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Abstract
Two widespread drivers of change in high-elevation lakes are climate warming and atmospheric nitrogen deposition, which 
may have interactive effects on aquatic ecosystems. Using an outdoor mesocosm experiment at 2900 m above-sea level along 
the Colorado Front Range, we investigated the individual and combined effects of realistic increases in temperature (ambient 
versus 2.4 °C increase) and nitrogen concentrations (three levels) on lake plankton and hydrochemistry. Relative to the low 
temperature treatment, enhanced temperatures decreased the overall density of Daphnia pulicaria by ~ 40% and of gravid 
females specifically by ~ 20%. Increased nitrogen also reduced Daphnia density, especially in the low-temperature treatments, 
leading to a significant nitrogen-by-temperature interaction. The calanoid copepod Hesperodiaptomus shoshone, in contrast, 
was unaffected by experimental manipulations of temperature and nitrogen, and declined in abundance over time regardless 
of treatment. Chlorophyll-a increased to a maximum in week 4 and was unaffected by the temperature manipulation, suggest-
ing that observed effects on Daphnia were likely direct physiological responses to warming rather than bottom-up effects. 
Nitrate additions caused transient increases in chlorophyll-a, which converged across treatments by the end of the study as 
nutrients were assimilated. Nitrogen additions also led to progressive increases in dissolved organic carbon concentrations 
throughout the experiment. Our results suggest that warming has the potential to reduce zooplankton production, consist-
ent with observed decreases in large-bodied Daphnia density with decreasing elevation in the Colorado Rockies. Future 
work should evaluate how the observed effects on plankton communities scale-up to natural lakes, particularly the relative 
importance of species-specific stress responses versus indirect food web effects.
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Introduction

Lakes are often sensitive to terrestrial and atmospheric 
change because they integrate broad scale processes through 
the movement of water across the landscape (Williamson 
et al. 2008). As a result, lakes can be useful indicators of 
environmental change occurring on scales ranging from a 
single basin (e.g., shifts in land use) to entire regions (e.g., 
climate change) (Carpenter et al. 1992; Schindler 2009; 
Moser et al. 2019). Lakes also provide vital ecosystem ser-
vices including the provisioning of water for drinking and 
irrigation, highlighting the need to understand how ongoing 
changes alter lake functioning (Wilson and Carpenter 1999).

Warming temperatures represent a ubiquitous driver of 
change in lake ecosystems across the globe (Williamson 
et al. 2009). Climate can influence multiple aspects of lake 
functioning, including hydrology, lake mixing, ice phenol-
ogy, and water chemistry (Adrian et al. 2009). Lake food 
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webs are also sensitive to climate change, with documented 
shifts in productivity and the phenology of species interac-
tions in response to warming and/or shifts in precipitation 
(Scheffer et al. 2001). For instance, warming can alter the 
timing of phytoplankton blooms relative to the abundance 
of zooplankton grazers, leading to a mismatch in species 
interactions that control lake ecosystem processes (Winder 
and Schindler 2004).

Alongside shifts in climate, atmospheric nitrogen depo-
sition represents an important potential driver of aquatic 
ecosystem change, particularly at high elevations (Fenn 
et al. 2003; Saros et al. 2011; Moser et al. 2019). Atmos-
pheric transport of anthropogenic reactive nitrogen has been 
increasing globally due to intensifying use of fossil fuels 
and agricultural production (Galloway et al. 2008). Nitrogen 
deposition now represents a widespread nutrient source in 
ecosystems in remote areas, such as high-mountain lakes 
(Wolfe et al. 2003; Holtgrieve et al. 2011). While phospho-
rus is often a critically limiting nutrient in lake ecosystems 
(Schindler 1977; Carpenter 2005), some high-elevation lakes 
may instead be nitrogen limited, or co-limited by both nutri-
ents (e.g., Elser et al. 2009). Indeed, nitrogen deposition 
into oligotrophic high-elevation lakes in Europe and North 
America has been linked to increases in phytoplankton bio-
mass (Bergstrom and Jansson 2006) and shifts from nitrogen 
to phosphorus limitation (Elser et al. 2009).

