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Abstract: Climate change is projected to decrease snowpack and advance snowmelt in mountain 19 

ranges globally–including in California’s Sierra Nevada, where streamflow in snow-dominated 20 

rivers is expected to peak up to 2 months earlier, and remain in baseflow conditions for extended 21 

periods of time. Predators may be particularly sensitive to low flows, owing to their larger body 22 

sizes, higher metabolic demands, and longer lifespans. Experimental manipulations can help 23 

understand mechanistic links between future hydroclimates and stream predator persistence, 24 

fitness, or behavior–allowing us to anticipate how whole food webs are likely to respond to snow 25 

droughts. Here, we experimentally examined how the trophic ecology of predatory 26 

macroinvertebrates will respond to extended low flows expected under climate change. To this 27 

end, we manipulated flow regimes in a set of outdoor, large-scale artificial streams in the Sierra 28 

Nevada to produce a current flow regime and two future regimes that advanced low-flow 29 

conditions by three and six weeks, respectively. We sampled and performed stable isotope 30 

analysis on the macroinvertebrate community, focusing on three predatory taxa, i.e., Perlidae 31 

stoneflies (Plecoptera), Rhyacophila caddisflies (Trichoptera), and Turbellaria flatworms, as well 32 

as non-predatory invertebrates (n = 310 samples across eight taxa). We examined the isotopic 33 

signals (δ15N and δ13C) of these predators, and quantified how trophic niche areas, trophic 34 

positions, and energy sources (i.e., algal vs. detrital-derived energy) varied seasonally and across 35 

low-flow treatments. We found no change in reliance on algal (‘green’) vs. detrital (‘brown’) 36 

energy pathways following extended low flows. However, low flows did compress the trophic 37 

niches of predatory taxa, with variable responses across taxa and treatments. Predatory taxa 38 

exhibited changes in niche areas similar in magnitude and direction to other feeding groups, but 39 

they were the only group that was severely impacted by the most extreme low-flow treatment 40 

(62% niche compression). Further, gut content analysis showed that Perlidae stoneflies had fewer 41 
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prey items in their guts under extended low flows. Our experiment suggests that climate-driven 42 

low flows will likely shift invertebrate predators’ diets, and thus food-web structure, in Sierra 43 

Nevada streams. However, species-specific dietary changes illustrate the importance of response 44 

diversity, and thus the need to preserve diverse alpine stream assemblages in the face of future 45 

hydroclimates. 46 

 47 

Key words: Climate change, Food webs, Macroinvertebrates, Niche compression, Predators, 48 

Stable Isotope Analysis. 49 

 50 

INTRODUCTION 51 

Climate change is intensifying the global hydrologic cycle, with associated impacts to 52 

river flow regimes (Palmer et al. 2008, Lobanova et al. 2018, Payne et al. 2020). Freshwater 53 

ecosystems, and particularly those at high altitudes, are threatened by climate change stressors 54 

such as higher maximum temperatures, reduced streamflow arising from reduced snowpack and 55 

early snowmelt, and associated flow intermittency (Dobrowski and Parks 2016, Hotaling et al. 56 

2017). These stressors can individually or synergistically alter community structure and disrupt 57 

ecosystem functioning (Woodward et al. 2010). While the effects of altered thermal and flow 58 

regimes can differ across species that vary in life-history, morphological, and behavioral traits, 59 

responses at the food-web level have been more difficult to elucidate (Palmer and Ruhi 2019). 60 

Experiments with whole communities under realistic field conditions are needed to understand 61 

the effects of climate change on the higher levels of biological organization.  62 

Snowmelt is key to high-mountain streams, but climate change is drastically altering 63 

snow hydrology and run-off magnitude and timing (Viviroli et al. 2007, Milner et al. 2010, 64 
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Hammond et al. 2018). In snow-dominated mountain regions, precipitation typically falls 65 

primarily as snow during winter, and melts during spring and summer before rivers return to 66 

baseflow conditions. Climate change threatens montane streams by warming air temperatures 67 

and causing more precipitation to fall as rain relative to snow, leading to reduced snowpacks and 68 

earlier and faster spring snowmelt (McCabe and Clark 2005, Knowles et al. 2006, Hammond et 69 

al. 2024). Model projections show that continued warming will further advance snowmelt 70 

(Stewart et al. 2005, Maurer et al. 2007). The runoff midpoint, or the day when half of the annual 71 

runoff has occurred, is projected to advance by 50 days in the Sierra Nevada by the end of the 72 

century under an unmitigated climate change scenario, or by 25 days under a mitigated scenario 73 

RCP 4.5 (Reich et al. 2018). The consequences of these novel snowmelt dynamics on mountain 74 

stream food webs could be far-reaching but remain largely unstudied (but see Leathers et al. 75 

2024). Climate-induced flow changes in glacier-fed streams have been relatively more studied 76 

(Fell et al. 2017). Streams in the Sierra Nevada and other mountain ranges are typically 77 

supported by snowmelt, glaciers, and/or springs (Ward 1994). Because glacial melt is higher 78 

during summers, low-flow conditions in glacier-fed streams typically occur in winter (unlike in 79 

snowmelt-fed streams, which tend to reach baseflow in late summer). Glacier-fed streams may 80 

also experience lower summer flows if glaciers are significantly reduced. When glacier-fed 81 

streams are exposed to low-flow conditions, sometimes to the point of flow cessation, 82 

macroinvertebrate communities show altered community structure and reduced diversity, with 83 

long recovery periods and gains for more tolerant taxa (Cauvy-Fraunié et al. 2016, Piano et al. 84 

2019, Drost et al. 2022). While glacier-fed and sowmelt-fed streams differ in many ways, similar 85 

ecological responses could be expected under warming climate scenarios.      86 
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Earlier snowmelt represents a shift away from the natural flow regime that shaped 87 

behavioral, physiological, or life-history adaptations of species in snow-dependent rivers, and 88 

changes to low-flow timing or duration likely represent a source of stress (Giersch et al. 2016). 89 

Low flows increase maximum stream temperature and the amplitude of diel swings in 90 

temperature (due to reduced buffering), decrease dissolved oxygen, and compress habitat 91 

(Dewson et al. 2007, Arismendi et al. 2013). Snowmelt-fed streams experience these shifts 92 

annually, and thus invertebrate communities are adapted to them (Danks 2007, Milner et al. 93 

2020). However, long low-flow periods can become a source of environmental stress to stream 94 

biota via a variety of mechanisms (Bonacina et al. 2022). At the individual level, warmer stream 95 

temperatures and reduced dissolved oxygen forces greater metabolic demands, leading to 96 

reduced physiological condition and productivity. Low flows can also change the quantity and 97 

quality of basal resources- potentially limiting the food available to macroinvertebrates (Suren 98 

and Riis 2010, Ferreira and Canhoto 2015); and can often lead to habitat contraction, often 99 

intensifying biotic interactions (Dewson et al. 2007). Responses to low flows from early 100 

snowmelt can vary by taxa (Leathers et al. 2024), with species more tolerant to warming and 101 

hypoxia likely taking advantage of increased production and access to resources. 102 

Predators tend to be particularly sensitive to these changes (Petchey et al. 1999, Voigt et 103 

al. 2003, Ledger et al. 2013), owing to their larger body sizes and associated higher metabolic 104 

demands, longer lifespans, and bigger home ranges (Woodward et al. 2005, Brose et al. 2017). In 105 

addition, predators are more sensitive to changes occurring in the lower trophic levels, such as 106 

changes in productivity or in prey composition and size (Petchey et al. 1999, Ledger et al. 2013, 107 

Mor et al. 2022). Studies suggest that even if predator abundances increase short-term with low 108 
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flows (Bogan and Lytle 2007, Stitz et al. 2017), longer, supraseasonal droughts may tend to 109 

impact predators more than non-predator taxa (Ledger et al. 2011, Mor et al. 2022). 110 

