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Abstract

1.

Climate change is expected to increase the frequency of extreme temperature
events. The effect of heatwaves on phytoplankton is of particular concern be-
cause they are a key source of C, N, P and essential fatty acids to aquatic eco-
systems. Laboratory studies have demonstrated that phytoplankton grown at
warmer temperatures are a lower quality food source, but how heatwaves affect

phytoplankton quality at the community scale is currently unclear.

. Here we address this knowledge gap by growing natural assemblages of freshwa-

» o«

ter phytoplankton at “ambient”, “constant warming” or “heatwave” conditions. We
next fed these phytoplankton communities to natural assemblages of zooplank-
ton to test the prediction that zooplankton that consume heatwave-exposed phy-

toplankton will exhibit reductions in biomass.

. Our experiment demonstrated that zooplankton that consumed “heatwave” phy-

toplankton attained lower community biomass than those fed “constant warm-
ing” or “ambient” phytoplankton. Additionally, despite receiving similar total heat
input, phytoplankton exposed to “heatwave” conditions contained lower C, N,
P and fatty acid concentrations compared to phytoplankton grown in “constant

warming” conditions.

. Correlations between zooplankton biomass and all measured phytoplankton

traits revealed that decreases in zooplankton biomass were best explained
by low quantities of C, N and monounsaturated fatty acids in “heatwave”

phytoplankton.

. Our study demonstrates that the effects of heatwaves on phytoplankton quality

are clearly distinct from those caused by constant warming temperatures and
that heatwave-mediated decreases in resource quality have immediate effects on

consumer productivity.
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1 | INTRODUCTION

Increased global temperatures have had significant effects on the
distribution (Jourdan et al., 2019; Rahel & Olden, 2008), morphology
(Mccauley et al.,, 2015; Riis et al., 2012) and chemical composition
(Hixson & Arts, 2016) of aquatic organisms. Of particular concern has
been the effects of warming temperatures on phytoplankton. These or-
ganisms form the base of aquatic food webs, and they are key sources
of C, N, P and fatty acids in aquatic ecosystems. Phytoplankton are a
particularly important source of omega-3 polyunsaturated fatty acids
(n-3 PUFA), which are products essential to the growth and productivity
of higher trophic levels (von Elert & Fink, 2018). The response of phy-
toplankton to warming temperatures is likely to have ecosystem-wide
importance and consequently an increasing number of studies have ex-
amined the effects of warming on a range of phytoplankton traits. At
the individual scale, warming can favour smaller-celled phytoplankton
(Zohary et al., 2021), increase growth rates (Courboulés et al., 2021) and
reduce colony formation (Lirling & Van Donk, 1999; Tseng et al., 2021).
Warming temperatures can also affect the quality and quantity of
phytoplankton. Warming decreased the production of essential fatty
acids (Fuschino et al., 2011; Sikora et al., 2014) and total lipids (Tseng
et al,, 2021) but has been shown to increase (Hessen et al., 2017) or
decrease (Bi et al., 2017) C:N and C:P ratios. At the community scale,
increases in temperature are expected to shift phytoplankton commu-
nities towards smaller-celled (Rasconi et al., 2015; Zohary et al., 2021)
or warm-tolerant species (Kosten et al., 2012; Verbeek et al., 2018).
Finally, warming temperatures can also alter phytoplankton species
richness (Rasconi et al., 2015; Verbeek et al., 2018) and community
composition (Machado et al., 2019; Strecker et al., 2004).

Climate change is also resulting in the increased frequency and
severity of heatwaves (Woolway et al.,, 2021). Heatwaves have
multiple definitions and are classified by the Intergovernmental
Panel on Climate Change (IPCC) as “five consecutive days with
maximum temperatures at least 5°C higher than the climatology of
the same calendar day” (Pachauri & Reisinger, 2007). Research on
how heatwaves affect plankton has thus far focused on changes in
phytoplankton traits like biomass and phenology. Several exper-
iments have demonstrated that effects of heatwaves on phyto-
plankton biomass are affected by nutrient level (Filiz et al., 2020;
Weisse et al., 2016; Zhang et al., 2022), and that cyanobacteria
phenology and recruitment differ under heatwave versus con-
stant warming conditions (Zhang et al., 2022). At the community
scale, heatwaves have been shown to decrease phytoplankton di-
versity (Bergkemper et al., 2018; Rasconi et al., 2017), and shift
communities towards cyanobacteria and Chryptophytes (Hansson
et al., 2020). Finally, the response of phytoplankton communities
to heatwaves can be strongly affected by the initial temperature
and community composition (Striebel et al., 2016). While our
knowledge of the effects of heatwaves on phytoplankton traits is
increasing, how changes in these traits subsequently affect con-
sumers such as zooplankton is unknown.

Given the importance of phytoplankton-based nutrients for
food web productivity (Tseng et al.,, 2021) and the predicted

increased frequency of heatwaves, here we conducted a labora-
tory mesocosm experiment to investigate how heatwaves directly
affect phytoplankton quality and indirectly affect zooplankton
productivity. Both the temperature-dependent physiology hypoth-
esis and the RNA-efficiency hypothesis posit that higher tempera-
tures result in lower phytoplankton N and P (Hessen et al., 2017;
Toseland et al., 2013). Similarly, the homeoviscious adaptation hy-
pothesis states that saturation level of fatty acids is negatively
correlated with temperature and thus at higher temperatures,
phytoplankton are comprised of relatively more saturated and
mono-unsaturated fatty acids, and fewer polyunsaturated fatty
acids (Hazel, 1995; Martin-Creuzburg et al., 2019). Similarly, the
ratio of omega-3 to omega-6 (n-3:n-6) fatty acids, which is pos-
itively correlated with phytoplankton “quality”, has been shown
to decrease with warming temperatures (Hixson & Arts, 2016).
If the effect of heatwaves is more severe than the effects of an
extended constant warming period, we predict that zooplankton
that consume “heatwave” phytoplankton will exhibit decreased
community-level productivity because their phytoplankton food
source should contain lower nutrient content, compared to phyto-

plankton reared at ambient or constant warming conditions.

2 | METHODS

2.1 | Collection of phytoplankton and zooplankton
communities

Natural communities of phytoplankton and zooplankton were col-
lected from the University of British Columbia Research Ponds
(49.247770, -123.233236). This research facility contains water
bodies ranging in size from 300L bins to 253,000L ponds. Some of
these containers are used for ongoing experiments while others have
been fallow for up to 10years and have accumulated natural assem-
blages of phytoplankton, zooplankton, and insects. Phytoplankton,
zooplankton, and water for the experiment were collected from the
containers that were not being subjected to ongoing experiments
using buckets, 64pum plankton tow nets, and handheld aquarium
nets. Collected samples were combined and mixed thoroughly.
Phytoplankton were collected approximately 3weeks prior to the
start of the experiment to facilitate propagating sufficient volumes
of phytoplankton for the experiment (Figure S1). In the field, zoo-
plankton were isolated using a 64pum sieve. Larger invertebrates
such as adult and larval insects were manually removed. Ethics ap-
proval was not required as per the lead author's institutional Animal

Care Committee requirements.

2.2 | Zooplankton rearing

Wild-collected zooplankton were transported back to the lab, thor-
oughly mixed and distributed evenly into 27 20L plastic food-grade
buckets each filled with 6L of filtered pond water. Pond water was
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filtered using BRITA brand (Brita Canada Corporation, Ontario,
Canada) filters. These filters are rated as ‘NSF 53’, have a pore size
of approximately 1 pm and are designed to remove substances such
as zinc, mercury, lead, asbestos, ibuprofen and chlorine from munici-
pal tap water. Zooplankton were kept in the lab for approximately
11days before receiving their first experimental phytoplankton
feeding (Figure S1). During this time zooplankton were all fed wild-
collected phytoplankton assemblages that were being propagated
in the lab at ambient temperature. Weekly, zooplankton buckets
were haphazardly moved within the lab to minimise location effects.
Zooplankton experienced ambient temperature (20-22°C) for the
duration of the experiment. See below for the description of how

phytoplankton were fed to zooplankton.