Lakes in the Colorado Rocky Mountains in particular 
have experienced concurrent increases in temperatures and 
atmospheric nitrogen deposition. The subalpine Colorado 
Front Range (3048 m) has experienced warming of ~ 0.2 °C 
per decade over 56 years (McGuire et al. 2012) and the tim-
ing of snowmelt and resulting seasonal peaks in streamflow 
have shifted earlier by 2–3 weeks over 29 years throughout 
the Colorado Rockies (Clow 2010). Warming has decreased 
the duration of lake ice cover in the Colorado Rockies and 
is associated with stronger lake stratification, longer water 
residence times, greater ion and nutrient concentrations, and 
more chlorophyll-a (Preston et al. 2016). Among mountain-
ous regions of the western US, the eastern Colorado Rockies 
have also experienced among the highest levels of nitrogen 
deposition recorded (Baron et al. 2000), which peaked in the 
mid-2000’s (Mast et al. 2014). Elevated nitrogen deposition 
has variable effects on primary production in high-elevation 
Colorado lakes, in part due to differences in hydrology, con-
centrations of limiting nutrients other than nitrogen (e.g., 
phosphorus), and top-down control by zooplankton (Nydick 
et al. 2003). Benthic primary production may also take up 
a considerable amount of nitrate relative to phytoplankton 
(Nydick et al. 2004), driving lake-specific responses to nitro-
gen deposition.

In addition to effects on primary production, both warm-
ing and nitrogen deposition have potential to directly or 
indirectly affect zooplankton in high-elevation Colorado 

lakes. Increased nitrogen deposition may drive bottom-up 
increases in zooplankton productivity in nitrogen limited 
lakes, whereas warming has potential to either increase or 
decrease zooplankton populations (Thompson et al. 2008). 
Warming may be associated with direct increases in physi-
ological rates driving zooplankton growth and reproduction 
(Yurista 1999), leading to increased population abundances 
(Fischer et al. 2011). Conversely, warming may also cause 
declines in zooplankton populations through direct thermal 
stress responses at high temperatures (Moore 1996). Most 
high-elevation lakes in Colorado support cladocerans (e.g., 
Daphnia spp.) and diaptomid copepods (e.g., Hesperodi-
aptomus spp.), both of which are locally adapted to cold 
water, and may cease reproduction or experience direct mor-
tality if temperatures exceed their thermal optima (Gillooly 
and Dodson 2000; Strecker et al. 2004; Holzapfel and Vine-
brooke 2005). Previous research indicates that high-eleva-
tion lake cladocerans tend to have higher thermal tolerances 
than co-occurring copepods (Weidman et al. 2014), suggest-
ing that responses to warming are likely to be specific.

