measured as MakKandall coefficients of PCA axis

1 scores) and al gal bi omass (determined by
sedi ment core records), to assess whether th

responséo aquaculture (see section 3.3.6).
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6.3. Approach 1- Summarising change in the palaeolimnological records
Lakes YamboPandin SampalocBunotand Palakpakin demonstrated significant temporal
changein algal communities (Figure 6.1), however, the timingl @cale of these shifts
(assessed bgAMS) differed considerably among lakes (Figure 6.2). There were no periods of
significant temporal change irake Mohicap The periods of significant temporal change-pre
dates aquaculture in Lakes Pandin and Sampald@astdates aquaculture in Lakes Yambo
and Palakpakin. Only in Lake Bunot, does the introduction of aquaculture coincide with

significant temporal change in algal communities.
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Figure 61: Generalised additive model fitted to the PCA axis 1 scores from 1900 onwards fot
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The majority of the isotopic records from all lakes showed a tenmitom the pre aquaculture
mean (Figure 6.3)There was no proportional relationship in the difference between the pre
and post aquaculture means #C , 1°N{i%C, %N or C/N ratios and the level of aquaculture
(Figure 6.4)T h €3C U a frM isotopic ratios showed a significantly smaller decline/increase
in the low disturbance lakes (Yambo and Pandin) compared to the high disturbance lakes
(Mohicap, Sampaloc and Bunqtyvith Lake Palakpakin the exceptigRigure 6.3) The C/N

ratio demonstrated a deviation frahe pre-aquaculture mean for all lakeget each displayed

a distinct responsg@-igure 6.3) The timing of the introduction of aquaculture pebincides

with significant temporal change in %C and %N records in Lake Bunot. The introduction of
aquaculture does not match with ahy s cer ni b | &3 d'&y%Caand %Nm any n U
of the other lakesLake Sampaloc showed significant changéhaisotopic records in 1950

prior to the introduction of aquacultyrehilst theother lakes demonstratsnificantchange

postaquacitiure.
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In the high disturbance lakéBunot and Sampalocpigment concentrations were generally
higher and showed a greater deviation from thegopeaculture mearn comparison tdhe

low disturbance lakesy@mbo and Pandirf-igure 65). There was a greater change in algal
communities R?=0.47) as the level of aquaculture increased (as determined by the Mann
Kendall coefficient of the PCA axis 1 scores), yet it was not a proportional relationship (Figure
6.6). The increase in the differentalgal groups, alloxanthin (cryptophytes)iatoxanthin
(siliceous algae) chlorophytes (lutein, pheophytin b) and cyanobacteria (zeaxanthin,
canthaxanthin, myxoxanthoph)llwere notproportional to the level of aquaculturerlhis
pattern wasilsoobserve in the other pigments (okenone, chloroppdnd b car ot ene;
6.7), as Lake Sampaloc had the highest concentration in all these pigyetndsly had the

third highest aquacultumisturbance. The periods of significant temporal change were unique
to each lake and did not correspond with titeoduction of aquaculture. Fhake Sampaloc
significant temporal change chlorophyllaa n d b ocaurredtpre agaaculture Lakes
Pandin, Yambo, MohicgpBunot and Palakpakinperiods of significant temporal change

occurred post aquaculture.
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6.4.How do the responsesliffer between lakes with high and low aquaculture
disturbance?

Overall, sedimenii*®*Nogand %N values have shown considerable disruption to N cycling in
the study lakes, since 1980 (Figure 6 &) lakes demonstrated a deviation from the %N
baseline after 1980, yet only the deep, high disturbance lakes (Mohicap, Sampaloc and Bunot)
saw a increasdn N values. Lakes Pandin and Palakpakin, saw a delay in the siiftNn

until 2000, and there wam change in Lake Yamb&ince these changes do not correspond to
theintroduction of aquacultur@venconsideringhe age modeincertainty Appendix B, and

is thelack of proportional relationshifFigure 6.4) suggests aquaculture is not the cause of

c h a n g'®Nogand %N valuesThe delayed response in these two lakes is unlikely tube

to a | akeds eassheddweoelakeseare bnooppositeaends of the aquaculture
disturbance gradient. Furthermore, Lake Palakpakirich lacksan aroxic layer has been
subjected to other anthropogenic pressures (urbanisation), therefore, it is utdikiedy
demonstrating a muted/delayed response to aquacultuese Variations couldherefore be
attributed to differencgin the trophic conditionsof these systems, the prevalence of anoxia
and/or the relative influence of anthropogenic N loadiraple 3.4Botrelet al.,2014) Anoxia

is more likely to occur and be more persistent in tropical lakes comparehperatdakes
Even tropical lakes with low productivitfgsuch as Lakes Yambo and Pandail likely be
anoxic duringperiods ofextended stratificatiofFigure 4.4; Lewis, 2010Biogeochemical
transformations of N can result in the substantial fraation of(it°N values and, therefore,

U'°N can indicate the processes that have taken plaegersandlshiwatari, 1993)Virtually
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all stratifiedtropicallakes will losea substantial portion of thel inventory on an annual basis
through denitrification andtherefore, there is a greater likelihood of dépletion by
phytoplankton growing in thepilimnion(Lewis, 2002) Microbial communities can influence
U'®N values through denitrification, which is the reduction of sN®@ N, This process
preferentially uses the lightétN in the reduction of N&to N, further enriching the residual
15N in the DIN pool, resulting in isotopically light'®N values.Denitrification is a process
stimulated by anoxia and high temperatures in sedin{éfggers and Teranes, 2001Lake
Palakpakin lacks an anoxic layer (as determined by contemporary limnologicalldatale
Pandinanoxia did not set in until the 1980s (dataéed by the increase in okenone and decline
i nCvalue$, which whencombined with limited anthropogenic N loading would explain
the delayed responsetinis lake The response in the shallow Lake Palakpakin helps support

the idea that lake depth/anaxdrove change in the study lakes.

The i**Corgrecords showed a complex response to environmental dffaiote 3.4) All lakes

(except Lake PalakpaRirshoweda decline ini**Corg and C/Nvaluesat some point (Figure

6.3). This was accompanied bycarcordant increase in pigment concentratisnggesting
enhanced hypolimnetic anox@r productivity was responsible for thelecline in values
(Conradet al, 2011) However, the high disturbance lakes devidteth this pattern, post

1980, with each lake showing a unique response after this time (Figure 6.3). Freshwater carbon
cycling is complexwith a wide range of factors such as trophic level, productivity and

bi ogeochemical ¢ §Csql isotopic compokitiong&uirg, i201§) malking
interpretations difficult.This indicated that lake resposdgave been influenced by different
driversand/ortempered by catchment modifications and physical characteristics (see Chapter
5) (Moorhouseet al, 2018) | n L ak e N®firicreasqn, sugfesting enhanced algal
productivity was the most likely caug®leyersand Teranes, 200]1)supported by low C/N

ratios (10). In comparisgnthe high variability in i'3C in Lake Sampaloc, suggests a
combination of drivers were influencing the record, includiiggnér phototrophic productivity,
changes in allochthonous sources and the development of anoxia and methanfigeyaesis

et al, 2015) This is supported by low C/N ratd8), increases in algal productivity indicators
(chlorophyl | a, b carotene) and concordant
increased preservation due to enhanced anoxic conditibms)post 1980 change Ui!C in

the highaquaculturdakes correspormdl with the introduction of aquaculturelowever,each

lake shoveda uni que r e ¥@@recere indicating tintivadualilake catchment

modificationscould be mediating lake response to aquaculture.
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All pigments increased and dewadt from the baseline after 1950 (Figur®;@-igure 67).

There are three possible explanations for this. Finstiyye high disturbance lakesbanisation

and high levels of aquacultueehanced nutrient enrichmeteshpandet al.,2014) Multiple
studies have found that rased nutrient loading increases algal biorflassgaspiet al,, 2015;

Ding et al, 2019)in the initial stages of eutrophication (Figure 5.1). Secorsfig)lowingof

the anoxic layer in the high disturbance lakes would have enhanced teevaties of
pigments, with higher concentrations preserved in the sediment record (see Chapter 5; Figure
4.5). Thirdly, the lowdisturbance lake€rambo and Pandirt)ave the deepest euphotic depths
(Table 5.2), which is detrimental to pigment preservatlozavitt, 1993) Photosynthesis is
possible further down the water columesulting in a deeper oxygenated layer eimdrophyll
maximum and enhanced pigmedegradation (section 5.4.7). Leggsonounced anoxia
combined with greater depth (and increased sinking times) in the low disturbance lakes,
resulted irhigh degradation in the water column, meaning the apigaient abundance was
potentially underestimate@eshpandest al, 2014) It is likely that a combination of these

three factors were responsible for the increase in algal pigments.

The low disturbance lakes, Yambo and Pandin have low levels of aquaculture yet demonstrated
different response&ven though these lakes are in elpsoximity, they vary in both the timing

and scale of change observed in the proxy record. The timing of change in algal communities
and abundance was first observed in Lake Pandih9Gt7 (pre-aquaculture) but not until
post2000 in Lake Yambo (Figuré.1), with pigment abundances consistently higher in Lake
Pandin.The chronological offset in Lake Yambo, has most likely resulted in uncertainty with
regards to the timing of change in algal communiti®sspite the offset, the change in algal
communities is unlikely to coincide witlthe introduction of aquacultur8oth lakes show a
decl i*Ce ainml @ n PNwvalues yesthe scaleof ¢hange is greater in Lake Pandin
(Figure 6.3). It seems reasonable to suggest that since these lakes hagebomculture and

other anthropogenic pressurésatdespite the difference in the timing of the response, climate
must somehow be responsible for the change in algal communities. Furthermore, differing lake
management strategies could be a contrigufactor in the disparity betwe¢hese two lakes.

There is evidence that Lake Pandin had a structured management strategy which included a
community groupwhich actively promoted a switch from aquaculture to ecotourism in the
early 2000s(Anastacioet al., 2016) The lack of documented ewidce about any similar
management strategy at Lake Yam{grillo, 2017 and the fact that ecotourism did not

commence in this lake until 2018 ¢fn visual observation) suggests less active intervention.
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The most likely explanation is that individual lake characteristics are modifying the extent and
timing of the respons@Adrian et al, 2009; Jeppesest al, 2014) Lake Yambo is shallower

and has a larger surface area than Lake Pandin (Table 4.2). Lakehdsdtben found to

control the intensity of the impact from climatic warmifgjenckner, 2005)Deeper tropical

|l akes have a |l onger hydrologic residence tir
for longer in the lake syste(alling, 1963) Furthermore, the impact of precipitation, wind

and storm events is reduced in lakes with a longer residencéiemekner, 2005)Therefore,

Lake Yambo would be more susceptible to wind driven turbulence and less likely to have stable
stratification (compared to Lake Pandin). In Lake Pandin, stratification most likely developed
earlier (due to climatic warming; Figure3pleading to more prevalent anoxRabalaist al,

2010) As previously discussed (in Chapter 5), increased anoxia would result in enhanced
preservation of algal pigments and a greater decline itt@erecord. This could explain why

Lake Pandirhas a Bnilar community compositioto Lake Yambgyet has a higher abundance

of algal pigments (as less is being lost to degradation in the water column). This highlights that
differing | ake morphologies can medogerice a | a

drivers.
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6.4.1. The role of anoxia
As observedn the contemporary limnological datdhe palaeolimnlogical recordsshowed
distinct physical, chemical and biological changes alongtjuaculturegradient(Figure 6.4;
Figure 6.9. Movement along theaquaculturegradient was characterised by progressive
eutrophication and enhancement of anoxic conditions, leading to the appearance and increase
in okenone (purple sulphupacteria). N fixing cyanobacteria (myxoxanthophyll) also
disappeared as nutriemtalding increased (Figure5). As thelevel of aquaculture increased
more oxygen wasonsunedin respiration and microbial degradati@ading to a widening of
the anoxic layeandan associated increase in algal bion{&sdff, 2002 Rhode<t al, 2017)
This resulted in concordant increases in all pigments from enhanced preservation. Although an
increase in aquaculture initially caused an expansion in algal biomass (including okenone;
Maheauxet al., 2016) this is not sustainable in prolonged hypereutrophic conditions, as
demonstrated in Lake Bunofhere was alecline in pigment carentrationsin Lake Bunot
even though nutrient inputs of N@nd PGQ* increasedLLDA, 2006a; 2009) This is because
increased oxygen consumption (by algae) resulted in a shallowing of the photic layer, reducing
the area in the water column where algae photosynthesise, confining algae to the surface.
This caused the disappearance of okenone beadusigading by the algae, reduced light
penetratonu | t i mat el y cr eat iwatgr cautheMabeauzep al.g2086) i n t h
determined that okenone concentrations increased with eutrophication, yet were ultimately
constrained by light limitatiofLami, 2000) However, Lake Palakpakin has the taghlevel
of aquaculture but laclksgnificant temporal change the proxy recordFigure 6.1)suggesting
the impact of anoxia is pivotal in the preservation of pigits@anch ad O dampenedd6 t h

response to aquacultursegsection 6.4.

Although the introduction odquaculture antedattge appearance of okengitaloes coincide

with a significant reduction of okenone in the deep, high disturbance lakes, Sampaloc and
Bunot. Evenconsideringdating errorsof +4 years at 198he introduction and sbsequent
increase in aquaculture lead to a reductaomd in the case of Lake Buntte disappearance

of okenone.This suggests aquaculture increased nutrient availability (from fish food and
excretion) leading to increased algal biomass (suppbsteéatreased chlorophyll a, %C and,

%N; Figure 6.3; Figure 8), reduced light penetration, negatively impacting okenone
concentrations. The lakes with high aquaculture also have high levels of other disturbance (see
Chapter 5) which would egarbateanoxia, tierefore, it could be hypothesisédt aquaculture

pushedalready stressed lake systems to a state where the conditions were unfavourable for
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purple sulphur bacterigAnoxia plays an important role in aquaculture, limiting the space
available for fish toive in the water column (see section)4and areduction in fish quality

Low DO concentrations cause a substantial reduction in appetite, poor food ingestion and
nutrient absorption leading to less energy for growbnget al.,2011) Attempts in thénigh
disturbance laket® optimise productivity by increasing stocking densities in the 19@0sd

have caused water quality degradation and negatively iexqbigsit used for aquaulture. Each

fish species responds differently to stocking densities, yet the adaptability of Nile Tilapia (the
main fish species farmed at the study lakes) to poor water condiEas 2016)could have
resulted in someesilience to low DO. However, the anntiah kills and declining quality of

fish, especially in the high disturbance laKegerview data, Appendix A3uggests declining

DO is having a drastic impach@aquaculture in the study lakes.

6.4.2. Cyanobacteria and HABs
Surprisingly, myxoxarthophyll (No-fixing cyanobacteria), the main HAB indicatevas not
present in postl900 samples (Figure . but was detected inlow abundance inthe
contemporary recordFigure 49). Photographicevidence (Figure 26) showed extensive
blooms, yet thisvas not reflectedin the pigment record. Surface bloom pigments (such as
myxoxanthophyll) are generally not incorporated well into the sedireeatd due to extensive
photo-oxidation (from the light at the surface) abecausehe pigments havdurther to sink
prior to deposition (Freiberget al, 2011) The shallowing of the anoxic yar, which aids
pigment preservation (especially in the lakes with high aquaculture) does not seem to have
increased the preservation of myxoxanthophglie to the effect of sunlight on pigment
degradation at the surface. All of the study lakegeN limiting at the time of sampling (May
2017) providing ideal conditions for-Nixers to bloom (Havenst al, 2003). It is most likely
that the low N concentrations (caused by greater P loading from aquaculture) provided the ideal
conditions for N-fixing cyanobacteria to bloorfMcGowanet d., 2012, yet high irradiance

resulted in a lackf preservation.

There was alight increase in cyanobacterial pigments relative to the other pigments in the
high disturbance lakepostaquaculturgFigure 68). The enrichment of surface waters with
nutrients (N and P) is a key driver in the formation of cyanobacterial bld@vassonet al.,

1997) Furthermore, research has shown that physiological (more rapid growth rates) and
physical (enhanced stratification) factors promote the proliferation of cyanobdcteria e i |
al., 2013) under warming conditiongPaerl and Huisman, 2008)Lirling et al, (2017)

determined that eutrophication and warming act in synergy toulstien algal and
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cyanobacterial biomass witbutrophication the more dominant factor. This suggests the
combined effects of warming and eutrophication (from aquaculture) could have fuelled the
increase in cyanobacteria, particularly in the high disturbé@s. Furthermore, traits such
ashigh-affinity PQ:* uptake system activated at low P concentratansthe ability to store

P (Cottinghamet al, 2015) allows certain cyanobacteria taxa to accBsstored in lake
sedimenor trapped in the hypolimnion (that is not available to other algal gr@Xjes)2006)

In stratified tropical lakes, P builds up in the hypolimnion from internal P loading (Figure 5.1)
even in lakes with low disturbance. These traits combined with warming amgpleioation

could explain the increase in cyanobacterial taxa in the six (&licasre 6.6)
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The different proportion of algal groups in the sediment records of the individual lakes could
be the result of the addition differentforms of N froma variety of anthropogenic activities.
Since N limitation of phytoplankton is generally more common in tropical than temperate
lakes, ke responsto changes in N concentrations are to be expdtalis Jr., 2002) The
source and intensity of N inputs (which is greater in the high disturbancédriakesquaculture

and urbanisatiomrapparentlyresulted in a higher abundamof chlorophytes and cyanobacteria

(at the expense of siliceous algae and cryptophytes) (Fig8yeThe addition of differing
forms of N can influence the algal community composition and fawvearrN> fixing
cyanobacteria.Previous research suggeststtleffects of N on algal predtivity and
composition may depend on the source and chemical composition of N added (Bdaikesn

and Chava, 1999ponaldet al, (2011)found that the magnitude of N effects omi¢h lakes
varies with the chemical form of N, which changes between different types of human pollution.
For example N from urban wastewaters is composed of mainly; XEavageet al., 2004)
Therefore, under these conditions, urban pollution ofrich lakes should increase
phytoplankbn production by selectively stimulating growth of Adp fixing cyanobacteria

and chlorophytes (luteineaxanthin, canthaxanthirtp the detrimentof N, fixing taxa
(myxoxant hophyl I). This was obser vidldfixingn t he
taxaincreased 500% as a result of Naflux from the City of RegingLeavitt andHodgson,
2006) NOs from diffuse nutrient sourcesan alsocause an increase in potentially toxic
cyanobacterialthoughthis would be to a lessaxtentthanan influx of NH: (Bermanand
Chava, 1999Buntinget al, 2007) In aquaculture, NiHandureaare the two major forms of

N that are produced and excretedhe surrounding environme(Zimmer et al., 2017)Urea
stimulates production of toxic cyanobactdfalayet al.,2010) Donaldet al,, (2011) further
demonstrated thatl pollution escalategutrophic conditionsand algal toxicity in lakes with
elevated concentrations of SRP and low N:P, and that the magnitude of these effects depends
on the chemical form, arttie sourceof N. It could be hpothesised high levels of aquaculture
and urbanisatiofconsisting of mainlyNH4 and ureamagnified eutrophication andABs in

the high disturbance lakes.
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6.5. Approach 2 - Correlating multiple drivers and algal responses

6.5.1. Variance Partitioning i Quantifyin g the impact of drivers on algal
communities

Land use changes (and its combined interactions) explained the highest significant variance
(19.5to 24.8%, p=<0.005; Figure 6.9) in Lakes Pandin. Yambo and Sampaloc. In Lakes Bunot
and Palakpakin, land use cigges did not explain any significant variance. Aquaculture only
explained marginally significant variance in Lake Sampaloc (13.0%, p=0.008). These results
were consistent with past studies on the Seven Lakes and other tropical lakes, which show
catchment wturbances and aquaculture are linked to enhanced P delivery, accelerated
eutrophication, increase in algal abundance and a deterioration in water (fLaddiero and

Baldia, 2015; Bannisteat al, 2019) Annual mean temperature, precipitation, and ENSO did

not explain any significant variance in algal communities in any lake. The unexplained variance
ranged from 34.5 (Lake Bunot) to 63.4% (Lake Yambo; Table 6.2) suggesting some
explanatory variables were missed in this analgBmcardet al., 1992) Furthermore, the
absence of significant explanatory variables in Lake Mohicap indicates that short term
fluctuatons in algal community composition were regulated by factors not included in this
analysis (e.g. macrophyte coverage). It could be infehadhe low sample size, shorter time
series (posil960s, n=12) and chronological offsets resulted a less rahastsis, explaining

the lack of significance. Furthermore, the validity of the analysis is constrained by the choice
of explanatory variables for each lake and a lack of catchment specific data for land use changes
(population, housing numbers and cocQniihis means trends are generalised and may not
accurately reflect actual change in individual lake catchments. The variance partitioning results
should be therefore, be interpreted with caution and only be used as an indication of possible

causal links.
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Table 61: Variance partitioning results for the six lakesowing the percentage of variance explained by land use, aquaculture, climate and a combination of first (L.
Usei Aquaculture, Land Usk Climate and Aquaculturgé Climate), secod order interactions (Land UseAquaculture’ Climate) and unexplained variance

* significant p<0005 ** marginally significant P<0.01

*** these fraction are negative which indicates that two variables together explain the variance in fossil pigmentsdpetiter shm of the individual effects of these
variables. As no partial regression can be computed for the negative inteisgdtioannot be tested for significance (so lacks a p value).