2.3 | Phytoplankton rearing and
temperature treatments

Each phytoplankton replicate (n=27 total) consisted of one 3.8L
glass jar filled with 3L of wild-caught phytoplankton assemblage.
Phytoplankton jars were supplemented with store-bought Schultz
brand (Premier Tech Home & Garden Inc., Canada) liquid plant fertiliser
(10:15:10 N:P:K). Fertiliser was added throughout the study and a total
of four times to each replicate, for a total addition of 2.85mL per rep-
licate. Jars were topped up with BRITA-filtered pond water as needed.
Phytoplankton jars were subjected to one of three temperature treat-
ments (Figure 1, “ambient” 20°C day, 16°C night, n=9), “constant
warming” (24°C day, 20°C night, n=9) and “heatwave” (n=9). Lighting
within each incubator was provided by SunBlaster brand full-spectrum
LED striplights (SunBlaster, British Columbia Canada). For the “heat-
wave” treatment, the temperature matched the “ambient” treatment
for days 1-12. Temperature was increased to match the “constant
warming” treatment for days 12-16. Temperature was then ramped
up to 34°C/32°C day/night for days 16-27 (peak heatwave), before
returning to the “constant warming” treatment for days 27-37, and
then to the “ambient” treatment for the remainder of the experiment

Functional Ecology E EE“:%““

(days 37-51, Figure 1). We used temperature and light loggers (Onset
HOBO® MX2202 Pendant, Massachusetts, USA) to track air and
water temperatures inside of each incubator. The maximum, mini-
mum, and average logger temperatures for the “ambient” (20°C/16°C)
and “constant warming” (24°C/20°C) water treatments were 21.1°C,
16.6°C, 19.2°C and 24.7°C, 20°C, 22.7°C respectively.

We also calculated total degree-days for each temperature treat-
ment according to standard methods (Solensky & Larkin, 2003). We
used temperatures in the ambient treatment as the threshold tempera-
tures and summed degree-days over the total 52days of the experi-
ment. The total degree-days experienced by the “constant warming”
and “heatwave” treatments were 8.17 and 8.58days, demonstrating
that both treatments had similar temperature input. The average sum-
mer temperature for this region is 20-22°C. The +4°C implemented in
the “constant warming” treatment is in accordance with projected lake
temperature increases (Taner et al., 2011). A +4°C warming treatment
is also commonly used in other warming studies, for example (Schulhof
et al., 2019; Yvon-Durocher et al., 2015). The maximum summer tem-
perature in Vancouver in 2021 was 32.4°C, which coincided with the
2021 Western North America Heat Dome (White et al., 2023). Day
length for all treatments was set at 16h light: 8h dark. Phytoplankton
jars and temperature treatments were haphazardly rotated among in-
cubators at two instances to minimise incubator-specific effects.

2.4 | Feeding of phytoplankton to zooplankton

Wild-collected phytoplankton assemblages were propagated for
approximately 20days in the lab. Phytoplankton replicates were
placed into their respective temperature treatments on day 1 of the
study (Figure S1). Zooplankton received their first “ambient”, “con-
stant warming” or “heatwave” phytoplankton food feeding on Day 6
(Figure S1). This five-day gap between the start of the phytoplank-
ton temperature treatment and the start of the zooplankton feed-
ing schedule was chosen somewhat arbitrarily. Mainly we waited
these 5days before harvesting phytoplankton to feed zooplankton
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to ensure that all of the replicates appeared to be growing normally
in the incubators. Throughout the experiment, phytoplankton were
simultaneously exposed to their temperature treatments and har-
vested three times a week to feed to zooplankton (Figure S1).

Each phytoplankton replicate was paired with one corresponding
zooplankton community replicate (bucket). For example, throughout
the experiment, phytoplankton replicate 11 was used to feed zoo-
plankton replicate. All zooplankton buckets were fed the same density
of phytoplankton. The exact density of algae varied slightly week to
week because of random stochastic variation among replicates. Each
week we quantified phytoplankton density of all replicates, calculated
the average density across all replicates, and fed each zooplankton
community based on this average value. Phytoplankton density was
quantified using an automated cell counter (Corning® Cell Counter
with CytoSMART™ App, Version 3, New York, USA). We aimed to
feed the zooplankton enough phytoplankton to maintain positive
population/community growth, but not enough that there would be
considerable uneaten phytoplankton remaining in the zooplankton
buckets between treatments. On average over the 7 weeks, zooplank-
ton were fed an estimated 9.84*10° phytoplankton cells/L, three times
per week. Additionally, to ensure minimal growth of uneaten phyto-
plankton within the zooplankton containers, zooplankton were reared
in very low light conditions. Our HOBO loggers read O Lux for at least
21h per day indicating that there was insufficient light within the zoo-
plankton buckets for photosynthesis to occur. There was some initial
educated guesswork to narrow the range of phytoplankton densities
used to feed zooplankton but we used previous experience in the lab
plus evidence of continued positive zooplankton population/commu-
nity growth as an indicator that the density of phytoplankton we were
feeding zooplankton was sufficient.

Zooplankton media was not changed during the experiment but
approximately 300 mL filtered pond water was added weekly during
feeding. Total zooplankton numbers increased throughout the ex-
periment (Figure S2a), suggesting that conditions within the buckets
were favourable for zooplankton reproduction. We ran this experi-
ment for 52 to encompass the timing of an environmentally relevant
heatwave and to try to account for a potential lag in temperature-
mediated shifts in phytoplankton nutrients and observed changes in

zooplankton biomass and fatty acids.

2.5 | Data collection
2.5.1 | Community composition and biomass
Zooplankton

For estimation, 1L from each replicate was collected and filtered for
zooplankton at the start, middle and end (days 6, 22, 52) of the study.
Water was returned to the replicate bucket and the sample was pre-
served in 90% ethanol. Zooplankton were counted and identified to
genus and life stage using a dissecting microscope (Zeiss Stemi 508,
Oberkochen, Germany). Final zooplankton whole-community bio-
mass data were measured at the end of the experiment by collecting

all remaining zooplankton using sieves, rinsing, freeze-drying and
then weighing the final sample. Freeze-drying occurred during the

fatty acid sample preparation.

Phytoplankton

For estimation,100mL from each replicate jar was collected on at
the start, middle and end of the study (Days 1, 22, 51). The “end”
sampling day of the experiment was staggered for zooplankton and
phytoplankton because we were unable to collect and process both
trophic levels on the same day. Phytoplankton was immediately pre-
served in Lugol's solution. Phytoplankton were counted and clas-
sified into five major taxonomic groups: Bacillariophyta (diatoms),
Chlorophyta/Charophyta (green algae), Haptophyta/Ochrophyta
(golden algae), Cyanophyta (blue-green algae), and Dinophyta (dino-
flagellates). Within the five major groups, phytoplankton were further
sub-classified as single cells, colonies or filaments. Within colonies
and filaments, groups of 2-5 cells were categorised as “small” colo-
nies/filaments, 6-15 cells as “medium” colonies/filaments and over
16 cells (up to 43 cells) as “large”. Phytoplankton classification was
conducted by Biologica Environmental Services Ltd (Victoria, BC).
Phytoplankton morphospecies are listed in Table S1. Phytoplankton
biomass (whole-community dry weight) data were obtained during
fatty acid processing (see the next section).

2.5.2 | Fatty acids

Zooplankton fatty acids

We quantified zooplankton fatty acids at the end of the experi-
ment to avoid destructively sampling throughout the experi-
ment. All zooplankton per bucket were filtered through a 64pm
sieve, rinsed with distilled water, transferred into a 10 mL Pyrex
glass conical centrifuge tube, and frozen at -65°C until analysis.
Fatty acids were quantified using the same methods as Tseng
etal.(2021). Briefly, the sample was freeze-dried, incubated, chem-
ically separated and fatty acids were analysed using gas chroma-
tography. During fatty acid quantification an “internal standard” is
added to the analysis at a set quantity (e.g. 500 ug). The peak of
the chromatograph for each fatty acid is then standardised by the
peak of the internal standard, and this standardisation allows for
the calculation of fatty acid concentrations. Unfortunately, dur-
ing the analysis of zooplankton fatty acids, the internal standard
did not run correctly and thus we are unable to report concen-
trations of zooplankton fatty acids. Instead, for zooplankton we
can only report relative fatty acid percentages. To calculate per-
cent saturated fatty acids (SFA), percent monounsaturated fatty
acids (MUFA) and percent polyunsaturated fatty acids (PUFA), we
summed across the fatty acid groups listed in Table S2 and divided
by the total. We also summed across all n-3 PUFA and n-6 PUFA
and calculated the n-3:n-6 ratio. This ratio is commonly reported
in studies of fatty acids because products with higher n-3:n-6 are
typically thought to be a higher “quality” food source (Hixson &
Arts, 2016).
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Phytoplankton fatty acids

At the start, middle and end sampling periods (Days 1, 22, and 51)
we filtered 25-75mL of culture from each phytoplankton replicate
onto a GF/F borosilicate filter. Filters were placed in individual 10mL
Pyrex glass conical centrifuge tubes and frozen at -65°C until analy-
sis. Fatty acids were quantified using the same methods as described
above. Fortunately for phytoplankton, the internal standard did run
properly, and thus we are able to report phytoplankton fatty acids
concentrations. The fatty acids included in the SFA, MUFA and
PUFA groups are listed in Table S2. As we did for zooplankton, we
also calculated phytoplankton n-3:n-6 ratio.

