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Climate change is affecting the phenology of organisms and ecosystem processes across
a wide range of environments. However, the links between organismal and ecosystem
process change in complex communities remain uncertain. In snow-dominated water-
sheds, snowmelt in the spring and eatly summer, followed by a long low-flow period,
characterizes the natural flow regime of streams and rivers. Here, we examined how
earlier snowmelt will alter the phenology of mountain stream organisms and ecosystem
processes via an outdoor mesocosm experiment in stream channels in the Eastern Sierra
Nevada, California. The low-flow treatment, simulating a 3- to 6-wk earlier return to
summer baseflow conditions projected under climate change scenarios in the region,
increased water temperature and reduced biofilm production to respiration ratios by
32%. Additionally, most of the invertebrate species explaining community change (56%
and 67% of the benthic and emergent taxa, respectively), changed in phenology as a
consequence of the low-flow treatment. Further, emergent flux pulses of the dominant
insect group (Chironomidae) almost doubled in magnitude, benefitting a generalist
riparian predator. Changes in both invertebrate community structure (composition) and
functioning (production) were mostly fine-scale, and response diversity at the commu-
nity level stabilized seasonally aggregated responses. Our study illustrates how climate
change in vulnerable mountain streams at the rain-to-snow transition is poised to alter
the dynamics of stream food webs via fine-scale changes in phenology—Ileading to
novel predator—prey “matches” or “mismatches” even when community structure and
ecosystem processes appear stable at the annual scale.

climate change | phenology | ecosystem processes | mountain streams | low flow

Recent climate shifts in temperature and precipitation patterns have already altered the
phenology of many organisms (1, 2). Climate warming has changed the timing of key
life history events such as hatching, migration, mating, blooming, and death in a wide
variety of plants and animals (3). These changes may benefit individual species via

Significance

In mountain regions globally,
climate change is reducing
snowpack, advancing snowmelt,
and altering environmental
regimes of rivers born in these
elevations. Here, we conducted an
experiment simulating end-of-
century vs. current flow regimes in
Sierra Nevada mountain streams
to examine impending shifts in
biodiversity and ecosystem
processes. Early snowmelt
destabilized stream epilithic
biofilm metabolism and altered
key ecosystem functions such as
insect production and emergence,
via shifts in community
composition, structure, and
phenology (i.e., timing of
development). Notably, some
processes showed sensitivity to
climate change on fine timescales,
with implications for predator-

extended growing seasons and resource pulses; or harm them via stress, habitat contrac-
tion, and spatio-temporal mismatches between energy needs and food availability (4, 5).
Mounting evidence supports that even phenological shifts of individual species can
impact ecosystem processes at large scales. For example, milder winters have delayed
mortality of mountain pine beetles (Dendroctonus ponderosae), enabling range expansion
and causing widespread tree mortality that has transformed forests from being carbon
sinks to sources (6). Similarly, warmer springs have advanced ephemeral plant flowering
but not pollinator emergence, ultimately reducing production (7). However, many eco-
system processes (e.g., primary production, secondary production, and cross-ecosystem
subsidies) often depend on many species. While it is typically assumed that phenological
shifts can alter ecosystem processes, few studies have examined this question in complex,
multi-trophic systems (8, 9).

Understanding the link between phenological change and ecosystem process change is
particularly crucial in streams and rivers because freshwater ecosystems are highly sensitive
to environmental change (10). Climate change has disproportionately eroded freshwater
species populations (11), and extinction rates for freshwater organisms under future climate
change are expected to be an order of magnitude higher than for marine and terrestrial
counterparts (10, 12). This high vulnerability is due to the fragmented nature of freshwater
habitat, the climate sensitivity of thermal and hydrologic regimes (10, 12), and the dom-
inance of ectotherms in freshwater food webs (13). Despite the high potential for
climate-driven phenological shifts in fresh waters, it is uncertain how whole communities
may respond to warming—and whether phenological change may alter the ecosystem
processes that these organisms control (14).