Lake Pandin Lake Yambo Lake Mohicap Lake Sampaloc Lake Bunot Lake Palakpakin
Component % P value % P value % P value| % Pvalue | % Pvalue | % P value
variance variance variance variance variance variance
explained explained explained explained explained explained
Total 61.5 0.002* 36.6 0.014 56.8 0.002* 65.5 0.002* 50.3 0.008**
Land Use 199 0.005* | 19.5 0.005* None ofthe | 54 0.002* | 6.7 0.068 17.6 0.18
Aquaculture 2.0 0.254 14.4 0.026 variables were | 13,0 0.008** 6.9 0.034 9.8 0.062
Climate W 1.4 0.364 significant so | 0.7 0.46 -3 12.4 0.154
Land Use Aquaculture 10.9 0.002* -8.9x** variance -5, 2kxx 4.6 0.016 -5, 1+
Land Use- Climate -0.4** 4.9 0.014 partitioning was| 0.3 0.006* 0.3 0.014 -1.5%*
Aquaculture- Climate 3.2 0.264 11.6 0.086 not completed 8.2 0.126 4.7 0.204 14.5 0.126
Land Use Aquacuiture | ¢ 5 16,4 on this lake | 15.0 445 2.7
Climate
Unexplained 38.5 63.4 432 34.5 a7.7
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6.5.2. Do lake physical characteristics influence sedimentary pigment deposition
and the degree of pigment assemblagdhange?

Two separate variables were used (M&mdalland mean bocaeet eéfhel) he
physical characteristiogere associated witthange in algal community and/or algal biomass.
MannKendall coefficients of PCA axis 1 scores (which provides a single variable for algal
community change for eachkl®) were used to determine if any of the five physical variables
were responsi ble for the change in algal <con
carotene (which provides a single variable for algal biomass for each lake), was used to
determine fi any of the five physical variables influenced algal biomass. For example, this

would help determine if lake depth influenced preservation conditions.

In terms of community compositional change, linear regression revealed no significant
correlation betweaethe degree adlgal community change (Marttendall coefficients of PCA
axis 1 scores) and the five physizariables (Table @, Figure 611). Furthermore, none of

the physical variables showed a significant correlation with algal biomass (Fig0ye 6.

Table62:. Li near regression models of mean
Coefficients for theix lakes against the five physical proxy variables with adjusteh&®p
values shown.

Linear Regression Model Adjusted R Value P value
b carotene ~Elevation -0.22 0.20
b carotene ~Depth -0.14 0.57
b carotene ~Surface Area 0.68 0.03
b carotene ~Catchment Area -0.16 0.60
b carotene ~CA:LA 0.23 0.81
Mann Kendall coefficient-Elevation -0.19 0.22
Mann Kendall coefficient-Depth -0.12 0.53
Mann Kendall coefficientSurface Area 0.06 0.45
Mann Kendall coefficient-Catchment Area 0.09 0.48
Mann Kendall coefficientCA:LA 0.16 0.60
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236



Mann Kendall Coefficient

Mann Kendall Coefficient

0.6 0.6

.2 e
05 ] o ° AdJ R - '012 g 05 ] . °
p= 0.53 =
0.4 ] . S 04 /
@)
0.3 1 ° ° g 0.3 1 .
&
0.2 1 ¥ 0.2
S Adj. R’=0.16
| o T 0.1 ° S
0.1 b= p= 0.6
0.0 : : ‘ 0.0 : : :
0 20 40 60 0 20 40 60 80
Depth (m) Catchment : Lake Ratio
0.6 0.6
c
0.5 1 . o %
2
0.4 1 . 3
@)
0.3 . * [
C
Q
0.2 - X 0.2
.2 = .2
01, Adj. R=-0.19 . CEU 0.1 1 R Adj. R=0.09
p=0.22 p=0.48
0.0 , , , , , 0.0 , , , , ,
60 80 100 120 140 160 180 0.0 0.2 04 0.6 0.8 1.0 1.2
Elevation a.s.l. (m) Surface Area (km2)

Figure 611 Li near regression showmeag bhearet antk
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6.6. Does climate explain preaquaculture change?

Surprisingly, annual mean temperature and precipitation did not explain any significant
variance in algal aomunities. It would be expected that the low disturbance lakes have the
same amount of variance explained by climate as the other lakes buttbaldiconstitute a
largerproportion of the total variance explainéchis isbecause fewer anthropogenictfars

were influencing algal communitiegh Lakes Yambo and PandiBannisteret al. (2019)
suggested thatlimatic warming had exerted a strong influence on algal communities at Lakes
Sampaloc, Mohicap and Yamlmince the 1980secause of enhanced stfigition and anoxia.
Warming enhanced stratificatidegadsto longer periods of hypolimnetic anoxia (as determined
by monthly DO measurements) and the appearance/increase in okenones{fab|e3012).

¢

Limnological data( sect i on 4. 6. 24C, valueshand inceeasé in nokenomen
concentrations in the low aquaculture disturbance lakes prbendence that warming has
led to increased stratification and enhanced anéxiditionally, these anoxic conditions could
have led to the release of P and Nitém the sediments, which enhanced eutrophication and
promoted algal growthlas shown by high concentrations of cyanobacterial pigments),
increasing the potential for enhanced pigment grregion. Furthermore,Bannisteret al,
(2019) determinedthe changes in diatom communitié@be cooccurrence ofAulacoseira
granulatg Cyclotella meneghinianand Discostellaspp.) at Lakes Yambo, Mohicap and
Sampalocefleciedenhanced eutrophication superimposadhe efects of climatic warming.

It could be hypothesised that climatic changeelate 20th century accentuatbdsymptoms

of eutrophicationparticularly in the high disturbance lakesakingalgal communities more

receptiveto nutrient loading.

Interestngly, ENSO did not explain any significant variance in algal communities (Figure 6.9)
However, this analysis was only completed on post 1960 sanspléss possible that ENSO

was adriver of preaquaculture change in Lakes Bunot and Yanklgure 6.2 saggests PCA

axis 2 scores correspond to changes in the concentration of ok&toeekeret al., (2018)
determined that ENSO is the dominahinatic influence on inter annual timescales and has a
pronounced effect on rainfall and temperature variability in the Philipdiyes.and Camargo
(2009)determined that precipitation (from typhoons and storm events) was significantly higher
during El Nifio compared to La Nifia events. El Nifio events enhance nutrierff mito lakes

and when combined with long water residence times provide ideal conditions for doms
purple sulphur bacterigPhlipset al.,2020) In Lake Yambo, the lack of an in/outflow results

in considerable seasonal variation in the | a
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2.4), so the associated influence ENSO has on temperature and precipitationecauld b
contributing facto(Okonkwoet al.,2014) However, since Lake Yambo has a CA:LA ratio of
24.5, this suggests catchment size is not limiting the volume of rain inwashed into the lake.
Lake Bunot has the largest CA:LA ratio of 68.6 which means it has a large catamnadation

to the | akeos,theraford nie suscaptideao changes in flsishing rates and
precipitation. Lake catchments with gentle relief receive proportionally greater amounts of
OM, whereas steep catchments are supplied with a gpra®rtion of mineralogical material

(Hall and Smol, 1993)The nutrient ruroff from the large catchment could have fuelled
nutrient enrichment in Lake Bunot and aided the formation of dead zones in theahabten
(Figure5.36).

6.7.Do lake physical characteristics modify their response to aquaculture?
In terms of community compositional changieere was neignificant relationshipbetween
algal community change (Masitendall coefficients of PCA axis 1 scoreshd the five
physical variables (Table B. Figure 610). The relationship between algal community
change/algal biomass and the physical variables appeared to be driven predominantly by the
outlier sample from Lake Sampaloc, which could explain the laskgaificant relationships
(except for surface area and algal biomass; TaBleFtgure 611). The lack of a significant
relationship couldalso be explained by a lack of samples (e.g. lakes; n=6), resulting in the
analysis not being sufficiently powatto detect aignificantrelationshipbetween the physical
variables and algal community changéayak, 2010) Spatial differences cadilhave arisen
from variations in the level of nutrient input from witHaeke, catchment activities and/or other
morphological featureSfammelin and Kauppila, 2018}y he results suggest the modificason
of past algal community change were not systematically drivehebghysical characteristics
of the study lakes. Despite this, it is important to consider the individual morphological features
of each lake when interpreting change in the proxy record (see Chapter 5). Lake Palakpakin
demonstrated a distinee response @mpared to the other lakes (Figure 6.3; Figube ligure
6.7) due to its shallow depth and lack of anoxia, providing clear evidence that lake

morphometry was dictating its response to change.

6.8. Do inputs of fish food lead to changes in the stable isotopirecord?
The lack of a proportional relationshipe t ween pr e an d°N yabestndthe uac ul
level ofaquaculture disturbancguggested aquaculture is not driving the change in this record
(Figure 6.4Figure612) . Since starter ¥Nivaueoff3Baitwohidas a Vv

be expectd that lakewith higher levels of aquaculture would have shown a greater proportion
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i ncr e &N eluds pre and post aquacultuBther studies have shown fish food used in
aquaculture exhibits a distinct isotopic signature, relative to local reeoand biotgGrey,

2006) which allows for the identification of relative contributions from natural and fish food
sourcesn shrimp and mussel farmir{y okoyamaet al.,2006) This should result in a distinct
aguaculture signal in the sediment record of the study lakes. If fish foodiwiag tlie change

there would bea positive relationship bete e N values and trophic sta(@otrel et al,

2014) but this is not the case. The lack of a proportional relationship could be due to other
factors. In the case of Lake Sampaloc, its location in theeefithe city and the resultant

hi gh i nputPNeduesoSt@+gsa ; MeversandLallier-Vergés, 199pinto the

lake, could explain why it has the highé&tN values yet is ranked third in the aquaculture
gradient. Lake Bunot has a higher aquaculture disturbance than Lake Sampaloc but showed a

lower proportional increasei™®N values (Figure 612). Lake Bunot is considered
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hypereutrophic (Table 4.8) andder these conditions, bécamdimiting (Table 4.6) resulting

in the rise of N fixers (with U**N values of+1 to+2 &4 ) , | eaaatluctiog init®Novalues

(Gu, 2009) The lack of myxoxanthophyll in contemporary water samples in Lake Bunot
suggests the decline iA°N values wasot due to M fixation. However, Lake Bunot also has

the shallowest anoxic layer (as discussed above and in Chapter 5) and would undergo extensive
denitrification which weNuvaldes (Ekbegeteal, 2004t o pi C ¢
Yokoyamaet al.,2006) Therefore, pronounced anoxia could have made microbial activity the
dominant driver on N cycling in Lake Bunot.

There was a decline in C/N rasi along the aquaculture disturbance gradient post aquaculture,
most likely driven by the low C/N values in the fish food end members (8.0 and 9.7; Table 5.1),
yet this does not seem to be the case foitt@records(Figure 6.4. If aquaculture was the
cause, 3@ ealuds iofythe starter and finisher fish food §86.2 ands2 6 . 5 &
respectively; Tabl e 5.7 yaluespbutlthe opposite sceiffian i ncr
differing timings andack of change in LakPalakpakin (Figure &3) suggestsnoxia is most

likely the cause of the declinkow disturbance lakes typically have higher C/N ratios from
reduced autochthonous production and greateraish of terrestrial OM (Figure B3; Meyers
andTeranes, 2001 )which could explainte higher C/N ratios observed in Lake Yambo and
Pandin.Gondweet al., (2012)determined the incorporation asli cage waste into the food
webs acts aa food source for algae in lakes. The enhanced use of fish food would have
stimulated autochthonous (algae) production particularly in the high disturbance lakes,
lowering C/Nratios (Figure 6L.3). Furthermore, ihake Mohicap, a switch in the type of food
used (see section 5.8.7) could have cattsedpike in C/N ratios in the 2000s. However, only
Lake Sampaloc had a significant change in C/N ratio following the introductaguaiculture

(Figure 6.3 providing ®meevidence aquaculture is drivirlge change in C/Natios.
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6.9. To what extent is aquaculture responsible for changes in the proxy record?
The % of variance explained algal communitieby aquaculture does not rise with increased
aquacultureintensity Surprisingly, aquaculture only caused marginal significant change in
Lake Sampaloc (13.0%, p=0.008) despite this lake not having the highest level of aquaculture.
In contrast, in the high disturbance lake (Palakpakin), aquaculturenetasgnificant and
explained a lower amount of variance (9.5%, p=0.06R¢ lack of significant change as a
result of aquaculture could be due to chronological offset and dating inaccuracies (especially
in Lakes Yamboand Mohicap. This inconsistency couldlso be partly explained by the fact
that all variableqe.g. aquaculture, land use and climateanged concordantiyost 1980
making the results statistically indistinguishable. This inconsistency between changes in
aquaculture density and algal community d@mwasmost likely due to continuous nutrient
loading from an expanding human population combined with more prevalent anoxia masking
the impacts of aquacultuf€olke et al, 2004 OECD, 2012) Pronounced anoxia would lead
to internal P loadingrom the sediment§Orihe et al, 2017)further aggravating eutrophic
conditions. The higher proportion of variance attributed to factor intersctather than direct
effects suggests the effects of the aquaculture were mediated by the other variables especially

in Lake Bunot, but this was also found in the other lakes to a lesser extent.

Land useexplained the highest % of significant variamea@ majority of thdakes,suggeshg

the gradual encroachment of the urban cemickthe greatest influence algalcommunities

(Figure 69). The high value recorded for Lake Sampat.&0, p=0002) wasexpected as it

is located in the centre of Samalfo City. In comparison, Lake Pandib9(%6, p=0005) is

remote (located the furthest from the urban centre), wilimited number of settlers and
structures within its catchmemiowever, the ecotourism industry in Lake Pandin has expanded
substantiallywith >12,000 visitors in 201@Brillo, 2017)and the resulting input of waste into

the lake could be a possible reason for the high % variance explained by lamtieusggh

value of unexplained variance in the lowtdrbance lake provides further evidence that these
lakes have a low threshold for disturbance eff@tmnnisteret al, 2019) In Lake Sampaloc,

the expansion of the human population, replacement of native forest and the conversion of San
Pabb into a 6first classé city in 1950 (see Ct
in algal communities (Figure B. Figure 67). However, the other lakes do not show a
significant change in 1950 (Figure 6.3; FigurB; &.igure 67). The high% variance suggests

that the continuous additive nutrient sources are driving change in algal communities.

Urbanisation and the resulting deforestation would lead to @ffunf allochthonous OM
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(suggested by the incr ealdCeCostaBod@ekert al, a0ld) os an ¢
fuelling algal productivity (i nécyammbdacedal by an
pigments and okenone) (FigurebgFigure 67). These resultare consistent with previous

studies on the Seven Lakes and other tropical lakesh show ubanisationenhanced the

influx of nutrients fuelling eutrophication and increases in algal abundévaest al, 2006;
TownsendSmallet al,, 2007; CostéBoddekeret al, 2012; Bannisteetal., 2019)

6.10. What is the role of aquaculture?
Both approaches showetb proportional relationship between change in the proxy record and
level of aquaculture disturbanceith the changes along the aquaculture gradient driven by
increased eutrophicatiomé enhanced anoxidhe variance partitioning concluded there was
no relationship between the % variance explained by aquaculture and level of aquaculture
disturbance. fere is evidence that aquaculture exacerbate@xysting changeespecially in
lakes higher up the aquaculture disturbance gradient (which also equated to greater
anthropogenic disturbance in general). Generally, the high disturbance lakes showed greater
change in the proxy record compared to the low disturbance lakes (Figure 6.4; F&gure 6
Land use changes explained tireatest % of significant varianae a majority of the lakes,
suggesting it is a more dominant driver than aquaculture (TableThis is supported by the
significant temporal change, recorded pagtiaculture, partidarly in the high disturbance
lakes (Figures 6.1). This suggests nutrient enrichment (particularly the type of N in fish food)
combined with enhanced anoxia magnified HABs, eutrophication and changes in N cycling.
There is some indication that aquacultis®ne of the contributing factors towards nutrient

enrichment but not the sole driver

Both approaches produced similar results suggesting that aquaculture is not the dominant driver
of change but is exacerbating it. This highlights the usefulnessudlaapproach, in meeting

the aims of this thesis, to quantitatively assess the ecological response of the study lakes to
aguaculture. Sediment cores are useful in determining long term change, yet rely on robust
chronologies in order to match timings diamge in algal communities with those in the
historical records. Using tie in dates from previously dated cores to determine chronology could
have introduced inconsistencies. In addition, although this thesis used the best available
historical data, it mayot be truly representative of tlevironmental changa the lake
catchments, or be mismatched with the spatial and temporal scales of this study. For instance,
the land use records were at a city or province level rather than at lake catchmentisitede an

climatic data consisted of a collection of weighted records from around the Philippines. The
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lack of high resolution and/or annual records of an appropriate length made it difficult to
guantify the relative importance and impact of each factor (ptipnl coconut etc.) on the
pigment record. These limitations were mitigated by the use of a multiple lake study. Single
sediment cores may be representative of an individual lake system but make it difficult to
determine if palaeolimnological changes prgsregional or local impacts. Using a mugdtike
approach, allows the impact of regional changes (climate) and/or local drivers (aquaculture)
to be determined, whilst taking into account the influence of lake morph¢léidg et al,

2017)

The continuous pressure of climatic warming combined with the encroachment of San Pablo

City, could explain why each lake is responding differently to aquaculture (supported by the

high % variance explained by the lacinteractions). In the case of the study lakes, thaie

evidence that warming drove paguaculture changsde Chapter)5In addition,urbanisation

(since 1950) antheintroduction of aquaculture post 19%duld have exertegreater pressure

on aleady stressed systems (especially in the high disturbance lakes). Although evidence from
both methodological approaches suggests the low disturbance lakes are still responding to the
effects of urbanisation and aquaculture (Tahlg. @ his attests to theensitivity of deep, warm

lakes to disturbanc@annisteret al, 2019) The distinct responde aquaculture by each lake,

could be due to the impact of multiple stressors on the study Rkasarch has shown that

climate and landise change drive a suite stfessors that shape ecosystems and interact to

yield complex ecological respondgirk et al,, 2020) Recent largescaleanalyses have shown

that freshwater ecosystems are exhibiting novel ecological responses to different stressors
(Richardsoret al, 2018) Furthermor e, a |l akeds response
with lake type (level of stratification, physical characteristiBichardsonet al, 2018)
Evidence from the st udychdraatkristiss influercedeigmenta k e 6 s
preservation, the timings of response and the impact of aquaculture. A combination of these

factors could explain the lack of a unified regional response to aquaculture.
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7. CHAPTER 77 CONCLUSION

The limnological and pkeolimnological records show distinctive physical, biological and
chemical changes along the aquaculture disturbance gradient. Although all lakes demonstrated
an individual response to aquaculture and other external drivers (land use changes, climate), in
terms of timing direction and speed of changehe proxy record, there are some similarities.
These include a change in algal communities with an increase in pigment concentrations
(including HABs Figure 6.3a n d®N v al ues, a #danadC/Nratiod; yetrthesei n
changesvere not proportional to the aquaculture disturbance grafhémtre 6.4; Figure 6.6)

The timing of the change occurred earlier in the high disturbance lakes suggesting nutrient
loading from anthropogenic activities (including aquaculture) lead to more pronounced anoxic
conditions (highlighted by the proportional shallowing of the anoxic layer). Lake responses
show a limited regional coherence to the same drivers, highlightingléhelaged by differing

lake morphologies in moderating the response to aquaculture.