2.5.3 | Phytoplankton C, N and P

At the start, middle, and end sampling days (days 1, 22, and 51), we
filtered 25-50mL from each phytoplankton replicate onto a GF/F
borosilicate filter (GE Healthcare Life Sciences Whatman, USA) for
carbon (C) and nitrogen (N) analysis. At the end of the experiment we
filtered an additional 35mL of culture per replicate for total phos-
phorus (P) analysis. Phosphorus samples were only obtained at the
end due to processing and sample volume limitations. All filters with
samples were placed in individual 10mL Pyrex glass conical centri-
fuge tubes and frozen at -65°C until analysis. Total C, N and P were
analysed at the Marine Geochemistry Laboratory in the Department
of Earth, Ocean, and Atmospheric Sciences, University of British
Columbia (Vancouver, BC). For total C and N analysis, samples were
removed from the freezer and placed overnight in a drying oven at
50°C. Samples were acid fumed to obtain POC, and analysis was
conducted using an elemental analyser. For total P analysis, samples
were weighed, digested and analysed using ICP-OES (inductively
coupled plasma-optical emission spectrometry). Detailed proce-
dures for C and N analysis are available in (Verardo et al., 1990), and
for P analysis in (Murray et al., 2000). We did not analyse zooplank-
ton C, N or P because almost all zooplankton biomass at the end of
the experiment was required for fatty acid analysis.

2.6 | Dataanalysis
2.6.1 | Zooplankton biomass, growth rate and
Shannon diversity

Zooplankton biomass was measured as the total dry mass of the en-
tire zooplankton community at the end of the experiment. Growth
rate was defined as the [(number of zooplankton at the end - num-
ber of zooplankton at the beginning)/number of zooplankton at the
beginning]. Shannon diversity (H’) was calculated using the “vegan”
package in R (Oksanen, 2022). Unlike biomass and growth rate,
Shannon diversity was measured at three time periods. We present
zooplankton Shannon diversity two ways: (1) at the end of the ex-
periment (to complement the zooplankton biomass and growth rate
data) and (2) at the beginning, middle, and end of the study to both
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confirm that replicate buckets started with the same community of
zooplankton, and to examine whether zooplankton Shannon diver-
sity was explained by phytoplankton food type.

We used analysis of variance (ANOVA) to examine whether phy-
toplankton food type explained variation in zooplankton biomass,
growth rate or Shannon diversity at the end of the experiment. We
used residual plots and g-q plots to check that the data met assump-
tions of ANOVA, and we checked for homogeneity of variances
using Levene's Test. No data were transformed. When the ANOVA
was statistically significant, we used Tukey HSD post-hoc tests to
further examine pairwise differences.

We used a linear mixed-effects model (package “ImerTest”;
Kuznetsova et al., 2017) to test whether zooplankton Shannon diversity
was affected by phytoplankton food type or experiment sampling period
(start, middle and end). In this model, the replicate bucket was coded as
arandom factor and “phytoplankton food type” and “period” were coded
as fixed factors. We examined plots of residuals to confirm that the data
were appropriate for this model structure. Finally, we used Tukey post-
hoc comparisons (via the emmeans package; Lenth et al., 2023) to fur-

ther examine pairwise differences in zooplankton Shannon diversity.

2.6.2 | Phytoplankton C, N and P;
phytoplankton and zooplankton fatty acids

Because the dates chosen for the “middle” and “end” of the study
were relatively arbitrary, we averaged C, N, SFA, MUFA, PUFA and
n-3:n-6 values across these two sampling points. Averaging across
the “middle” and “end” time points provides a more conservative es-
timate of the overall effects of the “heatwave” or “constant warm-
ing” treatments. Phytoplankton P data and zooplankton fatty acid
data were only collected at the end of the experiment so those
data were not averaged. Trait values from the beginning of the ex-
periment were not included in the averages because phytoplankton
would have only experienced the temperature treatments for less
than 1day. We used ANOVA to examine whether phytoplankton
temperature treatment explained variation in phytoplankton C, N, P
orin phytoplankton and zooplankton SFA, MUFA, PUFA and n-3:n-6.
Similar to the zooplankton biomass analyses, we used residual plots
and g-q plots to check that all traits met assumptions of ANOVA, and
used Levene's Test to check for homogeneity of variances. When the
ANOVA was significant, we used Tukey HSD post-hoc tests to test
for pairwise differences within each trait. For completeness, we also
used the same statistical tests to examine the effects of tempera-
ture on phytoplankton C, N, SFA, MUFA, PUFA and n-3:n-6 from just
the samples collected at the end of the experiment.

2.6.3 | Phytoplankton biomass and
Shannon diversity

To confirm that the phytoplankton treatments started with the same
community composition and biomass, we plotted phytoplankton
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biomass and Shannon diversity over the three sampling periods (start,
middle, end) and used linear mixed effects models to examine the ef-
fects of “period” and “temperature”. The replicate jar was coded as a
“random” factor. Similar to the analysis for zooplankton Shannon di-
versity over time, we examined plots of residuals to confirm that the
data were appropriate for this model and we used Tukey posthoc com-
parisons (via the emmeans package) to further examine pairwise dif-

ferences within sampling periods.

2.6.4 | Relationships between phytoplankton
traits and zooplankton biomass

Finally, our paired phytoplankton-zooplankton replicate design
allowed us to investigate whether phytoplankton C, N, P, SFA,
MUFA, PUFA or n-3:n-6 directly predicted zooplankton biomass.
Phytoplankton traits for this analysis were averaged across the
“middle” and “end” time points. We conducted individual linear re-
gressions with each phytoplankton trait as the predictor, and zoo-
plankton biomass as the response variable. All model assumptions
were checked using residual and g-q plots and no data were trans-
formed. For completeness, we also conducted the same analyses
using just phytoplankton data collected at the “end” sampling period.

All figures were created using the package “ggplot2”
(Wickham, 2016). We considered p <0.05 as statistically significant
and all statistical analyses were conducted in R Version 4.2.0 (R
Core Team, 2023). All raw data are available from the Dryad Digital
Repository (Kim et al., 2024).

3 | RESULTS

3.1 | Zooplankton biomass, growth rate and
diversity

The temperature at which phytoplankton were reared significantly af-
fected zooplankton biomass at the end of the experiment (Figure 2a;
F,,,=4.82,p=0.02; Table S3). Post-hoc pairwise comparisons dem-
onstrated that zooplankton biomass was higher when they were fed
“constant warming” versus “heatwave” phytoplankton (Figure 2a;
Tukey HSD: p=0.014). There was no effect of phytoplankton food type
on overall zooplankton growth rate (Figure 2b, F2Y23=O.29, p=0.75).
Phytoplankton food type also did not affect zooplankton Shannon di-
versity at the end of the study (Figure 2c; F, 5,=0.54, p=0.59) nor at
other time points (Figure S2a,b: treatment: F2’24=0.99, p=0.38; pe-
riod F, 44=5.1, p=0.01; treatment: period F, ,4=0.36, p=0.84).

