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Abstract
1. Research on the effects of climate warming on ecological communities has fo-

cused on how temperature affects resource quantity. However, resource quality 
is also affected by warming, and changes in resource quality can have meaningful 
effects on the productivity of higher trophic levels.

2. Aquatic communities in particular experience temperature- mediated shifts in re-
source quality because the nutritional value of algae is highly sensitive to tem-
perature. For example, the production of healthful omega- 3 polyunsaturated fatty 
acids (n- 3 PUFA) by algae often decreases with warming.

3. Decreased levels of some algal PUFAs with warming have led to the hypothesis 
that global warming should lead to an overall decrease in productivity in aquatic 
communities. However, this hypothesis: (a) potentially oversimplifies the relation-
ship between algal PUFAs and temperature, and (b) assumes that the nutritional 
requirements of consumers are not affected by temperature. Here, we test these 
assumptions using a freshwater community (Scenedesmus algae, Daphnia zoo-
plankton, Chaoborus insects).

4. Warming temperatures increased total algal PUFAs, but decreased algal cell 
size, resulting in no net effect of temperature on PUFA per algal cell. In contrast, 
quantities of algal neutral lipids decreased with warming. At the consumer level, 
Daphnia fed 12°C- reared algae maintained higher population sizes than those fed 
20°C or 28°C- reared algae. However, the effect of algal food type diminished as 
Daphnia rearing temperature increased. The indirect effects of cold- reared algae 
on the growth rate of Chaoborus predators were minor.

5. These data highlight the importance of investigating the effects of temperature 
on both resource quality and on the nutritional needs of consumers. Our results 
suggest that at warmer temperatures, consumer nutritional requirements may be 
reduced. We caution against broad claims that the negative relationship between 
some algal PUFAs and temperature should result in overall declines in aquatic 
productivity with ongoing climate warming.
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1  | INTRODUC TION

Much progress has been made in our understanding of how organ-
isms are responding to temperature increases. For example, we have 
clear evidence of species ranges shifting polewards and to higher 
elevations (Hickling et al., 2005; Parmesan, 2006). Phenologically, 
both plants and insects are starting their life cycles earlier in the 
year (CaraDonna et al., 2018; Hovel et al., 2017; Poloczanska 
et al., 2013; Visser & Both, 2005; Winder & Schindler, 2004) and 
morphologically, whole populations of insects have decreased in 
body size in response to warming climate (CaraDonna et al., 2018; 
Tseng et al., 2018). We also now know that interactions between 
species, such as those between resources and consumers, can ac-
celerate or dampen population responses to warming (Alexander 
et al., 2015; Jiang & Morin, 2004; Osmond et al., 2017). For exam-
ple, responses of Daphnia to warming are magnified when they are 
reared in the presence of predators (Tseng, Bernhardt, et al., 2019; 
Tseng & O'Connor, 2015).

Despite these many advances in our understanding of how 
ecological communities respond to warming, most of the data 
and theory on this topic have focused on how the quantities of 
individuals or populations change with warming (Rosenblatt & 
Schmitz, 2016). However, there is an increasing number of stud-
ies showing that warming affects organism quality as well as 
quantity, and that shifts in resource quality can have cascading 
effects on higher trophic levels (Hixson & Arts, 2016; Rosenblatt 
& Schmitz, 2016). Aquatic ecosystems in particular are likely to 
exhibit multi- trophic effects of changing resource quality be-
cause phytoplankton and macroalgae quality are highly sensitive 
to warming (Finkel et al., 2010), and because these organisms are 
the foundation of aquatic communities. Algae often produce lower 
levels of polyunsaturated fatty acids (hereafter PUFAs) when 
grown in warmer temperatures (Breuer et al., 2013; Fuschino 
et al., 2011; Piepho et al., 2012; Sikora et al., 2014). Zooplankton 
and other ectotherms that are fed diets deficient in the key PUFAs 
such as the omega- 3 PUFAs EPA (eicosapentaenoic acid) and DHA 
(docosahexaenoic acid) exhibit reduced growth and reproduction 
(Becker & Boersma, 2003; Brett & Muller- Navarra, 1997; Martin- 
Creuzburg et al., 2012). Finally, the ratio of omega- 6 to omega- 3 
PUFAs (abbreviated hereafter as n- 6 and n- 3) also affects con-
sumer health; lower values of this ratio are associated with health 
benefits (e.g. growth rate, survival) in a wide range of taxa (Hintze 
et al., 2011; Orlando et al., 2020; Upadhaya et al., 2019; Wijekoon 
et al., 2015).