The contemporary limnology of the Seven Lakes of San Pablo tnediesstand the ecosystem
functioning of these undestudied tropical lake systems. The significant diffeeebetween

lakes with high (Palakpakin, Bunot, Sampaloc and Mohicap) and those with low aquaculture
(Yambo and Pandin) indicates the combined impact that aquaculture and other drivers had on
anoxia, nutrient cycling, ion composition and algal communitié& hypolimnion of all the

deep lakes were anoxic, with the depth of the anoxic layer and DCM shallowing along the
aquaculture disturbance gradiefithe shift in algal communities, from chlorophytes to
siliceous algae and cyanobacteria (Figure 4.11; Figu provides evidence of a major
restructuring of algal communities due to enhanced nutrient loading from fish food and
excretion. The use of fish food could be a contributing factor towards the shifts in the limiting
nutrient from P to N, since 2006 Lake Mohicap, Yambo and Pandin, with algal productivity

in all lakes becoming N limited by 201Enhanced anoxia is predicted to worskr to the
continued impact of climatic warming (predictedinorease by 2.5 to 4.1°C by 210Dinco

et al.,2018)and the prssure of an eveexpanding populatio@eanrPhilippeet al, 2015)

Only Lake Bunot had significant temporal change in algal communities at the introduction of
aguacultureln the high disturbance lakes, pigment concentrations were generally higher and
showed a greateredliation from the pre@quaculture mean in comparison to low disturbance
lakes (Figureb). This suggests a combination of more pronounced anoxia and nutrient loading
from aquaculture enhanced preservation potential and increased algal bidrhass.

limnological and palaeolimnological data provides evidence pltgahent concentrations do
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not increas@roportionallywith eutrophication, witth.ake Bunotdemonstrating a reduction of
algal biomass due to sedhading of algal communities in the surface watersniveugh the
shallow Lake Palakgan has the highest aquaculture densitydoes not show the greatest
proportional response in the proxy recordyésponse t@aquaculture temperday its hydro-
morphology.

Many of the | ak &Gvalaes a somea poijdtensistent with the influeince of
anoxia. Th e d e cHCivalueswds imitiaily caused bpronouncedstratification induced

by warming and further enhanced by nutrient loading (from antlgeago sources), especially

in the high disturbance lakes. These changes also coincided wititcraase in pigment
concentrations from enhanced preservation conditions in the water column and the
appearance/increase in okenofiee lack of proportional clmgei n'°Nalueswith respect

to aquaculture (Figure 6.40emonstrated not just the influence of anoxia (stimulating
denitrification)on N cycling but also the relative input of anthropogenic N from sewage and
fish food (which HYNwues). sAothrapggenc & lloadng doelcdhalsy U
explain the different proportions of algal groups among the study lakesaidHirea produced

by high levels of aquaculture and urbanisation could be a cduise proliferation of nofN2

fixing cyanobacterial gments (canthaxanthin, lutereaxanthin) and chlorophytes at the
expense of myxoxanthophyll ¢Nixing cyanobacteria), siliceous algae and cryptophiytéise

proxy record

The variancepartitioning showedhat aquaculture is not the dominant driver ladiege in the

Seven Lakes of San Pablo. There was a t#ck proportioal increase in théo variance

explained by aquaculture along the gradient. Evidence suggests that urbarigdtien

dominant driver of change in algal communities, with aquacultugeaagting preexisting

change in the palaeolimnological records. This is supported by the lack of a relationship
between the fish food end membearsd the proportiomf changebetween thepre and post
aguaculturaneansn the isotopic record@-igure6.4). The continuous additive sources from
urbanisation and the resulting deforestation would lead to -®ffunf allochthonous OM
(supported by an i ncr eas &%C)ifuellingCdlghl prodadtivityo s a n d
(evidenced by an increase in cyanobacti a | pigments, okenoa)e, b ¢
(Figure 6.4; Figure 6.6). The more prevalent anoxic conditions would further intensify
eutrophic conditions due to the internal loading of P. The effects of multiple stressors on these
tropical lake gstems could have altered individual lake response to aquaculture. This research

supports previous work highlighting that lakes are exhibiting novel ecological responses due
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to the interaction of multiple drive(Richardsoret al, 2018; Birket al, 2020) Even thaigh
there was no significant relationship between the physical characteristics and algal
biomass/community change, evidence from the study lakes suggests it played an important role

in pigment preservation

The research presented in this thesis fills aigamderstanding the contemporary functioning
and ecosystem change of undeundied tropical lake systems. It has attempted to quantify the
impacts of individual drivers on algal communitiEsirther investigation intand use changes

(the dominant driveof changean algal communitiesand particularly,the collection of more
robustrecords would aid understanding of how the delivery of allochthonous maaéea¢d
geochemical cycles and influenced algal productiwityhe Seven Lakes of San Pablhe
impact of atmospheric N deposition is relatively unknown in tropical lake systems, therefore
the use of compoursipeci f i ¢ i s o t¥® pveuld delpadetgrsiresthe alifect U
fertilisation effects of atmospheric N depositiofienderset al., 2008) Continued monitoring

of these threatened lake systems is vital to understand how the Seven Lakes of San Pablo are
responding tosushined environmental pressure® allow for tailoring of lake specific

management strategies

248



8. REFERENCES

Abel | , J. M. , ¥zZkundakci , D. , Hamilton, D. P. ,
nutrient stoichiometry and chlorophyilutrientrelat ns hi ps i n | akes: a gl o
Fundament al and Applied Limnology/ Archiv f¢r

Verlagsbuchhandlung, 181(1), pp.14. doi: 10.1127/1868135/2012/0272

Abinales, P.N. and Amoroso, D. J. (2017) State and Society irhilepthes. Rowman &
Littlefield.

Adr i an, R. , O'" Rei l ly, C. M. , Zagar se, H. , Bai
as sentinels of c¢climate changeo, Li mnology a
2297. doi: 10.4319/10.2009.54.6_part_2.2283.

Ahmed, A., Wanganeo, A2015)Phytoplankton succession in a tropical freshwater lake,
Bhoj Wetland (Bhopal, India): spatial and temporal perspedamgiron Monit
Assessl87,pp. 192 doi: 10.1007/s106601544100

AlonsoRodr égue z ,-Oskna, Fand OaB3ez 6 Nutri ent s, phyt op
algal bloomsn shrimp ponds: a review with special referatméhe situation in the Gulf of
Californiad, Aqu336.ddi10upl6/S00484BE02)005¢8. 317

Anastacio, N.J.C., Paunlagui, M.\M.,ani y a, K. S. (2016) o6Gender
CommunityBa sed Nat ur al Resource Utilization and

Human Ecology, (7), pp. 6X4.

Ander son, D., Glibert, P. and Burkholder, J.
eutrophication.nur i ent sources, compositions, Tand cor
726. doi: 10.1016/j.hal.2008.08.017.

Appl eby, P.G. (1998) ¢6éDating Recent Sediment
a145, pp. 724,

Appleby, P.G., Birks, H.H., Flower, R.Rpse, N., Peglar, S.M., Ramdanii, M., Kraiem,

M.M., Fathi, AA.( 2001) O6Radiometrically determined d
recent sediments in nine North African wetl a
Ecology, 35(3), pp. 34B67. doi: D.1023/A:1011938522939.

Appl eby, P. G. and Ol df i el e10d&es assumigadonstanfT he ¢
rate of supply of unsupportediddDPb to the s
10.1016/S034B162(78)80002.

249



Araul |l o, D.Bul (Roe@elprasquaes and their impac
Conservation and Ecological Management of Philippine Lakes in Relation to Fisheries and
Aquaculture: Proceedings of the National SemMarkshop held on October 2213, 1997,

INNOTECH, Commonwedtt Ave., Diliman, Quezon City, Philippines. Aquaculture

Department, Southeast Asian Fisheries Development Center,i[#8.25

Arismendi, I., Soto, D., Penaluna, B., Jara, C., Leal,C.,IMoNf oz, J. (2009) O6A
nonnative salmonid invasions and asgted declines of native fishes in Northern
Patagonian | akeso, Fr e $li4vadbiel0.11Blij. 18650 gy, 54 ( 5)
2427.2008.02157.x.

Asian Development Bank (2019) Asian Development Bank. Available at:
https://www.adb.org/.

Bannister, W., McGowan, S., SanteBorja, A.C., Quak, J., Fong, L.S., Mendoza, M., Papa,
R.D.S., Taylor, D. (2019) oPotential anthrop
Tropical East Asiad, Freshwater iB22.ol ogy. Wi |
doi:10.111/fwb.13256

Battarbee, R.W. (2000) o6Palaeolimnological a
regard to the biological recor @5, pp. QU1A4 er nar y
doi: 10.1016/S0278791(99)0005B

Beadl e, L. C. d Gtiatfictioh and Reoxggeratiom ie Tropical Lakes. I. Crater
Lake Nkugut e, Uganda, Compared With Lakes Bu
Oceanography, 11(2), pp. 1563. doi: 10.4319/10.1966.11.2.0152.

Beadle, L.C. (1981) The inland waters of tropia&ica: an introduction to tropical

limnology. Longman Group Limited.

BedardHaughn, A., Van Groenigen, J. W. and Van
|l andscapes: potential uses and predgpouti onsao,
1751190 doi: 10.1016/S0022694(02)00263

Beeton, A. M. (1963) OEutrophication of the o
pp. 240 254.

Bekteshi, A. and Cupi, A. (2014) O6Use of tro
of trophic statusofthe hk odr a | aked, Journal of Environme
15(1), pp. 35D365.

250



Berg, G. M., Driscoll, S., Hayashi, K., Ros s,
carbon assimilation, and photosynthetic efficiency in response to nitrogere sl
concentration in phytoplankton isolated fron
Phycology, 53(3), pp. 66479. doi: 10.1111/jpy.12535.

Ber man, T., Chava, S. (1999) O6Algal growth o
Journal of Plankton Reseh, 21(8), pp. 14231437. doi: 10.1093/plankt/21.8.1423.

Beyer, K., Kochanowska, D. , Longhsaw, M., Ge
role for invasive sunbleak in the further di
Fish Biology. Wiley Online Library, 67(6), pp. 1780733. doi: 10.1111/jA95%

8649.2005.00859.x

Bhateria, R. and Jain, D. (2016) O6Water gqual
Sustainable Water Resources Management. Springer International Publishing, 2(2)j pp. 161
173. doi: 10.1007/s408991500147.

Bindl oss, PM.iBmar(yl 97r40)ducct i vity of Phytopl ankH
Proceedings of the Royal Society of Edinburgh. Section B. Biology, 74, ppl85%.7doi:
10.1017/s0080455x00012376.

Birk, S., Chapman, D., Carvalho, L., Spears, B., Andersen, H., ArgillieAler, S.,

BaattrupPedersen, A., Banin, L., Beklioghu, M., Bond@rnze, E., Borja, A., Branco, P.,

Bucak, T., Buijse, T., Cardoso, A., Couture, R., Cremona, F., Zwart, D., Gerwig, D. (2020)

0l mpacts of multiple stredsceralens fameas kRwatsgIrs
Nature Ecology & Evolution, 4. doi: 10.1038/s415520-12164.

Birks, H. H. and Bi-pkexy HstJudi.eg 2i0® 6p alodMaid It ii m
History and Archaeobotany, 15(4), pp. 2351. doi: 10.1007/s0033306-00666.

Birks, H.J.B., Lotter, A.F., Juggins, S., Smol, J.P. (2012) Tracking environmental change
using lake sediments: data handling and numerical techniques. Springer Science & Business
Media.

Bl enckner, T. (2005) orélated effeat®enp t | uaakl e neocdoesly sotfe
Hydrobiologia, 533(1), pp.ill4. doi: 10.1007/s1075004-14634.

Boehrer, B. and Schultze, M. (2008) oStratif
pp. I 27. doi: 10.1029/2006RG000210.

251



Borcard, D., Legendre, P.and Drapelau, ( 1992) o6éPartialling out t
ecological wvariat i oil@b5. doE t0ORB0G/1P40179.73 ( 3), pp. 1

Borrego, CM.and Garci®i | , L. J. (1993) o6Separation of b
chlorophyll a from mixed extracts by reversglohse high performance liquid

chromatographydé, Sci é3dtia gerundensi s, 19, p
Botrel, M., GregorsE a v e s Il . and Maranger, R. (2014) o6fI
isotopes (U1l15N) of surface sediments in temp

pp. 419 433. doi: 10.1007/s1093314-98026.

Bouwman, A.F., Beusen, A.H.\WOverbeek, C.C., Bureau, D.P., Pawlowski, M., Glibert,

P. M. (2013) OHindcasts and Future Projection
Phosphorus Loads Due to Finfish Aquacultureo
Francis, 21(2), pp. 11256. doi: 10.1080/10641262.2013.790340.

Branco, C.W.C., Kozlowskguzuki, B., Sous#&ilho, I.F., Guarnino, AW.S., Rocha, R.J.

(2009) o6l mpact of climate on the vertical wa
A tropical r e s e Resarvoirs: Resaasch &nd Managémerst, 14(3), gpp. 175

191. doi: 10.1111/j.1440770.2009.00403.x.

Branford, D. , Mour ne, R. W. and Fowler, D. (
rates in an extended region of complex topography deduced from measts&h210Pb

soil inventories6é, Journal of Envilk5odeiment al
10.1016/S026931X(98)000083

Bravo, M. R. (2017) o6éUrbanization in the Phil
Sustainable Landscape Plampin Selected Urban Regions. Springer, pp.190.

Brendonck, L., Maes, J., Rommes, W., Dekuza, N., Barson, M., Callebaut, V., Phiri, C.,

Moreau, K., Gratwicke, B., Stevens, M., Alyn, N., Holsters, E., Ollevier, F., Marshall, B.
(2003) 6T h eerhyanipth (Eithhoonfa crassiges) in a eutrophic subtropical

i mpoundment (Lake Chivero, Zi mbabwe). I 1. Sp
158 (3), pp. 389105. doi: 10.1127/0069136/2003/015®389

Brill o, B. B. C. (201 &ngBuideleke: TlephensenLoke anosgues r e
the seven | akes of San Pablo City, Philippin
Management, 20(3), pp. 16865. doi: 10.1111/Ire.12096.

252



Brillo, B.B.C. (2015) O0The st aditinsociadgcieehi | i pp
and small a k e r e s &acificSodal ScignseiRaview, 15(1), ppi Z81.

Brillo, B.B.C. (2016a) O0Developing a small |
City, Philippinesé, Wa2.doi:lRIS4INVWTE078H0400853 ( 4) ,
Brill o, B. B. C. (2016b) o6Developing Mohicap

Sciences, 11(3), pp. 28390.

Brillo, B.B.C. (2016b) 6Development of a sma
San Pablo City, Phii ppi nes 6, Lakes and Reservoirs: Res
2841 292. doi: 10.1111/Ire.12150.

Brillo, B.B.C. (2016c¢c) O6The Case of Yambo L
Laguna, Philippines?o, Lakes and Reservoirs:
Brillo, B.B.C. (2016c¢c) o6Urban | ake governan

of Sampaloc Lake, San Pablo Cityi8l, Taiwan Wa

Brillo, B B.C. (2017) oO0The politicandof | ake
tadlac | ake of t he | ag u nPacifidSocidb%cience Reygew,o n , Phi
17(1), pp. 6679.

Brown, S., Mclntosh, H. and Smol, J. (1983)
Fossil pigments of photosynthetic bacteria: With lgfur e i n t he text-6, SIL
2010, 22, pp. 13571.360. doi: 10.1080/03680770.1983.11897499.

Brown, S.P. and Grenfell, B. T. (2001) O6An wun
i mmunity and host defenced, onBan.SeriessBdi ngs of t
Biological Sciences. The Royal Society, 268(1485), pp. PBa49.

Bunting, L., Leavitt, P.R., Gibson, C.E., Mc
water quality in Lough Neagh, Northern Ireland, by diffuse nitrogen flux from gpjploogs

rich catchment 6, Li mnol ogy36adod Oceanography,
10.4319/10.2007.52.1.0354.

Bureau of Fisheries and Aquatic Resources (2019). Available at:

https://www.bfar.da.gov.ph/.

253



Burson, A., Stomp, M., Greenwell, E., Grosse, J., Huisihan, ( 2018) O6Compet i ti
nutrients and light: testing advances in resource competition with a natural phytoplankton
communityo6, Ecoliblg8ydoii19.200%ery,218p.p. 1108

Bwanika, G.N., Makanga, B., Kizito, Y., Chpaman, L.J., Balirwa, J. (00 Obser vat i on
the biology of Nile tilapia, Oreochromis nil
Journal of Ecology. Wiley Online Library, 42, pp.i9®1. doi: 10.1111/j.1365

2028.2004.00468.x

Caasi, H.E., Perez, T.R., Hufemia, A., ClaveRa]. (2006). An assessment of the benthic
community structure: implications on the water quality of Lake Palacpaquen, San Pablo City,
Philippines. Proceedings of the 10th Zonal R

Camacho, A. (2006) dldginal features obdeeap chioroghyllenexima nd e c
(DCM) in Spanish str ait2),pgpiddsd78] akesd, Limnetic

Camacho, A. (2009) O6Sul fur Bact eii8adi:, Encycl
10.1016/B9780123706263.001289.

Chakrapani, G.J., Saii R. K. and Yadav, S. K. (2009) o6
AlaknandédBhagi rat hi river basins in Himal ayas, I
34(3), pp. 347362. doi: https://doi.org/10.1016/j.jseaes.2008.06.002.

Chapra, S. C. ion(oflrecénOand poojsatechtotal phiosphorus trends in Lake

Ontariobé, Journal of Great illdkes Research. E
Chen, N. , Bianchi, T., Mc Ke e, B. , Bland, J.
Louisiana shelf: Application of pigennt s as bi omar kersdé, Organic

543 561. doi: 10.1016/S0146380(00)00194/.