3.2 | Phytoplankton C, N, P, fatty acids,
biomass and diversity

Temperature treatment had consistent effects on phytoplankton C,
N and P. Phytoplankton that experienced the heatwave exhibited
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FIGURE 2 The effects of phytoplankton temperature treatment
on zooplankton (a) biomass, (b) growth rate and (c) Shannon
diversity (H'). Large dots and error bars denote the mean+95%
confidence intervals. Smaller dots denote individual replicates. The
three temperature treatments are coloured grey (ambient), dark
yellow (constant warming), and dark orange (heatwave). See Results
for ANOVA and posthoc test results.

the lowest concentrations of these elements (Figure 3, Table 1,
Table S3). Tukey post-hoc tests demonstrated that C, N and P were
significantly lower in “heatwave” versus “constant warming” phy-
toplankton, and in “heatwave” versus “ambient” phytoplankton
(Table 1). These patterns remained when we examined only data from
the final sampling point (Figure S4, Table S4). Temperature also had
clear effects on phytoplankton fatty acids (Figure 4). Concentrations
of SFA, MUFA and PUFA were all lower in “heatwave” versus “con-
stant warming” phytoplankton (Figure 4a-c; Table 1, Table S3). SFA
and MUFA concentrations were similar between “heatwave” and
“mbient” phytoplankton (Figure 4a,b) but PUFA concentrations were
lowest in phytoplankton from the “heatwave” treatment (Figure 3c,
Table 1). Finally, phytoplankton from the “ambient” treatment exhib-
ited higher n-3:n-6 ratios compared to either “constant warming” or
“heatwave” phytoplankton (Figure 4d, Table 1). The effect of tem-
perature on phytoplankton SFA and MUFA remained the same when
we examined only data from the final sampling point (Figure S5,
Table S4). However, PUFA and n-3:n-6 of “heatwave” phytoplankton
resembled that of the “ambient” treatment (Figure S5, Table S4).
There were no differences in phytoplankton biomass among the
temperature treatments at the start or middle of the experiment but
by the end, phytoplankton exposed to “constant warming” tempera-
tures exhibited lower biomass than either “ambient” or “heatwave”
phytoplankton (Figure 5a, treatment: F2,24.3=2'54' p=0.1; period:
F,44=601, p<0.0001; treatment: period F,,s=5.8, p=0.0001;
“end” period contrasts: “constant warming” vs. “ambient” p=0.006,
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“constant warming” vs. “heatwave” p <0.0001; Table S3). We exam-
ined Shannon diversity (H’) of phytoplankton morphospecies and
although diversity decreased over the course of the experiment,

there was no effect of temperature treatment on diversity at any
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FIGURE 3 Effect of temperature treatment on concentrations
of phytoplankton (a) carbon, (b) nitrogen, and (c) phosphorus.
Large dots and error bars denote the mean + 95% confidence
intervals. Smaller dots denote individual replicates. The three
temperature treatments are coloured grey (ambient), dark yellow
(constant warming), and dark orange (heatwave). See Table 1 for
ANOVA and posthoc test results.

BRITISH 7
Ei-an

Socl

Functional Ecology

point in the experiment (Figure 4b, Figure S3, treatment: F2y24'3: 1.9,
p=0.2; period: Fzy47:209, p<0.0001; treatment: period: F4,47:2.16,
p=0.09).

3.3 | Relationship between phytoplankton
traits and zooplankton biomass

To investigate which phytoplankton traits were potentially responsi-
ble for the low biomass of zooplankton in the “heatwave phytoplank-
ton” treatment, we examined the relationship between individual
phytoplankton traits (C, N, P, fatty acids) and zooplankton biomass
(Figures 6 and 7). We found statistically significant positive relation-
ships between zooplankton biomass and phytoplankton C, N, and
MUFA (Figure 6a,b and 7b; Table 1). The correlation between zoo-
plankton biomass and phytoplankton PUFA was also positive but not
statistically significant (Figure 6c; p=0.08; Table 1). When we ex-
amined the same set of correlations except with just phytoplankton
fatty acid data sampled at the “end” sampling period, phytoplankton
C, N and MUFA were still strong predictors of total zooplankton bio-
mass (Figures Sé6 and S7, Table S4). Zooplankton biomass was also

predicted by phytoplankton n-3:n-6 ratios (Figure S7, Table S4).

3.4 | Effect of phytoplankton food type on
zooplankton fatty acids

Zooplankton fatty acid composition was significantly affected by
phytoplankton food type (Figure 8, Table 2, Table S3). Zooplankton
fed “ambient” phytoplankton exhibited the lowest percentages of
SFA, highest percentages of PUFA and highest n-3:n-6 ratio. MUFA

TABLE 1 Summary results for ANOVA investigating the effect of rearing temperature on phytoplankton traits (columns 1-2), and for
linear regression analyses examining the relationship between each phytoplankton trait and zooplankton biomass (column 4). Column 3

displays Tukey HSD posthoc tests for each corresponding ANOVA.

1. Phytoplankton trait 2. Effect of temperature

3. Tukey HSD posthoc tests

4. Correlation with zooplankton
biomass

Carbon F2Y23=18.1; p<0.0001 HW <Warm: p<0.0001 F1Y22:9.6,p=0.005; slope=0.29,
HW < Ambient: p=0.0002 r?=0.27

Nitrogen F2y23=18.1; p<0.0001 HW <Warm: p=0.0001 F1Y22=5.6, p=0.027; slope=0.03,
HW < Ambient: p=0.001 r?’=0.17

Phosphorus F, 53=14.1;p=0.0001 HW <Warm: p=0.0012 F,,,=0.86,p=0.36
HW < Ambient: p=0.0002

SFA F,,,=12.8;p=0.0002 Warm > Ambient: p=0.0002 Fi1=2.2,p=0.16
Warm>HW: p=0.0012

MUFA F,2,=27.7;p<0.0001 Warm >Ambient: p<0.0001 F121=9.4,p=0.0006; slope=1.4,
Warm>HW: p<0.0001 r?=0.28

PUFA F2y22=7.8; p=0.003 HW < Ambient: p=0.05 F1,21=3'3’ p=0.08; slope=0.4,
HW <Warm: p=0.002 r’=0.1

n-3:n-6 F,,,=14.1;p=0.0001 Warm <Ambient: p=0.0003 Fi,,=29,p=0.10

HW < Ambient: p=0.0005

Abbreviations: Ambient, “ambient” temperature treatment; HW, “heatwave” treatment; MUFA, monounsaturated fatty acids; n-3:n-6, the ratio of
omega-3 PUFA to omega-6 PUFA; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids; Warm, “constant warming” treatment.
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and PUFA fatty acid percentages were also significantly different
between zooplankton fed “constant warming” versus “heatwave”
phytoplankton (Figure 7b,c, Table 2, Table S3).

4 | DISCUSSION

The overall goal of this experiment was to examine the indirect ef-
fects of heatwaves on zooplankton communities via shifts in the
nutritional quality of heatwave-exposed phytoplankton. We pre-
dicted that zooplankton that consumed “heatwave” phytoplank-
ton would exhibit lower productivity than those that were fed
phytoplankton that were reared “ambient” or “constant-warming”
temperatures. We found that zooplankton communities fed “heat-
wave” phytoplankton grew at the same rate and were comprised
of the same taxonomic diversity as zooplankton fed other types
of phytoplankton, and as predicted, those fed “heatwave” phy-
toplankton achieved the lowest overall biomass. Phytoplankton
C, N, P and fatty acid data revealed that the decline in zooplank-
ton biomass was mostly due to decreased concentrations of C, N
and MUFA in “heatwave” exposed phytoplankton. Phytoplankton
in the “constant warming” and “heatwave” treatments were ex-
posed to very similar total amounts of heat but while warming was
mostly concentrated between days 15 and 25 in the “heatwave”
treatment, it was spread out over the duration of the study in the
“constant warming” treatment. The clear effects of phytoplankton
temperature treatment on all measured phytoplankton “quality”
traits, as well as on zooplankton biomass demonstrate that how

heat is delivered into an aquatic system has important effects on
both phytoplankton and zooplankton productivity.

Low levels of zooplankton biomass could also arise if, compared
to zooplankton fed “ambient” or “constant warming” phytoplankton,
zooplankton in the “heatwave phytoplankton” treatment received
less food, or a different community of phytoplankton. Phytoplankton
biomass was not affected by temperature treatment at the start or
middle of the experiment, but by the end of the study, biomass was
lowest in the “constant warming” treatment. Because phytoplankton
biomass was never lowest in the “heatwave” treatment, we infer that
the depressed biomass of zooplankton fed “heatwave” phytoplank-
ton was not due to low food availability. There was also no effect
of temperature treatment on phytoplankton Shannon diversity and
thus decreases in zooplankton biomass in the “heatwave” treatment
were likely not due to temperature-specific shifts in phytoplankton
community composition. However, phytoplankton diversity was
calculated using coarse taxonomic groupings of phytoplankton and
it is possible that fine-scale shifts in species composition were not
captured in the Shannon diversity metric. Still, freshwater phyto-
plankton communities are most often delineated by the relative con-
tributions of the coarse taxonomic groupings included in this study
rather than by individual species (De Senerpont Domis et al., 2014;
Galloway & Winder, 2015). Thus, we believe the results presented
here are broadly applicable. Finally, among-treatment differences
in zooplankton biomass could also be driven by changes in zoo-
plankton community composition. We did not observe any effects
of phytoplankton food type on zooplankton Shannon diversity or
community composition. Overall, the data support the conclusion
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FIGURE 5 Effect of temperature treatment and experiment
period on phytoplankton (a) biomass and (b) Shannon diversity
(H). Large dots and error bars denote the mean +95% confidence
intervals. (95% Cl are masked by the larger dot in some cases.)
Smaller dots denote individual replicates. The three temperature
treatments are coloured grey (ambient), dark yellow (constant
warming) and dark orange (heatwave). For biomass there was a
statistically significant effect of period and a significant period

by treatment interaction. For Shannon diversity, there was a
significant effect of period. See Results for full analyses.

that depressed biomass in zooplankton fed “heatwave” phytoplank-
ton was primarily explained by shifts in phytoplankton nutritional
quality.