Although climate change and nitrogen deposition repre-
sent two widespread stressors to aquatic ecosystems (Baron 
et al. 2013), relatively few studies have evaluated their joint 
effects on alpine aquatic ecosystems (Thompson et al. 2008; 
Bergström et al. 2013). Because many aquatic ecosystems 
experience multiple, concurrent drivers of change, empiri-
cally isolating the effects of specific factors and their poten-
tial synergies remains a persistent challenge (Williamson 
et al. 2008). Experimental approaches offer an important 
complement to long-term and comparative studies because 
they allow isolation of individual drivers of change, includ-
ing warming temperatures and increased inorganic nitro-
gen concentrations. In the present study, we used outdoor 
aquatic mesocosms at 2900 m elevation near the conti-
nental divide in Colorado, USA, to evaluate the individual 
and combined effects of warming and increases in nitrate 
on lake water chemistry and plankton communities. Our 
outdoor mesocosms allowed the concurrent manipulation 
of nitrogen and temperature, thereby complementing prior 
studies from Colorado Lakes that used large volume in-lake 
mesocosms, which are challenging to warm experimentally 
(e.g., Nydick et al. 2004). We predicted that increases in 
temperature and nitrogen would enhance primary produc-
tion, leading to additive or synergistic effects when both 
factors were elevated together. Increased temperature could 
either decrease zooplankton production (due to direct ther-
mal stress) or increase production (due to increased resource 
availability) (Moore 1996). We also predicted that responses 
of zooplankton would be species specific and depend on 
organismal traits, including body size and thermal tolerance 
(Holzapfel and Vinebrooke 2005; Daufresne et al. 2009). 
While aquatic mesocosms may be limited in their capacity to 
replicate ecosystem-scale processes, they can be especially 
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useful in developing mechanistic hypotheses to be further 
evaluated in the field. Given the relatively simplified pelagic 
community of many alpine lakes (Anderson 1972), they are 
also informative for testing drivers of high-elevation lake 
plankton dynamics.

Methods

Mesocosm experiment

We conducted a 2-by-3 factorial mesocosm experiment 
manipulating temperature (ambient or elevated) and nitrogen 
concentrations (low, medium, high) in 378 L polyethylene 
tanks (Rubbermaid tanks measuring 1.34 m long by 0.78 m 
wide by 0.64 m high). Treatments were replicated five times 
each (n = 30 tanks total). The experiment was conducted at 
the University of Colorado Mountain Research Station north 
of Nederland, Colorado (40.030855°, − 105.533786°) at an 
elevation of 2900 m above sea level. We filled mesocosms 
with 200 L of water from a local spring and 50 L of water 
from Como Creek, which flows through the research sta-
tion property. Creek water was added because it was similar 
in water chemistry to nearby alpine lakes and provided an 
initial source of dissolved organic carbon. Each mesocosm 
was seeded with sediment (65 mL) and concentrated zoo-
plankton (250 mL) collected with an Ekman grab and a Wis-
consin zooplankton net (80 μm mesh), respectively, from 
Green Lake 4 (3550 m) within the Niwot Ridge Long-Term 
Ecological Research site (Bowman and Seastedt 2001). 
The sediment addition was used to introduce phytoplank-
ton and microbial communities from the lake. Zooplank-
ton additions consisted of two primary taxa, cladocerans 
(Daphnia pulicaria) and calanoid copepods (Hesperodi-
aptomus shosone) which were collected using 30 vertical 
tows of the zooplankton net in the deepest location of Green 
Lake 4 (~ 13 m depth). Each mesocosm was outfitted with a 
mesh lid (DeWitt UV PE 60% shade cloth) and a drainage 
hole ~ 50 cm above the tank bottom. Nitrogen concentra-
tions were manipulated by adding sodium nitrate (NaNO3) 
at initial concentrations of 3, 15, and 30 µmol NO3 L−1, 
which reflects variation observed in local lakes (Gardner 
et al. 2008; Barnes et al. 2014). Water temperatures were 
increased in half of the mesocosms using greenhouse struc-
tures consisting of plexiglass and wooden A-frames that 
rested above the mesh lids (measuring 1.5 m long × 0.8 m 
high × 0.8 m wide; see Paull and Johnson 2014 for details). 
The lids were designed to create a 2–3 °C difference in water 
temperature across treatments, which is within the range of 
temperature increases predicted for mountain lakes in the 
next century in the Rockies (Roberts et al. 2017). While the 
plexiglass structures were highly effective at generating a 
realistic temperature gradient, it is possible that they may 

have also affected UV radiation levels. In ten mesocosms 
(five ambient, five elevated), we suspended Hobo loggers 
(Onset Computer Corp., Bourne, MA USA) ~ 10 cm from 
the tank bottom to record water temperatures. The study 
began on 30 July 2014 and lasted for 6 weeks.