Chen, X., Mc Gowan, S. , Zeng, L., Xu, L., Yan
cycling in a floodplain lake over recent decades linked to littoraesion, declining

riverine influx, and eutrophicationé, Hydr ol
pp. 31103121. doi: 10.1002/hyp.11254

Cinco, T.A., Villafuerte Il, M.Q., Area, E.D., Manalo, J.A., Agustin, W.A., Aquino, K.A.M.,
Gasper, R. Q. (L8) Observed Climate Trends and Projected Climate Change in the
Philippines, PAGASA.

254



Clavero, V., Garckcbandc hez, M. J. , Niell, F. X., Ferng8nd
enrichment on the carbon dioxide and phosphate fluxes across the sédisheatr | nt er f ac
Hydrobiologia. Springer, 345(1), pp.158b. doi: 10.1023/A:1002962812686

Coe, M. T. , Foley, J. A. (2001) O6Human and na
Lake Chad basindé, Journal of GeopiB3¥p&i cal Res

Cohen, A.S., Bills, R., Cocquyt, C.ZzZ., Cal ]
Pollution on Biodiversity in Lakié77danganyi ka
10.1046/].15231739.1993.07030667 .x.

Cole Ekberg, M., Valiela, I., Kroeger, KTomansky, G., Cebrain, J., Wigand, C., McKinney,

R., Grady, S., Silva, M. (2004) O6Assessment
Ant hropogenic Eutrophication in Aquatic Ecos
pp. 124 132. doi: 10.2134/jeq2@00124.

Cole, G.A. and Weihe, P. E. (2015) Textbook of limnology. Waveland Press.

Collos, Y., Vaquer, A., Johnston, A.. M., Pon
Fixation, Ammonium Uptake and Regeneration in an Equatorial Lake: Biological Versus
Physical Control 6, Jour nali270.doiiPl ankt on Resea
10.1093/plankt/23.3.263.

Conl ey, D.J. and Bianchi, T.S. (2005) OPrese
pigments as a tool for recent ecological reconstruction in four Nothe Eur opean est u
Marine Chemistry, 95(34), pp. 288302. doi: 10.1016/j.marchem.2004.10.002.

Conrad, R., Noll, M., Claus, P., Klose, M., Bastos, W.R., EAfidcha st , A. (2011) ¢
carbon isotope discrimination and microbiology of methane formaioropical anoxic lake
sedi ment s o, Bi 0 g ei@Bicdoield. 146§ 7982013.) , pp. 795

Conrad, R., Claus, P., Chidthaisong, A., Lu, Y., Fernas@te/ino, A., Liu, Y., Angel, R.,

Galand, P.E., Casper, P., Guerin, F., EnRAch a s t ,  Btable ca2bOnlisbtppe 6
biogeochemistry of propionate and acetate in
Organic Geochemistry, 73, pp.7. doi: 10.1016/j.orggeochem.2014.03.010.

Conroy, J.D., Boegman, L., Zhandeald. Zobewar d
dynamics in Lake Erie: The importance of weather and sampling intensity for calculated
hypoli mnetic oxygen depletion3ad:esd, Aquat.
10.1007/s0002D10-0176 1.

255



Cordero, C.S. and Bal rhiioaqf phgoplenkton(c@rinrty) 6 T e mp o
Sstructure in Lake Mohicap, San Pablo City, L
Applied Bioscience, 3(2), pp. 37385.

CostaBoddeker, S., Bennion, H., de Jesus, T.A., Albuquerque, A.L.S., Figueira, R.C.L., de

Bicudo , D. (2012) o6Paleolimnologically inferrec
reservoir in southeast Brazil o/66.ddibpburnal of P
10.1007/s1093812-96421.

Cottingham, K.L., Ewing, H.A., Greer, M.L., Carey, C.@lgathers, K.C. (2015)
6Cyanobacteria as biological drivers of | ake
6(1), pp- 119. doi: 10.1890/ES1080174.1.

Cuddington, K., Leavitt, P.R. (1999) An individuadsed model of pigment flux in lakes:
implicationsfor organic biogeochemistry and paleoecology. doi: 10.108@6476681.

Danger, M., Lacroix, G., KaE, -@bstucieandi n, D.
functioning of temperate and tropical lakes: a stoichiometric viewpoidtnihales de
LimnologieInternational Journal of Limnology5, (3, pp. 1121

doi: 10.1051/limn/09001

Dean, W.E. (1974) oDetermination of carbonat
and sedimentaryrocksbyls on i gnition; comparison with o
Sedimentary Research. SEPM Society for Sedimentary Geology, 44(1), pp4842

Deevey Jr., E.D., Nakai, N. and Stuiver, M.
| sot opes i n a Sdikace, d38(3%538),ipp. 4088. kice: 6 ,
10.1126/science.139.3553.408.

Degef u, F. ., Herzig, A., Jirsa, F., Schagerl,
threatened tropical higmount ain crater | akes in Ethiopiab
7(3), pp. 365381. doi: 10.1177/194008291400700302.

Descy, J.P., Hardy, M.A., Sténuite, S., Pirlot, S., Leporcq, B., Kimirei, I., Sekadende, B.,
Mwaitega, S.R., Sinyenza, D. (2005) OPhytopl
i n Lake Tan gaenBidlogyaS®(4), pp.6@&684hdoi: 10.1111/].1365
2427.2005.01358.x.

256


https://doi.org/10.1051/limn/09001
https://doi.org/10.1051/limn/09001

Deshpande, B. N. , Trembl ay, R. , Pienitz, R. ,
indicators of cyanobacterial dynamics in a h
52(3), pp. 171184. doi: 10.1007/s1093314-9785 3.

Dimzon, I.K.D., Morata, A.S., Miller, J., Yanela, R.K., Lebertz, S., Weil, H., Perez, T..R.,

M¢ LLER, J ., Dayrit, F. M. , Knepper, T. P. (201
lake waters of San Bl City, Philippines by targetedandrbnrar get ed anal ysi s o,
the Total Environment. Elsevier B.V., 639, pp. 6885. doi:

10.1016/j.scitotenv.2018.05.217.

Ding, Y., Xu, H., Dengm J., Qin, B. , He, Y.
phytoph nkt on: a mesocosm experiment in the eutr
Springer International Publishing, 829(1), pp. ilB37. doi: 10.1007/s1075018-3830-6.

Dokul il M. T. and Teubner, K. (2000) aa6Cyanob
438, pp. 112. doi: 10.1023/A:1004155810302.

Dolman, A.M., Rucker, J., Pick, F.R., Rohrlack, T., Mischke, U., Wiedner, C. (2012)
0Cyanobacteria and cyanotoxins: The influenc
7(6). doi: 10.1371/journal.pone.007A8" .

Donal d, D. B. , Bogar d, M. J. , Finl ay, K., Leav
ammonium, and nitrate on phytoplankton abundance, community composition, and toxicity

in hypereutrophic freshwatersd, liRi7sndooa |l ogy an
10.4319/10.2011.56.6.2161.

Dong, X., Qin, J.G. and Province, H. (2011)
Aguaculture From Hypoxiad, Journal of Fisher
Downing, J., Watson, SdictimgCganobbcteial Dbmengnce irE . (20

Lakesd, Canadian Jour nal -GANJFISHERIES AQUAT and Aq
SCI, 58, pp. 19051908. doi: 10.1139/cjfa$8-10-1905.

Duan, L., Yu, Q., Zhang, Q., Wang, Z., Pan, Y., Larseen, T., Tang, J., Mul@20,16)
0Aci d deposition in Asia: Emi ssions, deposit
Environment, 146(September 1983), ppi @& doi: 10.1016/j.atmosenv.2016.07.018.

El sner, J. B. (200383 ypdExaamihyipod htelsé s(EMpB.O CI i ma
43/ 54. Available at: http://www.intes.com/abstracts/cr/v25/n1/p83/.

257



Enders, S.K. Pagain, M., Rd o j a, S. , Baron, J.S., Wolfe, A.
(2008) O-8pecifipsbableisbtopes of organic compounds from lake sediments track

recent environmental changes in an alpine ecosystem, Rocky Mountain National Park,

Col or ado 6 ,andlOceanogrdplty,d¥(4), pp. 146878. doi:

10.4319/10.2008.53.4.1468.

Eng, C.T., Paw, J.N. and Guarin, F. Y. (1989)
the effects of pollution on coastal aquacult
pollution bulletin. Elsevier, 20(7), pp. 38343. doi: 10.1016/002826X(89)901574

Engstrom, D.R., Swain, E.B. and Kingston, J.
human disturbance from Harveyds Lake, Ver mon
Freshwagr Biology. Wiley Online Library, 15(3), pp. 26288. doi: 10.1111/j.1365
2427.1985.tb00200.x

Ent er s, D. , Behling, H. , Mayr , c. , Dupont , L
dynamics of soutteastern Brazil recorded in laminated sedimentsasoglo Al ei x 006, J o
of Paleolimnology, 44(1), pp. 26877. doi: 10.1007/s1093309-9402z.

Fenchel, T., Blackburn, H., King, G.M., Blackburn, T.H. (2012) Bacterial biogeochemistry:

the ecophysiology of mineral cycling. Academic press.

Feng, C., Jia, J., ®hg, C., Han, M., Dong, C., Huo, B., Liu, D., Liu, X. (2019)
OPhyt oplankton and bacterial community struc
statusé©é, Mi croorganisms, 7(12). doi: 10. 3390

Ferber, L.R., Levine, S.N., Lini A. Li vingston, G.P. (2004) o0Do
eutrophic |l akes because they fix atmospheric
708. doi: 10.1111/j.1362427.2004.01218.x.

Finlay, J.C. and Kendal |, enporal dn@ <pdtial yariabilgyt a b | e
in organic matter sources to freshwater ecos
environmental science. Wiley Online Library, 2, pp. 2833. doi:

10.1002/9780470691854.ch10

Finlay, K., Patoine, A., Donald, D.B., BogaiM, J . , Leavitt, P.R. (2010
evidence that pollution with urea can degrade water quality in phosphicinudakes of the
Northern Great Pl ains©é, Li mnol2Z83@ygoi: and Oceano
10.4319/10.2010.55.3.1213.

258



Fogel, M.L.andC f uent es, L. A. (1993) Ol sotope fracti
Organic geochemistry. Springer, ppi 98.

Folke, C., Carpenter, S., Walker, B., Scheffer, ElImqvist, T., Gunderson, L., Holling, C.S.
(2004) ORegi me Shi fetrss,i tRye siinl iEecnocsey, s taennd MBai noadgi
Review of Ecology, Evolution, and Systematics, 35(1), ppi 58Z. doi:
10.1146/annurev.ecolsys.35.021103.105711.

Food and Agriculture Organisation of the United Nations (2016) Fishery and Aquaculture
Country: The Rpublic of the Philippines. Available at:
http://www.fao.org/fishery/facp/PHL/en.

Freiberg, R., N6mm, M., Toénno, I.JIINo k saar , T. , N»ges, T. , Ki sa
of phytoplankton pigments in water tenlad sur f a
Journal of Earth Sciences, 60(2), ppt 81. doi: 10.3176/earth.2011.2.03.

Friedrich, J., Janseen F., Aleynik, D., Bange, H.W., Boltacheva, N., Cagatay, M.N., Dale,

A.W., Etiope, G., Erdem, Z., Geraga, M., Gilli, A., Gomoiu, M.T., Hall, P.O.J. ndson,

D., He, Y., Holtappels, M. Kirf, M.K., Kononets, M., Konovalov, S., Lichtschlag, A.,

Livingston, D.M., Marinaro, G., Mazlumyan, S., Naeher, S., North, R.P., Papatheodorou, G.,
Pfannukuche O., Prien, R., Rehder, G., Schubert, C.J., Soltwedel, Tnebo®, Stahl, H.,

Staney, E.V., Teaca, A., Tengeberg, A., Waldmann, C., Wehrli, B., Wenzhéfer, F. (2014)

0l nvestigating hypoxia in aquatic environmen
phenomenono, Bi o g e o &l250.ao: A(B194/bgll-12(52014. p p . 1215

Fukushima, T., Mat si shit a, B., Subehi, L., S
hypoli mnetic waters become anoxic in all dee
pp. 11 9. doi: 10.1038/srep45320.

GarciaRodriguez, F., Mazo, N., Sprechmann, P., Metzeltin, D., Sosa, F., Treulter, H.C.,
Renom, M., Scharf, B., Gaucher, C. (2002) 6P
in Lake Blanca, SE Uruguayb6, Ja&idonal of Pal e
10.1023/A:102161681BU1.

Gasse, F. (2000) O6Hydrological changes in th
Maxi mumé, Quaternary Sclii2Elndoie Revi ews, 19(1),
https://doi.org/10.1016/S0273791(99)00064X.

259



Gel | P., Mi || s, K. a n dclinate and caiedment chahge: tlie2 0 1 3 )
real challenge for wetland manageindhdod, Hydr
10.1007/s107501211634

Gemer den, H. Van (1995) 6Chapter 4 B®ology o

Glibert, PM.(® 13) O6Har mf ul Al gal Bl ooms in Asi a: at
poll ution phenomenon with effects on ecologi
Exchange, 21(1).

Glibert, P.M., Wilkerson, F.P., Dugdale, R.C. Raven, J.A., Dupont, C.L., Leavitt, P.R.,

Par ker , A. E. , Bur khol der , J. M. , Kana, T. M. (
nitrate uptake and assimilation by phytoplankton and implications for productivity and

community composition, with emphasison nitrogem r i ched condi ti onsa, L
Oceanography, 61(1), pp. I687. doi: 10.1002/In0.10203.

Golterman, H.L., Clymo, R.S., Ohnstad, M.A.M. (1978) Methods for Physical and Chemical
Analysis of Fresh Waters. Blackwell Scientific (Handbooks (International Biological
Programme)). Available ahttps://books.google.co.uk/books?id=JIgiIAQAAIAAJ.

Gondwe, M. ., Guildford, S.J. and Hecky, R. E
derived organic wastes in the southeast arm of Lake Malawi using carbon and nitrogen stable

i sot opesod, sévenuBa/g 350363 pp.eBls. dbil

10.1016/j.aquaculture.2012.04.030.

Gons, H.J., Auer, M. T. and Effler, S. W. (200
oligotrophic and eutrophic waters in the Lau
Environment,112(11), pp. 40984106. doi: 10.1016/j.rse.2007.06.029.

Gonz§l ez, E.J., Ortaz, M. , Pefaherrera, C.,
features of a tropical hypertrophic i3gservoi
pp. 301310. da: 10.1023/B:HYDR.0000029983.53568.d2.

Gonzal ez, E.J. and Roldan, G. (2019) OEutrop
from Lakes and Reservoirs of the Americasb©é6,
http://dx.doi.org/10.5772/57353.

Grey, J. ( 204dbleisotopelahatysesiis feeshadter exdlogy: Current

awarenessao, Polish Jaditinal of Ecology, 54, p

260



Griffith, D.A. and PereNet o, P. R. (2006) oO0Spatial modelin
eigenfunction spatial dlibrary, 87¢168)spp. 260E6AD | ogy . Wi

Grover, J. P. (2000) OResource competition an
organisms: experimental studies of algae and bacteria along a gradient of organic carbon to

i norganic phosphor us Resegqughl23(®, pp. I581610.deacl of Pl a
10.1093/plankt/22.8.1591.

Gu, B. (2009) oO6Variations and controls of ni
matter of | akeso6, T10H.doll®lgd7/80044DB16238) , pp. 421

Guilizzoni, P.,Lami A., Ruggiu, D., Bonomi, G. (1986)
bacteri al carotenoids in the sedi ments of L a
321i 325. doi: 10.1007/BF00026677.

Guiry, E. (2019) 0 Co mp |ogenisdtopebtogeochemsttyammb | e c ar
ancient freshwater ecosystems: Implications for the study of past subsistence and
environmental changebo, Frontiers in Ecology
10.3389/fev0.2019.00313.

Gulati, R.D., Zadereev, E.S. and Degermend&ls. (2017) Ecology of meromictic lakes.

Springer.
Gunkel, G. and Beulker, C. (2009) o6Li mnology
water tropical | akeo, | nt er natild5ndail Review o

10.1002/iroh.200811071.

Halfman, J. D. (1993) o6Water Column Characteris
Africad, Journal of Great L52R ed 10616/80880c h . E
1330(93)7123%X.

Hal | , R.., Leavitt, P. R., <s®moddiafjoms]fosBil. , Zi r nhe
pigments and historical records as measur es
38(2), pp. 401417. doi: 10.1046/j.1368427.1997.00251.x.

Hal | , R. 1 ., Leavitt, P. R., Qui n | ariaultureR. , Di xi
urbanization, and climate on water quality i
Oceanography, 44(3part2), pp. 7396. doi: 10.4319/10.1999.44.3 part_2.0739.

261



Hal | |, R.I. and Smol, J.P. (1993)icstafihe influe
during the hemlock decline and recovery (480
Hydrobiologia, 269270(1), pp. 371390. doi: 10.1007/BF00028036.

Halling-Sgrensen, B., Nielsen, S.N., Lanzky, P.F., Ingersley, F., lutzhgft, H.C.H., Jgrgensen,
S.E. (1998) 6Occurrence, fate and effthRcts of
revi ewdb, Chemospher €393. di 19.6016/S0046535@H) {02548, pp. 3

Hamersley, R.M., Woebken, D., Schultze, M., Lavik, G., Kuypers, M.M.M. (RO0%® Wa't e r
column anammox and denitrification in a temperate permanently stratified lake (Lake
Rassnitzer, Germany) o6, Systematic aib8. Appli e
doi: 10.1016/j.syapm.2009.07.009.

Hampel, J.J., McCarthy, M.J., Gardn@t,S., Zhang, L., Xu, Hau, Zhu, G., Newell, S.E.

(2018) ONitrification and ammonium dynamics
for ammonium between nitrifiers and74d& yanobac
doi: 10.5194/bgl5-733-2018.

Hansen, J., Sato, M., Ruedy, R., Lo, K., Lea, D.W., Meeinb i z a d e , M. (2006) ¢
temperature changebo, Proceedings of the Nat.
of America, 103(39), pp. 142884293. doi: 10.1073/pnas.0606291103.

Harris, 1., Jons P.D., Osborn, T.J., Lister, D. H. (2
monthly climatic observatioins he CRU T S3. 10 Dat aset 6, Il nter
climatology. Wiley Online Library, 34(3), pp. 62@42. doi: 10.1002/joc.3711

Hayami, Y., Ohmori, K, Yoshi no, K., Garno, Y. (2008) o
in a tropical reservoir: The Cirat d@87Reser voi
doi: 10.1007/s1026007-02260.

Hecky, R.E., Bootsma, H., Mugidsde, R., Bugenyi, F., Johnst@n,(T996) Phosphorus

pumps, nitrogen sinks, silicon drains: Plumbing nutrients in the African Great lakes.

Hecky, R.E., Bygenyi, F.W.B., Ochumba, P., Talling, J.F., Mugidde, R., Gophen, M.,

Kauf man, L. (1994) 6Deoxygenatnjomraef HAhei daé
Limnology and oceanography. Wiley Online Library, 39(6), pp. 14481. doi:
10.4319/10.1994.39.6.1476

262



Heiri, o. , Lotter, A.F. and Lemcke, G. (2001
organic and carbonate content in sediments:pr oduci bi Il ity and compar
Journal of paleolimnology. Springer, 25(1), pp. 1010. doi: 10.1023/A:1008119611481

Henny, C. and Nomosatryo, S. (2016) o6Changes
with cage aquaculture inLaka ni nj au, I ndonesiad, | OP Confer
Environmental Science, 31(1). doi: 10.1088/1-2235/31/1/012027.