The community-wide responses of phytoplankton fatty acids
to constant warming observed in this study are similar to those
reported in single species studies. Scenedesmus obliquus, Isochrysis
galbana and Chroomonas salina produced more SFA, MUFA, and
exhibited lower n-3 to n-6 ratios when reared at warmer tempera-
tures (Fuschino et al., 2011; Henderson & Mackinlay, 1989; Zhu
et al., 1997). In outdoor flow-through mesocosms or whole lake
studies, the effects of warming on community-wide phytoplank-
ton fatty acids also depended on nutrient levels and phytoplankton
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community composition (Calderini et al., 2023; Keva et al., 2021,
Strandberg et al., 2022). In our experiment, heatwave-exposed
phytoplankton contained the lowest total concentrations of fatty
acids and although the mechanism underlying this overall decrease
in fatty acid production is unclear, total fatty acid production was
also lowest in Scenedesmus obliquus grown at 32°C (vs. 16°C or 24°C;
Sikora et al., 2014). We are currently conducting follow-up studies to
investigate why phytoplankton responses to temperature increases
are clearly different between the “constant warming” versus “heat-
wave” treatments. We do not have clear mechanisms at the moment
but we are exploring whether decreases in C, N and MUFA could be
linked to the reshuffling of proteins or other molecules in response
to temporary heat stress.

Our study is unique in that in addition to shifts in fatty acid
content and composition, we document concomitant temperature-
mediated reductions in phytoplankton C, N and P. Additionally, we
demonstrate immediate knock-on effects of decreases in phyto-
plankton quality on zooplankton community biomass and on zoo-
plankton fatty acid composition. Zooplankton fatty acid composition
often closely reflects that of their food (Brett et al., 2006; Meyers
et al., 2022). Here we see some parallels between zooplankton and
phytoplankton MUFA and n-3:n-6 ratios but because we were lim-
ited to presenting zooplankton fatty acid data as percentages (see
Section 2), we refrain from drawing concrete conclusions regard-
ing similarities between zooplankton and phytoplankton fatty acid
profiles. We know of no other experiments that have also exam-
ined the effects of phytoplankton food quality on community-wide
zooplankton biomass but two previous studies have reported that
Daphnia zooplankton produced fewer offspring and had lower pop-
ulation sizes when they were fed Scenedesmus phytoplankton grown
at warmer temperatures (Sikora et al., 2014; Tseng et al., 2021). Here
we have extended these studies to show that temperature directly
affects resource quality and indirectly affects consumer productiv-
ity at the whole-community level.

The dates we chose at the middle and end of the study to sam-
ple phytoplankton were somewhat arbitrary and thus for the main
analyses presented here we report the values of phytoplankton
C, N, and fatty acids averaged across the two sampling periods.
(Phytoplankton P was only sampled at the end). Although averaging
the data prevents us from examining temporal variation in phyto-
plankton responses, our results are a more conservative estimate
of the effects of “constant warming” versus “heatwave” conditions
on phytoplankton traits. For completeness we have also included
phytoplankton trait data for just the “end” sampling point, as well
as correlations between zooplankton biomass and each of the phy-
toplankton traits for this sampling point (Figures S4-S7, Table S3).
The results from the “end only” analyses are qualitatively very simi-
lar to the “middle and end averaged” analyses for all data except for
phytoplankton n-3:n-6. At the “end” sampling point, n-3:n-6 values
for “heatwave” phytoplankton resemble values for “ambient” phy-
toplankton (rather than resembling values for “constant warming”).
Because the PUFA do not change very much when comparing the
“middle+end averaged” data versus the “end” only data (Figure 4c
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vs. Figure S5c), the clear shift in n-3:n-6 in these two data sets
(Figure 4d vs. Figure S5d) suggests that the types of PUFAs phyto-
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and (d) n-3:n-6 ratio on total zooplankton
community biomass. See Table 1 (column
4) for statistical analyses. The solid line
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linear regression and the grey shading
represents the 95% confidence interval.
(No line=no statistically significant
relationship).

Overall, we have documented that exposure to a heatwave

had clear negative effects on phytoplankton-based nutrients.

Reductions in key phytoplankton “quality” traits contributed to



KIM ET AL. . BRITISH 11
Functional Ecology E Ll
FIGURE 8 Effect of phytoplankton @) SFA (b) MUFA
temperature treatment on zooplankton (a)
SFA, (b) MUFA, and (c) PUFA percentages, 331 35.01
and on (d) n-3:n-6 ratio. Large dots 32
and error bars denote the mean +95% :'E‘ 325
confidence intervals. (95% Cl are masked o 311 N 3
by the larger dot in some cases.) Smaller o 30 30.0-
dots denote individual replicates. The 8_ :
three temperature treatments are ~ 291
. (/2] J
coloured grey (ambient), dark yellow B og ¢ 27.5
(constant warming) and dark orange 8
(heatwave). See Table 2 for ANOVA and -
posthoc test results. = (c) PUFA (d) n-3:n-6
8
c 45.01 0A
S 3.0
£
C 42.51 +
%_ 2.5
g 40.07 L
N ° 2.01
37.54 ¢ C:) ,
35.0 1.54

AmBient Wa'rm Hea’&vave

TABLE 2 Summary results for ANOVA

investigating the effect of phytoplankton LSCAI L L

id
food type on zooplankton fatty acid at
percentages (columns 1-2). Column 3 SFA
displays the Tukey HSD results for each MUFA
corresponding ANOVA.

PUFA
n-3:n-6

Ambient Warm Heatwave
Phytoplankton temperature treatment

2. Effect of phytoplankton food

type 3. Tukey HSD posthoc tests
F,,1=8.4;p=0.002

F,,,=10.24; p=0.0008

HW > Ambient: p=0.001

Warm > Ambient: p=0.001
Warm>HW: p=0.006

HW < Ambient: p=0.003
Warm < Ambient: p<0.0001
Warm <HW: p=0.02

Warm <Ambient: p=0.04

F, ,1=20.6; p<0.0001

Fy,,=3.67;p=0.04

Abbreviations: Ambient, “ambient” temperature treatment; HW, “heatwave” treatment; MUFA,
monounsaturated fatty acids; n-3:n-6, the ratio of omega-3 PUFA to omega-6 PUFA; PUFA,
polyunsaturated fatty acids; SFA, saturated fatty acids; Warm, “constant warming” treatment.

overall decreases in zooplankton community biomass and shifts
in zooplankton fatty acid profiles. Our study is innovative in that
we have examined shifts in community-scale phytoplankton and
zooplankton nutrients, but is limited by the fact that we did not
also assay zooplankton communities across multiple temperature
treatments, nor did we allow for natural dispersal into zooplank-
ton replicates (as would occur in nature). We acknowledge that the
existing design does not provide a complete picture of the effects
of heatwaves at the zooplankton-phytoplankton interface, and we
suggest that future experiments carefully examine both direct and
indirect effects of heatwaves on plankton dynamics. Additionally,
studies have shown that nutrient levels can significantly affect
the responses of phytoplankton-based nutrients to temperature
(Kosten et al., 2012; Schulhof et al., 2019; Verbeek et al., 2018).
Given that rates of freshwater eutrophication are expected to in-
crease concomitantly with climate warming (De Senerpont Domis
et al., 2014; Hsieh et al., 2010), it would be informative for future

studies to examine the combined effects of heatwaves and nutrient

shifts on phytoplankton nutrients.

AUTHOR CONTRIBUTIONS

JOK: Idea conception, experimental design, data acquisition and
analyses, and manuscript writing and editing. AD: data acquisition
and manuscript editing. IF: data acquisition and manuscript editing.
MT: Idea conception, experimental design, data analyses, manu-

script writing and editing, and acquisition of funding.

ACKNOWLEDGEMENTS

We thank Maureen Soon (UBC Earth and Ocean Science) for help with sto-
ichiometry lab assays and Miki Shimomura (Fisheries and Oceans Canada)
for assisting with fatty acid quantification. We thank the Associate Editor
and two anonymous reviewers for their careful assessment of the study
and for their insightful comments. UBC-Vancouver campus is location on
the traditional, unceded and ancestral lands of the Musqueam.



KIM ET AL.