The negative relationship between the quantities of some algal 
PUFAs and elevated temperature, and the positive relationship 
between healthful PUFAs and general consumer fitness, have led 
to the prediction that warmer waters will lead to a decrease in 
secondary productivity in aquatic systems (Hixson & Arts, 2016). 
However, whether or not this prediction is broadly applicable de-
pends on the robustness of two key assumptions. The first is that 
the quantities of key algal PUFAs should decrease with warming. 
While it is widely documented that algae make more PUFAs at 

colder temperatures to maintain the fluidity of cell membranes 
(Hazel, 1995), what is often overlooked is that algal PUFAs are also 
found in several different structures throughout the cell. Algal 
PUFAs are typically bundled with lipids, and the three major classes 
of algal lipids are phospholipids, glycolipids and neutral lipids 
(Kumari et al., 2013). Glycolipids are primarily found in photosyn-
thetic membranes (e.g. thylakoid membranes), while phospholipids 
are the main components of cell membranes (Wang et al., 2019; 
Zhu et al., 1997). Algal neutral lipids are primarily comprised of tri-
acylglycerols (TAGs). TAGs contain a glycerol backbone attached 
to three fatty acids (FAs) and they serve as storage products and 
energy reservoirs (Breuer et al., 2014; Kumari et al., 2013). In many 
algal species the majority of the FAs are packaged as TAGs (Breuer 
et al., 2014; Henderson & Mackinlay, 1989; Wang et al., 2019), and 
there is some evidence that unlike the PUFAs found in cell mem-
branes, TAG production increases at higher temperatures (Breuer 
et al., 2013; Zhu et al., 1997). Finally, although healthful n- 3 PUFAs 
are thought to be mostly associated with cell membranes, they 
also can be stored in TAGs (Guschina & Harwood, 2009; Kumari 
et al., 2013). Thus, increased temperature could decrease the 
PUFAs (n- 3 and others) found in phospholipid cell membranes, but 
also increase TAG- bound PUFAs.

The second assumption is that the nutritive value of algal PUFAs 
for the next trophic level is independent of the environmental con-
ditions. This assumption is not valid if the benefits of algal PUFAs to 
consumers are reduced at warmer temperatures. This situation could 
occur if one of the main functions of algal- based PUFAs is to maintain 
membrane fluidity in consumers. At warmer temperatures, cell mem-
branes (in consumers) may not need additional PUFAs to stay fluid 
(Hazel, 1995) and thus elevated algal- PUFAs may not be required. 
A laboratory experiment using the zooplankton Daphnia magna and 
algae Chlamydomonas klinobasis found that temperature- mediated 
shifts in algal fatty acid profiles explained some variation in Daphnia 
somatic growth, but that Daphnia rearing temperature also affected 
their responses to algal fatty acids (von Elert & Fink, 2018).

Here, we use laboratory experiments to test both of these key 
assumptions: (a) that algal PUFA production decreases with warm-
ing, and (b) that the nutritive value of high- PUFA algae is inde-
pendent of the environmental temperature of the consumer. We 
use the aquatic community consisting of the algae Scenedesmus 
obliquus (Chlorococcales: Scenedesmaceae, Kützing, 1833; also 
known as Tetradesmus obliquus, Acutodesmus obliquus), the zoo-
plankton Daphnia pulex (Cladocera: Daphniidae, Leydig 1860) 
and the zooplankton predator Chaoborus americanus (Diptera: 
Chaoboridae, De Haan 1849). We test the predictions that (1) 
Scenedesmus produces higher levels of PUFAs at colder rearing 
temperatures, and (2) cold- reared Scenedesmus sustain higher 
population sizes of Daphnia, irrespective of Daphnia rearing tem-
perature. We also examine whether any shifts in fatty acids are 
attributable to temperature- mediated changes in algal cell size 
and morphology. Scenedesmus cell size decreases with warming 
(Chen et al., 2011; Tseng, Yangel, et al., 2019) and thus decreases 
in algal fatty acids at warmer temperatures may be explained by 
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shifts in cell size/morphology. Finally, we investigate the effects 
of temperature on resource– consumer interactions at higher 
trophic levels by testing the prediction that (3) Chaoborus pred-
ators fed cold- reared Daphnia (themselves fed cold- reared algae) 
will experience higher growth rates than Chaoborus fed warm 
reared Daphnia/algae, irrespective of Chaoborus rearing tempera-
ture. This careful characterization of how temperature- mediated 
changes in resource quality cascade through a simple aquatic com-
munity is the first step towards a more general understanding of 
how the overall productivity of aquatic communities may change 
in response to ongoing warming.