Her wi g, R. P., Gray, J.P. and Weston, D. P. (1
sediments near salmon regige farmsiiPuget Sound, Washingtond, A
149(3 4), pp. 2683283. doi: 10.1016/S0048486(96)01455

Hil ari o, F., Guz man, R. D. , Ortega, D. , Hay ma
Oscillation in the Philippines: Impacts, Forecasts, asdiRi Manage ment . 0, Phil
of Development, 36(1), ppi84. Available at:
http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:E+Ni?0+Southern+Oscilla

tion+in+the+Philippines+:+Impacts+,+Forecasts+,+and+Risk+Management#0.

Hily, C., Le Lo¢ h , F., Grall, J., Gl ®mar ec, M. (2008
communities of North Biscay revisited: Lotgrm evolution under fisheries| i mat e f or ci
Estuarine, Coastal and Shelf Science, 78(2), pp.42R doi: 10.1016/j.ecss.2008.01.004.

Hodell, D.A., Brenner, M., Kanfoush, S.L., Curtis, J.H., Stoner, J.S., Xueling, S., Yuan, W.,
Whitmore, T.J. (1999) O6Paleoclimate of south
from | ake sedi ment recordsd, Quat23,pprry Rese
369 380. doi: 10.1006/qres.1999.2072

H° gber g, P. (1990) O6Forests |l osing |l arge qua
ratios6, Oecol ogi da231. 8o 10i100g/BFO0318378 ( 2 ) , pp. 229

Hol mer , M. (2002) O |snolmaos) agacutdre om carb&n afdingtrient ( C h a
fluxes in the Bolinao arié%.Avalbleat:i ppi nes 6, Bu
https://search.proquest.com/docview/19351900?accountid=27308.

Hou, D. , He, J., L¢e, C. , Su nffects¥ofenvirahmentalg , F. .,
factors on nutrients release at sedimaater interface and assessment of trophic status for a
typical shallow | ake, nort hwest chinadé, The
10.1155/2013/716342.

263



Hubble, D.S. and Harper, DM. (2BQ o6 Phyt opl ankton community s
in the water column of Lake Naivasha, Kenya:
488(1978), pp. 898. doi: 10.1023/A:1023314128188.

Huesemann, M. H., Skill man, AnhibtionodmadneCr ecel i u
nitrification by ocean disposal of carbon di
pp. 142 148. doi: 10.1016/s002526x(01)001941.

Huszar , V. L. M, Silva, L.H.S., Domi ngoa, P. ,
species composition is more sensitive than OECD criteria to the trophic status of three
Brazilian tropical | a k eis’7D doi: HM@P3/AlDI704V2@1B84a, 36
Huszar, V.L.M., Caraco, N. F -chlorophyllretatiodshipsF. , Co
intropicats ubt r opi c al | akes: Do temperidtpp.23@odel s |

250. doi: 10.1007/s1053306-9007-9

Hutchinson, G.E. (1957) A Treatise on Limnology. Vol 1: Georgraphy, Physics and
Chemistry. John Wiley & Sons.

Hutchi nson, G. E. and L°ffler, H. (1956) O0The t
the National Academy of Sciences of the United States of America. National Academy of
Sciences, 42(2), p. 84.

Irvine, K., Castello, L., Junqueira, A., Moulton, T.26) oéLi nking ecology w
devel opment for tropical aquatic conservatio
Freshwater Ecosystems, 26(5), pp.1941. doi: 10.1002/aqc.2706.

Irz, X., Stevenmson, J.R., Tanoy, A., Villarante, P., Moprissens, P. (00M e equi ty an
poverty impacts of aquaculture: l nsights fro
25(4), pp. 496516. doi: 10.1111/j.1467679.2007.00382.x.

Jahn, R. and Asio, V.B. (1998) 6Soils of the
Wea hering, soil characteristics, classificat

ecosystems. Springer, pp.i13®.

JeanPhilippe, J., Francus, P., Normandeau, A., Lapointe, F., Perga, M., Ojala, A.,

Schi mmel mann, A. , Zalspread af hypoxia in fReeshwate2 0 1 5) 6 Gl o
ecosystems during the |l ast three centuries i
Change Biology, 22, pp. 1481489. doi: 10.1111/gcb.13193.

264



Jeppesen, E., Sgndergaard, M., Mazzeo, N., Meerhoff, M., Branco Hui§zar, V., Scasso,

F. (2005) oOLake restoration and biomanipul at
and tropical |l akes by Eutrophical2iAcamablef | ake
at: http://www.mendeley.com/research/lalesbrationandbiomanipulatiorin-temperate
lakesrelevancefor-subtropicalandtropicatlakes1/.

Jeppesen, E., Meerhoff, M., Davidson, T.A., Trolle, D., Sgndergaard, M., Lauridsen T.L.,
BeklioYlu, M., Br ucBetgonzo8i.l.,Nielesd.t a(,2 OPL 4,) GooQlzi8nh:
change impacts on lakes: An integrated ecological perspective based onfacateil
approach, with special focus on shalliow | ake
111. doi: 10.4081/jlimnol.2014.844.

Jia, B., Tang, Y., Tign L . , Franz, L., Al ewel | | c. , Huang
on phosphorus in reservoir sedimentso6j Scien
11. doi: 10.1038/srep16617.

Kalff, J. (McGill U. (2002) Limnology. Firest Edi. Edited by.ITeresa Ryu (Prentiddall.
PrenticeHall, Incorporated.

Karamage, F., Shao, H., Chen, X., Ndayisaba, F., Nahayo, L., Kayiranga, A., Omifolaji, J.K.,
Liu, T., Zhang, C. (2016) oDeforestation eff
CongeRwan d a 6 , For e si7sdpi: 10.33904711028p. p . 1

Karasu Benli, A.¢. and K°ksal, G. (2005) o6Th
(Oreochromis niloticus L.) larvae and finger
Sciences, 29(2), pp. 38%44.

Katsev, S., Aaberg, A.A., Crowe, S.A., Hecky
PLoS ONE, 9(10), pp.iT. doi: 10.1371/journal.pone.0109084.

Kaushal, S. and Binford, M. W. (1999) O6Rel ati
organcmag r sources, and historical deforestatio
Journal of Paleolimnology, 22(4), pp. 43@2. doi: 10.1023/A:1008027028029.

Kazi, T.G., Arain, m.b., Jamalik, M.K., Jalbani, N., Afridi, H.I., Sarfraz, R.A., Baig, J.A.,
ShahA. Q. (2009) OAssessment of water quality
techniques: A case studybod, Ecot oxii808.dm:gy and
10.1016/j.ecoenv.2008.02.024.

265



Khadka, U. R. and Ra njer mmacorhpasition ard sdasonal variatibr8in 6 Ma
the Lesser Himalayan | ake: Case of Begnas La
Journal of Geosciences, 6(11), pp. 4147206. doi: 10.1007/s1251012-067 4.

Kibria, G., Nugegoda, D., Fairclough, R., Laf, K. S. (1997) O6The nutrie
release of nutrients from fish fia7d.doiand f aec
10.1023/A.

Kim, T.W., Lee, K., Duce, R. and Liss, P. (2014). Impact of atmospheric nitrogen deposition
on phytoplankton ductivity in the South China Se@eophysical Research Lettedd(9),
pp.31563162.doi: 10.1002/2014GL059665

Kol zau, S. , Wi edner , c. , Réecker J ., Ko hl er,
patterns of Nitrogen and Phosphorus limitation in four German Lakes and the predictability

of I'imitation status from ambient nutrient <c
10.1371/journal.pone.0096065.

Kong, W., Huang, S., Yang, Z., Shi, F., Feng, Y., ihatn , Z. (2020) OFish F
Key Factor in Impacting Aquaculture Water Environment: Evidence from Incubator
Experiment sé, Scientifi cilkdop0rl@38/s4158pH+ i nger U
57063w.

KowalczewskaMadura, K., Dondajewska, R3oldyn, R., Kozak, A., Messyasz, B. (2018)

0l nternal Phosphorus Loading from the Botton
Sustainable Restorationé, Water, A& and So
39374.

Kraemer, B.M., Anneville, OChandra, S., Dix, M., Kuusisto, E., Livingstone, D. M. (2015)
OMor phometry and average temperature affect
changeb6, Geophys. TRIB& doi104002/2015GLO6HET7.Repepved. 4 9 8 1

Krause, G., Brugere,.CDiedrich, A., Ebeling, M.W., Ferse, S.C.A., Mikkelsen, E.,

Ag¥ndez, J.A.P., Stead, S. M., Stybel, N., Tr
Closingthepeoplp ol i cy gap in aquaculture devel opmen
441 55. doi: D.1016/j.aquaculture.2015.02.009

Kubot a, H. and Chan, J. C. L. (2009) o6l nterd
the Philippines from 1902 to 2005%doi: Geophysi
10.1029/2009GL038108.

266


https://doi.org/10.1002/2014GL059665

Lalumera, G.M., Camari, D., Galli, P., Castiglioni, S., Crosa, G., Fanelli, R. (2004)
OPreliminary investigation on the environmen
aquaculture in Italyadge8.Gnemosphere, 54(5), p
10.1016/j.chemosphere.2003.0&10

Lami, A. (2000) OHigh resolution analysis of
the sediment of eight European Alpine | akes:
59(SUPPL. 1), pp. 128. doi: 10.4081/jlimnol.2000.s1.15.

Landsberg, H. , Fl ewel ling, L.J. and Naar, J. (200¢
the food web, and i mpacts on natural resourc
Elsevier, 8(4), pp. 59%07. doi: 10.1016/}.hal.2008.11.010

Laquinon, F.M. (1997) Audrce Profiling and Communication Planning to Promote
Environment al Management among Sampaloc Lake

of the Philippines Los Banos, Laguna.

Last, W.M. and Smol, J.P. (2002) Tracking Environmental Change Using Lake Sedimen
Volume 1: Basin Analysis, Coring, and Chronological Techniques. Springer Science &

Business Media.

Leach, T.H., Beisner, B.E., Carey, C.C., Pernica, P., Rose, K.C., Huot, Y., Brentup, J.A.,
Domaizon, I., Grossart, H.P., Ibelings, B.W., Jacquert, SwllikeP.T., Rusak, J.A.,
Stockwell, J.A., Straile., D., Verburg, P. (
maxi ma structure in 100 |l akes: The relative
Limnology and Oceanography, 63(2), pp. 6286 doi: 10.1002/Ino.10656.

Leavitt, P. and Hodgson, D. (2006) 6Sedi ment
295 325. doi: 10.1007A306-476681_15.

Leavitt, P.R. (1993) OA review of factors th
andbssi | pigment abundanced, Jour nalk7.doif Pal eo
10.1007/BF00677513

Legaspi, K., Lay, A.Y.A., Jordan, P., Mackay, A., McGowan, S., McGlynn, G., Baldia, S.,

Papa, R.D., Taylor, D. ( e8hlvdtes aquaduliusetinarbpical s hi n g
Asia: the potential role of palaeolimnologyé
148 163. doi: 10.1002/ge02.13.

267



Legendr e, P. and Birks, H. (2012) O6From CIl as
Environmental CharggUsing Lake Sediments, 5. doi: 10.1007/948007-27458_8.

Legendr e, P. and Legendr e, L. (1998) ONumer i

model |l i ngo, Developments in Environment al Mo

Leng, M. J. and Mar s h a lintegpretationf stalfle2idptOpé Yatadrdtra | a e o
|l ake sedi ment archiveso, i8Quadli83lndair y Sci ence
10.1016/j.quascirev.2003.06.012.

Lepg, J. and Gmilauer, P. (2003) Multivariat
Vadose Zondournal VADOSE ZONE J. doi: 10.1017/CB09781139627061.

Levine, S.N., Lini, A., Ostrofsky, M.L., Bunting, L., Burgess, H., Leavitt, P.R., Reuter, D.,

Lami, A., Guilizzoni, P., Gilles, E. (2012)
northeasternarm:lnsght s from paleoli mnological anal ys:
Research, 38(SUPPL. 1), pp.i38. doi: 10.1016/j.jgIr.2011.07.007.

Lewis Jr., W M. (1978) oDynamics and Succes
Lake Lanao , Philippines Author)(s Wi | I i am M . Lewis , Jr . Pu
Ecological Society Stable URL : https:// www.

Linked referencé80.ared6, 66(3), pp. 849

Lewis Jr ., W.-parreColddf@edmperaturk, mixingy and stabftitya

tropical |l ake (Lake Valencia, Vdthezuela)od, A
Lewis Jr., W M. (1986) OPhytoplankton succe
Proceedings, 1922010, pp. 127i71277. doi: 10.1080/03680770.1983.11897484.

Lewis Jr.,W. M. (1987) O6Tropical l i mnol ogyd, Annua
Vol. 18, pp. 159184. doi: 10.2307/1941343.

Lewis Jr., W. M. (1996) O6Tropical | akes: how
tropical limnology. SPB Amsterdam, 4364.

Lewi s Jr., W. M. (2000) o6Basis for the protect

Reservoirs: Research & Management. Wiley Online Library, 5(1), ppl&%loi:
10.1046/j.14461770.2000.00091.x

268



Lewis Jr., W M. (2002) oftnCaendimitatiorfirotopicalh e hi gh
|l akesd6, Sl L PR010.dalerckiFrargis, 28(1), Bp22221 3. doi:
10.1080/03680770.2001.11902574.

Lewis Jr., W.M. (2010) 6Biogeochemistry of t
theoretische und gewandte Limnologie: Verhandlungen. Taylor & Francis, 30(10), pp.
1595 1603.

Lichtenthaler, H. K. (1987) oO6Chlorophyll s Car
Pigments of Photosynthetic Biomembranes, 148, pp. 352 doi: 10.1016/0076
6879(87)48034L.

LLDA (2006a) Water quality report on Bunot lake 1998005. Rizal, Philippines.
LLDA (2006b) Water Quality Report on Mohicap Lake. Rizal, Philippines.

LLDA (2006c) Water Quality Report on Palakpakin Lake 1:2985. Rizal, Philippines.
LLDA (2006d) Water Qality Report on Pandin Lake. Rizal, Philippines.

LLDA (2006e) Water Quality Report on Sampaloc Lake. Rizal, Philippines.

LLDA (2006f) Water Quality Report on Yambo Lake 202@05. Rizal, Philippines.

LLDA (2009) Water Quality Report of the Seven Cratekés20062008, Laguna Lake
Development AuthoriyfEnvironmental Quality Management Division, Rizal, Philippines.

Rizal Philippines.

L-pez, B. D., Bunke, M. and Shirai, J. A.B. (2
(Italy): ecosystem effects evaluatdulough atrophicmadgsal ance model 6, Ecol
modelling. Elsevier, 212{31), pp. 292303. doi: 10.1016/j.ecolmodel.2007.10.028

Lépez, E.L. and Davales i n d , L. (1998) O6Algal growth pot e
tropical riverreservoir systemf t he central pl ateau, mexi cod,
Management, 1{31), pp. 345351. doi: 10.1080/14634989808656929.

Lorenzen, C. J. (1967) oOoDet-Pigmnnnati on Of Chl o
Spectrophotometric Equat i ¢g.rdchdWiey&Sonanitd,l ogy an
12(2), pp. 34B346. doi: 10.4319/10.1967.12.2.0343.

Lotter, A.Fpr q2Y08)i mamuile ireconstructions©o,
pp. 11 476. doi: 10.1017/CB0O9781107415324.004.

269



Ldrling, M., Eshetu, F., Faassen,E,J Ko st en, S. , Huszar, V. L. M.
cyanobacterial and green algal growth rates
Wiley Online Library, 58(3), pp. 555%59. doi: 10.1111/].1363427.2012.02866.x

Lurling, M., Van Oosterhout, A nd Faassen, E. (2017) OEutroph
cyanobacterial bi omass anid6.doi: crocystinsoé, To
10.3390/toxins9020064.

Lyon, B. and Camar go, -vadying idfluence @ BNS® on rédinfah e s eas
and tropicalcycone activity in the Phil i pid4lndeisé, Cl i
10.1007/s0038D08-0380z.

Maclntyre, S. (2012) o6Stratification and MiXx
Herschy, R. W., and Fairbridge, R. W. (eds) Encyclopetlizakes and Reservoirs.
Dordrecht: Springer Netherlands, pp. v343. doi: 10.1007/978-402044106_262.

Mackereth , J. Heron, J.F.T. (1979) o6Water A
Li mnol ogists. o6, The Quarterly dgeRrase™M?2pop Bi ol
203. doi: 10.1086/411247.

Ma heaux, H. , Leavitt, P.R. and Jackson, L. J.
among shallow prairie |l akes of the Northern
Biology, 22(1), pp. 271283.doi: 10.1111/gcb.13076.

Malacafiang Records Office (1973) https:#wpper.gov.ph/malacanamgcordsoffice/.

Mal aque, |l . R. and Yokohari, M. (2007) oO6Ur ban
landscape pattern in the urban fringe of Metro ManitajPl i ppi nes 6, Environm
Urbanization, 19(1), pp. 19206. doi: 10.1177/0956247807076782.

Marques Lopes, M. R., Bicudo, C.E.D.M. and Fe
temporal variation of phytoplankton in a shallow tropical oligotrophiemesr, southeast
Brazil o6, Hy dr o b i i®470d0ii16.1007640250049332z.pp. 235

Martin, G.D., Muraleedharan, K.R., Vijay, J.G., Rejomon, G., Madhu, N.V., Shivaprasad, A.,
Haridevi, C.K., Nair, M., Balachandran, K.K., Revichandran, C., Jashtay, K.V.,
Chandramohanakumar , N. (2010) O6Formation of
waters of a tropical estuary, southwest coas
1751 1782. doi: 10.5194/bg@d-17512010.

270



Mayer, B., Boyer, E.W.Goodale, C., Jaworski, N.A., Van Breemen, N., Howarth, R.W.,
Seitzinger, S., Bill en, G. , Lajtha, K., Nade
draining sixteen watersheds in the northeast
Springer 57(1), pp. 171197. doi: 10.1023/A:1015744002496

Mazumder , A. Tayl or, W. D. , Mc Queen, D.J. , L
Pl ankton on Lake Temperature andi3Bh. xing Dept

Mazumder, A. and Tharydl siructure 9¥lakePvaryirfg InSigedand o6
water clarityo, Li mnol ogy976édod Oceanography,
10.4319/10.1994.39.4.0968.

Mc Gowan, S. (2007) O6Pigments in Sediments of
Quaternary Science, (Janu&@13), pp. 2062074.

McGowan, S., Barker, P., Haworth, E.Y., Leavitt, P.R., Maberly, S.C., Pates, J. (2012)
OHumans and climate as drivers of algal comn
Freshwater Biology, 57(2), pp. 26077. doi: 10.1111/j.1368427.2011.02689.x.

Mc Grane, S. J. (2016) Ol mpacts of wurbanisat:i
and urban water management: a reviewbob, Hydr o
61(13), pp. 22962311. doi: 10.1080/02626667.2015.1128084.

Meerhoff, M., Clemente, J.M., de Mello, F.T., Iglesias, C., Pedersen, A.R., Jeppesen, E.
(2007) 06 Ca n-reltedrstmcturd of littoaat peedator assemblies weaken the clear
water state in shallow | akes?®897.dGl obal Chang
10.1111/j.13652486.2007.01408.x.

Mehner, T. (2000) o6l nfluence of spring war mi
onDaphnida deterministic simulation approacho, F
45(2), pp. 25B263. doi: 10.1046/1.3652427.2000.00551.x

Mel ack, J. M. and Coe, M. T. (2013) o6Climate c
basinbé, Amazonia and Gl obal Change (eds Gol d
Online Library, pp. 296310.

