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Abstract Understanding how lakes respond to
changes in nutrient loading along a productivity gra-
dient can help identify key drivers of aquatic change,
thereby allowing appropriate mitigation strategies
to be developed. Physical, chemical and biological
water column measurements combined with long-
term water monitoring data for six closely located
crater lakes, in Southeast Asia, were compared to
assess the response of lakes along a productivity
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gradient equating to a transect of increasing aqua-
culture intensity. Increasing chlorophyll a (phyto-
plankton biomass) in the upper waters appeared to
modify the thermocline depth and light availability
causing a shift from a deep chlorophyll maximum at
low aquaculture intensity to the emergence of algal
dead zones lower in the water column with high aqua-
culture intensity. High phosphorus loading and light
limitation from enhanced algal biomass, associated
with high aquaculture intensity, exacerbated nitrogen
drawdown, leading to the prevalence of potentially
nitrogen-fixing cyanobacteria. Seasonal overturn
during the cooler season resulted in low dissolved
oxygen concentrations in the epilimnion, potential
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harmful algal blooms, a reduction in the habitable
depth for fish and ultimately increased mortality
amongst farmed fish.

Keywords Tropical limnology - Southeast Asia -
Pigments - Light limitation - Anoxia - Cyanobacterial
blooms

Introduction

The scale of the human impact on tropical freshwater
systems is substantial, often inhibiting their ability to
provide the ecosystem services on which local popu-
lations depend (Legaspi et al., 2015; Briddon et al.,
2020; de Leon et al., 2020; May et al., 2021). In the
Philippines, as in many parts of Southeast Asia, the
utilisation of freshwater lakes and their surrounding
catchments for aquaculture, agriculture (e.g. coconut
plantations, Cocos nucifera L.) and supporting human
settlements contributes significantly to the economy,
food security and employment (Cordero & Baldia,
2015). Freshwater and marine aquaculture produc-
tion of fish, crustaceans and molluscs contributed to
over 1.79 billion USD to the Philippine economy in
2018 (Bureau of Fisheries and Aquatic Resources,
2019). Anthropogenic activities such as deforestation,
urbanisation and intensive aquaculture frequently
lead to deterioration in lake ecosystem integrity due
to increased nutrient inputs (Bannister et al., 2019).
This may result in eutrophication, the occurrence of
in harmful algal blooms (HABs), overall degradation
of water quality (Heisler et al., 2008) and cascading
negative impacts on productivity and aquaculture
yield in freshwater lakes (Jeppesen et al., 2010).
Aquaculture can cause nutrient enrichment, either
directly from the over-use of fish food or in the form
of fish waste (Holmer, 2002), leading to eutrophica-
tion. Up to 85% of phosphorus (P) and 52 to 95%
of nitrate (NO;") in fish feed from aquaculture is
lost to the environment through waste and excretion
(Southgate & Lucas, 2003). Eutrophication causes
increased hypolimnetic dissolved oxygen (DO) con-
sumption, progressively lowering DO concentrations
in the water column and enhancing diurnal DO fluc-
tuations (Mesman et al., 2021). Continued eutrophi-
cation can result in the complete exhaustion of DO
and the formation of hypoxic or anoxic conditions
in the hypolimnion. As many freshwater bodies in
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the Philippines are the basis of key social-ecological
systems, eutrophication not only adversely effects
aquatic organisms, but can also jeopardise local live-
lihoods by reducing revenue from aquaculture (Szeki-
eldaetal., 2014).

Latitudinal differences in climatic conditions lead
to distinctive seasonality in mixing, stratification and
phytoplankton succession in tropical lakes (Cordero
& Baldia, 2015), which may have distinctive verti-
cal (water column) structures that are susceptible to
seasonal variations (Kraemer et al., 2015; Lau et al.,
2020; Mesman et al., 2021). However, the magni-
tude of seasonal temperature changes is smaller than
at higher latitudes, meaning that some tropical lakes
never completely mix (Boehrer & Schultze, 2008;
Bannister et al., 2019), whilst in others, seasonal mix-
ing may occur as a disturbance effect of monsoonal
airflows or cyclones (Klug et al., 2012; Mendoza-
Pascual et al., 2021). Lakes at low latitudes are also
potentially more sensitive to changes in temperature
and nutrient availability than their cooler climate
equivalents (Lewis, 1987; Adrian et al., 2009), whilst
nitrogen (N) may be more limiting, and nutrient
cycling more efficient (Abell et al., 2012; Bannister
et al., 2019). N limitation in tropical lakes is enhanced
by high internal N loss rates through denitrification
(the reduction of NO;™ to N,) (Lewis, 2000). Deni-
trification is stimulated by anoxia and high tempera-
tures, and under these conditions surficial sediments
lose NO;~ rapidly and planktonic denitrification
occurs leading to a further depletion of NO;™ (Lewis,
2000). This reduces the amount of NO;™ available for
redistribution during mixing (Gardner et al., 1998).
Furthermore, supply of P through internal load-
ing and natural P supply from chemical weathering
in catchments occur at higher rates in warm, humid
conditions (Lewis, 2000; Lau et al., 2020; May et al.,
2021). Increased thermal stability and prolonged
stratification increases sequestration of nutrients in
the hypolimnion (Lau et al., 2020), further influenc-
ing the nutrient balance in tropical lakes (Gao et al.,
2019).