At weekly intervals we collected samples for water chem-
istry (two 125 mL bottles), chlorophyll-a (500 mL amber 
bottles), dissolved organic carbon (125 mL amber bottles), 
and zooplankton. Water chemistry responses included total 
dissolved nitrogen (TDN), nitrate, dissolved inorganic nitro-
gen (DIN), dissolved organic carbon (DOC), and dissolved 
phosphorus (TDP). Conductivity and pH were measured 
with a handheld YSI meter just below the water’s surface 
at each sampling date. Samples for nitrogen, phosphorus, 
DOC, and chlorophyll were filtered (1.0 or 1.2 µm glass 
fiber filters), stored at 4 °C and then processed at the Ari-
karee environmental chemistry laboratory using standard-
ized methods (Williams et al. 1996; see https​://insta​ar.color​
ado.edu/resea​rch/labs-group​s/arika​ree-envir​onmen​tal-lab/ 
for additional details on water sample processing). Five 
replicate zooplankton samples were collected from differ-
ent positions within each mesocosm on each sampling date 
using a PVC pipe placed vertically into the water column 
and capped on removal (~ 4.5 L water was collected per 
mesocosm by combining the five individual samples). Zoo-
plankton samples were filtered (80 μm mesh) and preserved 
in 80% ethanol. Zooplankton were later identified, counted, 
and a subsample of 50 randomly selected adults of each spe-
cies were measured for body length (mm) under a dissecting 
microscope. The number of gravid females of all species and 
Daphnia ephippia were also quantified.

Analyses

Most responses variables were analyzed using generalized 
linear mixed models (GLMMs) with a random intercept term 
for mesocosm identity to account for repeated measurements 
on the same tanks (Zuur et al. 2009). We used a zero-inflated 
negative binomial GLMM for counts of zooplankton and a 
Gaussian distribution for all other responses (which were 
log-transformed when needed). We initially used models 
with all possible interactions of nitrogen (categorical vari-
able with three levels), temperature (categorical variable 
with two levels), and time (numeric variable corresponding 
to sampling week). For all responses other than Daphnia 
density, the three-way interactions were non-significant 
(p > 0.05 for all comparisons). To simplify interpretation, we 
therefore dropped the three-way interactions from all mod-
els other than the one predicting Daphnia density. Result-
ing models incorporated all possible two-way interactions 
(temperature-by-nitrogen, nitrogen-by-time, and tempera-
ture-by-time). For zooplankton adult size, we grouped both 
zooplankton taxa as the response variable and included a 
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species identity predictor term to quantify whether Daph-
nia and Hesperodiaptomus differed in body size. We used 
likelihood-ratio tests to evaluate the significance of main 
effects and interactions. We report the output from the full 
models (i.e., with all relevant interactions) in the Appendix 
(Table S1) and focus the results in the main text on the likeli-
hood ratio tests. Analyses were conducted in the R comput-
ing environment using version 3.5.2 (R Core Team 2018). 
Most analyses were conducted using the glmmADMB pack-
age (Fournier et al. 2012).

Results

The temperature and nitrogen manipulations resulted in 
realistic variation in both variables across treatments. Mean 
water temperatures increased 2.4 °C from the ambient to 
the elevated temperature mesocosms (low temperature 
mean = 12.1  °C, elevated temperature mean = 14.5  °C; 
Fig. 1). Water temperatures differed by ~ 3 to ~ 9 °C from 
daytime highs to nighttime lows over the period when tem-
perature loggers were deployed. The high temperature treat-
ments showed slightly higher temperature variation over 
the study (mean CV within each mesocosm = 20.1) than the 
low temperature treatments (mean CV = 16.2). The nitrogen 
additions led to the expected differences in nitrate across 
treatments at the onset of the study, with mean values of 
2.0 (high), 1.2 (medium) and 0.3 mg L−1 (low) on the first 
sampling date (Fig. S1). Nitrate concentrations declined over 
time and reached approximately zero by week three in all 
treatments.