Because predatory taxa often exert top-down control on food webs, changes in their 111 

trophic ecology or abundance can lead to trophic cascades (Estes et al. 2011). If predators are 112 

flexible in their diets, they may be able to take advantage of increased density of particular prey, 113 

when available (Walters and Post 2011, Ruhí et al. 2016). We refer to this pattern as the trophic 114 

niche expansion hypothesis, since predators would widen the range of prey sources they rely on. 115 

Support for this hypothesis would be reflected as predators increasing the size of their isotopic 116 

niche when exposed to extended low flows–holding higher trophic positions, relying on multiple 117 

carbon sources, and showing increased niche overlap (Fig. 1). Alternatively, because 118 

environmental stress is typically associated with niche compression, or a reduction in prey 119 

diversity (Layman et al. 2007, Burdon et al. 2020), trophic niche compression would be possible 120 

if predators reduced their isotopic niche area when exposed to novel low-flow conditions (Mor et 121 

al. 2022). In that case, diet specialization would lead to predators holding lower trophic positions 122 

(e.g., due to reduced trophic efficiency; Mor et al. 2022), showing heavier reliance on fewer 123 

carbon sources, and lower trophic niche overlap (Fig. 1).  124 

In this study, we sought to understand how low-flow conditions expected under end-of-125 

century climate change scenarios are poised to alter the trophic ecology of benthic 126 

macroinvertebrate predators in Sierra Nevada streams. To this end, we manipulated flow regimes 127 

of 9 large-scale, outdoor artificial streams in the Sierra Nevada by lengthening the low-flow 128 

period by either three or six weeks (Leathers et al. 2024). We then used carbon (δ13C) and 129 

nitrogen (δ15N) stable isotopes and Bayesian modeling techniques to examine shifts in trophic 130 

niches (e.g., Layman et al. 2007, Layman et al. 2012, Burdon et al. 2020) of predatory Perlidae 131 
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stoneflies (Plecoptera), Rhyacophila caddisflies (Trichoptera), and Turbellaria flatworms. We 132 

also analyzed gut contents of the Perlidae stoneflies Calineuria californica and Doroneuria 133 

baumanni, to ground-truth and increase the resolution of diet shifts inferred via stable isotope 134 

analysis. Specifically, we asked: 1) Do predators’ diets vary seasonally following low flows 135 

under the current flow regime, in terms of trophic niche area, trophic position, and reliance on 136 

algal vs. detrital-derived energy? 2) Do these diets change in response to experimentally-induced 137 

extended low flows representative of expected flow regimes under climate change? 3) Are 138 

predators more sensitive to extended low flow conditions compared to the rest of the community, 139 

as it has been generally reported (Petchey et al. 1999, Mor et al. 2022)?  140 

We expected that: 1) Predators’ diets would vary over the season, mostly due to expected 141 

short-term increases in their abundance (Bogan and Lytle 2007, Stitz et al. 2017) and associated 142 

increases in resource competition. Additionally, we expected that 2) under the extended low-flow 143 

treatments, predators’ trophic niches would shrink (i.e., trophic niche compression hypothesis, 144 

Fig. 1), due to increased pressure on predators to meet metabolic demands (as in Burdon et al. 145 

2020, Mor et al. 2022). Lastly, we expected that 3) predators’ diets would contract more than 146 

other major feeding groups because they should be disproportionately affected by changes in the 147 

broader food web, and more vulnerable to environmental stress (Petchey et al. 1999, Ledger et 148 

al. 2013). Determining how the trophic ecology of predators changes under seasonal and 149 

extended low-flow conditions may help understand how predators, and stream communities as a 150 

whole, will respond to projected climate change in snow-dominated rivers. 151 

 152 

METHODS 153 

Study site and experimental design 154 
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We performed the experiment at the Sierra Nevada Aquatic Research Laboratory 155 

(SNARL), located on the eastern slope of the Sierra Nevada mountain range in Mono County, 156 

California, USA (2150 m.a.s.l., Fig. S1). The landscape is dominated by sagebrush steppe, and 157 

its climate is semiarid with most precipitation occurring as snow in the winter. SNARL features a 158 

large-scale, outdoor artificial stream system with 9 identical channels, each 50 m long and 1 m 159 

wide (Fig. 2D). Each channel has a meandering path with 6 pool-riffle sequences. The channels 160 

have natural substrates composed of pebbles, fine sediment, and larger cobbles. No riparian 161 

vegetation or canopy cover is present near the channels, mimicking nearby zero-order and first-162 

order streams. The channels are flow-through and fed by Convict Creek, an adjacent perennial 163 

stream that provides the channels with sediment and organic matter, as well as with algal and 164 

invertebrate propagules. We controlled channel flow from the inlet channels with sluice gates 165 

(see below). Fish were excluded from the experimental channels throughout the experiment to 166 

mimic high-elevation streams in the Eastern Sierra that are naturally fishless. We installed fine 167 

1.25-cm mesh screens at channel inlets and outlets to avoid fish colonization, and we 168 

electrofished at the beginning of the experiment to ensure their absence. Results from the same 169 

experiment, but focusing on invertebrate phenology and ecosystem processes, have been 170 

published elsewhere (Leathers et al. 2024). This large-scale experimental system has been used 171 

in the past to test questions around the ecology and behavior of stream invertebrates (Albertson 172 

et al. 2019, Saffarinia et al. 2022). Kennedy et al. (1995) tested colonization of separate 173 

experimental stream sections (before the construction of the artificial stream channels used in 174 

this study) at SNARL and found similar macroinvertebrate composition and life stages to the 175 

feeder natural stream, Convict Creek. 176 
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By controlling the sluice gates at the top of each channel, we simulated 3 flow regimes: 177 

one based on historical average conditions, and two flow regimes based on climate change 178 

scenarios that will advance snowmelt to different extents, by 3 and 6 weeks respectively (Fig. 2, 179 

Reich et al. 2018). Following a block design, we assigned the 3 treatments to the channels, based 180 

on when the falling limb of the hydrograph (after peak snowmelt) shifts to baseflow. The 181 

treatments were: current (reaching low-flow conditions in early August), three weeks early 182 

(reaching low-flow conditions in mid-July; mitigated climate change scenario or RCP 4.5), and 183 

six weeks early (reaching low-flow conditions in late June; unmitigated climate change scenario 184 

or RCP 8.5). For the current treatment, we controlled channel flow to mimic a typical flow 185 

regime based on 15 years of historical flow data from Convict Creek (Fig. S1). In turn, channels 186 

assigned to the future flow regime treatments experienced the same high discharge in June as the 187 

current treatment but returned to low flows 3 weeks and 6 weeks earlier, to represent the 188 

mitigated and unmitigated climate change scenarios described in Reich et al. (2018). Discharge 189 

varied from ~15 L/s at high-flow conditions to 1.5 L/s at low-flow conditions, an order of 190 

magnitude change that has been commonly reported in Sierra Nevada headwater streams 191 

(Hunsaker and Neary 2012). Low-flow conditions lasted for at least 3 weeks until the experiment 192 

finished at the end of August.  193 

We visited and inspected the channels daily. To track changes in environmental variables 194 

in the channels, we deployed HOBO U20L-04 pressure transducers that also measure water 195 

temperature, placed in the fifth downstream pool of each channel; measurements were recorded 196 

every 5 minutes. Two emerged sensors were placed on land to account for fluctuations in 197 

atmospheric pressure, and we calculated water level (i.e., pool depth) throughout the experiment 198 

duration. We subsequently transformed water level into discharge via channel-specific rating 199 
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curves. In order to develop rating curves for each channel, we manually estimated discharge 200 

using channel depth and velocity measurements, taken with a Marsh-McBirney Flo-Mate 2000 201 

current meter, 17-26 times per channel throughout the summer. Additionally, because low-flow 202 

conditions are often associated with lower dissolved oxygen (DO) levels, particularly at night, 203 

we monitored DO every 5 minutes using one HOBO U26-001 logger in each channel. As 204 

expected, temperature and dissolved oxygen were found to increase (F8,14 = 120.3, P < 0.001) 205 

and decrease (F8,13 = 14.18, P < 0.001) respectively, as reported in Leathers et al. 2024 (Fig. S2, 206 