Among freshwater ecosystems, small streams in snow-dominated catchments are par-
ticularly vulnerable to climate change (15). In mountain ranges where snow is the dominant
form of precipitation (e.g., in California’s Sierra Nevada), snowmelt in the late spring and

prey synchrony. As climate
continues to change quickly in
high-altitude mountain
ecosystems, the resilience of
stream ecosystem functions may
hinge on the presence of diverse
ecological communities.
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early summer constitutes the majority of annual runoff and is often
followed by a period of baseflow conditions in late summer and
fall (16), in which streams are sustained by groundwater. Here, we
use the general term low flow in place of baseflow to describe low
discharge levels during the dry season (17). Climate change is pre-
dicted to reduce snowpack and advance snowmelt, which will
extend summer low flow duration by up to 2 mo by the end of the
century, increasing the overlap between periods of low flow and
peak air temperature (18). Climate change has already altered snow-
melt in mid-elevation mountain ranges globally, by decreasing
snowpack and shifting the rain-to-snow transition zone (19). Some
impacts of extended summer low flows on stream biodiversity and
ecosystem processes, like fish population declines, often occur rap-
idly via physiological stress when flow drops below a threshold (20);
in contrast, other responses may be cumulative [e.g., the accumu-
lation of cyanobacteria in biofilm (21)] and may thus only be
noticeable after a period of time. However, few studies have exam-
ined the immediate vs. delayed effects of low flows on stream bio-
diversity and ecosystem processes using frequent temporal
monitoring. Such an approach is costlier than before-after experi-
mental designs but may reveal the scales and mechanisms driving
ecological change more precisely (20).

One key impact of earlier, extended summer low flow condi-
tions in small streams is that low flows may accelerate climate-driven
warming via reduced thermal buffering. Warming can shift com-
munity composition and structure by replacing species adapted
to cold, well-oxygenated waters (cold stenotherms) with those
from warmer environments (eurytherms) (22). Warming also
controls key ecosystem processes and often increases ecosystem-level
primary production and respiration rates (23, 24). Because water
temperature controls metabolic rates of ectotherms, warming is
expected to speed up aquatic insect growth rates and development,
potentially advancing the timing of metamorphosis and emer-
gence of adult, flying insects. In turn, changes in the timing and/
or magnitude of emerging insects could affect foraging behavior
of riparian birds, lizards, and bats, which often rely on emerging
aquatic insects as a resource pulse (25). However, we note here
that temperature-driven changes in secondary production are not
well understood. Theory predicts that warming should not affect
secondary production, given the approximately opposed effects
that warming should have on community biomass (by shrinking
mean body size of species) and turnover rates (by accelerating
them) (26, 27). Empirical tests have provided mixed support for
this expectation, owing to variation in species thermal preferences
(28) and basal resources responding to warming (29). The link
between warming-driven community change in a stream food web
and changes in ecosystem processes has become a recent focus of
research (24), and it could be greatly advanced by experiments
with more complex, realistic assemblages.

Here, we sought to test how climate-induced, extended summer
low flow conditions, simulating an end-of-century hydroclimate of
reduced snowpack and earlier snowmelt (18) will alter the phenol-
ogy of mountain stream organisms—and the ecosystem processes
that these organisms control. In contrast to most research on the
topic, focused on the effects of flow magnitude (30-33), here, we
focused on the effects of an earlier snowmelt-driven flow recession
associated with a longer summer low flow period (i.e., low-flow
timing and duration) to better examine ecological impacts arising
from phenological change. We broadly hypothesized that this cli-
mate change-induced flow regime change would alter the whole
food web—from epilithic biofilm metabolism to stream invertebrate
production and emergence, primarily through increases in water
temperature (3, 4). However, in agreement with recent findings on
thermal response diversity [i.e., different species respond in different

https://doi.org/10.1073/pnas.2310513121

directions and/or magnitudes to temperature change (27)], we also
expected the community-level responses to be buffered against
change, relative to population-level responses.

Specifically, we predicted that extended summer low flow
would: 1) increase water temperature and biofilm respiration—
altering the rates and balance of biofilm metabolism; 2) advance
phenology and secondary production of stream invertebrates, but
not change production at the seasonal scale due to stabilizing
mechanisms (e.g., response diversity); and 3) advance cross-ecosystem
subsidies of emergent stream invertebrates, which could be con-
sequential if overlap shifts between peak resource availability and
peak demand by riparian predators. Notably, while some of these
changes may be apparent immediately, others may build over time
(Fig. 1).