Mel ack, J. M. ( 1, physacal and shennicpl ieatunes bfithe wolcanic crater

|l akes of western Ugandabé.

Mendoza, M.U., Briones, J.C.A., Toh, M., Sophia, K., Padilla, A.R., Aguillar, J.I. (2019)

6Smal l Maar Lakes of Luzon I sland , Philippi

271



Implications on the Management of Tropical Lakes Revi ewd, 148 (iSept emb
578.

Merildinen, J.J., Hynynen, J., Palomaki, A., Mantykoski, K., Witick, A. (2003)
OEnvironmental history of an urban | ake: A p
Finl anddé, Journal of Pi&a6edoili i mnol ogy, 30(4),
10.1023/B:JOPL.0000007229.46166.59.

Meyers, P.A. and | shiwatari, Ranoyetviewd8) ObéLacu
indicators of organienatter sources and diagenesis in{ake d i m@rganic 0 ,
Geochemistry, 20(7), pp. 86900. doi: 10.1016/0146380(93)90104p.

Meyers, P.A.and Lallewer g s, E. (1999) O6Lacustrine sedi
Late Quaternary paleoclimatesd, JoiBr2nal of P
doi: 10.1023/A:1008073732192

Meyer s, P. A. and Teranes, J. L. (2001) oOTrack

sedi ment sbé, Tracking Environmenti2T0. Change Us
Meyns, S., I I I R. , Ri bi raaralysispylHPOClahd 6 Comp ar
spectrophotometry: where do the diffe&rences
139.

Migrino, L.M.S. (2017) Chronology of Events in the History of San Pablo. San Pablo.

Miklius, A., Flower, M.F.J., Huijsmans, J.P.P., MukaS&3., Castillo, P. (1991)
060Geochemistry of Lavas from Taal Volcano, So
Mul tiple Magma Supply Systems and Mantl e Sou
32(3), pp. 598627. doi: 10.1093/petrology/32.3.593.

Milenkovii, S.M., Zvezdanovil, J.B., Andel kovi
identification of chlorophyll and its derivatives in the pigment mixtures: HPLC
chromatography, visible and mass spectroscop

161 24. Available at: http://alfa.tf.ni.ac.rs/casopis/sveskal/c2.pdf.

Miller, J.D. and Hutchins, M. (2017) O6The in
urban flooding and urban water quality: A review of the evidence concerning the United

Ki ngdo md, Hydrolagy: Ragibnal &tudies. Elsevier, 12(June), ppi 383. doi:
10.1016/j.ejrh.2017.06.006.

272



Mil |l er, P.1., Shutler, J.D., Moor e, G. F., Gr
har mful algal Dbloom evoluti onOdTaylor&FRramgisnat i ona
27(11), pp. 228i72301. doi: 10.1080/01431160500396816

Mi || s, K., Ryves, D.B., Ander son, N. J. , Brya
climate perturbations in western ugandan crater lake sediment records during the last 1000
yea s6, Climate of 1160&.dd> a0s5194/cp0-16812014. pp. 1581

Mills, K., Schillereff, D., SaulnieiTalbot, E., Gell, P., Anderson, N.J., Arnaud, F., Dong, X.,

Jones, M., McGowan, S., Massaferro, J., Moorhouse, H., Perez, L., Ryves, [1B. (20

60 Dec i p h eterin regprdd ob matgral variability and human impact as recorded in lake

sedi ments: a palaeoli mnological puzzledo, Wil
€1195. doi: 10.1002/wat2.1195.

Mines and Geosciences Bureau (2010) Ggybf the Philippines. Second Edi.

Moorhouse, H.L., McGowan, S., Jones, M.D., Barker, P., Leavitt, P.R., Brayshaw, S.A.,
Haworth, E.Y. (2014) o6Contrasting effects of
two lakes in the windermere catchmentsincke | at e 19t h centuryo, Fr
59(12), pp. 26062620. doi: 10.1111/fwb.12457.

Moorhouse, H.L., McGowan, S., Taranu, Z.E., Gre¢gieayes, |., Leavitt, P.R., Jones, M.D.,

Bar ker , P. ., Brayshaw, S. A. (20dudlityinthcike gi onal
Windermere catchment, Lake District, United Kingdom: The dominant influence of
wastewater pollution over the past 4020. year s
doi: 10.1111/gch.14299.

Moss, B., Kosten, S., Meerhoff, M., Battarb&W., Jeppesen, E., Mazzeo, N., Havens,, K.,
Lacerot, G., Liu, Z., De Meester, L . (2011)

eutrophicationé, l nland waltters. Taylor & Fr a

Muelbert, J.H., Nidzieko, N.J., Acosta, A.T.R., BeaulieuB®rnardino, A.F., Boikova, E.,

Bornman, T.G., Cataletto, B., Deneudt, K., Eliason, E. and Kraberg, A.C. (2019) HEER
international longterm ecological research network as a platform for global coastal and

ocean observatiofrrontiers in Marine Scierg 6, pp.527.doi:

10.3389/fmars.2019.00507;, | | er , R. and Stadel mann, P. (20
as the basis for rehabilitation of eutrophic
Ecology. Wiley Onl i nie60.ldoi:i0.14r1/y136511( 3 4) , pp.
2400.2004.00393.x

273


https://doi.org/10.3389/fmars.2019.00527
https://doi.org/10.3389/fmars.2019.00527

Nayak, B. K. (2010) o6Understanding the releva
of ophthalmology. Medknow Publications, 58(6), pp. 4680. doi: 10.4108301-
4738.71673.

Nilssen, J. P. (01f9n8tidnal eadbldgy and futara developamkng: $he need
foraprocesor i ent ated approacho, 1282 adoipl0.c001/97o0 o p !l anl
017-36121 22.

NOAA (2018) Multivariate ENSO Index Versn 2 (MEI.v2). Available at:

https://psl.noaa.gov/enso/meil.

Noller, J.S., Sowers, J.M. and Lettis, W.R. (2000) Quaternary geochronology: methods and
applications. American Geophysical Union.

N¢egrnberg, G. K. (1995) 0 Qu a nndiOtegnography,ad®®,x i a i n
pp. 11001111. doi: 10.4319/10.1995.40.6.1100.

N¢grnberg, G. K. (2004) o6Quantified hypoxia an
TheScientificWorldJournal, 4, pp. #24. doi: 10.1100/tsw.2004.5.

N¢egrnberg, G. K. ( 20000g# )e r anl ehkye orl @ s s ees wti t hdr @
Lake and Reservoir Management, 23(4), ppi388. doi: 10.1080/07438140709354026.

O6 Nei | , J., Davis, T., Burford, M., Gobler,
blooms: The potential roles ofeatp hi cat i on and c¢l i mate changeo
10.1016/j.hal.2011.10.027.

O6Reilly, C. M., Alin, S.R., Plisnier, P. D. ,
decreases aquatic ecosystem produaiuei vity of
Publishing Group, 424(6950), pp. 16®8. doi: 10.1038/nature01833

OECD (2012) OAgriculturedéds I mpact oni Aquacul
46.

Ojala, A.E.K., Saarinen, T. and Salonen, V.P
annually | aminated | ake sedi mentvisonment sout her
Research, 5(3), pp. 24355.

Okonkwo, C., Demoz, B. and Gebremariam, S. (
variability and |Iinks to ENSO, precipitation
2014(December). doi: 10.1155/2014/8953.

274



Orihe, D. M., Baulch, H.M., Casson, N.J., North, R.L., Parsons, C.T., Secker, D.C.M.,
Venkiteswaran, J. J. (2017) Ol nternal phosph
review and data analysisodo, Caiemebi742),Pgpour nal
2005 2029. doi: 10.1139/cjfa®016-0500.

O'Reilly, C.M., Sharma, S., Gray, D.K., Hampton, S.E., Read, J.S., Rowley, R.J., Schneider,
P., Lenters, J.D., Mcintyre, P.B., Kraemer, B.M. and Weyhenmeyer, G.A. (2015) Rapid and
highly variablewarming of lake surface waters around the gléeophysical Research

Letters 42(24), pp.16773.doi: 10.1002/2015GL066235

Over mann, J. and Van Gemer den, H.furp&tera0) o6 Mi
i mplications for the ecology and evolution o
24, pp. 591599. doi: 10.1111/j.1576976.2000.tb00560.Xx.

Paer | , H. W. , Fulton, R. S. , Moi sander , P. H. ,
Blooms, With an Emphasis on Cyanobacteriiad, Th
113. doi: 10.1100/tsw.2001.16.

Paerl, H.W., Xu, H., Hall, N.S., Zhu, G., Qin, B., Wu, Y., Rossignol,. K.L., Dong, L.,

Mc Cart hy, M. J., Joyner , AriaRBloonjs2nMHgpédrirophicCo nt r o |
Lake Taihu, China: Will Nitrogen Reductions Cause Replacement ofNRoRixing by N2

Fixing Taxa?béb, PLOS ONE. PuMBdoc Library of S
10.1371/journal.pone.0113123.

Paer | , H. W. and Hunssmark,e J.t (hod®8) S&kBle:mce. /
the Advancement of Science, 320(5872), pp.587

PaezOs u n a, F. (2001) o6The environment al i mpact
and mitigating alternativeso61311Bhdoi r onment al
10.1007/s002670010212.

Pal ani, S., Bal asubramani an, R. , Karthikeyan
of nutrients and its role on coast al Eutroph
Geosciences: Volume 9: Solid Earth (SBLean Science (OS) and Atmospheric Science

(AS), (January), pp. 14966. doi: 10.1142/649¥0l9.

Palmer, M. (2014) Ordination methods for ecologists, Online. Available at:

http://ordination.okstate.edu/overview.htm.

275


https://doi.org/10.1002/2015GL066235

Partin, J.W., Cobb, K.M., Adkins, J.EE,| ar k, B. , Fernandeszale D. P. (

trends in west Pacific warm pool hydrology s
449(7161), pp. 45255. doi: 10.1038/nature06164.

Peters, K. E., Sweeney, R. E . cabon&nd Kiaogdna n I
stable isotope ratios in sedimentary organic

Online Library, 23(4), pp. 59%04.

Peterson, B.J. and Fry, B. (1987) o6Stable 1|s
Ecology and Systemas, 18(1), pp. 293320. doi: 10.1146/annurev.es.18.110187.001453.

Philippine Statistics Authority (2015) d&éMajo
2014(December), pp. 2002014.

Phlips, E. J. , Badyl ak, E. J. ,cands El8dlidorand N. G. , H
harmful algal blooms intwo subr opi c al Fl orida estuaries: Dir
Scientific Reports, 10(1), ppi 12. doi: 10.1038/s4159820-587714.

Polunin, N.V.C. (2008) Aquatic ecosystems: trends and global prospects.i@ganbr

University Press.

Quintal, A.L., Gotangco, C.K. and Guzman, M.
the Seven Lakes Area in San Pablo City, Laguna, the Philippines Using the Land
Transformation Model 6, Envi r onlmaions Sagend Ur ban
India: New Delhi, India, 9(1), pp. 685.

Rabal ai s, N. N., D2az, R. J. , Levin, L.A., Tur
and distribution of naturaland humana used hypoxi ad, Bi 6% osci e n«
doi: 10.5194/-7-585-2010.

Rast, W. and Lee, G.F. (1978) Summary analysis of the North American (US Portion) OCED

eutrophication project: nutrient loadihgke response relationships and trophic state indices.

Reit sema, R E., Meir e, P .tureainFcesh®ateh Maerbphytes k ,  J .
in a Changing World: Dissolved Organic Carbon Quantity and Quality and Its Interactions

With Macrophytes. 6, Frontiers in plant scien

Reuss, N., Conley, D.J. and Bianchi, T.S. (20056 Pr eser vat i on conditior
sediment pigments as a tool for recent ecological reconstruction in four Northern European
estuari eso, Ma 74, ppe28%302edmii 16.1016yj.marcBebn(2(004.10.002.

276



Reynolds, C.S. and Bellinger, EG1992) o6Patterns of abundance
phytoplankton of Rostherne Mere, England: Evidence froman 8 r dat a set 6, A
Sciences, 54(1), pp. 186. doi: 10.1007/BF00877262.

Rhodes, J., Hetzenauer, H., Frassl, M.A., Rothaupt, K.O., Rinke, K 2 0 1-Tefm 6L ong
devel opment of hypolimnetic oxygen depletion
Springer Netherlands, 46(5), pp. $545. doi: 10.1007/s1328017-0896-8.

Richardson, J., Miller, C., Maberly, S.C., Taylor, P., Globevnik, L., eym., Jeppesen, E.,

Mi schke, U., Moe, S.J., Pasztaleniec, A., SB
multiple stressors on cyanobacteria abundanc
24(11), pp. 50445055. doi: 10.1111/gch.14396.

RossJ. and Gilbert, R. (1999) O6éLacustrine sed:i
record from Phewa Tal, mi ddl e mountain regio
323. doi: 10.1016/S016855X(98)0007%8.

Ruiz-Fernandez, A.C., Hillairdarcel, C., PaeDsuna, F., Ghaleb, B., Caballero, M. (2007)
0210Pb chronology and trace metal geochemist
sedi mentary record from the Lago Verde <crate
University Press, 67(2), pp. 18192.

Ruiz-Fernandez, A.C. and Hillak®lar ce |l , C. -dervéd@gegforthe 1 0P Db
reconstruction of terrestrial contaminant history into the Mexican Pacific coast: Potential and

Il imitationsao, Marine Polil,pd 136145. ®ul | et i n. EI s
10.1016/j.marpolbul.2009.05.006.

Rydberg, J. and Bindl er, R. (2008) o6Carbon a
Sediment: Changes over 27 Years Studied in Varved Lake Sediment Climate change induced
regime shifts in Northern lake ecosystems Vawject Reconstruction of Holocene

at mospheric mineral dust depositiodé, (July 2

Ryves, D.B., Mills, K., Bennike, O., Brodersen, K.P., Lamb, A.L., Leng, M., Rusell, J.M.,
Semmanda, Il . 2011) OEnNvi rlemmumeecardadintwohange ove
contrasting crater | akes in western Uganda,

Quaternary Science Reviews. Elsevier, 36(5pp. 5555609.

Sal as, H. J. , Martino, P. (1991) daamwatempl!l i fi e
tropical | akes 6, Wat 30 doRHIAIWEICK.4451,13312.30063 ) , pp.

277



Sanger, J.E. (1988a) OFossil pigments in pal
Palaeogeography, Palaeoclimatology, Palaeoecologyi 4R ({ip. 348359. doi:
10.1016/00310182(88)900642.

Santiago, A.E. (1994) O6The ecological I mpact
Philippines©o, in The Third Asian Fisheries F
Forum, 2630 October 1992, Singapore. Asian FiggeiSociety, pp. 413116.

Santiago, A.E. and Arcilla, R.P. (1993) oTil
in Sampaloc Lake, the Philippines©o, Environmn
24(3), pp. 24B255. doi: 10.1007/BF00545981

Santsteban, J.1., Mediavilla, R., Lopézamo, E., Dabrio, C.J., Zapata, M.B.R., Garcia,

M.J.G., Castafio, S., Martingel f ar o, P. E. (2004) O6Loss on igr
guantitative method for organic matdumal and c
of Paleolimnology. Springer, 32(3), pp. 2&B9. doi:

10.1023/B:JOPL.0000042999.30131.5b

Saunder s, M. A., Chandl er. R. E. , Mer chant , C.
and NW Pacific typhoons: ENSO spatial impacts on occurrence andllahdla, Geophysi c
Research Letters, 27(8), pp. 1147150. doi: 10.1029/1999GL010948.

Savage, C. , Leavitt, P. R. and EI mgren, R. (
nitrogen in surface sediments of a,ppoast al b
1503 1511. doi: 10.4319/10.2004.49.5.1503.

Scheffer, M. and Van Nes, E.H. (2007) d&6éShall
regimes driven by climat e, nutrientsi depth
466. doi: 10.1007/s1075007-06167.

Sia Su, G.L. (2008) OAssessing the effect of
Philippineséd, American Journali28@foi: Environmen
10.3844/ajessp.2008.276.280.

Silsbe, G.M., Hecky, R.E., Guildford, S.J. Mugi dde, R. (2006) o6Varia
and photosynthetic parametersinanutrerda t ur at ed tropical great |
Oceanography, 51(5), pp. 202063. doi: 10.4319/10.2006.51.5.2052.

Simpson, G. L. (2018) ItinMsedes Using gengraliped ddditev® e c 0| 0 g
model s 6, bi oRx 1 v, p . 322248. doi : 10.1101/ 32

278



Simpson, G.L. and Ander son, N. J. (2009) o6De
separating the influence of confounding factors in sediment core recordsidditige

model s 0, Li mnology and Oceanogr ai2bdg.doi: Wi | ey C
10.4319/10.2009.54.6_part_2.2529

Singh, P., Bagrania, J., Haritash, A. K. (2019). Seasonal behaviour of thermal stratification
and trophic status in a suitopical Palustrine water bodgpplied Water Scienc8(5), pp.
139. doi:10.1007/s13200191011%z

Smol, J.P., Birks, H.J.B., Last, W.M. (2001) Tracking Environmental Change Using Lake
Sediments: Volum 4: Zoological Indicators. Springer.

Soares, M.C.S., Marinho, M.M., Azevedo, S.M.O.F., Branco, C.W.C., Huszar, V.L.M.

(2012) O6Eutrophication and retention time af
reservoirao, Li mnol ogip.clad203kbisevi er GmbH. , 42(
10.1016/j.limno.2011.11.002.

Soma, Y., Tani, Y., Mitake, H., Kurihara, R., Hashomoto, S., Watanabe, T., Nakamura, T.
(2007) o6Sedimentary steryl chlorin esters (S
indicators of paleolimnological chge over the last 28,000 years from the Buguldeika saddle

of Lake Baikal é, Jour nalil#.fdoiiR@IOGF/c1093306: 0| ogy,
9011%z.

Sout hgat e, P.C. and Lucas, J.S. (2003) ORepr
Publishirg.

Spear s, B. M., Carval ho, L., Dudl ey, B. , May,
phosphorus ratio across 94 UK and I rish | ake
Environmental Management. Elsevier Ltd, 115, pp.i284. doi:

10.1Q16/j.jenvman.2012.10.011.

St eneck, R. S. (2012) OApex predators and tro
Learning from serendipityo, Proceedings of t
States of America, 109(21), pp. 799%54. doi: 10.103/pnas.1205591109.

Van Straten, G.T. and Keesman, K. J. (1991) 6
projective forecasts of environmentalchangd: Ak e eut rophication exam,
Forecasting. Wiley Onill90ndei 10.1002/foa.3990100111@ ( 1 2) ,

279


https://doi.org/10.1007/s13201-019-1011-z

Str oom, J. M. and Kardinaal |, W. E. A. (2016) OH
toward preventive lake restorationandmet i ve contr ol measureso, A
pp. 541 576. doi: 10.1007/s1045216-95930.

Stuecker, M. F., Tigchelaar, M. and Kantar, \Y
production in the Phililpoines?od, PLoS ONE, 13
10.131/journal.pone.0201426.

Surette, M. and Stearns, J. (2014) O6Microbio

Szekiel da, K. H. , Espiritu, E. and Lagrosas,
Philippines?o, Il nternational I|Boances 43),pef Geol o
2277 2081. Available at: http://www.cibtech.orgGEOLOGY-EARTH-
ENVIRONMENT/PUBLICATIONS/2014/Vol_4 No_3/04GEE004KARL-

EUTROPHICATION.pdf.

Tal bot, M.R. (2002) ONitrogen isotopes in pa
changeusing lake sediments. Springer, pp. #439.