S3). Values <2mg/L were never detected, and 99.6% of readings were above 5 mg/L (a threshold 207 

used to assess performance of coldwater Ephemeroptera and Plecoptera; Nebeker 1972).  208 

Macroinvertebrate sampling, stable isotope and gut content processing 209 

We collected macroinvertebrates from all channels between 12 May 2019 and 6 June 210 

2019, at the start of the experiment; and again between 21 August 2019 and 25 August 2019 211 

once all channels returned to low-flow conditions (Fig. 2). To sample macroinvertebrates, we 212 

visually searched entire channel lengths, flipping cobbles from the shore, and using fine tweezers 213 

and trays to pick out individuals. We then confirmed identifications under dissecting 214 

microscopes in a wet lab on-site. After identification, we sorted individuals into vials, typically 215 

at the genus level. We aimed to collect enough individuals of each taxon to fill at least three 1.5 216 

mL Eppendorf tubes per channel. As such, each sample represents 1 to ~20 individuals 217 

(depending on the taxon). Collected samples were placed in Eppendorf tubes with stream water, 218 

and we held them for 24 hours in a refrigerator at 10°C to allow gut contents to evacuate. We 219 

then froze the specimens (-20°C). 220 

To prepare the samples for stable isotope analysis, we thawed the specimens at room 221 

temperature, and removed shells of mollusks and digestive tracts of large individuals (>1 cm in 222 
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length). We dried samples at 50°C for at least 48 hours, or until they reached constant dry 223 

weight. We then ground them into fine powder, and weighed approximately 2 mg of dry material 224 

into tin capsules. Several individuals were combined in a single sample when necessary to meet 225 

the minimum requisite weight. We performed stable isotope analysis on all taxa that had enough 226 

samples to be represented consistently across sampling dates and treatments (n = 310 total 227 

samples). Stable isotope analysis was performed at the Center for Stable Isotope 228 

Biogeochemistry at the University of California, Berkeley, to determine isotopic ratios of carbon 229 

and nitrogen. Values were reported in permil (‰), such that δ = [(Rsample / Rstandard) - 1] / 1000, 230 

where δ (δ13C or δ15N) is the difference between the sample values in permil (‰) relative to the 231 

standard values, and R is the ratio of the heavy (13C or 15N) to light isotope (12C or 14N) in the 232 

sample or standard (Table S1, Table S2). 233 

We focused our analyses on three predacious benthic taxa that were present throughout 234 

the experiment: Turbellaria flatworms, Rhyacophila caddisflies, and Perlidae stoneflies. 235 

Turbellaria are non-parasitic, free-living flatworms (Platyhelminthes) that possess a variety of 236 

pharyngeal morphologies that allow them to ingest whole prey or extract prey tissues (Noreña et 237 

al. 2015). In contrast, Rhyacophila (Trichoptera) and Perlidae (Plecoptera) are semi-aquatic 238 

insects and active engulfing predators that may also feed on detritus and algae (DeWalt et al. 239 

2010). Rhyacophila and Perlidae have very low tolerance to environmental stress, unlike 240 

Turbellaria (Herbst et al. 2018). All focal taxa exhibited low levels of relative abundances within 241 

communities, each accounting for less than 2% of the entire population across treatments and 242 

sampling dates (Table S3). Turbellaria had small-medium body size; while Rhyacophila and 243 

Perlidae were among the largest individuals in any given sample (Table S3). None of the taxa 244 

exhibited seasonal changes in average size.  245 
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Finally, we performed gut content analysis on the Perlidae collected throughout the 246 

experiment, represented by Calineuria californica and Doroneuria baumanni. Gut content 247 

analysis allows for finer taxonomic resolution of prey items, and can help confirm reliance on 248 

primary consumers that have similar isotopic signatures. We took gut contents from at least 4 249 

individuals (as abundance allowed) every 3 weeks of the experiment for the current and six 250 

weeks early treatments, using published methods (Rosi-Marshall et al. 2016). We then used 251 

micro-dissecting scissors to remove each gut, which was placed on a microscope slide with a 252 

drop of glycerol, and then shaken to remove gut contents from tubing. We examined contents 253 

under a stereoscope to ensure all Chironomidae cephalic capsules were facing up (for ventral 254 

view). All invertebrates were counted and identified to the highest resolution possible (mostly 255 

genus) with the aid of reference slides we made for each potential prey. 256 

Data analysis  257 

For data analysis, we grouped the isotopic values of taxa based on sampling period and 258 

flow treatment. Samples collected in June at the start of the experiment (i.e., after increased 259 

discharge due to snowmelt but before any treatment differences) were considered a single 260 

baseline group reflecting the trophic ecology of taxa at peak runoff. This group is hereafter 261 

referred to as the peak runoff sample. Samples collected in August at the end of the experiment 262 

were grouped according to the flow treatment they experienced: current, three weeks early, or six 263 

weeks early. We examined seasonal variation by comparing peak runoff values to values after the 264 

current treatment. We evaluated effects of low-flow timing and duration by comparing three 265 

weeks early and six weeks early values to current treatment values, focusing on isotopic niche 266 

area, resource competition, trophic pathways, and omnivory (see below). We also assessed the 267 

effect of extended low flows on gut contents of the two Perlidae species. Finally, we compared 268 
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how isotopic niche areas varied across major feeding groups (i.e., algivores, detritivores, 269 

generalists, and predators). All statistical analysis was conducted in R (version 4.3.1; R Project 270 

for Statistical Computing, Vienna, Austria). 271 

Isotopic niche areas–To assess the effect of treatment on predators’ trophic niche, we 272 

quantified isotopic niches of predators using the Bayesian estimate of the standard ellipse area 273 

(SEA). We calculated niche areas using the SIBER package (Stable Isotope Bayesian Ellipses in 274 

R; Jackson et al. 2011). SIBER calculates the SEA by generating posterior distributions of the 275 

covariance matrices for each group, using Markov chains. We used Monte Carlo simulations for 276 

104 iterations, informed by likelihoods calculated from the provided data and purposefully vague 277 

prior distributions. The SEA is calculated for each iteration, to obtain a Bayesian SEA (SEAb). 278 

From the posterior distribution, we calculated the SEAb mode and 95% credible intervals 279 

(Hespanhol et al. 2019). The SEAb provides a measure of isotopic space (i.e., 40% of the 280 

isotopic niche) that is robust at low sample sizes and comparable across communities (i.e., across 281 

treatments in this study). When comparing SEAb distributions, we considered differences to be 282 

statistically significant when neither mode was within the 95% credible interval of the other.  283 

Niche overlap–To estimate potential resource competition between predators, we 284 

examined overlap in their isotopic niches. Niche overlap indicates that two taxa are feeding on 285 

similar resources and may therefore compete (Guzzo et al. 2013, Cucherousset et al. 2020). We 286 

estimated absolute niche overlap as the isotopic area occupied by both ellipses at the same time, 287 

and proportion of niche overlap as the percent of the total niche area of a predator that 288 

overlapped with the niche of another predator.  289 

Trophic pathways–To examine shifts in predators’ reliance on specific trophic pathways, 290 

we used mixing models that estimate reliance on different energy sources, using the simmr 291 
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package (version 0.5.1.216; Parnell et al. 2010, Parnell et al. 2013). Predators’ reliance on a 292 

particular carbon source may be direct, from consuming that basal resource; or indirect, by 293 

consuming primary consumers reliant on that basal resource. We used isotopic values of 2 294 

obligate primary consumers to reflect the isotopic signatures of key basal resources, and 295 

determine whether predators relied mostly on algal-derived or detritus-derived energy (i.e., 296 

‘green’ or ‘brown’ pathways respectively). Due to our inability to capture isotopic signatures 297 

from all basal resource types, we used primary consumers with known functional feeding 298 

strategies as endpoints representing the “green” and “brown” trophic pathways. We then verified 299 

these assumptions via our own d13C data (see Fig. S4). Because Heptageniidae primarily graze 300 

on benthic algae and biofilm, we chose their isotopic values to reflect the isotopic signature of 301 

algal-derived or ‘green’ energy (Merritt et al. 2017). In turn, Oligochaeta are primarily 302 

detritivores and were used to represent the isotopic signature of ‘brown’ energy (Usseglio‐303 