2 Functional Ecology E:‘E"T}E‘“

FUNDING INFORMATION

This research was funded by a Natural Sciences and Engineering
Research Council of Canada (NSERC) Discovery Grant to MT, and a
British Columbia Graduate Scholarship to JOK.

CONFLICT OF INTEREST STATEMENT

All authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
Raw data are available in Dryad: https://doi.org/10.5061/dryad.
g83bk3jqgc.

STATEMENT ON INCLUSION

This is a laboratory experiment that was conducted on campus
at the University of British Columbia, Vancouver, Canada. Fatty
acid analysis was conducted in collaboration with the Department
of Oceans and Fisheries in West Vancouver, British Columbia,
Canada.

ORCID

Jihyun Olivia Kim "= https://orcid.org/0000-0003-2207-840X
Alexandra Dimitriou "= https://orcid.org/0009-0007-9894-9001
https://orcid.org/0000-0002-4256-4432

https://orcid.org/0000-0002-4306-507X

lan Forster
Michelle Tseng

REFERENCES

Bergkemper, V., Stadler, P., & Weisse, T. (2018). Moderate weather
extremes alter phytoplankton diversity—A microcosm study.
Freshwater Biology, 63(10), 1211-1224. https://doi.org/10.1111/
fwb.13127

Bi, R., Ismar, S., Sommer, U., & Zhao, M. (2017). Environmental depen-
dence of the correlations between stoichiometric and fatty acid-
based indicators of phytoplankton nutritional quality. Limnology
and Oceanography, 62(1), 334-347. https://doi.org/10.1002/Ino.
10429

Brett, M. T., Mdller-Navarra, D. C., Ballantyne, A. P., Ravet, J. L., &
Goldman, C. R. (2006). Daphnia fatty acid composition reflects
that of their diet. Limnology and Oceanography, 51(5), 2428-2437.
https://doi.org/10.4319/10.2006.51.5.2428

Calderini, M. L., Paakkonen, S., Salmi, P., Peltomaa, E., & Taipale, S. J.
(2023). Temperature, phosphorus and species composition will all
influence phytoplankton production and content of polyunsat-
urated fatty acids. Journal of Plankton Research, 45(4), 625-635.
https://doi.org/10.1093/plankt/fbad026

Courbouleés, J.,, Vidussi, F., Soulié, T., Mas, S., Pecqueur, D., & Mostajir, B.
(2021). Effects of experimental warming on small phytoplankton,
bacteria and viruses in autumn in the Mediterranean coastal Thau
lagoon. Aquatic Ecology, 55(2), 647-666. https://doi.org/10.1007/
s10452-021-09852-7

De Senerpont Domis, L. N., Van de Waal, D. B., Helmsing, N. R., Van
Donk, E., & Mooij, W. M. (2014). Community stoichiometry in a
changing world: Combined effects of warming and eutrophication
on phytoplankton dynamics. Ecology, 95(6), 1485-1495. https://doi.
org/10.1890/13-1251.1

Filiz, N., Iskin, U., Beklioglu, M., Oglij, B., Cao, Y., Davidson, T. A.,
Sgndergaard, M., Lauridsen, T. L., & Jeppesen, E. (2020).
Phytoplankton community response to nutrients, temperatures,
and a heat wave in Shallow Lakes: An experimental approach.
Water, 12(12), 3394. https://doi.org/10.3390/w12123394

Fuschino, J. R., Guschina, I. A., Dobson, G., Yan, N. D., Harwood, J. L., &
Arts, M. T. (2011). Rising water temperatures Alter lipid dynamics
and reduce N-3 essential fatty acid concentrations in Scenedesmus
Obliquus (chlorophyta)l. Journal of Phycology, 47(4), 763-774.
https://doi.org/10.1111/j.1529-8817.2011.01024.x

Galloway, A. W. E., & Winder, M. (2015). Partitioning the relative impor-
tance of phylogeny and environmental conditions on phytoplank-
ton fatty acids. PLoS One, 10(6), e01300053. https://doi.org/10.
1371/journal.pone.0130053

Hansson, L.-A., Ekvall, M. K., He, L., Li, Z., Svensson, M., Urrutia-Cordero,
P., & Zhang, H. (2020). Different climate scenarios alter dominance
patterns among aquatic primary producers in temperate systems.
Limnology and Oceanography, 65(10), 2328-2336. https://doi.org/
10.1002/In0.11455

Hazel, J. R. (1995). Thermal adaptation in biological membranes: Is
Homeoviscous adaptation the explanation? Annual Review of
Physiology, 57(1), 19-42. https://doi.org/10.1146/annurev.ph.57.
030195.000315

Henderson, R. J., & Mackinlay, E. E. (1989). Effect of temperature on
lipid composition of the marine cryptomonad Chroomonas salina.
Phytochemistry, 28(11), 2943-2948. https://doi.org/10.1016/0031-
9422(89)80258-4

Hessen, D. O., Hafslund, O. T., Andersen, T., Broch, C., Shala, N. K., &
Wojewodzic, M. W. (2017). Changes in stoichiometry, cellular RNA,
and alkaline phosphatase activity of Chlamydomonas in response
to temperature and nutrients. Frontiers in Microbiology, 8, 1-8.
https://doi.org/10.3389/fmicbh.2017.00018

Hixson, S. M., & Arts, M. T. (2016). Climate warming is predicted to re-
duce omega-3, long-chain, polyunsaturated fatty acid production
in phytoplankton. Global Change Biology, 22(8), 2744-2755. https://
doi.org/10.1111/gcb.13295

Hsieh, C. H., Ishikawa, K., Sakai, Y., Ishikawa, T., Ichise, S., Yamamoto,
Y., Kuo, T. C., Park, H. D., Yamamura, N., & Kumagai, M. (2010).
Phytoplankton community reorganization driven by eutrophica-
tion and warming in Lake Biwa. Aquatic Sciences, 72(4), 467-483.
https://doi.org/10.1007/s00027-010-0149-4

Jourdan, J., Baranov, V., Wagner, R., Plath, M., & Haase, P. (2019).
Elevated temperatures translate into reduced dispersal abilities in
a natural population of an aquatic insect. Journal of Animal Ecology,
88(10), 1498-1509. https://doi.org/10.1111/1365-2656.13054

Keva, O., Taipale, S. J., Hayden, B., Thomas, S. M., Vesterinen, J., Kankaala,
P., & Kahilainen, K. K. (2021). Increasing temperature and produc-
tivity change biomass, trophic pyramids and community-level ome-
ga-3 fatty acid content in subarctic lake food webs. Global Change
Biology, 27(2), 282-296. https://doi.org/10.1111/gch.15387

Kim, J. O., Dimitriou, A., Forster, |., & Tseng, M. (2024). Data from:
Heatwave-mediated decreases in phytoplankton quality negatively
affect zooplankton productivity. Dryad https://doi.org/10.5061/
dryad.q83bk3jqc

Kosten, S., Huszar, V. L. M., Bécares, E., Costa, L. S., Donk, E. V., Hansson,
L.-A., Jeppesen, E., Kruk, C., Lacerot, G., Mazzeo, N., Meester, L.
D., Moss, B., Lurling, M., Noges, T., Romo, S., & Scheffer, M. (2012).
Warmer climates boost cyanobacterial dominance in shallow lakes.
Global Change Biology, 18(1), 118-126. https://doi.org/10.1111/j.
1365-2486.2011.02488.x

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017). ImerTest
package: Tests in linear mixed effects models. Journal of Statistical
Software, 82, 1-26. https://doi.org/10.18637/jss.v082.i13

Lenth, R. V., Bolker, B., Buerkner, P., Giné-Vazquez, |., Herve, M., Jung,
M., Love, J., Miguez, F., Riebl, H., & Singmann, H. (2023). emmeans:
Estimated marginal means, aka least-squares means (1.8.8) [Computer
software]. https://cran.r-project.org/web/packages/emmeans/
index.html