Talling, J.F. (1963) o60Origin of stratificat:i
Oceanography. Wiley Online Library, 8(1), ppi 8.

Talling, J.F. (2001) O6Envirohmewtalopooalol a
Hydrobiologia, 458, pp.i8. doi: 10.1023/A:1013121522321.

Tammel i n, M. and Kauppila, T. (2018) o6Quater
t he natural eutrophy of boreal | akodiersasnd t he
in Ecology and Evolution, 6(MAY). doi: 10.3389/fevo.2018.00065.

Ter Braak, C.J.F. (1994) o6Canonical communi:t

met hods o, Ecoscience. M4&ylor & Franci s, 1(2)

The World Bank Group (2019) WorlBank Open Data. Available at:
https://data.worldbank.org/.

Tierney, J.E., Abram, N.J., Anchukaitis, K.J., Evans, M.N., Giry, C., Kilbourne, K.H.,
Saenger, C.P., Wu, H.C., Zinke, J. (2015) 6T
ar c hi v e asabograpRya30@©cactaber), pp. 2262. doi: 10.1002/2014PA002717.

280



Torres, I . C. , l nglett, P. W. , Brenner, M. , Ke
(013C and U15N) values of sediment organic n
statusdé, Journal of Pra6l doiolD.106Viisd@B-018-95936.4 7 ( 4) , p

TownsendSmall, A., McCarthy, M.J., Brandes, J.A., Yang, L., Zhang, L., Gardner, W.S.
(2007) OStable isotopic composition of nitra
Hydrobiologia, 581(1), pp. 13340. doi: 10.1007/s1075006-05055.

Townsend, S. A. (1999) O6The seasonal pattern
deoxygenation, i n two tropical Australian re
Management, 4({2), pp. 4153. doi: 10.1046/}.144Q770.1999.00077.x.

Trebiz, A.S., Brazner, J.C., Cotter, A.M., Knuth, M.L., Morrice, J.A., Peterson, G.S.,
Sierszen, M. E., Thompson, J.A., Kelly, J.R.
wetlands: Baskwide patterns and responses to an anthropogenic disturbance gradient

Journal of Great Lakes Research, 33(SPEC. ISS. 3), pp56doi: 10.3394/0380
1330(2007)33[67:WQIGLC]2.0.CO;2.

Tupper, A. Car n, S. , Davey, J ., Kamada, Y.,
evaluation of volcanic cloud detection techniquesdrdy recent significant eruptions in the
western ARing of Fireood, Re moitd& doBensi ng of E
10.1016/j.rse.2004.02.004.

Verbur g, P. and Hecky, R.E. (2009) o6The phys
cli mat e c¢ hagyand@ceanograpmn (6 PART 2), pp. 22480. doi:
10.4319/10.2009.54.6_part_2.2418.

Ver schur en, D., Cocquyt, C., Ti bbtem J., Robe
dynamics of algal and invertebrate communities in a small, fluctuating trepmwadl a | a k e 6,
Limnology and Oceanography, 44(5), pp. 121831. doi: 10.4319/10.1999.44.5.1216.

Volimer, M.K., Bootsma, H.A., Hecky, R.E., Patterson, G., Halfman, J.D., Edmond, J.M.,
Eccl es, D. H. , We {water warnihg ffend i L2ke M&layk, adsDie epf r i c a 6
Limnology and Oceanography, 50(2), pp. 7232. doi: 10.4319/10.2005.50.2.0727.

Walter, J.A., Fl eck, R. , Pace, M. L., WilKkins
| ake surface area and cat ch menatibnalPubbshiig, Aquat
82(3), pp. 18. doi: 10.1007/s0002020-00726y.

281



Wa n g, S. , Qi an, X. Han, B. P., Luo, L. C., Ha
hydrological conditions on the thermal regime of a reservoir at Tropic of Cancer, inrsouthe
Chinadbé, Water Researchi260E£tHosevier Ltd, 46(8),
10.1016/j.watres.2012.02.014.

Wat son, S. B., Mc Caul ey, E. and Downing, J.A.
composition across temper at enoldgpanes of differ
Oceanography. Wiley Online Library, 42(3), pp. #895. doi: 10.4319/10.1997.42.3.0487

Wetzel, R.G. (2001) Limnology: lake and river ecosystems. gulf professional publishing.

White, B. and Matsumoto, K. (2@ghglmaxtnCma usal n
in Lake Superior: A numerical model ing inves
pp. 504 513. doi: 10.1016/}.jgIr.2012.05.001.

Wil helm, S. and Adri an, R. (2007) Ol mpact of
ofapolymct ic |l ake and consequences for oxygen,
Biology, 53, pp. 226237. doi: 10.1111/j.13623427.2007.01887.x.

williamson, C.E., Saros, J.E., Vincent, W.F.
sentinels, integratoys and regul ators of c¢climate changed,
PART 2), pp. 22762282. doi: 10.4319/10.2009.54.6_part_2.2273.

Wo o d, R. B. , Prosser, M.V and Baxter, R. M. (1
characteristics of four of the Bishoftu@at er | akes, Et hiopi ad, Fres
Online Library, 6(6), pp. 51%30.

Wu, J., Lin, L., Gagan, M. K., Schleser, G. H.
(013C, U15N) response to histori obilbgiagutrophi
563(1), pp. 1829. doi: 10.1007/s107500591338.

>

Wu, Y. and Chen, J. (2013) o6l nvestigating t
Pollution on the Water Quality of the East R
Indicators, 32pp. 294 304. doi: 10.1016/j.ecolind.2013.04.002.

Xi e, P. (2006) O6Biological mechanisms drivin

phosphorus in shallow | akesd, SciiZrnhce in Chi

Xing, Z. (20X)t udTehearnmalHySItr odynamics of a St
59(1), p. 190. doi: 10.4319/10.2014.59.01.0115.

282



Xu, H.S., Xu, Z.X., Wu, W, Tang, F.F. (2012
Analysis of Water Quality in the Zhangweinan River BasinnChio , Procedia Envi
Sciences, 13(2011), pp. 164B52. doi: 10.1016/j.proenv.2012.01.157.

Yang, X.E., Wu, X., Hao, H. L., He, Z.L. (200
eutrophicationd6, Journal of ZIi209.doang Uni vers
10.1631/jzus.B0710626.

Yokoyama, H., Abo, K. and | s hdehvedorgahic ( 2006)
matter in the sediment in and around a coastal fish farm using stable carbon and nitrogen
i sotope rat i os 04),ppAdiszbcdoill0.10164.aqualuiiude(2005.10.024.

Yu, H. , Dong, X., Yu, D. , Liu, c. , Fan, S. (
Water Levels on Overwintering of Eichhornia crassipes at the Northern Margin of Its
Distribution i rlant®ciente H0(Octébery ppilli. doic s 1 n
10.3389/fpls.2019.01261.

Zafaralla, A. (2010) OPlankton biodiversity,

Bafosdé Crocodile Lake and San Pablo Cityds s
[ Phili.ppines] o

Zi mmer, A M., Wright, P.A. and Wood, C. M. (2
| ife stages of fishesd, Jour nad8ssdoi: Exper i men

10.1242/jeb.140210.

283



APPENDICES

APPENDIX A T INTERVIEW TRANSCRIPTS

LAKE PAN DIN
Collected in April 2018
Interview 1

1
il

il
il

No algal blooms in the last 5 years but annual before that.

There are coconut plantations in the lake catchment but the fisherman are not sure
when they were firsplanted

<3% of the lake used for aquaculture in ke 2000s

Only 3 fish cagepresentin 2018. The reason for this is due to tourism being the more
profitable ventureAquaculture was having a negative impact on the condition of the
lake.

Aquaculture began in 1989 but cage numbers were always kepulsw

unfavourable conditions

Tourism is the preferred industry

LAKE YAMBO
Collected in April 2018
Interview 1

il
il
T
T

T
T

Aquaculture cages spread rapidly (reachingl®% of surface area the mid1990s)
afterits introduction however it was financially lessigble than the other Seven
Lakes due to the lake conditions

Algal bloomshave occurreévery year since 198@s January

No Banana but lots of coconut in the lake catchment

Coconut plantations since 198fich graduallyincreaseduntil covering the whle
catchment

Only one fish cage noweduced from 3 in 2017. They see tourism as the more
profitable industryandaquaculture wabkaving a detrimental effect on it

Raft pulled tourism started in 2018

Collected by Wayne Bannister in May 2017

Interview 2

= =4 =8 -8 -4 -9

= =4

3 active fish pens

Fish pen = 6 m depth

Fish pens are 10 x 20 square area

5000 fingerlings = 100 bags x 25 kg

600,000 fingerlingprovidedby BFAR.

Fish kills occur during NovembérDecember, when the weather is colder. Water
becomes white, but it happeimsermittently.

Algal blooms occur in January.

4 months of fish farming takes place every year.
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1 In February 4th 1999, the highest number of fish kills were reported with the highest
number of fish cages present of >10% (past the LLDA 10% limit).
Fishemenbeganfishing 30 years agan approximately 1987.

In 2012, a fish kill event was reported but the fish were relatiedffected

Aquaculture considered to be responsible for the loss of water clarity.

The fish farmers doot use floater type feednlike in Sampaloc.

Tilapia farmed on the lake.

Establishing new fish pens here is now prohibited.

= =4 =4 -8 8 -9

Interview 3

In 2004, fish kills were observed in Feburary.

600 nt currently allocated for fish pens.

3 active fish pens, which are considesaghensie to maintain.

LLDA introduced tilapia fingerlings about 20 years ago.

Fish pens introduced 30 years ago.

Changed from blue to green after introduction of fish pens.

Floater type feeds are not used due to their expensive nature.

Tourism takes place hes promoting Yambo as a place to eat; tour guide can take
tourists over to Pandin.

Tourism picked up about 2 years ago.

=4 =4 =48 -8 _-8_49_9_-°

=

Interview 4

1 Farming tilapia.
1 Decembeii January fish Kills.
1 Aquaculture was established in 1989

In December, lake annually turngite.

LAKE MOHICAP
Collected in April 2018
Interview 1

1 Floating cages introduced in the 1990hey were already here when the fishermen
moved in

Aquaculture cage number peaked in early 1990s when the fishermen moved in
Algal blooms occur in Januar@age numbers slowly decline after this

The last algal bloom occurred three years ago

Aquaculture was first introduced in 1977

The number of cages is decreasing by 10 a year

They were coconut/banana plantations here long @gyg the coconut is still vible
Thefisherman was born in 1940

= =4 -8 -8 -9 _95_-°

It seems that since | was last here in May 2017 the focus of the lake has switched tg tourism
with the creation of a new set of stairs down to the lake and the building of tourism bamboo
rafts (like those on Yambo andfdin). The fishermen said aquaculture is having a negative
effect on tourism so is being reduced.
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Collected by Wayne Bannister in May 2017
Interview 2

=4 =2 =0_-0_49_9_9_9_2_-2_-2_-2_-2-2

Fish pen 10 x 10 ;10 x 15 m, 20 x 20 M area.

1000 fingerlings = 10 bags x 25 kg

5000 fingerlingger fish cage

Net 10 x 20 rhiand can reach 10 m depths.

Before aquaculture began, density of fish pens was not as much.

Due to expensive feeds, fish pens decreased in number.

1 bag of feed = 700 Philippine Pesos.

6 months of farming takes place per year

Pens belong to the residents.

Fish kills have not been reported for 4 years. No insurance on the pens.
LLDA incurred tax on pens; 60 PhP per 10 x 19anea of fish pens.

San Pabilo is the market.

In 1991, there was a big fish kill event. The lodaisk that because of the origin of
the lake, the chemicals killed the fish.

Interview 3

= =4 =88 _-9_-9_°5_2

Currently 56 month harvest of fishes, previously 4 months.

Fish kills take place in January during the cold season.

Fish kills December January.

9 operationafish cages. Many of the cages in the lake are not operational.
Impacted by typhoon in 1991.

Tilapia introduced to Mohicap.

During the 1980s, water clarity said to reach 15 ft depth.

Every lake experiences fish kills but they do not occur at the same time.

Floating pellets were suspended in the 1990s because they are more expensive. At Mohicap,
they are using cheaper feed that sinks. Difference of 100 PhP, but the effects of the cheaper
feed are more harmful. However, they switched back to floating fth ifothe 2000s due its

less harmful effects

LAKE SAMPALOC

Collected by Wayne Bannister in May 2017
Interview 1

=4 =4 -8 -8 _48_9_°5_4°_-2

10 x 10 M pens: 5000 fingerlings x 50 bags
10 x 15 Mpens: 5000 fingerlings x 60 bags.
20 x 20n3 pens: 7000 fingerlings x 70 bags
Fish pens are 5 m deep.

lllegal before >50% cleared pens.
December 2010 big fish kill event.

Feeding starts in February.

LLDA enforce taxes.

More fishes present before than now.
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)l
)l
)l

In 1976 fish farming was established.
Overfeeding takes place.
Floater feeds havbeen used since 2010.

Interview 2

1
1
1
il

T

Tilapia introduced in 1953.
Extensive aquaculture occurring in 1960s.
The local thinks fish feeding became a problem.

Fish kills occurring annually; before there were more kills but the number has
decreased.

Algal blooms havenotincreased in frequency.

Interview 3

=4 =4 =4 -8 _-48_-9_-°

Tilapia farmed in 1965.

The lake was clear before 1965.

A lot of fish kills took place in 1998 and 1999.

Fish kills take place during the summer.

Fish kills and algal blooms occurred every yeair ot recently.
The lake was very clear in the 1960s.

The locals predict algal blooms by the seasons. They predict blooms occut 8hen
summer.

Interview 4

=4 =442 -5_-9_9_9_°5_4_-2._-2-

Algal blooms occur in November.

Fish kills in December.

In 2000, there was a big fish kdvent.

Aquaculture started in 1979.

There were more fish cages in the past compared to the present.
Lake Sampaloc is more polluted now than before.

Aquaculture seen as the reason for water pollution.

In 2005, there were a lot of fish kills.

The loals believe the colder waters are the reason for fish Kills.
Aquaculture affects water quality.

Fishing in open water was industry before intensive aquaculture.

Interview 5

1
1
1
1
1
1

Water clear in 1975.

During December, fish Kills take place when water islenl
Fish kills and algal blooms are not frequent.

There used to be a lot of restaurants along the shoreline.
Tilapia and black bass have been farmed since 1985.

In the 1960s aquaculture was not yet established.

Local community predict algal blooms bgasons
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LAKE BUNOT
Collected in April 2018
Interview 1

1 Big fish kills occur every year in January. But no fish Kills in the last 5 years

1 The number of fish cages changes every year. In the last year 10 fish cages have been

removed.

It is unknown when th first banana/coconut plantations appeared

Cage numberbaveincreased rapidly since aquaculture was introduced in 1976.

Reaching 4 hectares in 1980 and 8 hectares by the late 1980s

1T Aquaculture reached its peak ofalsurfache | at e
area

1
1

Collected by Wayne Bannister in May 2017
Interview 2

Lake Bunot was clear before 1970s.

10 x 10 m sq area fish pens

400071 5000 fingerlings: 50 bags x 25 kg.

10 x 10 m sq area: 5000 fingerlings

10 x 15 m sq: 5000 fingerlings.

20 x 20m sq: 7000 fingerlings

Used logs in the past instead of bamboo for fish pens.

In 2010 fish pens were cleared. Approximately 50% of pens cleared.

Fish farming takes place each year for 4 months; 5 harvestings in two years.

4.5 m deep fish pens.

Fish kills not seen as a problem. Fish kills are higher in November and December.
In 2012, there was a big fish kill event.

Local admits that fish pens may be the reason for fish kills.

Many fishes reach the shoreline before dying, so éinegot being caught.

Minimum 5 kg of fish kills per pen per year; maximum 10 kg of fish kills per pen per
year.

Lina algal blooms occurring every year during the summer.

Algal blooms eaten by the fish.

Algal blooms sometimes before November and December.

Algal bloomsseeas positi ve, because itéds a sourc
Lina blooms deplete the oxygen.

=2 =20 _0_49_9_45_45_40_49_9_2_-2-2_-2._-2-

= =4 -4 8 -9

Interview 3

During the 1980s, water was clear.

Aquaculture started in the 1970s.

Water lilies growing on the lake.

Fish kills occur every year between Novembed &ebruary.

Annual algal blooms.

Tilapia bred in the lake.

Fish are harvested two times per year for 6 months.

When aquaculture began, population in the settlement increased.

=4 =4 -4 -8 _98_9_98_2°
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9 Fish farming decreased when LLDA took over in 1998.

1 The fish farmers aresing sinking feed.

1 75 legal fish pen operators living here.

1 The majority are illegal settlers.

1 The local community leave the algae alone, as it is removed by typhoons and rain.
Interview 4

1 Floating cages established in the 1980s.

1 Inthe 1950s, the ater was very clear.

1 Fish farming takes place twice per year, for 6 months.

1 White event takes place in December.

1 Between October and February, water is very polluted.

1 The local community canot predict the algal blooms.

1 The local community doot do anything about fish kills and blooms. Dead fish are

buried under the soil and not consumed.

LAKE PALAKPAKIN
Collected in April 2018
Interview 1

1 Aquaculture first started in 1978

1 Fish floating cages number=198 and floating cages where brought in the 1980

1 Fish pens and floating cages take up 9 hectares of space

{ Tilapia 5000 per cage with majority of cages of 15 x40m

1 The fish food used is-eg | Tate, Biogreen (3 different tygesstarter, grower and
finisher)

This lake uses floater feeds. Was 17 hestaa@ow 9 hectares

Algal blooms occur annually and in January

Cage numbers slowly declined after peaking at 17 hectares in the late 1980s to 18% of
the total lake surface area in 2008

E R
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APPENDIX B

PANDIN

Table B1:21%b concentrations in core PANDBken from Lake Pandin.

Dry Cum
Depth  Mass Pb210 Unsupported
Total Supported unsupp Pb210
Bg Kg Bqg Bg Kg
cm  gcn? ! + Kg? + ! + Bqg m? +
0.25 0.0028 240.29 35.41 66.76 8.99 173.53 36.53 4.9 0.8
525 0.5784 287.6 18.74 3255 3.85 255.05 19.13 12233 134.2
10.25 1.0156 242.97 20.25 43.7 4.74 199.27 20.8 22114 170
15.25 1528 149.86 18.46 353 4.42 11456 18.98 29955 201.4
20.25 2.2135 181.2 20.24 28.44 4.43 152.76 20.72 39055 2414
23.25 3.3379 4448 7.34 35.26 1.93 9.22 759 4480.4 303.7
2525 4.3167 67.88 8.33 38.81 21 29.07 859 4649.6 314.1
27.25 5.0367 69.74 11.21 29.08 2.62 40.66 11.51 4898.3 322.6
30.5 6.0086 6045 5.84 2357 131 36.88 599 5274.8 336.2
325 6.7663 66.25 9.49 34.12 237 3213 9.78 5535.8 341.2
355 7.7547 66.24 9.09 38.31 243 27.93 941 5832.1 353.2
385 9.1022 2959 548 30.38 133 -0.79 564 6008.3 369
40.5 10.1449 71.15 9.39 29.78 2.27 41.37 9.66 6214.6 376.7
43.5 11.2802 54.79 7 3875 174 16.04 7.21 6518.1 3904
46.5 12.3106 61.28 12.06 31.19 3.23 30.09 12.49 6748.2 4014
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Table B2: Artificial fallout radionuclide concentrations in core PANDN.