These unique characteristics create challenges for
the management and restoration of freshwater ecosys-
tems in the tropics, especially when readily available
interventions have been tailored to suit conditions at
higher latitudes. Nowhere is this more evident than in
tropical Southeast Asia, a region that is undergoing
some of the highest rates of environmental change on
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Earth and where freshwater pollution is commonplace
and increasing (Zhou et al., 2020). External stressors
on the Seven Crater Lakes of San Pablo on the island
of Luzon, the largest of the archipelago of islands that
make up the Philippines, arise from multiple forms
of rapid environmental changes, and exemplify those
facing water bodies throughout the wider region. The
pressures are both exogenous and endogenous; cage
aquaculture is commonplace, plantation agriculture
is a predominant land cover leading to run-off, and
both urbanisation and tourism (and the depositing of
untreated sewage) and associated demands on resources
have expanded rapidly (Brillo, 2015b; Bannister et al.,
2019). Monitoring of the lakes by the Laguna Lakes
Development Authority (LLDA) 1996-2016 reveals
a recent history of significant eutrophication, fish
kills, HABs and water hyacinth proliferation (Brillo,
2015a, 2016a, 2016b, 2016¢; LLDA, 2009; Santiago &
Arcilla, 1993; Zafaralla, 2010). The LLDA uses a DO
concentration of <5 mg/l to delineate “Class C” lakes
(Department of Environment and Natural Resources
Resources, 2021), below which fish health is affected.
All lakes were borderline or fell below this DO criteria
over the 19962016 monitoring period (LLDA, 2009),
indicating significant threats to the sustainability of
aquaculture in the lakes. Given that the extent of mix-
ing influences oxygen distribution in the lakes, thereby
potentially impacting the viability of aquaculture, a bet-
ter understanding of interactions between mixing, pri-
mary productivity and aquaculture will benefit those
involved in lake management in the tropics, including
fish-farmers and their dependents.

Here, we determine variations in the vertical profile
of physical and chemical characteristics, nutrients and
photosynthetic pigments along a gradient of increasing
aquaculture intensity (determined using a freedom of
information request from the LLDA) and water qual-
ity degradation in six of the Seven Crater Lakes of San
Pablo. The study aims to provide a basis for assessing
the risks posed to aquatic ecosystem functioning and
to identify possible interventions aimed at ensuring the
resilience and sustainability of these critically impor-
tant social-ecological systems.

Materials and methods
Study area

Located in Southeast Asia, the Philippines gener-
ally experiences a warm, humid climate that is influ-
enced by the effects of seasonal (monsoonal) air-
flows, topography, location and the tropical Pacific
Ocean. The study area—focussed on the Seven Crater
Lakes of San Pablo, is found in Laguna Province in
the southern part of the island of Luzon (Fig. 1) and
has an average precipitation of 3178 mm per annum,
with a drier season from January to June (averaging
124 mm per month) and a wetter season from July
to December (381 mm per month). Mean annual
temperature is c¢. 26.5 °C and humidity is c. 88%
(1901-2017) (Harris et al., 2014), with cooler tem-
peratures in January to February (average of 25.5 °C)
and warmer temperatures in April to July (average of
28.3 °C). Tropical storms (typhoons) forming over
the northwest Pacific, particularly those that go on to
make landfall, are increasing in intensity and destruc-
tive potential (Mei & Xie, 2016), with a high propor-
tion passing close to or over the Philippines (Kubota
& Chan, 2009; Cinco et al., 2016). Typhoons can
occur year-round, although they mainly occur from
June through to September. In a typical year, 15
typhoons (or tropical cyclones) enter the Philippines
with five or six making landfall (Kubota & Chan,
2009).

The Seven Crater Lakes of San Pablo (Bunot,
Calibato, Mohicap, Palakpakin, Pandin, Sampaloc
and Yambo) are volcanic in origin, relatively small
and deep maars (Fig. 1). Calibato was excluded from
this study owing to its extreme depth (>150 m).
Geochemical studies of the Taal Volcano (part of
the same volcanic field as the study area) show that
lava composition ranges from calcareous-alkaline to
iron enriched (Miklius et al., 1991). Aquaculture in
the lakes mostly involves the cultivation of Tilapia
[Oreochromis niloticus (Linnaeus, 1758)], first intro-
duced in the 1970s (Bureau of Fisheries and Aquatic
Resources, 2019). Plantations of coconut were intro-
duced much earlier, towards the end of the seven-
teenth century, and are now extensive in the study
area (Migrino, 2017). San Pablo City, which encom-
passes Lake Sampaloc, is the largest urban centre
in the study area, with a population of c. 266,000
(2015; PhilAtlas, 2020). Sampaloc has a number of
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Fig.1 Study area of the Seven Crater Lakes of San Pablo
showing A the main land uses and (inset) the location within
the Philippines (Geographic coordinate system GCS_
WGS_1984; Source: Arc GIS Open Data, ESRI.); B mean

structures, such as a boardwalk around the edge of the
lake, houses, hotels, restaurants and a large church,
many of which were constructed in the catchment in
the 1980-1990s (Brillo, 2016¢). Ecotourism, which
initially focussed on Lake Pandin, has expanded to
include the other lakes (Brillo, 2017).

Primary and secondary data collection
Previous water quality monitoring

Water quality data for the six study lakes are
available from the LLDA from 1996 to 2016 (for
the complete methodology see Brillo, 2016c¢).
This data is comprised of chlorophyll a, ammo-
nia (N-NH;), nitrate (N-NO;—) and phosphate
(P—PO43_) (Table 1). Comparison with previous
water quality monitoring can help determine the
changing trends in nutrient concentrations over time
and how they compare with the values collected
in May 2017. Previous studies have also measured
variations of temperature and DO with depth dur-
ing the cooler and drier (February) and warmer and
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fish density for each lake since 1976 to 2018 provided by the
LLDA; C photographs of each lake showing the main activities
at each site

wetter (August and November) seasons of 2017
(Bannister et al., 2019; Mendoza et al., 2019) (sum-
marised in Figure SI1). Furthermore, Mendoza
et al. (2019) reported temperature and DO measure-
ments for all six lakes from August 2018.