In general, nitrogen additions influenced water chem-
istry more so than the temperature manipulation. As with 

nitrate, TDN declined over time, converging by week six to 
around 0.1 mg L−1 in all treatments (nitrogen*time, df = 2, 
χ2 = 39.5, p < 0.001; Fig. 2). This pattern contributed to a 
decline in DIN:TDP over time as well (nitrogen*time, df = 2, 
χ2 = 137.3, p < 0.001; Fig. S1). DOC increased over the 
course of the experiment, especially in the high-nitrogen 
treatment (nitrogen*time, df = 2, χ2 = 10.7, p = 0.005; Fig. 3) 
and in the low-temperature treatment during weeks one 
through four (temp*time, df = 1, χ2 = 4.1, p = 0.04; Fig. 3).

Interactions between nitrogen and temperature influ-
enced D. pulicaria density (nitrogen*temp*time, df = 3, 
χ2 = 8.6, p = 0.035) and conductivity (nitrogen*temp, df = 2, 
χ2 = 6.5, p < 0.038). Daphnia density remained low for the 
first 4 weeks in all treatments, and then increased in weeks 
five and six (Fig. 2). At the conclusion of the study, Daphnia 
were 2 × more abundant in the low-temperature treatment 
than the high-temperature treatment. Increases in Daphnia 
were greatest in the low- and medium-nitrogen treatments, 
especially at low temperature; Daphnia were 3 × more abun-
dant in the low- and medium-nitrogen treatments compared 
to the high-nitrogen treatment (Fig. 2). The mean density of 
gravid Daphnia was also 20% higher in the low temperature 
treatment compared to the high temperature treatment (Fig. 
S2). Average Daphnia body size and the number of eggs per 
gravid female were not influenced by any of the treatments 
(Figs. S2, S4). We observed an increasing number of Daph-
nia ephippia in the low temperature treatment over time, 
whereas no ephippia were observed in the elevated temper-
ature treatment (Fig. S3). Lastly, conductivity was ~ 11% 
lower at low temperature relative to high temperature by 
the end of the study. Within the high temperature treatment, 
however, conductivity was highest at medium nitrogen rela-
tive to low and high.

Fig. 1   Mean water tempera-
tures from mesocosms under 
ambient (blue) and elevated 
(red) temperature treatments. 
Greenhouse enclosures were 
used to increase temperatures 
by an average of 2.4 °C in the 
elevated temperature treatment 
(Color figure online)
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Several responses—including phosphorus, chlorophyll-
a, Hesperodiaptomus density, and pH—were dynamic 

over time, but unaffected by the nitrogen or temperature 
manipulations. Total dissolved phosphorus increased early 

Fig. 2   Total dissolved nitrogen 
(TDN), total dissolved phospho-
rus (TDP), chlorophyll-a, and 
density of Daphnia and Hes-
perodiaptomus from mesocosms 
under the two temperature 
treatments (columns) and the 
three nitrate addition treatments 
(colored points and lines). The 
lines show mean values for each 
treatment combination and the 
points are individual replicates. 
Note the different units on the 
y-axis labels. The lines on the 
plot correspond to the smoothed 
averages across the different 
treatments (Color figure online)
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in the experiment, plateaued around week three, and then 
decreased through the rest of the experiment (time, df = 4, 
χ2 = 153.6, p < 0.001, Fig. 2). Chlorophyll-a, in contrast, 
increased until week four and then decreased slightly at the 
end of the study (time, df = 4, χ2 = 101.9, p < 0.001, Fig. 2). 
Hesperodiaptomus decreased in density over the experi-
ment (time, df = 4, χ2 = 71.1, p < 0.001, Fig. 2), but unlike 
Daphnia, their density was unaffected by either nitrogen or 
temperature treatments. Hesperodiaptomus body size and 
the numbers of gravid females were also not significantly 
affected by the experimental treatments (Figs. S2, S4), 
although Hesperodiaptomus were significantly larger than 
Daphnia (Table S1). Lastly, pH declined until week four 
and then increased for the final two weeks (time, df = 4, 
χ2 = 18.7, p < 0.001, Fig. 3).