Lirling, M., & Van Donk, E. (1999). Grazer-induced Colony formation
in Scenedesmus Acutus (chlorophyceae): Ecomorph expression


https://doi.org/10.5061/dryad.q83bk3jqc
https://doi.org/10.5061/dryad.q83bk3jqc
https://orcid.org/0000-0003-2207-840X
https://orcid.org/0000-0003-2207-840X
https://orcid.org/0009-0007-9894-9001
https://orcid.org/0009-0007-9894-9001
https://orcid.org/0000-0002-4256-4432
https://orcid.org/0000-0002-4256-4432
https://orcid.org/0000-0002-4306-507X
https://orcid.org/0000-0002-4306-507X
https://doi.org/10.1111/fwb.13127
https://doi.org/10.1111/fwb.13127
https://doi.org/10.1002/lno.10429
https://doi.org/10.1002/lno.10429
https://doi.org/10.4319/lo.2006.51.5.2428
https://doi.org/10.1093/plankt/fbad026
https://doi.org/10.1007/s10452-021-09852-7
https://doi.org/10.1007/s10452-021-09852-7
https://doi.org/10.1890/13-1251.1
https://doi.org/10.1890/13-1251.1
https://doi.org/10.3390/w12123394
https://doi.org/10.1111/j.1529-8817.2011.01024.x
https://doi.org/10.1371/journal.pone.0130053
https://doi.org/10.1371/journal.pone.0130053
https://doi.org/10.1002/lno.11455
https://doi.org/10.1002/lno.11455
https://doi.org/10.1146/annurev.ph.57.030195.000315
https://doi.org/10.1146/annurev.ph.57.030195.000315
https://doi.org/10.1016/0031-9422(89)80258-4
https://doi.org/10.1016/0031-9422(89)80258-4
https://doi.org/10.3389/fmicb.2017.00018
https://doi.org/10.1111/gcb.13295
https://doi.org/10.1111/gcb.13295
https://doi.org/10.1007/s00027-010-0149-4
https://doi.org/10.1111/1365-2656.13054
https://doi.org/10.1111/gcb.15387
https://doi.org/10.5061/dryad.q83bk3jqc
https://doi.org/10.5061/dryad.q83bk3jqc
https://doi.org/10.1111/j.1365-2486.2011.02488.x
https://doi.org/10.1111/j.1365-2486.2011.02488.x
https://doi.org/10.18637/jss.v082.i13
https://cran.r-project.org/web/packages/emmeans/index.html
https://cran.r-project.org/web/packages/emmeans/index.html

KIM ET AL.

at different temperatures. Journal of Phycology, 35(6), 1120-1126.
https://doi.org/10.1046/j.1529-8817.1999.3561120.x

Machado, K. B., Vieira, L. C. G., & Nabout, J. C. (2019). Predicting the dy-
namics of taxonomic and functional phytoplankton compositions in
different global warming scenarios. Hydrobiologia, 830(1), 115-134.
https://doi.org/10.1007/s10750-018-3858-7

Martin-Creuzburg, D., Coggins, B. L., Ebert, D., & Yampolsky, L. Y. (2019).
Rearing temperature and fatty acid supplementation jointly af-
fect lipid fluorescence polarization and heat tolerance in Daphnia.
Physiological and Biochemical Zoology, 92(4), 408-418. https://doi.
org/10.1086/704365

Mccauley, S. J., Hammond, J. |, Frances, D. N., & Mabry, K. E. (2015).
Effects of experimental warming on survival, phenology, and mor-
phology of an aquatic insect (Odonata). Ecological Entomology,
40(3), 211-220. https://doi.org/10.1111/een.12175

Meyers, M., Décima, M., Law, C. S., Gall, M., Barr, N., Miller, M. R., Safi,
K., Robinson, K., Sabadel, A., Wing, S., & Hoffmann, L. (2022). No
evidence of altered relationship between diet and consumer fatty
acid composition in a natural plankton community under combined
climate drivers. Journal of Experimental Marine Biology and Ecology,
551, 151734. https://doi.org/10.1016/j.jembe.2022.151734

Murray, R., Miller, D. J., & Kryc, K. A. (2000). Analysis of major and trace el-
ements in rocks, sediments, and interstitial waters by inductively coupled
plasma-atomic emission spectrometry (ICP-AES). ODP Tech. Note, 29.

Oksanen, J. (2022). Community ecology package “vegan” (2.6-4)
[Computer software].

Pachauri, R. K., & Reisinger, A. (2007). IPCC 2007: Climate change 2007:
Synthesis report. Contribution of working groups I, Il and Ill to the
fourth assessment report of the intergovernmental panel on climate
change (p. 104). IPCC.

R Core Team. (2023). R: A language and environment for statistical computing.
R Foundation for Statistical Computing. https:/www.r-project.org/

Rahel, F. J., & Olden, J. D. (2008). Assessing the effects of climate change
on aquatic invasive species. Conservation Biology, 22(3), 521-533.
https://doi.org/10.1111/j.1523-1739.2008.00950.x

Rasconi, S., Gall, A., Winter, K., & Kainz, M. J. (2015). Increasing water
temperature triggers dominance of small freshwater plankton.
PLoS One, 10(10), e0140449. https://doi.org/10.1371/journal.pone.
0140449

Rasconi, S., Winter, K., & Kainz, M. J. (2017). Temperature increase and
fluctuation induce phytoplankton biodiversity loss—Evidence from
a multi-seasonal mesocosm experiment. Ecology and Evolution, 7(9),
2936-2946. https://doi.org/10.1002/ece3.2889

Riis, T., Olesen, B., Clayton, J. S., Lambertini, C., Brix, H., & Sorrell, B.
K. (2012). Growth and morphology in relation to temperature and
light availability during the establishment of three invasive aquatic
plant species. Aquatic Botany, 102, 56-64. https://doi.org/10.
1016/j.aquabot.2012.05.002

Schulhof, M. A., Shurin, J. B., Declerck, S. A. J., & de Waal, D. B. V. (2019).
Phytoplankton growth and stoichiometric responses to warming,
nutrient addition and grazing depend on lake productivity and cell
size. Global Change Biology, 25(8), 2751-2762. https://doi.org/10.
1111/gch.14660

Sikora, A. B., Dawidowicz, P., & Von Elert, E. (2014). Daphnia fed algal
food grown at elevated temperature have reduced fitness. Journal of
Limnology, 73(3), 421-427. https://doi.org/10.4081/jlimnol.2014.898

Solensky, M. J., & Larkin, E. (2003). Temperature-induced variation in
larval coloration in Danaus plexippus (Lepidoptera: Nymphalidae).
Annals of the Entomological Society of America, 96(3), 211-216.
https://doi.org/10.1603/0013-8746(2003)096[0211:TVILCI]2.0.
CO;2

Strandberg, U., Hiltunen, M., Syviéranta, J., Levi, E. E., Davidson, T. A.,
Jeppesen, E., & Brett, M. T. (2022). Combined effects of eutro-
phication and warming on polyunsaturated fatty acids in complex
phytoplankton communities: A mesocosm experiment. Science of

Functional Ecology [ Eﬁ-ﬁg"s‘;m

the Total Environment, 843, 157001. https://doi.org/10.1016/j.scito
tenv.2022.157001

Strecker, A. L., Cobb, T. P., & Vinebrooke, R. D. (2004). Effects of exper-
imental greenhouse warming on phytoplankton and zooplankton
communities in fishless alpine ponds. Limnology and Oceanography,
49(4), 1182-1190. https://doi.org/10.4319/10.2004.49.4.1182

Striebel, M., Schabhuettl, S., Hodapp, D., Hingsamer, P., & Hillebrand,
H. (2016). Phytoplankton responses to temperature increases
are constrained by abiotic conditions and community composi-
tion. Oecologia, 182(3), 815-827. https://doi.org/10.1007/s0044
2-016-3693-3

Taner, M. U., Carleton, J. N., & Wellman, M. (2011). Integrated model
projections of climate change impacts on a north American lake.
Ecological Modelling, 222(18), 3380-3393. https://doi.org/10.
1016/j.ecolmodel.2011.07.015

Toseland, A., Daines, S. J., Clark, J. R., Kirkham, A., Strauss, J., Uhlig, C.,
Lenton, T. M., Valentin, K., Pearson, G. A., Moulton, V., & Mock,
T. (2013). The impact of temperature on marine phytoplankton
resource allocation and metabolism. Nature Climate Change, 3(11),
Article 11. https://doi.org/10.1038/nclimate1989

Tseng, M., Filippo, C. M. D., Fung, M., Kim, J. O., Forster, |. P., & Zhou, Y.
(2021). Cascading effects of algal warming in a freshwater commu-
nity. Functional Ecology, 35(4), 920-929. https://doi.org/10.1111/
1365-2435.13752

Verardo, D. J., Froelich, P. N., & Mclntyre, A. (1990). Determination of
organic carbon and nitrogen in marine sediments using the Carlo
Erba NA-1500 analyzer. Deep Sea Research Part A. Oceanographic
Research Papers, 37(1), 157-165. https://doi.org/10.1016/0198-
0149(90)90034-S