2  | MATERIAL S AND METHODS

Scenedesmus are one of the most common genera of freshwa-
ter algae, and they grow as single cells or colonies (Lürling, 2003). 
The zooplankton D. pulex are filter feeders, are found in lakes and 
ponds worldwide, and can reproduce parthenogenically or sexu-
ally (Ebert, 2005). Daphnia and Scenedesmus coexist in lakes and 
ponds and they are commonly used in laboratory settings to inves-
tigate consumer– resource interactions (Lürling & Van Donk, 1996; 
Martin- Creuzburg et al., 2012; Tseng, Yangel, et al., 2019). Chaoborus 
americanus are a voracious predator of Daphnia sp. in nature 
(Spitze, 1991). They take approximately 1 year to develop from egg 
to adult (Fedorenko & Swift, 1972). Chaoborus adults live only a few 
days before dying and do not feed prior to ovipositing (Cressa & 
Lewis, 1986; Moore, 1986).

Scenedesmus obliquus were obtained from the Canadian 
Phycological Culture Centre (CPCC5) in December 2018 and propa-
gated in COMBO media at 12°C in the lab. (Kilham et al., 1998). Prior 
to the start of the experiment, thousands of D. pulex and hundreds 
of third- instar Chaoborus americanus were collected using hand nets 
from the experimental ponds facility at the University of British 
Columbia (Vancouver campus) and maintained in COMBO media at 
8°C. Chaoborus developmental stage was estimated as third instar 
based on published studies of Chaoborus instar lengths (Carter & 
Kwik, 1977; Fedorenko & Swift, 1972). Daphnia were housed in 20L 
bins at and fed laboratory cultures of Scenedesmus algae ad libitum 
until the start of the experiment. Chaoborus were housed individu-
ally in 250- mL glass beakers and were fed wild- caught Daphnia until 
the start of the experiment.

Prior to the start of this experiment we conducted and an-
alysed a similar (but with fewer replicates and a shorter duration) 
experiment to examine the effect of algal rearing temperature on 
Daphnia population size and Chaoborus growth rate. The results of 
this smaller experiment suggested that algal rearing temperature 
had cascading effects in this aquatic community. To confirm this re-
sult, we repeated the experiment with more replicates and ran it for 
11 weeks instead of 7. Because the longer experiment essentially 
subsumes the first experiment, we report the results of longer ex-
periment here, and report the results and statistical analyses from 
the shorter experiment in Supporting Information Appendix A.

2.1 | Scenedesmus temperature treatments

We grew Scenedesmus at three temperatures: 12, 20 and 28°C. We 
chose these temperatures because they fall within the range of tem-
peratures experienced by this species in nature, and in laboratory 
settings Scenedesmus growth rate at these temperatures is suffi-
cient to maintain 100+ replicate populations of Daphnia (Supporting 
Information Appendix A). Additionally, previous experiments using 
similar temperatures have shown clear effects of temperature on 
Scenedesmus fatty acid profiles (Breuer et al., 2013; Xin et al., 2011). 
This temperature range thus allows for comparisons between this ex-
periment and existing literature. Temperature control was achieved 
using Panasonic MIR- 254 incubators (two incubators per tempera-
ture treatment). There were eight replicate algal cultures per treat-
ment, and algae were grown in 1 L glass media bottles filled with 
950- ml COMBO media. Light intensity was 400 µmol m−2 s−1 (24W 
LED, SunBlaster Horticultural Lighting). Filtered (0.3- µm Whatman 
HEPA- VENT) air was bubbled into each culture bottle at a rate of 
approximately 0.005 SLPM. All algal cultures were manually agitated 
daily, and diluted by 50% once per week.