High resolution water column sampling

Additional sampling for water, photosynthetic pig-
ments and surface sediments took place between
the 10th and 17th May 2017. Physical and chemical
measurements of the water column took place in the
deepest part of the six lakes (Table 1 for GPS coor-
dinates). A YSI EXO1 multi-probe with chlorophyll
a, DO and temperature sensors logged data every
second whilst being lowered from the surface to the
lake bottom. For the full calibration and measuring
procedures see https://www.ysi.com/File%20Lib
rary/Documents/Manuals/EXO-User-Manual-Web.
pdf. Water clarity was estimated using light inten-
sity readings collected using a LI Cor Sensor Light
meter L1192, at 1 m depth intervals.


https://www.ysi.com/File%20Library/Documents/Manuals/EXO-User-Manual-Web.pdf
https://www.ysi.com/File%20Library/Documents/Manuals/EXO-User-Manual-Web.pdf
https://www.ysi.com/File%20Library/Documents/Manuals/EXO-User-Manual-Web.pdf
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Table 1 Water chemistry data (Mean + standard deviation) for the six study lakes collected by the LLDA between 1996 and 2016
(Lakes Mohicap, Sampaloc and Bunot), 2002 and 2016 (Lake Yambo) and 1996 and 2005 (Lakes Palakpakin and Pandin)

Lake | P-POs/ SRP (ug/l) N-NOs (ng/l) N-NH; (ng/l) Chlorophyll a (pg/l)
Lake Latitde | Longitude | CuPhotic | Trophic | surface - °
¢ depth (m) state** arcas depth r? values May r? values 7 values May May
(ha) P LLDA B 2017 LLDA B LLDA ‘ 2017 LLDA 2017
(m) Mrend* | 0 /Trend Mrend* | o0 canple
14° 121°21'58 38.97 0.04 65.96 019 9417 0.07 37.63
Yambo | 070832"N | .64"E 16.78 Oligo 305 36 agag) | —> 13.93 @3.22) » (+53.49) R 0 (+3.94) 1.03
14°06’513 | 121°22°05 8515 043 446 0.06 45211 0.08 37.055
Pandin N 20E 9.64 Meso 205 62 @51.15) 8.93 @119 | —> (+611.14) , 0 (+9.878) 277
- 14° 121°2003 118.69 0.00 11633 0.10 1603.02 032 33.86 -
Mohicap | 072043"'N | 37"E 5.68 Eutro 23 30 esogn | —> | 7 @201.07) > @839 | 0 (£10.66) 9.65
14°04744.9 | 121°1947 559.18 0.38 205.87 0.03 1338.54 0.24 3122
Sampaloc N A4E 5.06 Eutro 104 7| asiesy | 7|08 | Sa | — @070 | 1929.17 | (£10.29) | 1677
14°0451.1 | 121°20'36 - 153047 0.04 130.55 0.00 3067.98 024 4044
Bunot N 957E 325 Hyper 30.5 B oy | — | 0| wisesy |—> @lane) | ¥ 0 (£13.64) | 6966
| 1406376 | 121°2021 288.0 043 7256 029 104.88 022 33.94
Palakpakin 3”N A44”"E 249 Eutro 43 7.5 (£128.94) 251.07 (43.22) (£52.41) / 0 (£12.72) 17.69

Chlorophyll a data was available between 1996 and 2005 except for Lake Yambo (2002 and 2005 only). Significant trends in the
water chemistry data are indicated by a sloping arrow with the  values. Data collected on a single day in May 2017 as part of this

study were added for comparison

*Linear regression completed to determine the direction of the trend (increase, decrease or stationary) using the 2 values

““Lake trophic states calculated using chlorophyll a concentrations as defined by Vollenweider and Kerekes (1982)

Water chemistry and nutrient analysis

Two litres of water were collected from the surface,
mid and bottom depths of each lake, using a Van
Dorn sampler. The water was filtered using a GF/F
Whatman filter (0.45 pm) and was analysed for sili-
cate using the molybdate yellow method, soluble
reactive phosphorus (SRP) using the molybdenum
blue method and ammonium (N-NH,") using the
methods described in Mackereth and Heron (1979).
The accuracy of each method was determined using a
set of five calibration standards along a concentration
gradient. Unfiltered water underwent a persulphate
digestion for total phosphorus (TP) analysis.

Photosynthetic pigment sampling and analysis

A measured volume of water was filtered using
GF/F Whatman glass-fibre filters (0.45 pm) to
collect sufficient filtrate for photosynthetic pig-
ment analysis. Filtrate samples were stored frozen
prior to analysis. Surface sediment pigments were
acquired from a single sediment core collected
(using a UWITEC (gravity) corer) from the deepest
part of each lake from Lakes Sampaloc, Palakpakin,
Bunot and Mohicap in May 2017 and from Lakes
Yambo and Pandin in April 2018 (Table 1). Imme-
diately after collection, the cores were subsampled
into 0.5 cm depth intervals which were subse-
quently analysed for sediment organic content by
loss-on-ignition and for chlorophyll and carotenoid

pigments. A radiometric isotope chronology was
developed to date the sediment horizons (see sup-
plementary information; Figures SI2-13; Tables
SI1-12). The chronologies were used to identify the
recent years of sediment deposition since 2010 CE.
Only sub-samples dated post-2010 were used in this
study.