Polatera et al. 2000). Reliance was estimated with contemporary δ13C values (i.e., from the same 304 

treatment and sampling period) of Heptageniidae and Oligochaeta, such that seasonal change in 305 

basal resource δ13C would not bias dietary proportion estimates of predators. Like SIBER, simmr 306 

uses a Bayesian approach to generate a posterior distribution of dietary proportions. The model 307 

requires the raw stable isotope values of the predators, the mean and standard deviation of the 308 

raw stable isotope values of each carbon source (here, represented by Heptageniidae and 309 

Oligochaeta), and a prior distribution postulating that predators consume all sources equally. We 310 

ran the model across treatments and sampling dates. From the posterior distributions, we then 311 

calculated dietary proportion modes and 95% credible intervals.  312 
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Omnivory–To identify changes in the degree of omnivory of predators, we calculated 313 

trophic positions using a two member-mixing equation based on the dietary proportions 314 

estimated from simmr: 315 

𝑇𝑃𝑝𝑟𝑒𝑑𝑎𝑡𝑜𝑟 = 𝑇𝑃𝑝𝑟𝑒𝑦 + [𝛿15𝑁𝑝𝑟𝑒𝑑𝑎𝑡𝑜𝑟 − (𝛿15𝑁𝑝𝑟𝑒𝑦1✕ 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑝𝑟𝑒𝑦1 +316 

𝛿15𝑁𝑝𝑟𝑒𝑦2 ✕ 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑝𝑟𝑒𝑦2)] / 𝛥, (𝐸𝑞. 1),  317 

where TPpredator is the unknown trophic position of an individual predator, and TPprey is the 318 

trophic position of the prey (Heptageniidae or Oligochaeta), δ15Npredator is the average δ15N value 319 

of predator individuals and δ15Nprey is the average δ15N value of Heptageniidae or Oligochaeta 320 

individuals. Proportionprey is the estimated dietary proportion of Heptageniidae or Oligochaeta in 321 

the predators’ diet, i.e., the dietary proportions estimated earlier using the mixing model. Δ is a 322 

trophic enrichment factor, assumed here to be 3.4‰ (Cabana and Rasmussen 1996, Post 2002), 323 

although other enrichment factors were also examined (as in Ruhí et al. 2016). As primary 324 

consumers, Heptageniidae and Oligochaeta were assumed to maintain a trophic position of 2. 325 

Because we compared δ15N of predators to contemporary δ15N of Heptageniidae and 326 

Oligochaeta, a change in δ15N at the base of the food web would not bias estimated trophic 327 

positions of predators. We used one-way ANOVA and Tukey’s HSD to examine treatment 328 

effects on trophic position.  329 

Perlidae gut contents–To ground-truth predators’ diet changes, and further examine if 330 

aspects of the diet (e.g., richness and abundance of different items) responded to low flows, we 331 

performed gut content analyses of Perlidae individuals from two different species: C. californica 332 

and D. baumanni. Using ANOVA, we then tested whether variation in gut contents were 333 

explained by Perlidae species, Perlidae size, and a factor (period-treatment) that combined 334 

treatment and the time period of the experiment (i.e., start, middle, and end). Because there were 335 
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no significant differences in the number (F1,40 = 1.602; P > 0.05) or richness of prey (F1,40 = 336 

0.821; P > 0.05) consumed between Perlidae species, we pooled their data together for 337 

subsequent analyses. 338 

Responses by feeding group–Finally, to test the sensitivity of the predator assemblage 339 

relative to the rest of the community, we compared changes in their niche areas. To this end, we 340 

combined isotope values from all three predators (Rhyacophila, Perlidae, Turbellaria) into a 341 

‘Predator’ group, and we grouped the remaining taxa based on their feeding strategy and 342 

predominant energy reliance. We designated ‘algivores’ as any scraper/grazer taxa feeding 343 

primarily on algae (e.g., Baetidae and Heptageniidae). We considered any taxa that feed on both 344 

algae and particulate organic matter to be ‘generalists’ (e.g., Lymnaeidae). We grouped shredder, 345 

collector-gatherer, and collector-filterer taxa that feed primarily on particulate organic matter 346 

into ‘detritivores’ (e.g., Oligochaeta and non-predatory Chironomidae). We assigned taxa to 347 

feeding strategies based on the literature (Usseglio‐Polatera et al. 2000, Poff et al. 2006, Merritt 348 

et al. 2017). We then calculated SEAb modes and 95% credible intervals for each of the four 349 

categories using the same Bayesian methods described above.  350 

RESULTS 351 

Seasonal changes in predator trophic niches 352 

Some, but not all predators shifted their diets as low-flow conditions advanced seasonally 353 

under the current flow regime, e.g. by increasing their niche area (for Perlidae) or their trophic 354 

position (for Turbellaria). Specifically, Perlidae expanded their niche area by 153% by the end of 355 

the season relative to the peak runoff period (Fig. 3). Resource competition did not seem to 356 

change over time, as no predator experienced statistically significant niche overlap with other 357 

predators before or after current low flow conditions (Table 1). There was also no evidence of 358 
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seasonal variation in basal resource reliance in any of the predators (Fig. 4A). Turbellaria and 359 

Perlidae relied mostly on 'brown' energy throughout the experiment, while Rhyacophila relied 360 

equally on 'brown' and 'green' energy pathways. However, Turbellaria trophic position increased 361 

over time under the current treatment (3.04 ± 0.12), by >0.25 levels above levels observed 362 

during peak runoff (2.77 ± 0.14), illustrating that this taxon became more carnivorous and held 363 

the highest trophic position among the studied predators (Fig. 4B). Perlidae and Rhyacophila 364 

also both experienced slight increases in trophic position, but these differences were not 365 

statistically significant. 366 

Seasonal shifts in Perlidae consumption, based on gut contents, depended on flow regime 367 

treatment. Period-treatment explained statistically significant variation in the total number of 368 

prey consumed (F5,40 = 3.191; P = 0.016), with Perlidae consuming 11-fold more prey items at 369 

the end of the current treatment relative to at the beginning of the experiment. Body size had a 370 

positive relationship with the number of prey consumed (F1,40 = 4.867, P = 0.0332), with larger 371 

individuals being associated with higher numbers and diversity of prey following the current 372 

treatment (Fig. 5). Overall, our results supported our hypothesis that diet would vary seasonally. 373 

Effects of experimental low flows on predators 374 

Extended low flows simulating an end-of-century climate change scenario caused niche 375 

compression for select taxa and treatments (Fig. 3). Rhyacophila experienced statistically 376 

significant niche compression after the three weeks early treatment, with a niche area of 0.202‰2 377 

(0.093 to 4.38 credible interval), or 71% smaller than after the current treatment; but an 85% 378 

expansion after the six weeks early treatment. Perlidae showed similar niche areas across 379 

treatments. In turn, Turbellaria underwent statistically significant niche compression following 380 

the six weeks early treatment, with a niche area of 0.191‰2 (0.096 to 0.483 credible interval). 381 
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This value was 78% and 64% smaller than its niche after the current treatment and the three 382 

weeks early treatment, respectively (Fig. 3B). 383 

We did not observe niche overlap between any of the predators after any length of low-384 

flow treatment (Table 1). Extended low flows were also not associated with a change in dietary 385 

proportions of basal resources (Fig. 4A), or in trophic positions (Fig. 4B). When examining 386 

energy sources, we found that Rhyacophila continued to rely on both ‘green’ and ‘brown’ 387 

energy: the proportion of ‘green’ energy in their diet only decreased from 53% (0.143 to 0.851 388 

credible interval) following the current treatment to 49% (0.226 to 0.735 credible interval) after 389 

the three weeks early treatment, and to 38% (0.064 to 0.793 credible interval) after the six weeks 390 

early treatment. Perlidae relied mostly on ‘brown’ energy, with about 18% reliance on ‘green’ 391 

across all treatments. However, Turbellaria incorporated three times less ‘green’ energy into their 392 

diet after the six weeks early treatment (i.e., 5% [0.009 to 0.133 credible interval]) relative to 393 

peak runoff (i.e., 16% [0.064 to 0.275 credible interval]; Fig. 4A).  394 

Gut content analysis showed that Perlidae had fewer prey items in their guts under 395 

extended low flows relative to the current treatment (F5,40 = 3.191; P = 0.016, Fig. 5). The 396 

average number of prey consumed increased from the middle to the end of the experiment in the 397 

current and the six weeks early treatments (by 1,120% and 757% respectively). However, this 398 

increase was only statistically significant in the current treatment, potentially reflecting a 399 

delayed effect of low flow. Following both low-flow treatments, Perlidae diets were still 400 

dominated by more than 75% Chironomidae, largely due to Apedilum, Chironomini, 401 