2.2 | Scenedesmus density, cell size and growth rate 
quantification

Three times per week we imaged and quantified algal cultures 
using an imaging flow cytometer (FlowCam 8400, Fluid Imaging 
Technologies). We used the 20× objective and FOV50 flow cell, 
and a flow rate of 0.3 ml/min. We imaged 5,000 cells per run and 
manually sorted single cells from colonies. Summary statistics for 
culture density and cell size for single cells, colonies and for the 
whole culture were generated using Visual Spreadsheet (Version 
4.16, Fluid Imaging Technologies). Mean cell density was approxi-
mately 1.1 × 106 per/ml. We calculated Scenedesmus growth rate at 
log phase as: (‘density 2 days after dilution’ –  ‘density before dilu-
tion’)/2 days. We used the FlowCam's Equivalent Spherical Diameter 
(ESD) as the measure of cell size (Kydd et al., 2018). Growth rate 
of algal cultures was assessed at five time points throughout the 
experiment.

2.3 | Scenedesmus fatty acid and neutral lipid 
quantification

We examined the effect of temperature on Scenedesmus PUFA pro-
duction. We also quantified Scenedesmus neutral lipids to better un-
derstand how temperature affects the distribution of PUFAs in the 
algal cell. There were eight replicates per temperature.

Gas chromatography (GC) analysis of fatty acid methyl esters 
(FAMEs) was performed at week 8 of the experiment. A 70- ml sample 
of each replicate culture bottle was filtered onto a 25 mm glass mi-
crofiber filter (GE Healthcare Life Sciences Whatman). To each sam-
ple, 2 ml of 3 M methanolic HCL (Sigma- Aldrich) and 0.5ml of hexane 
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(Sigma- Aldrich) were added before overnight incubation at 80°C. To 
the cooled sample, 2 ml of 0.9% saline and 1.5 ml of hexane was added 
and the mixture was vortexed. After separation, the upper solvent 
layer was transferred to a 2- ml vial and analysed using a GC (Scion 
Instruments Canada). Hydrogen gas was used as a carrier through a 
50- m column (Agilent J&W CP- Sil 88 for FAME) and the sample was 
detected using a flame ionization detector. Peak identification used 
known standards (mostly GLc455 and GLc37, NuChek Prep Inc.). Fatty 
acid quantification was based on the relative peak area between in-
dividual fatty acids and the internal standard (C19:0, 0.5 mg/sample).

Algal neutral lipids were assessed by staining live cells with 
BODIPY 505/515 at week 7.5 (4,4- Difluoro- 1,3,5,7- Tetramethyl- 4- B
ora- 3a,4a- Diaza- s- Indacene, Thermo Fisher Scientific). A stock solu-
tion of 100 µg/ml was prepared by dissolving BODIPY in ethanol 
(Cabanelas et al., 2015; Chung et al., 2018). The algal culture was 
diluted 1:100 using distilled water and stained with 5 µg/ml BODIPY 
for 10 min (Brennan et al., 2012; Cirulis et al., 2012). Fluorescence of 
stained Scenedesmus cells was quantified using a CytoFLEX LX flow 
cytometer (Beckman Coulter). BODIPY (530/30) and chlorophyll 
(680/30) fluorescence were measured. Cells were gated on forward 
and side scatter. Cell size measurements were obtained for each 
sample using the FlowCam (as above).

2.4 | Daphnia treatments

Daphnia were reared in 750- ml glass jars in COMBO media. Jars 
were seeded with 30 Daphnia. Daphnia were reared at the same tem-
peratures as algae: 12, 20, 28°C and fed one of three algae types: 
algae reared at 12°C, 20°C or 28°C. Hereafter we refer to these 
food treatment levels as A12, A20 and A28. There were nine total 
Daphnia × food type treatments and 20 replicate jars per treatment, 
for a total of 180 replicate Daphnia populations. The density of algae 
used for feeding was standardized so that all Daphnia jars across 
the three food type treatments received the same density of algae. 
Algal densities varied slightly week to week and the average cells per 
ml per feeding was 1 × 106. Algal density was quantified using the 
FlowCam. Previous studies have shown that Daphnia reared at these 
densities and food levels are not food- limited and thus we expect neg-
ligible density- related effects across the three food- type treatments 
(Supporting Information Appendix A, Tseng, Bernhardt, et al., 2019; 
Tseng & O'Connor, 2015).