Discussion

Warming and nitrogen deposition represent co-occurring 
drivers of ecosystem change in many lakes across the globe 
(Fenn et al. 2003; Williamson et al. 2009). Here, we evalu-
ated their individual and combined effects on high-eleva-
tion (2900 m) plankton communities using semi-realistic 
mesocosms along the Front Range in Colorado, USA. Our 
results indicated that temperature reduced zooplankton den-
sity, especially for the large-bodied D. pulicaria. Nitrogen 
additions also negatively affected Daphnia density, result-
ing in interactive effects between nitrogen and temperature, 
but had relatively small effects on chlorophyll-a concentra-
tions. Overall, we observed few interactions and the effects 
of nitrogen and temperature together were additive for most 
response variables. These results suggest that warming 
temperatures may lead to species-specific thermal stress 
responses in zooplankton communities, potentially driving 
either adaptation or shifts in community structure over time 
(Domis et al. 2007; De Meester et al. 2011).

Chlorophyll-a in the mesocosms was only weakly influ-
enced by nitrogen additions, potentially due to nutrient limi-
tation towards the end of the experiment. The high nitrogen 
treatment showed slightly higher chlorophyll-a levels in 
weeks three through five. Based on the observed chloro-
phyll concentrations, phytoplankton growth did not occur 
until weeks two to three of the study, leaving a relatively 
short period of growth prior to declines in nitrate. These 
patterns suggest that phytoplankton growth became increas-
ingly nitrogen-limited over time, or co-limited by nitrogen 
and phosphorus, likely minimizing the effects of the nitrogen 
additions. Ratios of DIN:TDP generally declined over time 
in all treatments. Previous studies have indicated that phy-
toplankton in some mountain lakes in Colorado have shifted 
from nitrogen limitation (Morris and Lewis 1988) to phos-
phorus limitation with increases in nitrogen deposition in 

recent decades (Gardner et al. 2008; Elser et al. 2009). For 
instance, phytoplankton in lakes along the Colorado Front 
Range with summer nitrate concentrations around 750 μg 
L−1 and total phosphorus concentrations around 5 μg L−1 
were generally phosphorus limited (Elser et  al. 2009). 
Although the mesocosms had higher phosphorus concen-
trations early on (~ 20 μg L−1; Fig. 1), we cannot rule out 
the possibility that phytoplankton were phosphorus limited 
at the onset of the study, thereby minimizing the effects of 
nitrogen addition on primary production. Further experi-
mental work on the ecological stoichiometry of plankton 
communities would be useful to clarify how nitrogen deposi-
tion affects nutrient limitation of phytoplankton in mountain 
lakes. Additionally, the decline in chlorophyll-a towards the 
end of the study may also have been a result of increased 
grazing pressure as Daphnia populations grew. Nutrient 
limitation and grazing may therefore have jointly affected 
phytoplankton dynamics in the mesocosms.

The phytoplankton species that became established in the 
mesocosms were consistent with the phytoplankton com-
munity found in Green Lake 4, indicating that the meso-
cosms were effective at creating conditions suitable for local 
high-elevation phytoplankton from natural lakes. Across all 
treatments, the total phytoplankton biovolume followed a 
similar temporal pattern as chlorophyll-a; and the abundance 
of diatoms gradually decreased relative to several chloro-
phytes, including Chlamydomonas sp., and a cryptophyte 
Plagioselmis sp. (Olivier 2017). At the last time step, the 
chlorophyll-a and total phytoplankton biovolume decreased 
without an accompanying shift in the phytoplankton com-
munity composition. Further, the gradual decrease in dia-
toms relative to chlorophytes and cryptophytes that occurred 
in the mesocosms is also commonly observed in Green Lake 
4 as the summer progresses (Olivier 2017; Gardner et al. 
2008).