Corynoneura, and Cricotopus-Orthcladius. This pattern aligns with the stable isotope results 402 

showing that Perlidae continued to rely heavily on “brown” energy throughout the experiment, as 403 

most of their diet is composed of collector-gatherer Chironomidae.  404 
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Overall, all predatory taxa showed some dimension of niche compression or reduced prey 405 

consumption in response to extended low flows–even if specific responses varied across taxa and 406 

the specific endpoint being measured. 407 

 408 

Comparing predator to non-predator responses 409 

The trophic niche area of predators shrank the most among dietary groups after low-flow 410 

conditions were extended by six weeks, by 62% relative to current low-flow conditions (Fig. 6). 411 

This pattern was unique in that it had the opposite direction than that observed in algivores and 412 

generalists, and the same direction but much larger magnitude (80-fold) than that observed in 413 

detritivores. Notably, their niche area expanded (relative to after the current treatment) after the 414 

three weeks early treatment–a pattern that was shared with all other groups. Overall, these results 415 

support our hypothesis that predators’ diets would disproportionately contract under extended 416 

low flows compared to other functional groups, although this response was only apparent past a 417 

certain stress threshold (i.e., a 6-week but not a 3-week advance in low flows). 418 

 419 

DISCUSSION 420 

Climate change is altering snow hydrology globally, with potential far-reaching 421 

consequences for mountain stream species, biotic interactions, and whole food-web structure 422 

(Stewart 2009, Herbst et al. 2019, Leathers et al. 2024). However, our mechanistic understanding 423 

of these effects is incomplete, and multi-trophic experiments under realistic field conditions 424 

remain rare (Perkins et al. 2010, Cameron et al. 2019). Here, we ran an experiment in outdoor, 425 

artificial channels to study trophic responses to climate change-induced extended low flows, and 426 

found that longer low-flow conditions altered the diets of predaceous macroinvertebrates. 427 
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Extended low flows reduced diet diversity for Rhyacophila and Turbellaria following the three 428 

weeks and six weeks early treatments, respectively. These changes were not accompanied by a 429 

change in their trophic positions or in the reliance on ‘green’ vs. ‘brown’ energy pathways. 430 

Although results varied among taxa, predators were generally more sensitive to low flows than 431 

the rest of the community, and the only dietary group to have their niche area      compressed by 432 

the extreme low-flow treatment in a statistically significant way. Gut content analysis on one of 433 

the groups (Perlidae stoneflies) offered additional evidence of low-flow induced diet shifts 434 

(i.e., fewer prey items under extended low-flow conditions). Similar, and sometimes overlapping 435 

isotopic signatures of the primary consumers can make it difficult to differentiate between taxa 436 

present in the diets of predatory taxa. However gut content analysis supported that Perlidae 437 

continued to consume Chironomidae rather than switching to consuming other taxa, such as 438 

Oligochaeta, a pattern that would not have been revealed by isotopic analysis alone. Reduced 439 

overall predators’ niche area during extended low flows supports the trophic niche compression 440 

hypothesis, suggesting that under environmental stress, energy may flow through a reduced 441 

number of links (Burdon et al. 2020; Mor et al. 2022). However, the observed diversity of 442 

responses to the same stressor across species (response diversity, sensu Chapin et al. 1997) 443 

suggests that alpine food webs could remain relatively stable under novel low-flow conditions if 444 

community diversity across the different trophic levels is maintained. 445 

 446 

Novel low flows tend to compress predator niches 447 

Extended low flows produced taxon-specific responses in niche area, such that each 448 

predator either experienced a constant or smaller niche, the latter supporting the trophic niche 449 

compression hypothesis (as in Layman 2007, Mor et al. 2022) (Fig. 1B). A decreased niche area 450 
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reflects reduced prey diversity stemming from reduced diet breadth or increased specialization, 451 

and has been typically associated with environmental stress–either via direct effects on prey, or 452 

by limiting the ability of consumers to prey on diverse taxa (Layman et al. 2007).  453 

Along these lines, Mor et al. (2022) found that predator extirpation following a 454 

disturbance was due to a combination of the sensitivity of the predator, food limitation, and 455 

weakened trophic efficiency. We expected food resources to increase with extended low flows 456 

due to increased algal and grazer production during low-flow conditions (Palmer and Ruhi 2019, 457 

Cauvy-Franié et al. 2016, Lowman et al. 2024). Prey density and access may also increase due to 458 

reduced habitat availability and complexity (Rolls et al. 2012). While we did not measure 459 

primary production over the experiment, Leathers et al. (2024) found that 6-week extended low 460 

flows did not alter cumulative (community-wide) secondary production or biomass, but 461 

increased warming-tolerant Chironomini density by over 150%. Given this result, and that 462 

predators’ diets were mostly derived from “brown” energy, we are confident that prey 463 

availability to individual predators increased with the low flow treatments. If the total pool of 464 

available resources likely increased, as did predators’ access to the prey, we contend that reduced 465 

niche areas likely stemmed from physiological stress reducing predator fitness in non-trophic 466 

ways (e.g., Mor et al. 2022). This inference is further supported by the reduced number and 467 

diversity of prey items in Perlidae gut content following the 6 weeks early treatment, despite 468 

larger Perlidae individuals and consistent community production (see Leathers et al. 2024). 469 

Along these lines, when examining predators’ trophic niches under climate change warming, 470 

Bestion et al. (2019) found that diet shifts and niche compression of predators (lizards) subjected 471 

to warming arose from the direct effects of climate on the lizards rather than from indirect 472 

changes in the prey community. In our case, larger body sizes of Perlidae suggest that water 473 
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warming did not push these sensitive predators beyond their thermal maxima, despite impacts on 474 

their diets that likely stemmed from increased physiological stress and reduced hunting ability. 475 

Extended low flows reduced prey diversity in some taxa. For Rhyacophila and 476 

Turbellaria, which experienced niche compression, less variation in their diet suggests that 477 

individuals relied on more similar prey items. This may lead to increased conspecific 478 

competition, but likely not interspecific competition, since our results suggest limited diet 479 

overlap among taxa regardless of flow conditions. This was true even though both Turbellaria 480 

and Perlidae strongly relied on ‘brown’ energy (i.e., detrital-derived, rather than algal-derived). 481 

The nonexistent overlap despite similar diets may be indicative of them consuming different 482 

detritivorous primary consumers. Low flows may present short-term benefits to predators in 483 

terms of higher prey density, but at longer timescales stress may differentially impact the larger 484 

individuals. As a carnivorous predator with the highest trophic position, Turbellaria may have 485 

already been feeding at the highest trophic level the food web could support (Fig. 4B). In 486 

contrast, Rhyacophila and Perlidae have more omnivorous diets, and therefore greater flexibility 487 

to consume higher proportions of invertebrates to meet the higher metabolic demands brought by 488 

extended low flows (omnivory mechanisms; Post and Takimoto 2007, Ruhí et al. 2016).  489 

Predators continued to rely on the same energy pathway regardless of low-flow duration 490 