Daphnia populations were maintained for 11 weeks and pop-
ulation size was censused monthly. To count Daphnia, all contents 
of each replicate jar were poured out and individual Daphnia were 
counted and transferred back into the same jar using a 3- ml pipette. 
Fifty percent of the COMBO media was replaced every 2 weeks.

2.5 | Chaoborus treatments

Chaoborus larvae were reared in individual 250- ml beakers in 
COMBO media. Chaoborus were reared at either 12°C or 20°C, 

and three times per week for 6 weeks were fed one of two types of 
Daphnia: Daphnia reared at 12°C and fed A12 (hereafter A12D12), or 
Daphnia that were reared at 20°C and fed A20 (hereafter A20D20). 
Pilot studies done in the lab have shown that Chaoborus have low 
survival when reared at 28°C and thus we limited the Chaoborus 
rearing temperatures to 12 and 20°C. Similar to the effect of tem-
perature on algal fatty acids, we assumed that A12D12 Daphnia 
would contain more healthful fats compared to A20D20 Daphnia. 
The goal of these Daphnia- Chaoborus feeding combinations was 
to examine whether the effects of Daphnia diet type depended on 
Chaoborus rearing temperature.

There were 30 replicates per treatment. Each Chaoborus larva 
was fed two Daphnia per feeding, three times per week (six Daphnia 
per week). This feeding rate was based on results from a previous 
laboratory experiment (Supporting Information Appendix A). The 
Daphnia used for feedings were reared in the same conditions as the 
experimental Daphnia, but we created separate replicate Daphnia 
populations to act as ‘Chaoborus feeder’ populations. Larvae were 
photographed before and after the experiment. individual Chaoborus 
were placed on a Neubauer counting slide and photographed using 
a dissecting microscope (Zeiss Stemi 508) with an attached camera 
(Zeiss Axiocam 105). We measured head capsule length as a proxy 
for body size (Sæther, 1970). This trait was measured using a mea-
suring tool in Zeiss Zen 2.3. Any larvae that died in the first 2 weeks 
of the experiment were replaced. We calculated Chaoborus rela-
tive growth rate as: (final head capsule length –  initial head capsule 
length)/initial head capsule length (mm)). We measured Chaoborus 
individual growth rate and not population size (as we did for Daphnia) 
because Chaoborus have a 1- year generation time.

2.6 | Statistical analyses

To examine whether temperature affected algal growth rates, we used 
linear mixed- effects models from the r package lmerTesT (Kuznetsova 
et al., 2017) with ‘date’ included as a random factor and ‘temperature’ 
included as a fixed factor. Cell size and colony number can change rap-
idly in the first few weeks of culture growth (Lürling & Van Donk, 1999) 
and thus we analysed data on cell size and percent colonies from week 
4 to week 8. These data were taken on 15 different days and were 
also analysed using linear mixed- effects models with ‘date’ included as 
a random factor and temperature included as a fixed factor. We used 
ANOVA to investigate the effect of temperature on total PUFA per cell 
size, per ml algal culture and per total cell, and on the ratio of n- 6 to n- 3 
fatty acids. The list of fatty acids included in each of these categories is 
available in Supplementary Table S1. Finally, we used ANOVA to analyse 
whether temperature had a significant effect on total neutral lipids per 
cell size (μm), as measured in RFU (relative fluorescence units), and on 
total neutral lipids per mL.

We used ANOVA to examine whether algal food type and 
Daphnia rearing temperature had significant effects on Daphnia 
population size at week 11 of the experiment, and on population size 
averaged across all census days. To calculate mean population size 
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across all sampling dates, we first averaged the population size of 
each jar across all dates, and then took the average of the replicate 
jars per treatment.

We used ANOVA to examine whether algal/Daphnia rearing tem-
perature explained variation in Chaoborus relative growth rates. For 
all analyses, we examined whether the data met the assumptions of 
linear models. We used the ‘plot’ function in R to visualize the rela-
tionship between residuals and fitted values and to examine Q- Q 
plots (Whitlock & Schluter, 2009). We also used Levene's test to test 
for homoscedasticity of group variances. All data met the assump-
tions of linear models. All statistical analyses were conducted in R 
version 3.6.2 (R Core Team, 2019).