Analysis of photosynthetic pigments (chlorophylls,
their degradation products and carotenoids) was con-
ducted on water filtrates and freeze-dried surface sed-
iment samples by reversed-phase HPLC with online
photo diode array (PDA) spectrophotometry. Pig-
ments were extracted in HPLC-grade acetone: meth-
anol: water (80:15:5) overnight at—4 °C, extracts
were filtered using a 0.22 pm PTFE syringe filter
and dried under N, gas. Samples were redissolved in
an injection solution of acetone: ion pairing reagent
(consisting of 1.875 g tetrabutyl ammonium acetate,
19.35 g ammonium acetate and 250 ml deionised
water): methanol (70:25:5) (Chen et al., 2001). Pig-
ments were separated using reversed-phase HPLC
(McGowan, 2007) with a mobile phase 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 consist-
ing of an ODS Hypersil column (25%4.5 mm; 5 pm
particle size) following a modification to the condi-
tions of Chen et al. (2001). Pigment identification was
based on retention time and spectral characteristics
and the peak areas were calibrated using commercial
standards (DMI Denmark).
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Three photosynthetic pigments were chosen to
represent the different important primary producer
groups; total primary producers (chlorophyll a),
cyanobacteria (canthaxanthin) and anaerobic pho-
totroph photosynthetic, purple sulphur bacteria
(okenone). A mean of pigment concentrations in all
sub-samples dated post-2010 was used to determine
how pigment concentrations changed along the aqua-
culture gradient.

Numerical analyses

To determine if there were significant differences in
the nutrient concentrations between lakes, one-way
ANOVAs with Tukey-adjusted multiple comparisons
were conducted on P-PO,*>~, N-NO;- and N-NH,
concentrations for all the lakes.

The mixing depth in each water column was deter-
mined using the depth of the thermocline in May
2017 as measured by the multiprobe. The thermocline
was defined as the thin but distinct layer in which
there is a substantial drop in temperature compared
to the layers above and below (Fig. 2; Fiedler, 2010).
Euphotic depth (the depth to which 1% of incident
irradiance penetrates) was calculated from the light
intensity measurements collected at 1 m depth inter-
vals. The photic zone was then calculated using the
following equation (Degefu et al., 2014):

e.m™' = (Inl,—Inl)/Z, (1)

Defined parameters: Vertical light extinction coef-
ficient € per metre, I, is surface light irradiance, I, is
light irradiance at depth Z.

The euphotic depth (Z,,) was calculated (Degefu
et al., 2014) using:

(Z,,) =4.6/e. 2)

The upper water column light intensity measure-
ments were used to calculate the photic zone (+*>0.8;
Figure SI14), excluding values from deeper in the
water column that deviated from the linear regression
(Staehr et al., 2012; Obrador et al., 2014; Ehrenfels
et al., 2020).

Principal components analysis (PCA) was con-
ducted on pigment samples from the water col-
umn including chlorophyll a, chlorophyll b, p caro-
tene, pheophyin b, canthaxanthin, diadinoxanthin,
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diatoxanthin, myxoxanthophyll, peridinin and
okenone from all depths. Prior to analysis, all pigment
abundances and explanatory variables were standard-
ised using a log(x+1) transformation to normalise
the data and to reduce the asymmetry of distribution
(Legendre & Birks, 2012). The transformed pigment
records from each of the study lakes were analysed
using the indirect ordination method of PCA using
CANOCO 5. PCA was carried out on the water col-
umn pigment assemblages, to identify trends or clus-
ters in the data. A further redundancy analysis (RDA)
ordination (using CANOCO 5) with constrained
ordination (using forward selection) was conducted
to explore correlations between water chemistry and
pigment (phototroph) assemblages. Temperature, DO,
TP and nutrients (silicate, N-NH,*) were included
individually with only significant variables (P <0.05)
being included in the final RDA.

Results
Previous water quality monitoring

LLDA monitoring data indicated a strong
increasing gradient in lake nutrient concentra-
tions Yambo — Pandin — Mohicap — Palakpa-
kin— Sampaloc — Bunot (Table 1) corresponding
well to the aquaculture gradient. Concentrations of
N-NH; and P-PO,*~ levels were statistically lower
(P value <0.05) in the lakes with low levels of aqua-
culture (Yambo and Pandin) compared to those with
higher levels of aquaculture (Mohicap, Sampaloc,
Bunot and Palakpakin; see ANOVA results in Tables
SI13 and SI14). There were no significant differences
in N-NOj;- concentrations between the two groups.
N-NH; concentration increased significantly in
Palakpakin, Bunot, Sampaloc and Mohicap between
1996 and 2016. There was a significant decline in
P-PO,*~ concentrations in Sampaloc and Pandin over
the same period. Nutrient concentrations remained
stable in Yambo. Mean chlorophyll a concentrations
were similar for all the lakes ranging from 31.22 to
40.44 pg/l1 (Table 1).

Quarterly temperature profiles reported by Ban-
nister et al. (2019) (Figure SI1) on Mohicap, Yambo
and Sampaloc found uniformly mixed temperatures
down the water column during the cooler months
(February; December in Mohicap and Yambo only).
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Fig. 2 Limnological pro-
files showing temperature,
chlorophyll a and dissolved
oxygen concentrations for
the study lakes along the
aquaculture gradient. The
blue shaded area highlights
the photic zone and the red
dashed line signifies the
edge of the mixed layer
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DO concentrations declined between the epilimnion
and hypolimnion, coincident with the thermocline
in August and November 2017 for all three lakes. In
Yambo and Mohicap, the DO concentrations became
uniform in February 2017, but this did not happen in
Sampaloc. The temperature and DO measurements
collected in August 2018 (Mendoza et al., 2019)
showed a well-mixed water column in Palakpakin, the
shallowest of the six study sites, yet there was a dis-
tinct difference between the epilimnia and hypolimnia
of the other lakes consistent with the measurements
collected in 2017.