(Fig. 4A). Perlidae and Turbellaria showed strong reliance on ‘brown’ energy, likely consuming 491 

collectors and shredders (with some detritus) based on their high trophic positions. Because 492 

detrital subsidies are typically a key source of energy in headwater streams (Moore et al. 2004, 493 

Di Cugno and Robinson 2017), we expected top predators to be at least partly reliant on detrital-494 

derived energy. However, allochthony can be highly variable across consumer groups and over 495 

time (Allen et al. 2024), making it unclear how much our predators’ diets would be supported by 496 
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energy derived from riparian vegetation from upstream reaches. For example, Rhyacophila 497 

exhibited a lower trophic position and consumed a greater proportion of ‘green’ energy relative 498 

to Perlidae or Turbellaria, likely because most Rhyacophila species transition from phytophagy 499 

in early instars to carnivory later (Céréghino 2002). 500 

Seasonality altered the trophic ecology of the studied invertebrate predators. Under the 501 

current flow regime, Perlidae tended to consume slightly more diverse prey, and Turbelleria 502 

exhibited higher trophic positions at the end relative to the start of the experiment. Regarding the 503 

expanded niche area of Perlidae, it is worth noting that the ‘green’ energy base of the food web 504 

seasonally shifted to higher δ13C and lower δ15N values (Table S2). As such, the isotopic 505 

signature of ‘green’ energy shifted closer to that of ‘brown’ energy, which could reduce the 506 

isotopic niche area for Perlidae. However, the niche area of Perlidae expanded–suggesting their 507 

seasonal diet shift is real and not merely a result of tracking shifts in basal resources. 508 

Omnivorous macroinvertebrates elsewhere have shown seasonally variable trophic positions, 509 

switching from omnivorous to carnivorous, likely due to seasonal fluctuations in prey 510 

availability (Hellmann et al. 2013). The taxa in our study that experienced a seasonal change in a 511 

certain metric (i.e., Perlidae, with an increased niche area; and Turbellaria, with a higher trophic 512 

position) did not respond to extended low flows based on those metrics. This observation 513 

suggests that predators adapted to low flows via dietary plasticity may be more resilient to novel 514 

low-flow conditions. This pattern may be similar to organisms that present high acclimation 515 

capacity (e.g. to thermal conditions posed by climate change) due to living in highly-fluctuating 516 

environments that have shaped physiological and behavioral plasticity (Riddell et al. 2018). 517 

 518 

Consequences of predator sensitivity to extended low flows 519 



 

 
 

 
24 

Our results support the notion that predators are disproportionately sensitive to drought-520 

induced stress–a pattern that was expected based on past studies. For instance, Voight et al. 521 

(2003) found that taxa in higher trophic positions experienced greater population declines in 522 

response to climate change. Similarly, Petchey et al. (1999) found that climate-induced 523 

extinction risk increases with species trophic position. This differential sensitivity may be 524 

realized both directly, via a decrease in the fitness of predators; and indirectly, via prey responses 525 

that lead to food limitation to the higher trophic levels (Mor et al. 2022).  526 

Trophic niche compression has been often associated with reduced resilience of a food 527 

web against disturbance (Rooney et al. 2006). In an experiment similar to ours, drought altered 528 

trophic interactions of predators and decreased their abundance such that top-down control was 529 

reduced, with effects that cascaded down the food chain (Amundrud and Srivastava 2016).      530 

However, in our experiment the relative abundance of the focal predatory taxa did not change 531 

over time, nor did the abundance or density of any predatory or omnivorous taxa (Leathers et al. 532 

2024). Changes in top-down control, if they were to occur, could have profound implications for 533 

ecosystem functioning, and ecosystem-level consequences of disrupted predator-prey 534 

interactions have often been reported (Chassot et al. 2005, Koltz et al. 2018). Thus, we contend 535 

that altered trophic ecology of predators may not only alter community structure, but could also 536 

dictate how consumer-mediated ecosystem processes are likely to respond to new hydroclimatic 537 

regimes (Woodward et al. 2010).  538 

Our results also illustrate that species diversity in a given trophic guild can be a 539 

stabilizing force (akin to the ‘portfolio effect’; Schindler et al. 2015) due to the ability of 540 

different species to respond in different ways to the same stressor (i.e., response diversity, 541 

Chapin et al. 1997). In our case, the three predator taxa all responded differently to the same 542 
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stressor (extended low flows), and these unique responses did not lead to their diets 543 

converging—illustrated by the lack of overlap among their niches. Our results are consistent with 544 

theory showing the importance of taxonomic and functional diversity for stabilizing ecological 545 

communities (Petchey et al. 1999). However, trophic niche compression was experienced by 546 

predators more severely than by other functional groups, showing that portfolio effects may 547 

weaken when risk is concentrated on taxa of a particular trophic level. 548 

 549 

Caveats and future directions 550 

The experimental design of our study took advantage of a unique mesocosm system that 551 

allows us to examine responses of realistic, complex communities to flow regime alteration. 552 

However, our approach is not without limitations. First, our relatively low sample size resulted in 553 

large credible intervals, which limits inferences on trends. This limitation arises from the fact 554 

that, despite searching channels for individuals for stable isotope analysis, our focal predatory 555 

taxa combined account for less than 5% of the total population in any treatment and sampling 556 

period. We note, however, that our actual sample size (in terms of individuals that entered 557 

analysis) is larger than the reported number of independent samples, as each sample contained 558 

~1-5 individuals depending on size and taxa. Second, our study did not examine interannual, 559 

cumulative effects of low flows, as the experiment occurred during a single spring and summer, 560 

unlike other studies that examining predator responses to stressors over multiple years, such as 561 

Ledger et al. (2011). Unmeasured, intergenerational effects may occur if the fecundity of 562 

univoltine taxa is reduced by advanced low flows and rising temperatures (Bonacina et al. 2023). 563 

Third, we evaluated the effects of climate change-induced extended low flows, but alpine 564 

streams will be vulnerable to additional abiotic stress and disturbance. During the wet season in 565 
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alpine regions, flows will likely become flashier, with more frequent rain-on-snow events and 566 

more severe floods (Safeeq et al. 2016). Climate change may also further reduce baseflow in 567 

addition to lengthening low-flow duration (our focus in this study), increasing the likelihood of 568 

novel stream intermittency (Reynolds et al. 2015, Paillex et al. 2020). Further, projected air 569 

warming in the Sierra could raise stream water temperatures, in addition to the temperature 570 

increase associated with reduced thermal buffering during low flows (Null et al. 2013, Leathers 571 

et al. 2023). Future studies could examine how these other abiotic changes affect food web 572 

dynamics independently and in combination with extended low flows. Fourth, stable isotopes are 573 

a useful tool to examine time-integrated energy flow in the food web, but they do not directly 574 

reveal prey identities, and inferences can be uncertain–particularly when source signals overlap. 575 

Here we examined Perlidae gut contents to ground-truth predator-prey links, but more work on 576 

the other predatory taxa would better reveal the mechanisms driving diet shifts. Fifth, fish were 577 

excluded from this study to represent naturally fishless high-elevation streams of the Sierra 578 

Nevada. However, the region has been stocked with non-native fish, such as the brown trout 579 

(Salmo trutta), which is known to exert top-down control on macroinvertebrate communities 580 

(Herbst et al. 2009). The impacts of non-native predators on Sierra stream food webs will likely 581 

intensify as invasive fishes continue to spread into previously fishless streams, and are exposed 582 

to increasingly stressful conditions arising from climate change and extended low flow 583 

conditions (Rahel et al. 1996, Hari et al. 2006). More studies focusing on whole-community 584 

responses will enable testing the generalizability of the reported patterns to mountain ranges in 585 

other geographies and ecological contexts.  586 
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Conclusions 587 