In order to test our predictions, we subjected nine flow-through
outdoor stream mesocosms (S Appendix, Fig. S1) in California’s
Sierra Nevada to three flow regime treatments: a flow regime based
on historic average conditions (Current treatment), a mitigated
climate change scenario where streamflow returns to summer low
flow levels 3 wk earlier than currently (3-wk treatment), and an
unmitigated climate change scenario where summer low flow
begins 6 wk earlier than currently (6-wk treatment) (18). Over
the course of a season, we regularly measured epilithic biofilm
production and community composition, production, and emer-
gence of benthic and emergent stream invertebrates. We examined
support for seasonal, immediate, and delayed ecological responses
to the low-flow treatment (Fig. 1) by quantifying changes in mag-
nitude and phenology for each response variable. Specifically, we
combined study period (i.e., start, middle, and end) with treat-
ment (Current, 3-wk, 6-wk), creating a variable that captures both
timing and treatment effects (i.e., period—treatment; Fig. 1). This
allows us to examine how low-flow treatments altered phenology.
When period—treatment had an effect, we ran directed pairwise
tests to identify which response type occurred (i.e., a seasonal
effect, an immediate treatment effect, or a delayed treatment effect;
SI Appendix, Table S1). In addition to testing each prediction, we
ran a piecewise structural equation model to identify causal path-
ways connecting extended low flows to our ultimate end point in
the food web: aquatic insect benthic production and emergence,
a critical cross-ecosystem subsidy connecting streams to riparian
ecosystems (34, 35).

Results

Effects of Earlier, Extended Low Flows on Abiotic Variables and
Epilithic Biofilm. The early low-flow treatment drove changes
in water temperature, including a 4.6 to 7.5 °C increase in
maximum water temperature with the onset of summer low flow
(Fg14=120.3, P < 0.001; S/ Appendix, Figs. S2—-S4 and Table $2).
We also observed a 2.6 °C increase in the diel range of water
temperature in the 6-wk treatment with the onset of summer
low flow, as maximum temperatures were higher and minimum
temperatures were lower (S Appendix, Fig. S5). Dissolved
oxygen declined seasonally (F;,; = 14.18, P < 0.001), but
channels remained well oxygenated throughout the experiment
(SI Appendix, Fig. S6 and Table S3).

Low-flow timing affected the estimated production and respi-
ration rates of epilithic biofilm—the base of production of our
stream food web, which lacked macrophytes or plankton.
Cumulative seasonal epilithic biofilm gross production to respi-
ration ratios (GPP:ER) did not differ significantly by treatment,
but there was an immediate decline in GPP:ER ratios with
low-flow treatment (Fig. 2). The GPP:ER ratio responded to
period—treatment (Fg 4, = 3.307, P=0.005) and was 32.2% lower
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Fig. 1. Potential ecological responses to low-flow treatment. Each pair of solid lines represents a potential ecological response to the low-flow treatment,
arising from comparing treatment trajectories at the start, middle, and end of the experiment. The vertical dashed line indicates the onset of summer low-flow.
(A) No discernible change over the study period would support the absence of seasonal or treatment effects. (B) Seasonal effects would be evidenced by both
treatments exhibiting similar shifts over time. (C) An immediate treatment effect would be evidenced by treatments differing significantly at the onset of treatment
differences in the middle period, but not at the start. This difference may be temporary (as shown here), or sustained through the end of the experiment. (D) A
delayed treatment effect would be evidenced by no shift occurring immediately after treatment onset, but rather at the end of the experiment. In our study, we
predicted that differences in the timing of the onset and duration of summer low flow would cause immediate or delayed changes in our ecological responses.
Onset of summer low flow in the 6-wk treatment marks the transition between the start and middle periods, while onset of summer low flow for the Current
treatment marks the transition between the middle and end periods. See S/ Appendix, Table S1 for details on how statistical tests provide support for each of

the four potential responses.

for the 6-wk treatment in the middle of the experiment compared
to the Current treatment, partially supporting our prediction
(SI Appendix, Table S4). ER increased immediately for the 6-wk
treatment in the middle period (£ 4, = 3.707, P = 0.002), showing
77.4% higher ER levels than the Current treatment (S Appendix,
Fig. S7 and Table S5). GPP also responded to treatment over time
(Fg 41 = 2.3, P =0.039), but there was no support for any of the
potential response types. Overall, the low-flow treatment shifted
the phenology of epilithic biofilm metabolism as expected, tipping
the balance between production (GPP) and respiration (ER)
toward the latter.