Depth profiles in the water column (May 2017)

Vertical variations in temperature, chlorophyll a and
DO showed distinct differences across a gradient of
increasing intensity of aquaculture (Fig. 2). A distinct
thermocline was present in all lakes except Palakpa-
kin (Fig. 2a). The thermocline was deepest in Yambo
and Pandin at ¢.8-9 m, and between 5 and 6 m in
Mohicap, Sampaloc and Bunot. The mixing depth of
the lake varied in accordance with thermocline depth,
as did the depth of the photic zone (Fig. 2).

The euphotic depth ranged from 2.25 m (Palak-
pakin) to 16.78 m (Yambo) and was ordered from
deepest to shallowest as Yambo — Pandin — Mohi-
cap — Sampaloc — Bunot — Palakpakin (Table 1;
Fig. 2). The photic zone was deeper than the thermo-
cline in Yambo, Pandin and Mohicap.

Deep-water chlorophyll maxima (DCM) in the
form of peak concentrations of chlorophyll a occurred
close to the thermocline in Yambo, Pandin and Mohi-
cap (Fig. 2b). In Palakpakin, Bunot and Sampaloc,
chlorophyll a concentrations declined gradually in
the upper waters with no distinct DCM. Highest
chlorophyll a concentrations occurred in Palakpa-
kin (40 pg/l) with the lowest maxima at the DCM in
Yambo and Mohicap (c. 8 pg/l). In Pandin, there were
two spikes in chlorophyll a concentrations at 5.7 m
and 11.1 m depths. In all lakes except Sampaloc and
Bunot, the euphotic depth extended below the peak in
chlorophyll a concentrations.

DO concentrations were highest in the epilimnion
of Bunot (15 mg/l), whereas the highest DO con-
centrations in the other lakes ranged from 6.97 to
9.22 mg/l. Below the mixing depth, all lakes showed
anoxic or near anoxic conditions in the deeper waters,
including Palakpakin, (Fig. 2c). The DO profile
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mirrored the thermocline, with the highest concentra-
tions of DO found in the mixing zone.

Nutrients

TP, SRP, N—NH4Jr and silicate concentration maxima
occurred deeper in the water column except in Palak-
pakin, where nutrient concentrations showed little
variation with depth (Figure SI15). Highest concen-
trations of TP (c. 1500 pg/l) and SRP (c. 1000 pg/l)
were found in Bunot and Sampaloc, whilst highest
N-NH,* concentrations (19291961 pg/l) were found
in the hypolimnia of Pandin, Sampaloc and Bunot.
Sampaloc was the only lake where N-NH," was
detected in the surface waters with a concentration
of 1929 pg/l. All lakes except Yambo had detectable
concentrations of N-NH,*. Silicate concentrations
were relatively uniform down the water column for
all lakes, with concentrations of 7-9 mg/l in Palak-
pakin, Bunot, Mohicap and Pandin and c.4 mg/l and
c.2 mg/l respectively in Yambo and Sampaloc.

In comparison to the LLDA data, the P—PO43_ con-
centrations in Yambo, Pandin, Mohicap, Bunot and
Palakpakin (but not Sampaloc) were substantially
lower in May 2017 than those collected by the LLDA.
As different forms of N were collected N-NH; (by the
LLDA) and N-NH,* (in May 2017) it was not pos-
sible to compare the two datasets.

Primary producer assemblages

Low concentrations (<0.03 nmol/l) of f carotene,
diatoxanthin, chlorophyll b and pheophytin b pig-
ments were observed throughout the water column
of Yambo and Pandin (Figure SI15). In comparison,
Sampaloc, Palakpakin and Bunot showed a wider
variety and higher concentrations (0.1-3.2 nmol/l)
of pigments from algal groups; cyanobacteria (can-
thaxanthin and myxoxanthophyll), siliceous algae
(diatoxanthin and diadinoxanthin) and chlorophytes
(lutein and chlorophyll b). These three lakes also had
the highest concentrations of chlorophyll a and f car-
otene (indicators of total algal production), with the
highest values in the surface waters of Bunot (3.2 and
0.5 nmol/l, respectively).

PCA identified two main groupings of water
column pigments (Fig. 3). The first, samples from
Palakpakin were distinguished by high abundances
of canthaxanthin (cyanobacteria). The second,
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Fig. 3 A PCA biplot of the pigment data separated by each
lake and depth, B RDA biplot of algal community variability
constrained against total phosphorus in the study lakes. Total
phosphorus was the only variable significantly correlated
with the pigments in the RDA identified through forward

containing the remaining samples, was character-
ised by low abundance of canthaxanthin (cyanobac-
teria) and the presence of chlorophyll a, p carotene,
the degradation product of chlorophyll b, pheophy-
tin b, cyanobacterial pigments (myxoxanthophyll,
lutein-zeaxanthin) and okenone (purple sulphur
bacteria).