Climate change disproportionately threatens freshwater biodiversity (Bowler et al. 2017), 588 

particularly predators (Petchey et al. 1999). Even when predators that persist under extended 589 

low-flow conditions may experience sublethal changes in their foraging behavior and nutritional 590 

needs. Our experiment revealed significant changes to the trophic niches of three stream 591 

macroinvertebrate predatory taxa following extended low flows, including niche compression 592 

and higher trophic positions, and a shrinking of the niche space occupied by the predator 593 

assemblage as a whole. However, responses varied by taxa, illustrating that food-web stability 594 

requires community diversity–particularly, if predators target compartmentalized prey, and 595 

respond differently to common stressors (McCann 2000, Cardinale et al. 2006). Given expected 596 

changes in mountain range hydroclimates globally (Stewart 2009) and the elevated vulnerability 597 

of high-elevation freshwater habitats to novel climates (Hotaling et al. 2017), further research is 598 

needed to understand how climate change will impact the higher levels of biological 599 

organization.  600 
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FIGURE CAPTIONS 909 

Fig. 1. Hypothesized shift types in the trophic niches of predaceous macroinvertebrates 910 

following extended low flow periods. The left panel depicts hypothesized trophic 911 

(isotopic) niches under the current flow regime of the three predator taxa: Perlidae 912 

stoneflies (yellow), Rhyacophila caddisflies (purple), and Turbellaria flatworms (teal) 913 

(A). The right panel depicts different hypothesized shift types in predator isotopic niche 914 

and trophic position, indicated by ellipse outlines (B). Under the null hypothesis, 915 

predators would not change their trophic niche or position after being exposed to 916 

extended low-flow conditions. Under the trophic niche expansion hypothesis, predators 917 

would exhibit larger niches, higher trophic positions, and greater niche overlap relative to 918 

current conditions. Alternatively, under the trophic niche compression hypothesis, 919 

predators exhibit smaller niches, lower trophic positions, and less overlap relative to 920 

current conditions, likely relying on prey that in turn feed on a narrow range of basal 921 

resources (illustrated by the narrow range of δ13C values). [Organism silhouettes credit: 922 

PhyloPic.org]. 923 

 924 

Fig. 2. Experimental setup of flow treatments and channels in the Sierra Nevada Aquatic 925 

Research Laboratory (SNARL) experimental stream array. Hydrographs of each 926 

treatment flow regime are shown with solid lines to indicate average discharge and a 927 

shaded error region (± standard deviation) (A-C). The two sampling dates, during peak 928 

flow or low flow, are noted with arrows. Peak runoff (PR) sampling occurred between 929 

May 12th 2019 and June 6th 2019. Sampling following low-flow conditions occurred 930 

between the 21st and 25th of August. We reduced discharge to achieve low-flow 931 
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conditions on August 3rd for the current treatment, on July 13th for the three weeks early 932 

treatment, and on June 22nd for the six weeks early treatment. These dates are noted with 933 

vertical dashed lines. The experimental stream complex features 9 artificial stream 934 

channels (D). Treatments were applied in a block design, with each block containing a 935 

channel under the current (C), three weeks early (+3), and six weeks early (+6) treatment. 936 

Photo credit: Carol Blanchette. 937 

 938 

Fig. 3. Isotopic niche ellipses and areas of the studied predaceous invertebrates, under current 939 

and experimental low-flow conditions. The isotopic niches of Rhyacophila, Perlidae, and 940 

Turbellaria across treatments are visualized as sample size-corrected standard ellipses in 941 

the δ13C-δ15N isotopic space (A). Signatures of individuals are represented as semi-942 

transparent icons. Niche areas were calculated as SEAb values of Rhyacophila, Perlidae, 943 

and Turbellaria within each treatment (B). SEAb modes (icons) and 95% credible 944 

intervals (vertical lines) were calculated from each posterior distribution (violin plots). 945 

Lowercase letters indicate statistically significant differences between treatments for each 946 

predator based on credible intervals, within a given taxon. In all plots, PR denotes peak 947 

runoff (start of the experiment), C denotes end of the experiment for the current low-flow 948 

treatment (i.e., ‘control’ treatment), +3 denotes end of the experiment under the three 949 

weeks early low-flow treatment, and +6 denotes end of the experiment under the six 950 

weeks early low-flow treatment. 951 

 952 

Fig. 4. Variation in reliance on ‘green’ vs. ‘brown’ energy, and in trophic positions, of the 953 

studied predators across treatments. Colors denote peak runoff (PR; start of the 954 
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experiment) and end of the experiment for the current low-flow treatment (C), the three 955 

weeks early low-flow treatment (+3), and the six weeks early low-flow treatment (+6). 956 

Reliance is represented as autochthony, or reliance on ‘green’ energy, estimated in the 957 

diets of predators via Bayesian mixing models. Dietary proportion modes are shown as 958 

icons and 95% credible intervals as vertical lines; both were calculated from posterior 959 

distributions, depicted here as violin plots (A). Lowercase letters indicate statistically 960 

significant differences between treatments within each predator. Trophic positions of 961 

individuals (semi-transparent symbols) were calculated in comparison to basal 962 

consumers, Heptageniidae and Oligochaeta (B). Individual trophic positions were 963 

averaged (solid symbols) and standard errors were calculated (vertical lines). A trophic 964 

position of 2 would indicate a primary consumer feeding mostly on basal resources, while 965 

trophic positions of 3 or above indicate carnivorous diets, and non-integer positions 966 

reflect omnivory. Lowercase letters indicate statistically significant differences between 967 

treatments within each predator, based on ANOVA and Tukey’s HSD tests. 968 

 969 

Fig. 5. Variation in Perlidae diet (Calineuria californica and Doroneuria baumanni) throughout 970 

the experiment and across treatments, studied via gut content analysis. The heatmap 971 

represents average gut contents for Perlidae individuals every three weeks. The total 972 

number of prey consumed increased seasonally for the current but not the six weeks early 973 

treatment (see Results for details). Lowercase letters indicate statistically significant 974 

differences in post-hoc comparisons of gut content prey abundance. Chironomidae 975 

(primarily Apedilum, the Cricotopus-Orthocladius group, and the Micropsectra-976 

Tanytarsus group) were the most common prey.  977 
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Fig. 6. Isotopic niche areas of major feeding groups by treatment. Colors denote treatment: peak 978 

runoff (PR, when the experiment started) and at the end of the experiment for the current 979 

low-flow treatment (C), the three weeks early low-flow treatment (+3), and the six weeks 980 

early low-flow treatment (+6). This community-level analysis grouped taxa by feeding 981 

strategy and energy source reliance. SEAb modes (icons) and 95% credible intervals 982 

(vertical lines) were calculated from each posterior distribution (violin plots). Lowercase 983 

letters indicate statistically significant differences between treatments for each dietary 984 

group based on non-overlapping credible intervals (letters are not comparable across 985 

groups).  986 
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Table 1. Absolute niche area overlap (‰2) and proportion of niche area overlap (%) between 987 
predators. Overlap was calculated based on SEAb posterior distributions, and is presented as the 988 
total area shared between the two niches (top value), or the percentage of the niche (in the row) 989 
that overlaps with another niche (in the column) (with 95% credible intervals, bottom row). The 990 
percentage of overlap represents is 0 when there is no overlap (as the ellipses share no space), 991 
and 1 when the two ellipses are identical in size and position (and therefore overlap fully). None 992 
of the overlap values were statistically significant based on their credible intervals, despite a high 993 
overlap percentage between Turbelleria and Rhyacophlia under the current treatment. All 994 
overlapped areas were below 1‰2 with most under 0.01‰2, and all credible intervals included 995 
0% or 0.00‰2, indicating no significant overlap among predator niches at any point in the 996 
experiment. 997 
 998 
Treatment Overlapping  

taxa 
Rhyacophila  Perlidae Turbellaria  

Peak runoff Rhyacophila --- 0.009‰2 

<1% (0% - 23%) 
<0.001‰2 

<1% (0% - <1%) 
 Perlidae 0.009‰2 

3% (0% - 65%) 
--- 0.000‰2 

0% (0% - <1%) 
 Turbellaria <0.001‰2 

<1% (0% - <1%) 
0.000‰2 

0% (0% - <1%) 
--- 

Current Rhyacophila --- 0.000‰2 
0% (0% - <1%) 