3  | RESULTS

3.1 | Scenedesmus growth rate and morphology

Algal growth rate after dilution (log phase) was 0.245 cells per day 
on average, and there was no effect of temperature on growth rate 
(F2,8 = 0.46, p = 0.65; Figure 1a). Average Scenedesmus cell size was 
larger in cultures grown at 12°C versus those grown at 20°C/28°C 
(F2,28 = 146.7, p < 0.0001; Figure 1b). This result was likely driven 
by a greater proportion of the culture being comprised of colo-
nies rather than single cells at 12°C versus 20/28°C (F2,28 = 117.4, 
p < 0.0001; Figure 1c).

3.2 | Scenedesmus PUFA and neutral lipids

Scenedesmus made more total PUFA per cell size, or per mL, in 
the 28°C treatment versus 12°C or 20°C (per cell size: F2,21 = 6, 
p = 0.009; Figure 2a; per ml: F2,21 = 3.5, p = 0.048; Figure S1a). 
At the whole cell level, there was no difference in the total PUFA 
produced among the three temperature treatments (F2,21 = 1.15, 
p = 0.34; Figure 2b). Scenedesmus grown at 12°C produced more 
neutral lipids per cell size or per mL compared to those grown at 
20°C or 28°C (per cell size: F2,21 = 23.05, p < 0.0001; Figure 2c; 
per ml F2,21 = 5.2, p = 0.014, Figure S1b). The ratio of n- 6 to n- 3 
fatty acids was lower at 12°C versus 20°C or 28°C but this pattern 
was not statistically significant at the p = 0.05 level (F2,20 = 2.44, 
p = 0.11, Figure 2d).

3.3 | Daphnia population size

At the end of the 11- week experiment, Daphnia population size 
was highest in the 12°C treatment (F2,134 = 184, p < 0.0001). There 
was also a significant algal food type × temperature interaction 
(F4,134 = 6.11, p = 0.0002), and a significant main effect of algal food 
type (F2,134 = 13.3, p < 0.0001). From Figure 3a, it appears that the 
effect of algal food type on Daphnia population size diminishes as 
Daphnia rearing temperature increases from 12°C to 28°C. At the 

12°C rearing temperature, Daphnia that were fed A12 had the high-
est population size, followed by those fed A20 or A28. To confirm 
this pattern, we conducted a separate ANOVA for the 12°C Daphnia 
rearing temperature treatment and found a significant food type 
effect (F2,44 = 13.09, p < 0.0001). Tukey's HSD tests showed sig-
nificant differences in population size between the A12 versus A20 
treatments (p < 0.0001), and between the A12 versus A28 treat-
ments (p = 0.003).

F I G U R E  1   The effect of temperature on algal (a) growth rate at 
log phase (cells per day), (b) mean cell size (single cells and colonies 
averaged together) and (c) percentage colonies
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The effect of algal food type was less pronounced in the 20°C 
Daphnia rearing temperature than in the 12°C rearing temperature 
(Figure 3a). Daphnia fed A12 food still had higher population sizes 
than those fed A20 or A28 but Tukey's HSD tests showed signif-
icant differences only between the A12 versus A28 (p = 0.001) 
treatments. Finally, when Daphnia were reared at 28°C, there was 
no effect of algal food type on population size (ANOVA on just 28°C 
Daphnia: F2,44 = 1.2, p = 0.3). The pattern of attenuating effects of 
food type with increased Daphnia rearing temperature was also ob-
served when the data from all of the Daphnia census dates were an-
alysed together (Figure S2).