For the RDA, forward selection identified TP as
the only variable that was significantly (P <0.05)
correlated with photosynthetic pigments in the
water samples. The RDA showed a distinct trophic
gradient with the oligotrophic/mesotrophic lakes
grouped to the upper right quadrant (characterised
by low chlorophyll a) and the eutrophic/hypere-
utrophic lakes grouped to the bottom left quadrant
(characterised by high chlorophyll a). Palakpa-
kin was again characterised by high canthaxanthin
concentrations.

selection (P=0.014). Samples from each lake are coloured:
Yambo (purple), Pandin (green), Mohicap (white), Sampaloc
(blue), Bunot (black), Palakpakin (red) and sampling depth
indicated by shapes (see legend)

Surface sediment pigments deposited since 2010

When arranged along the gradient of increasing
aquaculture intensity, the mean concentrations of
chlorophyll g, canthaxanthin and okenone in surface
sediment samples (Fig. 4) initially increased, reaching
peak concentrations in Sampaloc, before declining
(chlorophyll a and canthaxanthin) or dropping to lev-
els that were undetectable (okenone) in lakes with the
highest level of aquaculture (Bunot and Palakpakin).

Discussion
Morphometric conditions are important in deter-
mining whether lakes stratify (Boehrer & Schultze,

2008). In addition to being shallow and polymic-
tic, Palakpakin has a relatively low residence time
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(Brillo, 2016a), which may further encourage lake
mixing (supported by the water column measure-
ments taken in August 2018 (Mendoza et al., 2019)).
For the other deeper crater lakes, thermocline depth
generally correlated with lake depth. In temperate
regions, thermocline depth depends mainly on lake
surface area because of the importance of fetch for
wind mixing (Gorham & Boyce, 1989; Gunkel &
Beulker, 2009). The small surface area of the study
sites and their generally steep-sided catchments pre-
cluded lake area being a factor in determining differ-
ences in thermocline depth. Disturbance by strong
winds and storms is also unlikely to have been a
factor, given that sampling took place outside the
main typhoon season and the sheltering effect from
the steep walls of the catchments. Yambo, Mohicap,
Sampaloc and Bunot have similar maximum depths
(between 23 and 36 m) but very different photic zone
depths (ranging from 16.7 m in the case of Yambo
to 3.25 m in the case of Bunot). There is a markedly
deeper thermocline in Yambo (depth of 15 m) com-
pared with the other lakes, suggesting that water clar-
ity could play an important role, as has been reported
elsewhere (Kling, 1988; Bartosiewicz et al., 2019).
Clearer waters allow greater solar radiation penetra-
tion, thereby facilitating deeper water mixing (Heis-
kanen et al., 2015). Further evidence of the impact
of water clarity on thermocline depth is provided in
the quarterly monitoring data for Yambo in February
2017 (Bannister et al 2019). The data indicated that
a breakdown in stratification resulted in the thermo-
cline most likely reaching the lake bottom (e.g. com-
plete mixing, which was not observed in the other
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lakes). In the more productive lakes, such as Bunot,
increased chlorophyll a concentrations could thus
have caused a shallowing of thermocline depth.
Differences in photic zone depth, the part of the
water column where photosynthesis takes place
(Lewis, 2010), represent a gradient in water clar-
ity, with deeper photic zones in the oligotrophic/
mesotrophic lakes. The most likely explanation is
that phytoplankton biomass in the epilimnion con-
trols the depth to which light can penetrate (Longhi
& Beisner, 2009), with the photic zone either deeper
than (Yambo, Pandin), +equal to (Mohicap) or shal-
lower than (Sampaloc, Bunot, Palakpakin) the mixing
depth. In the lakes where the photic zone exceeded
the mixing depth (Yambo, Pandin), the highest con-
centrations of chlorophyll a occurred as a distinc-
tive DCM at the metalimnion (Fig. 5A). Photosyn-
thetic organisms congregating at the metalimnion
are able to access more readily available nutrients
in the hypolimnion (Descy et al., 2005; Leach et al.,
2018). DCM are common in transparent lakes where
nutrients are scarce (Saros et al., 2005; Camacho,
2006). The DCM observed in Yambo and Pandin thus
reflects their relatively high transparency and low
nutrient status. At Mohicap, where the photic zone
was equal to the mixed zone, phytoplankton appear
positioned to maximise nutrient access, but the lim-
ited penetration of light to the bottom of the photic
zone of this relatively turbid lake restricts develop-
ment of a more pronounced DCM (Fig. 5B). Where
the mixed layer extends below the photic zone (Sam-
paloc, Bunot, Palakpakin), the maximum biomass
of chlorophyll a is located towards the upper part
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Fig. 5 Conceptual diagram proposing how a deep (>10 m)
tropical lake responds to increasing levels of aquaculture (rep-
resented by the number of fish). A A lake with weak thermal
stratification, limited anoxia, reduced algal productivity and
the absence of purple sulphur bacteria. B A lake experiencing
more stable stratification, increased algal productivity, pur-
ple sulphur bacteria and increased nutrient loading. C A lake
experiencing increasing eutrophication showing stable stratifi-
cation, widening of the anoxic layer, abundant purple sulphur

of the water column, reflecting the greater nutrient
availability in the upper waters of these lakes. Nutri-
ent availability facilitates phytoplankton produc-
tion in the epilimnion, and light limitation from this
enhanced algal biomass alters the thermal energy and
could shallow the mixing depth, pushing the zone of
maximum production towards the surface of the water
(Mazumder et al., 1990). This pattern has been noted
in other eutrophic tropical lakes such as Lake Victoria
(Haande et al., 2011). In the deeper and most nutri-
ent-rich lakes (Sampaloc, Bunot), chlorophyll a peaks
associated with the metalimnetic area are likely to be
due to the redistribution of algal cells via water mix-
ing, leading to some accumulation of biomass on top
of the metalimnion.