0.159‰2 
20% (0% - 76%) 

 Perlidae 0.000‰2 
0% (0% - <1%) 

--- 0.000‰2 
0% (0% - <1%) 

 Turbellaria 0.159‰2 
11% (0% - 57%) 

0.000‰2 
0% (0% - <1%) 

--- 

Three weeks early  Rhyacophila --- 0.000‰2 
0% (0% - <1%) 

0.000‰2 
0% (0% - <1%) 

 Perlidae 0.000‰2 
0% (0% - 31%) 

--- <0.001‰2 
<1% (0% - 17%) 

 Turbellaria 0.000‰2 
0% (0% - <1%) 

<0.001‰2 
<1% (0% - 17%) 

--- 

Six weeks early  Rhyacophila --- <0.001‰2 
<1% (0% - 17%) 

0.000‰2 
0% (0% - <1%) 

 Perlidae <0.001‰2 
<1% (0% - 29%) 

--- <0.001‰2 
<1% (0% - 17%) 

 Turbellaria 0.000‰2 
0% (0% - <1%) 

<0.001‰2 
<1% (0% - 17%) 

--- 

 999 
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Figure 4.
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Figure 5.
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Supplementary Material

Figure S1. Convict Creek historical flow regime informing the current treatment. (a)We downloaded

daily discharge in Convict Creek from March to November each year from 1960 to 1974, as measured by

the US Geological Survey streamgage 10265200. We then averaged the 15 years of streamflow data to

create a daily mean value (black line), with ± one (darker region) and ± two (lighter region) standard

deviations. We used this averaged flow regime as the basis for the current treatment flow regime, and

advanced the start of low-flow conditions by three weeks or six weeks in our early low-flow treatments.

(b) Location of the Sierra Nevada Aquatic Research Laboratory (SNARL) in the Eastern Sierra Nevada

(Mammoth Lakes, California, U.S.A).
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Figure S2. Temperature throughout the experiment, by treatment.We monitored water temperature

every 5 minutes throughout the experiment using HOBO U20L-04 loggers. We averaged the maximum

observed temperature across channels experiencing the same treatment, and smoothed the resulting time

series using a 5-day moving average.
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Figure S3. Dissolved oxygen values throughout the experiment, by treatment.We monitored

dissolved oxygen every 5 minutes throughout the experiment using HOBO U20L-04 loggers. We

averaged values across channels experiencing the same treatment, and smoothed the resulting time series

using a 5-day moving average. A hypoxia threshold of 2 mg/L is noted with a horizontal dashed line.
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Figure S4. Isotopic biplot of the community (taxa by taxa) across treatments. Each point represents

the isotopic signature of a sample, which consists of a carbon (δ13C) and nitrogen (δ15N) value. The

isotopic signatures of our three focal predators, Perlidae, Rhyacophila, and Turbellaria, are shown as

triangles. The isotopic signatures of obligate primary consumers, Oligochaeta and Heptageniidae, are

shown as circles. We use Oligochaeta and Heptageniidae to represent “brown” and “green” energy

pathways, respectively, as expected from the literature and confirmed by our stable isotope data.

Heptageniidae displayed the lowest d13C values of any species, while Oligochaeta displayed some of the

highest values, creating a split between the “greener” and “browner” energy pathways. The rest of the

community (generalist primary consumers) are shown as squares.
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Table S1. Sample sizes and mean isotopic values.

Dietary Group Taxon Treatment Sample Size Average δ13C

(‰)

Average δ15N

(‰)

Predators Rhyacophila Peak runoff 8 -27.82 4.06

Current 6 -26.67 3.58

3 weeks early 6 -26.25 3.79

6 weeks early 3 -25.71 3.92

Perlidae Peak runoff 27 -26.68 4.70

Current 15 -25.50 4.00

3 weeks early 14 -25.40 3.92

6 weeks early 7 -25.20 3.84

Turbellaria Peak runoff 10 -26.53 5.39

Current 8 -25.15 5.28

3 weeks early 7 -25.08 5.12

6 weeks early 11 -24.55 4.97

Algivores Baetidae Peak runoff 24 -29.35 2.91

Current 2 -26.60 2.24

3 weeks early 3 -26.54 1.92

6 weeks early 2 -25.94 1.56

Heptageniidae Peak runoff 13 -29.64 2.78
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Current 6 -27.79 1.66

3 weeks early 8 -27.57 1.53

6 weeks early 8 -27.24 1.43

Detritivores Oligochaeta Peak runoff 23 -25.96 2.73

Current 9 -24.98 2.53

3 weeks early 8 -24.84 2.42

6 weeks early 9 -24.70 2.62

Chironomidae Peak runoff 18 -25.58 1.97

(non-predatory) Current 5 -25.87 2.47

3 weeks early 3 -24.72 2.44

6 weeks early 1 -25.03 2.35

Generalists Lymnaeidae Peak runoff 23 -25.62 3.17

Current 7 -25.05 2.15

3 weeks early 7 -24.82 2.04

6 weeks early 9 -24.73 2.00

Note- We collected abundant taxa from channels to fill at least three 1.5 mL Eppendorf tubes per channel.

We performed stable isotope analysis on the same to determine the isotopic ratios of carbon and nitrogen,

with values reported in permil (‰), such that δ = [(Rsample / Rstandard) - 1] / 1000.
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Table S2. Abundance and size of focal predators.

Taxon Treatment Abundance (%) Mean size

(mm)

Size range

(mm)

Rhyacophila Peak runoff 0.39 13.09 a 12.72 - 13.47

Current 0.19 11.29 a 10.92 - 11.67

6 weeks early 1.92 6.07 b 5.34 - 6.80

Perlidae Peak runoff 0.24 7.47 a 7.34 - 7.59

Current 0.29 6.33 a 5.72 - 6.93

6 weeks early 0.19 8.76 b 8.58 - 8.94

Turbellaria Peak runoff 2.13 3.46 a 3.38 - 3.55

Current 1.14 3.55 a 3.14 - 3.96

6 weeks early 1.92 3.44 a 3.32 - 3.56

Note- We sampled and identified the macroinvertebrate communities present in the channels at peak

runoff and during low flows. We sampled channels during peak flow between 5/11/2019 and 6/1/2019 and

during possible low flow conditions between 6/22/2019 and 8/21/2019. We only sampled channels

assigned to the current or six weeks early treatment for benthic macroinvertebrates. Abundance was

calculated as the percent of the total abundance comprising the target taxa within the treatment and

sampling period. Size range represents ± one standard deviation from the mean size. There was no

seasonal effect on size of any of the taxa, but Rhyacophila (F2,63 = 42.09; P < .001) and Perlidae (F2,46

= 16.89; P < .001) experienced lower sizes on average following the 6 weeks early treatment compared to

after the current treatment. Lowercase letters indicate significant differences between treatments for each

predaotry taxa based on ANOVA and Tukey’s HSD test results. Letters are not comparable across taxa.
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Table S3. Mean isotopic values and distribution ratios of energy sources.

Energy Source Treatment Average

d13C (‰)

Average

d15N (‰)

Heptageniidae Peak runoff -29.64 a 2.78 a

Current -27.78 b 1.67 b

3 weeks early -27.78 b 1.53 b

6 weeks early -27.24 b 1.43 b

Oligochaeta Peak runoff -25.96 a 2.73 a

Current -24.98 a 2.53 a

3 weeks early -24.84 a 2.42 a

6 weeks early -24.70 a 2.62 a

Note- We measured the quality of energy source with the C:N ratios of obligate primary consumers,

Heptageniidae (‘green’ energy) and Oligochaeta (‘brown’ energy). There was a significant effect of

seasonal low flow conditions on the carbon and nitrogen values of ‘green’ energy (F3,45 = 0.875; P =

0.461), but not those of ‘brown’ energy ((F3,31 = 0.744; P = 0.534). Lowercase letters indicate significant

differences between treatments for each energy source based on ANOVA and Tukey’s HSD test results.

Letters are not comparable across energy sources.
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