3.4 | Chaoborus growth rate

The effect of Daphnia food type on Chaoborus growth differed slightly 
but not significantly among the two Chaoborus rearing temperatures 

F I G U R E  2   The effect of temperature on Scenedesmus obliquus 
(a) total PUFA per cell size, (b) total PUFA per cell, (c) total neutral 
lipids per cell size and (d) Omega- 6:Omega- 3 fatty acid ratio
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F I G U R E  3   (a) The effect of Daphnia rearing temperature and 
diet type on Daphnia population size at the end of the experiment 
(week 11). Daphnia were fed algae that were grown at 12°C, 20°C 
or 28°C (A12, A20, A28 respectively). (b) The effect of rearing 
temperature and diet type on Chaoborus growth ((final head capsule 
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(food type × rearing temperature: F1,59 = 7.57, p = 0.07; Figure 3b). 
At the 12°C rearing temperature, growth did not differ between 
Chaoborus fed A12D12 Daphnia and those fed A20D20 Daphnia. At 
the 20°C rearing temperature, Chaoborus fed A12D12 Daphnia showed 
slightly higher growth than those fed A20D20 Daphnia.

4  | DISCUSSION

The overall goal of this study was to test the prediction that in-
creases in environmental temperature should be correlated with de-
creases in secondary or tertiary productivity in aquatic communities, 
and that this decrease is mediated through a reduction in the avail-
ability of certain algal- based fatty acids. We tested two underlying 
assumptions: (a) algal PUFA production decreases with warming, and 
(b) the nutritional value of algae is independent of the environmen-
tal temperature of the consumer. Overall, algal PUFA per unit cell 
size increased with warming, but because algal cells were smaller 
at warmer temperatures, the overall PUFA content per cell did not 
vary among the three rearing temperatures. Additionally, the ben-
efit of consuming cold- reared algae was most pronounced at the 
coldest Daphnia rearing temperature. The effects of algal diet type 
were dampened at warmer Daphnia growing temperatures. Together 
these results suggest that warming may reduce the nutritional needs 
of zooplankton (Malzahn et al., 2016), and therefore that warming- 
mediated changes in resource quality may not lead to lower second-
ary or tertiary productivity in aquatic systems. We discuss these 
results in greater detail below.

Despite equal PUFA content at the whole- cell level, Daphnia fed 
12°C- reared algae maintained higher population sizes compared to 
Daphnia fed 20°C or 28°C- reared algae. This result suggests that 
12°C- reared algae were a higher- quality food item. A commonly used 
metric of resource quality is the ratio of n- 6 to n- 3 fatty acids, with 
lower ratios indicative of higher food quality (Simopoulos, 2002). 
Scenedesmus exhibited slightly lower n- 6 to n- 3 fatty acid ratios 
when grown at 12°C, matching results from other studies (Fuschino 
et al., 2011; Roleda et al., 2013; Sikora et al., 2014; von Elert & 
Fink, 2018), but this pattern was not statistically significant. This re-
sult suggests that temperature did not have strong effects on n- 6 to 
n- 3 ratios in Scenedesmus in this experiment. Algae did produce higher 
quantities of neutral lipids when grown at 12°C and thus it is possible 
that the higher overall fat content was beneficial for Daphnia reared 
at 12°C. It is also possible that temperature affected Scenedesmus 
quality in ways that were not quantified here.

It is unclear why the benefits of 12°C- reared algae declined 
as Daphnia environmental temperature increased. We speculated 
in the Introduction that if the main role of high- PUFA diets is 
help consumers maintain membrane fluidity in cold environments 
(Hazel, 1995), organisms growing in warm aquatic environments 
may not require high- PUFA diets. Future studies that quantify 
the types of algal PUFAs incorporated into Daphnia cells at mul-
tiple rearing temperatures, or that include analyses of other nu-
trients such as nitrogen and phosphorous, can further pinpoint 

relationships between temperature, algal quality and Daphnia 
population size. A study that examined the effect of food qual-
ity (Scenedesmus algae vs. Cryptomonas algae) on zooplankton 
growth and reproduction also found that as Daphnia tempera-
ture increased, the effect of food quality decreased (Masclaux 
et al., 2009). Similarly, food quality effects were strongest at 
lowest temperatures and declined with warming in the copepod 
Acartia tonsa (Malzahn et al., 2016). Together these data sug-
gest that either zooplankton do not require high- quality diets at 
warmer temperatures, or perhaps that when temperatures are 
warmer, zooplankton are able to least partially make up for lower 
food quality, perhaps by spending more time foraging.