The DO profiles indicate that the hypolimnia were
completely anoxic in May 2017. However, deep-water
anoxia varies seasonally and amongst lakes (Bannis-
ter et al., 2019; Mendoza et al., 2019) (Figure SI1).
In the oligotrophic lake, Yambo, deep waters became
oxygenated during the cooler season in February
(Mendoza-Pascual et al., 2021) most likely due to full
mixing of the water column. In contrast, homogene-
ous or near homogeneous water mixing (as inferred
by water temperature profiles) resulted in very low
DO concentrations (c. 1 mg/l) throughout the water

N

D

@
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. Oxygenic phototrophs [ Mixed epilimnion

bacterial, greater algal productivity and a shallowing of the
euphotic depth. D Hypereutrophic conditions resulted in fur-
ther widening of the anoxic layer, substantial shading of phy-
toplankton and aphotic dead zones without purple sulphur bac-
teria and a smaller volume of water which is habitable for fish.
The red bars represent the concentration of nutrients present in
both the epilimnion and hypolimnion. The yellow triangle rep-
resents the light intensity down the water column

column in Mohicap, and the maintenance of deep-
water anoxia in Sampaloc. Temperature and DO pro-
files collected in 1989-1990 by Santiago & Arcilla
(1993) showed year long anoxic conditions in the
hypolimnion suggesting the lack of deep-water mix-
ing is a long-term occurrence in Sampaloc. This indi-
cates that the biochemical oxygen demand of deep
waters from these lakes exceeded the oxygen supplied
by water circulation (Wilhelm & Adrian, 2007; Caliro
et al., 2008). Oxygen demand in hypolimnia is fuelled
by settling organic material and reduced substances
from the sediment, each of which are exacerbated by
eutrophication and aquaculture activities (Mesman
et al., 2021). The inability to replenish deep waters
with oxygen seasonally, despite isothermal mixing, is
therefore likely linked to eutrophication. The low DO
concentrations during turnover in Mohicap (c. 1 mg/l)
in February coincided with fish kills (observed by
local fisherfolk) (Bagarinao, 1998; Luther et al.,
2004). A further consequence of water overturning is
the fresh supply of nutrients from deep-water, which
can encourage the development of algal blooms
(Mesman et al., 2021). This is consistent with both
fish kills and algal blooms having been observed in
other tropical lakes such as Lake Chivero following
water turnover (Mhlanga et al., 2006; Yang et al.,
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2018). The elevated epilimnetic DO concentrations in
Sampaloc in February 2017 may reflect elevated phy-
toplankton blooms caused by water turnover.

Measured oxygen profiles in the water column thus
appear to be driven by a combination of lake water
mixing and phytoplankton productivity. Although
deep waters of all lakes were anoxic, measured DO
concentrations in surface waters exceeded 5 mg/l
in all lakes, indicating habitable conditions for fish
(LLDA, 2009). In the oligotrophic/mesotrophic lakes
(Yambo, Pandin), the epilimnetic DO concentrations
ranged between 5 and 8 mg/l, whilst the concentra-
tions ranged between 7 and 15 mg/l in the eutrophic/
hypereutrophic lakes. Greater oxygenated epilim-
netic conditions in the eutrophic/hypereutrophic
lakes are probably a combination of enhanced photo-
synthetic activity in the upper waters and shallower
mixing zone depths, which distributes atmospheric
oxygen within a smaller volume of water than in
the deeper mixing and unproductive lakes (De Crop
& Verschuren, 2019). In the case of Bunot, where
the mixing depth is shallowest and algal biomass
is concentrated towards the lake surface, this led to
supersaturation of oxygen relative to the atmosphere
(15 mg/1). One consequence of the distinctive vertical
oxygen distribution is the creation of habitats within
the lake that are suitable for anaerobic phototrophs
such as Chromatiaceae (purple sulphur bacteria)
(Fig. 5C). The lower peak in chlorophyll a registered
by the sensors in Pandin could be indicating a peak in
bacteriochlorophyll pigments, because the presence
of okenone in the metaliminion indicates the presence
of purple sulphur bacteria. Chromatiaceae require
light and yet are located beneath the photic zone in
Pandin, and is presumably additional evidence of
their ability to adapt to low light intensities (Kush-
kevych et al., 2021). Although not detected in water
samples from the other lakes, analyses revealed the
presence of okenone from Chromatiaceae in surface
sediment samples from Yambo, Pandin, Mohicap and
Sampaloc, suggesting their presence previously and
possibly at other times of the year.

Lakes with the highest aquaculture intensity
(Bunot and Sampaloc) have the highest concentra-
tions of P (TP and SRP), suggesting that aquaculture,
in combination with increased inputs of P (as shown
by an increase in PO43_ concentrations; Table 1) from
expanding human populations in the lake catchments,
could be responsible for eutrophication (Schindler
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et al., 2016; Briddon et al., 2020; de Leon et al.,
2020; May et al., 2021). Different lakes along the
aquaculture gradient have distinct pigment assem-
blages; shallow Palakpakin supports the highest lev-
els of cyanobacteria, the oligotrophic/mesotrophic
lakes (Yambo, Pandin) have pigments from dino-
flagellates and purple sulphur bacteria, and pigments
from chlorophytes and diatoms are more common
in the eutrophic/hypereutrophic deep lakes (Mohi-
cap, Sampaloc, Bunot). In lakes with most inten-
sive aquaculture, TP was abundant in dissolved and
particulate forms in the bottom waters, whilst it was
undetectable in the lake with the lowest intensity of
aquaculture (Yambo). TP was the single variable that
was significantly correlated with the algal pigments
sampled down the water column in each lake. Con-
straining samples along this TP axis further separates
samples from individual lakes within the biplot space,
highlighting the strong vertical structuring of both TP
and algal pigments down the water column. Taken
together, these analyses highlight the important role
of TP in influencing the composition of algal assem-
blages, and that algae and TP both vary vertically in
the water column.