Effects of Earlier, Extended Low Flows on Invertebrate Communities.
The benthic stream invertebrate community exhibited fine-scale
responses to low-flow timing. Cumulative (seasonally aggregated)
benthic stream invertebrate abundance did not differ by treatment
(Fig. 34). However, the 6-wk treatment had a delayed effect on the
community due to several taxa responding to summer low flow; either
by increasing or by decreasing in abundance (pseudo-F; 5, = 2.571,
P<0.001; Fig. 3 Band Cand S/ Appendix, Fig. S8 and Tables S6-S10).
Among the taxa that significantly explained community dissimilarity,
38% of them increased and 25% decreased in abundance under low-
flow treatment. Taxa with the greatest responses included Chironomini

PNAS 2024 Vol.121 No.14 2310513121

(Fs,6 = 5267, P = 0.002; Fig. 3B), Hydroptila (Fs, = 15.77,
P < 0.001), and Micrasema (Fs,s = 7.017, P < 0.001). Notably,
Chironomini abundance for the 6-wk treatment at the end of
the experiment was 173% higher than that in the middle of the
experiment. Highly resolved taxonomy for a subset of Chironomini
and Pseudochironomini support that abundance increases were
driven by Apedilum, Polypedilum aviceps, and Pseudochironomus—
taxa that tolerate warm conditions. Chironomini and Micrasema
also experienced magnitude responses in abundance, increasing and
decreasing respectively under the low-flow treatment. The subset of
flow-sensitive taxa caused a delayed response at the community level
(81 Appendix, Table S11), leading to a novel assemblage at the end of
the season. However, we note here that the abundance of scrapers (i.c.,
biofilm-grazing invertebrates) did not respond to low-flow treatment
(Fy 05 = 1512, P> 0.05).

Emergent stream invertebrates responded to the low-flow treat-
ments, but, in contrast to the benthic community, they did so imme-
diately and exhibited strong phenological change (pseudo-Fyg, =
5.728, P < 0.001; SI Appendix, Fig. S8). Among the taxa that sig-
nificantly explained emergent community dissimilarity, 67% of
them increased in abundance under low-flow treatment (S7 Appendix;
Table S12). Chironominae was important again in driving the shift,
with its abundance increasing immediately by 147% in the middle

https://doi.org/10.1073/pnas.2310513121
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Fig. 2. Earlier, extended low flows altered epilithic biofilm metabolism. (A) Mean epilithic biofilm GPP:ER ratio (+SE) for the cumulative seasonal GPP and ER.
The horizontal dashed gray line represents an equilibrium between GPP and ER (N = 9). (B) Mean GPP:ER ratio (+SE) at each sampling date. The 6-wk treatment
GPP:ER in the middle of the experiment was significantly lower than that of the Current treatment (t,s = =3.22, P = 0.011). The Current treatment was the only
treatment in which ratios significantly declined between the middle and end periods, constituting a delayed effect (t,s = 3.43, P = 0.011). Vertical dashed lines
represent the onset of summer low flow, colored by treatment. The three potential response types (immediate treatment effect, delayed treatment effect,
seasonal effect) are listed, and are colored black when supported (see conceptual framework in Fig. 1, and S/ Appendix, Table S1 for how statistical tests connect
with each response type). Breakpoints in the time series plot denote each sampling event.

period (Fg, = 3.79, P < 0.001; Fig. 3E; SI Appendix, Table S13).
Post hoc analysis supported an immediate shift in emergent com-
munity composition, based on the 6-wk community being different
from the Current community (S Appendix, Table S14). This com-
position shift reflected a phenological shift, as the 6-wk community
in the middle period anticipated the assemblage at the end of the
experiment in the other treatments.

In turn, low-flow treatment did not significantly alter cumula-
tive invertebrate secondary production (i.e., production integrated
across the experiment) for either the benthic or the emergent
portion of the community (Fig. 4 A—D). However, we did observe
a wide diversity of responses across taxa, both in how their sec-
ondary production responded to low-flow treatment and in their
contribution to community-wide secondary production (Fig. 4 C
and F). We tested whether the lack of seasonal aggregate response
in our community could be due to response diversity. We found
that response diversity to change in discharge, measured as
response dissimilarity, was high in our community compared to
published benchmarks for response-diverse communities (36),
with a median value of 2.5 (87 Appendix, Fig. S9). Overall, these
results partially support our prediction that extended low flow
conditions will shift stream invertebrate phenology. However,
changes in both structure (composition) and functioning (pro-
duction) were mostly fine-scale, and seasonally aggregated
responses were stabilized by high community response diversity.