Verbeek, L., Gall, A., Hillebrand, H., & Striebel, M. (2018). Warming and
oligotrophication cause shifts in freshwater phytoplankton com-
munities. Global Change Biology, 24(10), 4532-4543. https://doi.
org/10.1111/gcb.14337

von Elert, E., & Fink, P. (2018). Global warming: Testing for direct and
indirect effects of temperature at the Interface of primary produc-
ers and herbivores is required. Frontiers in Ecology and Evolution, 6,
1-10. https://doi.org/10.3389/fevo.2018.00087

Weisse, T., Groschl, B., & Bergkemper, V. (2016). Phytoplankton response
to short-term temperature and nutrient changes. Limnologica, 59,
78-89. https://doi.org/10.1016/j.limno.2016.05.002

White, R. H., Anderson, S., Booth, J. F,, Braich, G., Draeger, C., Fei, C.,
Harley, C. D. G., Henderson, S. B., Jakob, M., Lau, C.-A., Mareshet
Admasu, L., Narinesingh, V., Rodell, C., Roocroft, E., Weinberger, K.
R., & West, G. (2023). The unprecedented Pacific northwest heat-
wave of June 2021. Nature Communications, 14(1), 727. https://doi.
org/10.1038/s41467-023-36289-3

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. Springer-
Verlag. https://ggplot2.tidyverse.org

Woolway, R. I., Jennings, E., Shatwell, T., Golub, M., Pierson, D. C., &
Maberly, S. C. (2021). Lake heatwaves under climate change.
Nature, 589(7842), 402-407. https://doi.org/10.1038/s41586-
020-03119-1

Yvon-Durocher, G., Allen, A. P., Cellamare, M., Dossena, M., Gaston,
K. J., Leitao, M., Montoya, J. M., Reuman, D. C., Woodward, G., &
Trimmer, M. (2015). Five years of experimental warming increases
the biodiversity and productivity of phytoplankton. PLoS Biology,
13(12), e1002324. https://doi.org/10.1371/journal.pbio.1002324

Zhang, P., Wang, T., Zhang, H., Wang, H., Hilt, S., Shi, P., Cheng, H., Feng,
M., Pan, M., Guo, Y., Wang, K., Xu, X., Chen, J., Zhao, K., He, Y.,
Zhang, M., & Xu, J. (2022). Heat waves rather than continuous
warming exacerbate impacts of nutrient loading and herbicides
on aquatic ecosystems. Environment International, 168, 107478.
https://doi.org/10.1016/j.envint.2022.107478

Zhu, C. J., Lee, Y. K., & Chao, T. M. (1997). Effects of temperature and
growth phase on lipid and biochemical composition of Isochrysis


https://doi.org/10.1046/j.1529-8817.1999.3561120.x
https://doi.org/10.1007/s10750-018-3858-7
https://doi.org/10.1086/704365
https://doi.org/10.1086/704365
https://doi.org/10.1111/een.12175
https://doi.org/10.1016/j.jembe.2022.151734
https://www.r-project.org/
https://doi.org/10.1111/j.1523-1739.2008.00950.x
https://doi.org/10.1371/journal.pone.0140449
https://doi.org/10.1371/journal.pone.0140449
https://doi.org/10.1002/ece3.2889
https://doi.org/10.1016/j.aquabot.2012.05.002
https://doi.org/10.1016/j.aquabot.2012.05.002
https://doi.org/10.1111/gcb.14660
https://doi.org/10.1111/gcb.14660
https://doi.org/10.4081/jlimnol.2014.898
https://doi.org/10.1603/0013-8746(2003)096%5B0211:TVILCI%5D2.0.CO;2
https://doi.org/10.1603/0013-8746(2003)096%5B0211:TVILCI%5D2.0.CO;2
https://doi.org/10.1016/j.scitotenv.2022.157001
https://doi.org/10.1016/j.scitotenv.2022.157001
https://doi.org/10.4319/lo.2004.49.4.1182
https://doi.org/10.1007/s00442-016-3693-3
https://doi.org/10.1007/s00442-016-3693-3
https://doi.org/10.1016/j.ecolmodel.2011.07.015
https://doi.org/10.1016/j.ecolmodel.2011.07.015
https://doi.org/10.1038/nclimate1989
https://doi.org/10.1111/1365-2435.13752
https://doi.org/10.1111/1365-2435.13752
https://doi.org/10.1016/0198-0149(90)90034-S
https://doi.org/10.1016/0198-0149(90)90034-S
https://doi.org/10.1111/gcb.14337
https://doi.org/10.1111/gcb.14337
https://doi.org/10.3389/fevo.2018.00087
https://doi.org/10.1016/j.limno.2016.05.002
https://doi.org/10.1038/s41467-023-36289-3
https://doi.org/10.1038/s41467-023-36289-3
https://ggplot2.tidyverse.org
https://doi.org/10.1038/s41586-020-03119-1
https://doi.org/10.1038/s41586-020-03119-1
https://doi.org/10.1371/journal.pbio.1002324
https://doi.org/10.1016/j.envint.2022.107478

KIM ET AL.

Functional Ecology E %"ﬁ@vm

galbana TK1. Journal of Applied Phycology, 9(5), 451-457. https://
doi.org/10.1023/A:1007973319348

Zohary, T., Flaim, G., & Sommer, U. (2021). Temperature and the size of
freshwater phytoplankton. Hydrobiologia, 848(1), 143-155. https://
doi.org/10.1007/s10750-020-04246-6

SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Table S1. List of phytoplankton morphospecies.

Table S2. List of fatty acids included in zooplankton and
phytoplankton fatty acid analyses.

Table S3. Parameter estimates for linear models investigating the
effects of phytoplankton food type on zooplankton traits, and for
linear models investigating the effects of temperature treatment on
Phytoplankton traits.

Table S4. Summary results for ANOVA investigating the effect of
rearing temperature on phytoplankton traits (columns 1-2), and for
linear regression analyses examining the relationship between each
phytoplankton trait and zooplankton biomass (column 4).

Figure S1. Schematic diagram of the experiment timeline.

Figure S2. Effect of phytoplankton food type and experiment period
on (a) total zooplankton, (b) zooplankton Shannon diversity (H’) and
(c) proportion of zooplankton taxa in each treatment group.

Figure S3. The effect of phytoplankton temperature treatment
and experiment period on the proportion of phytoplankton
morphospecies.

Figure S4. Effect of temperature treatment on concentrations of
phytoplankton carbon, nitrogen, and phosphorus.

Figure S5. Effect of temperature treatment on phytoplankton fatty
acid concentrations.

Figure Sé. Relationships between concentrations of phytoplankton
(a) carbon, (b) nitrogen, and (c) phosphorus and total zooplankton
community biomass.

Figure S7. Relationships between phytoplankton (a) SFA, (b) MUFA,
and (c) PUFA, and (d) n-3:n-6 ratio on total zooplankton community
biomass.

How to cite this article: Kim, J. O., Dimitriou, A., Forster, I., &
Tseng, M. (2024). Heatwave-mediated decreases in
phytoplankton quality negatively affect zooplankton
productivity. Functional Ecology, 00, 1-14. https://doi.
org/10.1111/1365-2435.14530



https://doi.org/10.1023/A:1007973319348
https://doi.org/10.1023/A:1007973319348
https://doi.org/10.1007/s10750-020-04246-6
https://doi.org/10.1007/s10750-020-04246-6
https://doi.org/10.1111/1365-2435.14530
https://doi.org/10.1111/1365-2435.14530

	Heatwave-­mediated decreases in phytoplankton quality negatively affect zooplankton productivity
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Collection of phytoplankton and zooplankton communities
	2.2|Zooplankton rearing
	2.3|Phytoplankton rearing and temperature treatments
	2.4|Feeding of phytoplankton to zooplankton
	2.5|Data collection
	2.5.1|Community composition and biomass
	Zooplankton
	Phytoplankton

	2.5.2|Fatty acids
	Zooplankton fatty acids
	Phytoplankton fatty acids

	2.5.3|Phytoplankton C, N and P

	2.6|Data analysis
	2.6.1|Zooplankton biomass, growth rate and Shannon diversity
	2.6.2|Phytoplankton C, N and P; phytoplankton and zooplankton fatty acids
	2.6.3|Phytoplankton biomass and Shannon diversity
	2.6.4|Relationships between phytoplankton traits and zooplankton biomass


	3|RESULTS
	3.1|Zooplankton biomass, growth rate and diversity
	3.2|Phytoplankton C, N, P, fatty acids, biomass and diversity
	3.3|Relationship between phytoplankton traits and zooplankton biomass
	3.4|Effect of phytoplankton food type on zooplankton fatty acids

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	STATEMENT ON INCLUSION
	REFERENCES