Excessive P loads may have exacerbated N limita-
tion in these lakes. In larger lakes with deeper mixed
layers, low light availability can constrain N, fixation
and exacerbate N limitation (Ferber et al., 2004). Sim-
ilarly, light limitation through high algal biomass may
also restrict N, fixation (Maberly et al., 2020). How-
ever, light availability and so N, fixation may increase
when a lake has a shallow mixing layer (Mugidde
et al,, 2003), and consequently canthaxanthin and
myxoxanthophyll, indicator pigments of potentially
N,-fixing cyanobacteria, were found in the waters of
Sampaloc and Bunot and were especially prevalent
in Palakpakin. The abundant presence of cyanobac-
terial canthaxanthin pigments in sediments of all six
lakes indicates that cyanobacteria are common in
these sites. Most N in the lakes was in the form of
NH,* and usually present in the bottom waters. NH,*
in lakes often derives from the microbial decompo-
sition of nitrogenous compounds in organic matter
(ammonification), hence its abundant presence in the
hypolimnetic waters of the eutrophic/hypereutrophic
lakes. NH,* is usually the preferred form of N for
phytoplankton uptake (Glibert et al., 2016; Lach-
mann et al., 2019). The availability of hypolimnetic
NH,* deeper in the water column may therefore help
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to explain why phytoplankton grow close to the met-
alimnion in these N-limited systems when sufficient
light was available. NH,* concentrations in Sampaloc
were also high in the surface waters (1929 pg/l),
which could be a result of untreated sewage discharge
from the city of San Pablo, leading to high levels of
microbial decomposition in the epilimnion (Hampel
et al., 2018). NH,* is toxic to fish at concentra-
tions >2000 pg/l (Karasu Benli & Koksal, 2005), so
its high concentration (1929 pg/l) in the epilimnion
of Sampaloc has serious implications for aquaculture.
Whilst NH,™ was undetectable in the surface waters
of the other lakes, high hypolimnic levels of NH,*
limit the depth to which fish can live (Fig. 5D). In the
oligotrophic lake (Yambo), low NH,* concentrations
(0 pg/l) in the hypolimnion are most likely due to the
rapid oxidation of NH,* into NO;~ in the well-oxy-
genated and deep epilimnion.

Implications for lake management

Surveying the depth profiles of water column param-
eters raises a number of important issues relevant to
the sustainability of aquaculture and management of
tropical lakes more generally. First, the strong vertical
structuring of phytoplankton, the base of aquatic pri-
mary productivity, is sensitive to changes in trophic
status, demonstrating that phytoplankton growth can
be light limiting due to high algal biomass in the mix-
ing zone (Brothers et al., 2014) with evidence of pos-
sible “dead zones” due to anoxia (Burson et al., 2018;
Conroy et al., 2011; Vadeboncoeur et al., 2021). This
research provides evidence of a lack of a linear rela-
tionship between nutrients and algal production, sup-
ported by other studies that observed a similar rela-
tionship between TP and chlorophyll a concentrations
in lakes worldwide due to light limitation, which has
implications for lake management specifically regard-
ing P management (Quinlan et al., 2021). Second,
as lake temperatures are expected to increase in the
coming decades (Mesman et al., 2021), water col-
umn stratification is likely to become more intense
and prevalent (Kraemer et al., 2015). High tempera-
tures in tropical lakes (compared to temperate lakes)
mean they are especially prone to anoxic condi-
tions in the hypolimnion, which could reduce the
efficiency of TP management because of internal
P loading (Lewis, 2000; Quinlan et al., 2021). High
temperatures (> 25 °C) can override the lake-specific

characteristics, such as morphology and the concen-
trations of other limiting nutrients, when attempting
to control P concentrations (Matzinger et al., 2007;
Trolle et al., 2011; Quinlan et al., 2021). This has
led many tropical lakes (including the study lakes) to
become N-limited. One possible mitigation strategy
is to reduce N, rather than attempting a large reduc-
tion of P (McCauley et al., 1989). Therefore, mitiga-
tion strategies need to go beyond focussing purely on
reducing nutrient loading from aquaculture and other
activities, such as addressing contamination from
domestic wastes, if water quality degradation is to be
reversed and lakes, such as those focussed on in this
study, are to be restored to ‘pre-eutrophic’ conditions.

Conclusion

Variations in measured variables in the San Pablo cra-
ter lakes indicate a strong vertical structuring of phys-
ical and chemical conditions and thermal stratifica-
tion in all except Palakpakin, the shallowest and most
mixed of the six lakes studied. The position of a lake
along the gradient of increasing aquaculture inten-
sity, which also equates to increasing trophic status,
relates to the degree of overlap between the photic
zone and mixing zone, with important consequences
for the quantity and location of phototrophic produc-
tion and anoxia. Increasing levels of aquaculture thus
highlight a non-linear relationship between nutrient
loading and algal production because of changes to
nutrient and light availability, and to epilimnion DO
concentrations. Continual water quality monitoring
of tropical lakes can be useful in identifying changes
in seasonal patterns and key drivers of environmen-
tal change, in order to develop effective, lake-specific
mitigation strategies.
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