Both nitrogen additions and temperature influenced DOC 
concentrations, and DOC increased over time in all treat-
ments. The primary source of DOC in the mesocosms was 
likely phytoplankton production, which increased over time 
until week four (based on chlorophyll-a). The increased 
DOC under high nitrogen conditions was consistent with the 
slightly higher chlorophyll-a values under high nitrogen. It is 
less clear what mechanisms led to the shift in DOC concen-
trations over time in response to elevated temperature, but 
it may have been related to differences in zooplankton sur-
vival, rates of waste excretion, and/or zooplankton decom-
position. Furthermore, the DOC differences could also be 
related to differences in extracellular organic matter release 
by phytoplankton across treatments and/or rates of DOM 
degradation related to water chemistry or microbial com-
munity structure (Olivier 2017). Phytoplankton community 
composition was similar across treatments, suggesting that 
DOC differences were probably not the result of changes in 
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phytoplankton species composition (Olivier 2017). DOC in 
alpine lakes in the Colorado Front Range typically decreases 
over the summertime due to export and assimilation (Baron 
et al. 1991; Miller et al. 2009), which contrasts with the 
increases observed in the mesocosms.

Increased temperature resulted in lower population 
growth of Daphnia within the mesocosms most likely 
due to physiological stress limiting growth and reproduc-
tion (Yurista 1999). Previous work indicates that warming 
can either increase or decrease the survival, reproduction, 
and feeding rates of Daphnia, depending on the amount of 
warming, the temperature optimum for a given zooplankton 
population, and the response of phytoplankton resources 
(Moore 1996). Such effects can be variable even for spe-
cific zooplankton species. For instance, warming of 7 °C 
increased population growth of D. pulex in mesocosms 
located in Saskatchewan, Canada, leading to food limitation 
and subsequent population collapse (Beisner et al. 1997). In 
contrast, an increase of 3.6 °C strongly reduced populations 
of D. pulex in mesocosms at 2300 m in Alberta, Canada, 
likely due to direct physiological stress (Strecker et al. 2004). 
In general, warming is known to enhance thermal stress and 
food limitation in cold-adapted zooplankton, and both fac-
tors may act synergistically to limit zooplankton growth over 
time (Moore 1996; Wagner and Benndorf 2007). We also 
observed slightly greater temperature variation in the high 
temperature treatment, which is consistent with predicted 
warming trends and may have further stressed Daphnia. The 
negative effects of warming on Daphnia were particularly 
strong under the high nitrogen condition, which could reflect 
reductions in food quality (i.e., increased C:P of phytoplank-
ton). If phytoplankton increased in nitrogen content, this 
would likely be associated with a relative decrease in their 
phosphorus content, which has been shown to negatively 
affect Daphnia growth (Elser et al. 2016).

We observed species-specific differences in zooplankton 
dynamics, suggesting that organismal traits, including ther-
mal tolerance and/or diet, likely mediated their responses. 
The cladoceran D. pulicaria increased in density over time 
in most treatments, whereas the calanoid copepod H. sho-
shone decreased steadily over time. The Daphnia dynamics 
appear relatively consistent with observed temporal trends 
within a summer in the natural lake where the zooplankton 
were collected (Loria et al. unpublished). Even in the ambi-
ent condition, the mesocosms were slightly warmer than the 
summer temperature in the lake from which the zooplankton 
were collected, possibly explaining the population decline of 
Hesperodiaptomus. Based on preliminary sampling in Green 
Lake 4, Hesperodiaptomus appears to increase in density 
in early summer and then decline towards fall (Loria et al. 
unpublished). While the ambient temperature mesocosms 
averaged 12.1 °C over the study period, typical summer 
water temperatures at Green Lake 4 are ~ 9 °C, with a high 