Depth Cs137 Am-241
cm Bq Kg* + Bqg Kg? +
0.25 0 0 0 0
5.25 0 0 0 0
10.25 0 0 0 0
15.25 0 0 0 0
20.25 0 0 0 0
23.25 0 0 0 0
25.25 0 0 0 0
27.25 0 0 0 0
30.5 1.37 0.6 0 0
32.5 0 0 0 0
35.5 3.08 1.18 0 0
38.5 1.56 0.59 0 0
40.5 0 0 0 0
43.5 2.53 0.81 0 0
46.5 0 0 0 0

Table B3:21%Pb chronology otore PANDN taken from Lake Pandin

Depth  Drymass Chronology Sedimentation Rate
Date Age
cm g cn? AD yr + genmPyrt o cmyr! +%
0 0 2018 0

0.25 0.0028 2018 0
5.25 0.5784 2012 6
10.25 1.0156 2006 12
15.25 1.528 2000 18
20.25 2.2135 1991 27
23.25 3.3379 1984 34
25.25 43167 1982 36
27.25 5.0367 1978 40
30.5 6.0086 1971 47
32.5 6.7663 1965 53
35.5 7.7547 1957 61
38.5 9.1022 1949 69
40.5 10.1449 1943 75
435 11.2802 1923 95
46.5 12.3106 1890 128 1

0.1233 1.119 217

0.069 0.681 10
0.0729 0.768 12.9
0.1055 0.881 18.6
0.0606 0.268 166
0.8091 1924 829
0.2385 0.562 315
0.1515 0.47 305
0.1352 041 214
0.1299 0.372 34
0.1164 0.299 37.6
0.1684 0.352 425
0.0498 0.114 30.2
0.0695 0.193 51.8
0.0132 0.038 54.6

OO NOOOUARA,DDWWWNDNDNDN
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APPENDIX C
YAMBO1

Table C1:21%b concentrations in core YAMBO1 taken from Lake Yambauine 2016.
Depth Dry Mass Pb-210

Total Supported Unsupported
cm g cnt? Bq Kg* + Bq Kg* + Bqg Kg? +
0.75 0.1188 210.23 17.38 4497 419 165.26 17.88
4.5 1.0329 173.6 13.81 38.15 3.17 135.45 14.17
9.5 1.9378 159.12 18.7 43.17 4.14 11595 19.15
125 2.446 115.47 12.66 36.25 3.18 79.22 13.05
14.5 2.7848 102.58 12.45 37.75 3.39 64.83 12.9
17.5 3.341 112.62 13 28.15 2.98 84.47 13.34
19.5 3.7118 149.55 13.55 48.8 3.7 100.75 14.05
25,5  5.2979 94.3 8.33 4443 213  49.87 8.6
27,5 5.8124 73.8 1019 3554 275 38.26 10.55
315 6.8414 78.78 11.31 38.36 3.21 40.42 11.76
33,5  7.2229 62.26 6.77 3153 178 30.73 7
36.5 7.7952 81 11.4 45.26 2.99 35.74 11.79
39.5 8.3674 81.38 827 4149 218 39.89 8.55
46.5 9.507 69.45 10.09 38.75 281 30.7 10.47
54.5 10.787 27.21 6.82 39.71 2.03 -12.5 7.12
61.5 12.0589 42.3 8.39 43.69 297 -1.39 8.9
69.5 13.3613 48.04 7.33 36.11 257 11.93 7.77
79.5 16.7343 2791 481 3425 1.59 -6.34 5.07
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Table C2:Radiometric!°Pb chronology for sediment core YAMBO1

Dry

Depth Mass Chronology Sedimentation Rate

Date Age

2

cm g cnt? AD yro o+ gyCrT ;rnz + %

0 0 2016 0
0.75 0.1188 2015 1 2 0.1481 0.645 12.1
4.5 1.0329 2009 7 2 0.1492 0.718 12.2
9.5 1.9378 2003 13 2 0.1438 0.814 18
12.5 2.446 2000 16 2 0.1912 1.129 18.2
14.5 2.7848 1998 18 2 0.222 124 214
17.5 3.341 1995 21 2 0.1551 0.837 18
19.5 3.7118 1992 24 2 0.1195 0.488 16.5
25.5 5.2979 1981 35 3 0.1697 0.646 20.9
27.5 5.8124 1978 38 4 0.2029 0.789 30.2
31.5 6.8414 1973 43 4 0.1609 0.684 32.4
335 7.2229 1970 46 4 0.1979 1.038 27.4
36.5 7.7952 1967 49 5 0.1536 0.805 36.8
39.5 8.3674 1963 53 6 0.1208 0.706 28.3
46.5 9.507 1953 63 8 0.1164 0.721 42.7
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APPENDIX D
MOH1

Table D1: 2'%Pb concentrations in core MOH1 taken from Lake Mohicap ireBer 2013.

Dry
Mass Pb210

Depth

Total Supported Unsupported

cm gcm? BqgKg? + Bq Kg* + Bqg Kg? +
2 0.1907 186.45 25.77 41.13 7.19 145.32 26.75
55 0.5337 175.01 20.89 28.81 566 146.2 21.64
115 1.3437 191.27 21.59 36.55 6.01 154.72 2241
175 2.6547 14799 16.05 37.82 4.4 110.17 16.64
23.5 4.8498 130.7 15 16.56 3.75 11414 15.46
29.5 7.6704 75.04 7.55 31.72 2.04 43.32 7.82
35,5 9.5238 98.93 13.53 29.01 3.68 69.92 14.02
415 11.2548 101.49 10.56 29.24 269 72.25 10.9
475 159975 33.67 1168 38.63 3.69 -4.96 12.25
545 23.5701 29.87 18.72 36.92 246  -7.05 18.88
61.5 29.5457 42 23.36 52.03 6.03 -10.03 24.13

Table D1: Radiometri¢'®Pb chronology for a sediment core MOH1 taken from Lake
Mohicap in December 2013.

Dry Sedimentation
Depth Mass Chronobgy Rate
Date Age
cm  gcni? AD yr + g cm?yr?
0 0 2013 0
2 0.1907 2012 1 6 0.2515
55 0.5337 2011 2 2 0.2393
11.5 1.3437 2007 6 2 0.2016
175 2.6547 2001 12 2 0.2345
23.5 4.8498 1990 23 3 0.1592
29.5 7.6704 1976 37 5 0.2713
35.5 9.5238 1966 47 7 0.1222
415 11.2548 1946 67 11 0.0653
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APPENDIX E
SAMP1

Table E12'%Pb concentrations in core SAMP1 taken from Lake Sampaloc in June 2015.

Dry
Mass Pb210

Depth

Total Supported Unsupported
cm gcn?  BgKg? + Bq Kg*! + Bqg Kg? +
0.5 0.031 189.61 18.76 25.84 3.89 163.77 19.16
3.5 0.4713 125.17 14.04 27.33 3.37 97.84 14.44
7.5 0.9571 161.75 13.73 26.41 3.24 135.34 14.11
9.5 1.2822 118.42 2654 40.84 6.16 77.58 27.25
14.5 1.991 85.44 13.66 43.36 3.02 42.08 13.99
19.5 2.6652 212.88 33.03 51.12 7.85 161.76 33.95
225 3.0848 86.63 13.83 31.69 3.62 5494 14.3
25.5 3.5043 112.18 25.03 54.37 6.42 57.81 25.84
28,5 3.9305 92.49 13.38 334 436 59.09 14.07
315 4.3566 66.32 13.75 37.64 463 28.68 14.51
355 4.9398 41.12 9.37 31.3 3.21 9.82 9.9
39.5 5.523 61.48 0.88 3356 321 27.92 10.39
42.5 6.0576 55.44 7.79 30.8 2.47 24.64 8.17
46.5 6.7704  38.22 9.15 46.47 247  -8.25 9.48
54,5  8.4348  38.22 9.86 38.83 248 -0.61 10.17
69.5 11.7134 25.03 7.75 31.78 232 -6.75 8.09

Table E2 Radiometric'%Pb chronology for a SAMP1 taken from Lake Sampaloc in June
2015.

Dry , :
Depth Mass Chronology Sedimentation Rate
Date Age
cm g cm? AD yr + gem?yrt  cmyrt +%
0 0 2015 0

0.5 0.031 2015 0 2 0.0751 0.558 14.7

3.5 0.4713 2010 5 2 0.1078 0.815 17.9

7.5 0.9571 2004 11 2 0.065 0.481 15.9

9.5 1.2822 2000 15 2 0.0999 0.676 37.1
14.5 1.991 1994 21 3 0.1538 1.112 36
19.5 2.6652 1983 32 4 0.0285 0.208 26
22.5 3.0848 1972 43 6 0.0603 0.431 32.9
25.5 3.5043 1964 51 7 0.0446 0.316 49.9
28.5 3.9305 1953 62 9 0.0305 0.215 38.7
31.5 4.3566 1941 74 13 0.0433 0.301 64.5
35.5 4.9398 1929 86 16 0.0496 0.34 76
39.5 5.523 1918 97 22 0.0218 0.136 79.9
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APPENDIX F

BUNOT?2
Table F1:21%Db concentrations in core BUNOT2 taken from Lake &un
Dry Cum
Depth  Mass Pb210 Unsupported
Total Supported unsupp Pb210
Bqg Bqg Bg Kg

cm gcm?  Kg? + Kg? + ! + Bqg m? +

0.25 0.0085 107.34 11.29 18.67 2.62 88.67 11.59 7.5 0.8
425 0.2446 171.88 17.18 34.27 4.84 137.61 17.85 270.5 28.7
8.25 0.6456 75.8 10.28 19.69 3.09 56.11 10.73 634.8 66.7
12.25 1.1995 109.97 12.47 2241 3.1 87.56 12.85 1026.2 91
16.25 1.4958 111.42 13.68 29.71 3.78 81.71 14.19 1276.9 102.9
20.25 1.8453 115.83 10.91 31.81 3.34 84.02 11.41 1566.5 1134
24.25 2.1946 136.62 11.13 31.23 3.1 105.39 11.55 1895.8 121.4
28.25 2.606 113.42 14.49 31.44 3.68 81.98 14.95 2279.2 132.6
325 3.0071 122.78 14.24 31.49 3.94 91.29 14.78 2626.5 146.6
36.5 3.3441 106.37 14.34 29 3.66 77.37 14.8 2910 156.3
40.5 3.7079 108.1 16.93 3837 4.3 69.73 17.47 3177.3 166.3
445 4.0847 65.8 1508 395 3.95 26.3 1559 33452 178.3
48.5 4.3359 105.37 17.66 335 4.43 71.87 18.21 3459 184.1
525 45399 70.98 19.43 38.86 5.24 32.12 20.12 3559.7 188.5
55.5 4.7341 70.97 16.16 35.27 439 35.7 16.75 3625.5 1923
50.5 5.2441 5158 11.08 428 3.15 878 11.52 3723.4 202.7
63.5 5.8133 75.65 11.45 41.08 3.49 34.57 11.97 3830.5 212.8
67.5 6.3065 63.09 10.59 379 3.13 25.19 11.04 3976.6 221.3
715 6.804 55.17 7.1 2829 189 26.88 7.35 4106.1 227.2
75.5 7.408 65.8 10.32 35.02 3.13 30.26 10.78 4278.5 232.5
80.5 79756 49.01 951 31.3 3.01 17.71 9.97 4411.4 2404

Table F2: Artificial fallout radionuclide concentrations in core BUNOT?2.
Am-241
Bqg Kg*

Depth

cm

Cs137

Bq Kg™*

+

+

0.25
4.25
8.25
12.25
16.25
20.25
24.25
28.25
325
36.5

oNoNoNoNoNoNoNoNoNe

oNoNoNoNoNoNoNoNoNe
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40.5 0 0 0 0
44.5 0 0 0 0
48.5 0 0 0 0
52.5 0 0 0 0
55.5 0 0 0 0
59.5 0 0 0 0
63.5 0 0 0 0
67.5 0 0 0 0
71.5 0 0 0 0
75.5 0 0 0 0
80.5 0 0 0 0

Table F3:2%b chronology otore BUNOT?2 taken from Lake Bunot

Depth  Drymass Chronology Sedimentation Rate
Date Age
cm g cnt? AD yr + gemPyrl cmyr! +%

0 0 2017 0
0.25 0.0085 2017 0 0.1682 2922 145
2 0.1024 1.286 14.5

5 0.231 1935 204

0.1341 1.262 16.5
0.1341 1661 191
0.1197 1.37 16.1
0.0857 0.901 14.6
0.0956 0971 211
0.074 0.827 20.3
0.0759 0.867 23.6
0.0723 0.781 29.4
0.1718 2189 61.6
0.0579 1.018 31.2
0.1199 2.108 655
0.1021 1.015 50.8
0.1769 1311 50.3
0.087 0.655 411
0.1013 0.818 50.5
0.08 0.581 40.3
0.0533 0.409 51.7
0.0677 0.588 54.2

4.25 0.2446 2015
8.25 0.6456 2012
12.25 1.1995 2009 8
16.25 1.4958 2007 10
20.25 1.8453 2004 13
24.25 2.1946 2001 16
28.25 2.606 1996 21
32.5 3.0071 1992 25
36.5 3.3441 1987 30
40.5 3.7079 1982 35
44.5 4.0847 1979 38
48.5 43359 1976 41
52.5 45399 1973 44
55.5 47341 1972 45
59.5 5.2441 1969 48
63.5 5.8133 1966 51
67.5 6.3065 1960 57
71.5 6.804 1955 62
75.5 7.408 1946 71
80.5 7.9756 1936 81

[EEN
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APPENDIX G

PALAK

Table G1:2*%b concentrations in core PALAK taken from Lake Palakpakin.

Dry Cum
Depth Mass Pb210 Unsupported
Total Supported unsupp Pb210
Bqg Bqg Bg Kg

cm gcm?  Kg? + Kg' + ! + Bqg m? +

0.5 0.0032 56.19 18.05 57.32 6.05 -1.13 19.04 0 0.4
425 0.2252 88.08 12.68 26.4 3.95 61.68 13.28 67.2 26.2
8.25 0.4444 122.37 15.72 37.77 5.19 84.6 16.55 226.2 415
12.25 0.7305 86.85 13.08 29.56 4.42 57.29 13.81 426.7 60.3
16.25 1.0776 104.7 1542 20.06 4.68 84.65 16.11 669.9 78
20.25 144 67.88 15.7 19.28 453 48.6 16.34 905.4 98
24.25 17304 4565 891 2991 295 1574 9.39 990 108.5
28.25 2.087 516 109 2358 3.82 2802 1155 10659 113.8
325 25424 114.56 15.95 30.5 5.18 84.06 16.77 1298.2 1278
36.5 29305 55.89 893 2547 3.07 3042 9.44 1503.1 142.7
40.5 3.4036 73.74 11.17 21.55 2.97 52.19 11.56 1693.9 150
445 39142 5356 9.2 2488 2.62 28.68 9.57 18944 160.3
485 44251 4419 5.36 3397 158 10.22 559 1985.8 166.5
525 5.0235 58.79 8.87 2385 242 3494 919 2106.1 171.1
55.5 55043 5841 9.07 2289 265 3552 945 22755 177.7
59.5 6.0322 68.02 10.48 28.76 2.94 39.26 10.88 2472.7 185.1
63.5 6.5046 61.19 8.85 32.04 253 29.15 9.2 2633.1 192.2
67.5 7.1374 5591 849 29.74 233 2617 8.8 2808 199.7
715 7.7823 66 5.83 32.04 167 3396 6.06 3000.7 206.8

Table G2: Artificial fallout radionuclide concentrations in core PALAK.
Am-241
Bqg Kg*

Depth

cm

Cs137
Bq Kg™*

+

+

0.25
4.25
8.25
12.25
16.25
20.25
24.25
28.25
325
36.5
40.5

oNoNoNoNoNeolNoNoNolNeNe

oNoNoNoNoNoNoNoNoNeNe!
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44.5
48.5
52.5
55.5
59.5
63.5
67.5
71.5

(ol olNololNe)

0
2.13
1.78

OO oOooo

o

0.67

oNeoNolNolNolNolNolNo)

O OO O0OO0O0O0OO0o

Table G3:21%b chronology otore PALAK taken from Palakpakin

Depth  Drymass Chronology Sedimentation Rate
Date Age
cm g cnt? AD yr + gemPyr! cmyrt +%
0 0 2017 0

0.25 0.0032 2017 0 2 0.3175  5.993
4.25 0.2252 2016 1 2 0.1642 2978 22.9
8.25 0.4444 2015 2 2 0.1139 1.803 21.2

12.25 0.7305 2013 4 2 0.1573 1987 25.6

16.25 1.0776 2010 7 2 0.0975 1.099 21.1

20.25 1.44 2007 10 2 0.1547  1.896 35

24.25 1.7304 2006 11 2 0.4611 5701 604

28.25 2.087 2005 12 2 0.2506 2.546 424
325 2.5424 2001 16 2 0.0749 0.733 226
36.5 2.9305 1998 19 3 0.186 1.728 33.1
40.5 3.4036 1994 23 3 0.0971 0.789 255
44.5 3.9142 1990 27 4 0.1548 1.213 36.1
48.5 44251 1988 29 4 0.4067 2,933 56.6
52.5 5.0235 1985 32 4 0.1082 0.702 30.6
55.5 5.5043 1980 37 5 0.0916  0.636 32
59.5 6.032 1973 44 6 0.0673 0.538 34.7
63.5 6.5046 1966 51 7 0.0734 0532 40.1
67.5 7.1374 1957 60 9 0.061  0.382 46
71.5 7.7823 1942 75 15 0.0293 0.184 51.7
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APPENDIX H 1

LAKE PANDIN

Chapter 5 - GAMS Diagnostic plots for individual lakes

Resids vs. linear pred.
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Figure H1: Diagnostic plots for a fitted GAM of the PCA axis 1 scores from sediment core, PAN
Top left) QQ plot, top right) Residuals vs. linear predictor, bottom left) Histogram of residuals an
bottom right) Observed vs. fitted values
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LAKE MOHICAP
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Figure H3: Diagnostic plbtslfor a fitted GAM of the PCA axis 1 scores from sediment core, MOF
left) Q-Q plot, top right) Residuals vs. linear predictor, bottom left) Histogram of residuals and bo
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Top left) QQ plot, top right) Residuals vs. linear predictor, bottom left) Histogram of resicnals
bottom right) Observed vs. fitted values

301



LAKE BUNOT

deviance residuals

Freguency

10

0o 05

-05

20 25 30 35

15

theorefical quantiles

Histogram of residuals

residuals

Response

10 -05 00

Residuals

T 1
05 10

00 05

-05

Resids vs. linear pred.

©
o
LR
@ o
@3,
o 0.
o o
oo
@
T T T T
00 05 10 15
linear predictor

Response vs. Fitted Values

o
o 8
do oo
%D"’ %o
]
o &
o o
©
B o
%
o
T 1 T 1
00 05 10 15
Fitted Values

Figure H5: Diagnostic plots for a fitted GAM of the PCA axis 1 scores from sediment core, BUN
Top left) QQ plot, top right) Residuals vs. linear predictor, bottom left) Histagof residuals and
bottom right) Observed vs. fitted values
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Figure H6: Diagnostic plots for a fitted GAM of the PCA axis 1 scores from sediment core, PAL/
Top left) QQ plot, top right) Residuals vs. linear predictor, toot left) Histogram of residuals and
bottom right) Observed vs. fitted values
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APPENDIX | i Chapter 6 - Temporal change figures for the individual proxies
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Figure 1.1: Estimated first derivatives (black line) of the GAM trend fittethéoconcentration of the
pigment alloxanthin from the six lakes in order of disturbance. Areas where the confidence interv:
deviated from the red line signify periods of significant (p<0.05) temporal change. The grey shade
correspond to 95%anfidence intervals (calculated +2SE).
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