4.1 | Warming results in the reconfiguration of 
algal PUFAs

The putative belief is that many algal PUFAs should decrease 
with warming (Fuschino et al., 2011; Hixson & Arts, 2016; Sikora 
et al., 2014), but this idea is based mainly on our understanding of 
how the PUFAs associated with cell membranes change with tem-
perature. At the warmest rearing temperature (28°C), Scenedesmus 
produced high levels of PUFAs and low levels neutral lipids per cell 
size, suggesting that at this temperature, most PUFAs were associ-
ated with non- neutral (polar) lipids, such as phospholipids or glycolip-
ids. These results are consistent with a study showing a decrease in 
Scenedesmus neutral lipid content above 20°C (Xin et al., 2011). Our 
data for Scenedesmus neutral lipids are also similar to studies showing 
that increased quantities of neutral lipids/TAGs with elevated temper-
ature typically occur under nitrogen limitation, but not when nitrogen 
is abundant, as it was here (Rukminasari, 2013; Xia et al., 2016).

At 20°C and 28°C, Scenedesmus PUFA contained a rela-
tively high content of n- 6 PUFAs. Higher levels of n- 6 PUFAs at 
warmer temperatures were also observed in a detailed study of 
Scenedesmus lipids (Fuschino et al., 2011), and this pattern is linked 
to the responses of algal photosynthetic membranes to elevated 
temperature. Specifically, MGDG (monogalactosyldiacylglycerol) is 
a glycolipid that is abundant in the thylakoid membranes of plants 
and algae (Boudière et al., 2014; Du et al., 2018). MGDG is the most 
abundant polar lipid in Scenedesmus, and both MGDG levels and 
the n- 6 PUFA content of MGDG increased when Scenedesmus was 
grown at 28°C (Fuschino et al., 2011). These data suggest that the 
relative increase in n- 6 PUFAs seen here was likely driven by the 
remodelling of MGDG glycolipids in photosynthetic membranes.

4.2 | Relative effects of algal rearing temperature 
on Daphnia populations and Chaoborus growth

This study demonstrated that temperature- mediated changes in 
algal quality have meaningful effects on Daphnia population size, 
but also that Daphnia rearing temperature explained a larger frac-
tion of variation in Daphnia population size, compared to that 
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explained by algal rearing temperature. In short, the direct effects 
of temperature on Daphnia population growth were stronger than 
the indirect effects of temperature on resource quality. A study 
examining the effects of simulated heat waves on green peach 
aphids also found that the direct effects of temperature on aphid 
population dynamics were more prominent than the indirect ef-
fects of temperature via changes in plant (Capiscum anuum) qual-
ity (Gillespie et al., 2012). Together, these results suggest that the 
direct effects of warming play a large role in determining the out-
come of warming on ecological communities. However, much more 
data are needed to better understand the complex relationships 
between temperature and resource quality (Cross et al., 2015; 
Rosenblatt & Schmitz, 2016).

Finally, we observed mild effects of food type on Chaoborus 
growth. This result suggests that experimental changes in algal nu-
trients have mostly disappeared by the time these nutrients have 
been processed through Daphnia. They also suggest that Daphnia 
reared at 12°C versus 20°C may not be nutritionally very different 
to Chaoborus. Previous studies have shown that Daphnia fatty acid 
profiles mimic those of their diet, and also that Daphnia can syn-
thesize a small fraction of PUFA de novo (Gladyshev et al., 2016; 
Nova et al., 2019). Chaoborus americanus have a 1- year life cycle and 
they remain in larval form from late summer to the following spring 
(Fedorenko & Swift, 1972). It is possible that a longer assay may have 
resulted in stronger effects of diet type.

5  | CONCLUSIONS

We have demonstrated that warming reduced the nutritional value 
of Scenedesmus algae, and also that warmer temperatures may re-
duce the nutritional requirements of consumers. Although our 
experiments were conducted on a simple aquatic community, the 
three species used here are widely distributed and highly abundant 
worldwide. Additionally, given that algae form the base of aquatic 
communities, we believe our results are important for understand-
ing population dynamics and productivity of primary consumers. 
Overall, we echo the idea that documenting the effects of tempera-
ture on both resource quality and quantity will improve our general 
understanding of how continued climate warming will affect the pro-
ductivity of resources and consumers (Rosenblatt & Schmitz, 2016). 
However, given the complexities of how algal fats respond to el-
evated temperatures, we caution against broad claims of general 
decreases in aquatic ecosystem productivity with warming.
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