of ~ 14  °C recorded during an unusually warm summer 
(Gardner et al. 2008; Flanagan et al. 2009). Previous work 
indicates that Hesperodiaptomus is more sensitive to nega-
tive physiological effects of high temperature than Daphnia 
(Holzapfel and Vinebrooke 2005; Thompson et al. 2008; 
Weidman et al. 2014). It is further possible that declines 
in Hesperodiaptomus were driven by resource limitation; 
unlike Daphnia, Hesperodiaptomus are generalist omnivores 
(Anderson 1970), typically feeding on a mix of zooplankton 
and phytoplankton, and they may have been prey limited 
especially early in the experiment. Daphnia generally do not 
feed on other zooplankton.

Several of our findings can be evaluated within the 
context of predicted shifts in body size with temperature 
(Ohlberger 2013). The size-stress hypothesis, for instance, 
posits that larger-bodied organisms should be more sensi-
tive to environmental stress than smaller-bodied organisms 
(Odum 1985). The copepods in our study had a larger adult 
body size than the cladocerans. If the declines in Hespero-
diaptomus were driven by thermal stress, this pattern would 
be consistent with the prediction of the stress-size hypothesis 
that smaller zooplankton are better able to adapt to elevated 
temperatures (Moore and Folt 1993; Thompson et al. 2008). 
Recent comparative sampling across Colorado alpine lakes 
has also shown that average zooplankton body size corre-
lates positively with lake elevation, consistent with the idea 
that warmer temperature favor smaller-bodied zooplankton. 
More broadly, there is support for individual, population, 
and community levels shifts towards smaller body sizes 
with elevated temperatures in bacteria, plankton, and fishes 
(Daufresne et al. 2009; Yvon-Durocher et al. 2011). These 
patterns may represent a general phenomenon due to a com-
bination of mechanisms involving species interactions (e.g., 
size-selective predation at high or low temperatures; Dodson 
1974), shifts in species composition, and intraspecific shifts 
in mean body size (Ohlberger 2013). Future work is needed 
to quantify long-term trends in plankton size distributions 
with climate change to evaluate the generality of these pat-
terns and the consequences for food webs and ecosystems.

Our mesocosm study had several limitations that should 
be considered in interpreting and generalizing the results. 
Although the manipulations were effective at creating real-
istic temperature differences and capturing locally-relevant 
initial nitrogen concentrations, the small volume, short-time 
scale, and simplified biological communities limit their 
capacity to simulate lake ecosystems. It is also possible that 
collection of zooplankton and phytoplankton from a larger 
number of lakes, including lower elevation systems, would 
have generated more diverse zooplankton responses to the 
experimental treatments (i.e., shifts in composition as well 
as density). That said, several aspects of ecosystem func-
tioning were relatively well-replicated in our mesocosms. 
For instance, nitrogen typically enters local lakes as a pulse 
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during snowmelt in spring and then declines over the sum-
mer due to phytoplankton uptake (Bowman et al. 2014), 
which was similar to the dynamics observed in our study. 
Additionally, the ecologically relevant phytoplankton com-
munity (Olivier 2017) and the magnitude and daily variation 
in warming between the low and high temperature treat-
ments effectively represented warming lake conditions for a 
local alpine lake near the experimental site.

Taken together, results of this experiment emphasize the 
potential for additive effects of warming and nitrogen depo-
sition on simplified aquatic communities. Complementing 
such manipulative studies with long-term field studies and 
comparative sampling of lakes across elevation gradients 
will be essential for clarifying the mechanisms through 
which climate and nutrient inputs are likely to alter aquatic 
communities at high elevations. The relative roles of direct 
(e.g., thermal stress) versus indirect (food web mediated) 
effects deserve greater attention in particular, as does the 
potential for community shifts versus adaptive responses of 
plankton.
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