Causal Pathways Connecting Low Flows to Cross-Ecosystem
Resource Pulses. Using a set of structural equation models (SEM),
we examined the mechanisms connecting environmental drivers
to the secondary production and subsequent emergence of the
dominant aquatic insect group, Chironomidae midges (Fig. 5).
This group accounted for 70% of the emergent production and
93% of the emergent abundance, thus controlling both in-stream
processes and cross-ecosystem (i.e., stream-to-land) subsidies.
Despite the apparent stability of Chironomidae production
at the seasonal scale (see previous section), low-flow driven
warming drove subseasonal variation in Chironomidae benthic

https://doi.org/10.1073/pnas.2310513121

and emergent production (Fig. 5A4). This influence was realized
via dual, opposing effects of temperature on Chironomidae
abundance and body size (Fig. 5B). Specifically, warming decreased
mean Chironomidae body size, but also increased their numerical
abundance, with the positive effect on abundance outweighing the
negative effect on body size by a factor of three (Fig. 5B).

Last, we recorded riparian bird feeding behavior to assess how
low-flow treatment may have altered the behavior of a generalist
predator we noticed visiting and nesting in the area, the Brewer’s
Blackbirds (Euphagus cyanocephalus), once the experiment was
underway (Fig. 6). Brewer’s Blackbirds fed on benthic macroin-
vertebrates in the 6-wk channels when discharge dropped to
summer low-flow conditions. We began to record their behavior
afterward to account for possible effects on the macroinvertebrate
community. We found that emergent Chironomidae production
increased in the middle period during Brewer’s Blackbirds nesting
(Fgs = 5.663, P < 0.001; Fig. 6). The time that Brewer’s
Blackbirds spent feeding on benthic stream invertebrates in each
channel was also associated with treatment (x’, = 13.836,
P =0.001): They spent the most time in channels undergoing
the 6-wk treatment (6-wk vs. Current: P = 0.018; 6-wk vs. 3-wk:
P=0.01). Brewer’s Blackbirds departed from the study site upon
fledging, resulting in few observations after early July. Brewer’s
Blackbirds did not have a measurable influence on the benthic
or emergent macroinvertebrate community, measured either as
abundance, species richness, or composition (S Appendix,
Table S15). Overall, these results support our prediction that our
low-flow treatment will alter the phenology of aquatic-terrestrial
subsidies—with changes that can be influential even if they take
place at short timescales.

Discussion

Numerous studies suggest that climate-driven phenological shifts
will alter ecosystem processes (8, 9). However, few studies to date
have empirically examined this link in complex, multi-trophic com-
munities (8, 9). Here, we used an outdoor, artificial stream system

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2310513121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310513121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310513121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310513121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310513121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310513121#supplementary-materials

Whole community Chironomini Micrasema
A B 2,500 1 o LG C 250 1 o ”‘b
32,000 1 Immediate ; Immediate;
Delayed | Delayed ;
.@‘ 2,000 { Seasonal i 2004 Seasonal i
@ — . .
g (\“E 28,000 : !
© ’
o w 1,500 A ! 150 4
r=ar ! !
5 , |
o = 1,000 A 1 100 ;
p -8 24,000 1 ; ;
o = a
e 500 - : 50 :
20,000 o= : ~ o : \ Treatment
Current 6-week Jun Jul ALIJg Jun Jul Aug Current
D Whole community B E Chlronom:nae I..m F ProdlamesllnaeI .-g&\\ B 3-week
Immediate1 | 5 immediatei
~ 12501 2004 Delayed | Delayed . Bl 6-week
- Seasonal i Seasonal’; .
=2 & . . .
:: © ! | !
3 * 150 , 10 :
g € 1,000 ! i
(7]
€ < 1 ! 1
5 g 100 ; i
8 s - 5
s 'g 750 1 50 -
0 0 =
Curlrent 3—V\;eek 6—V\;eek JLIJn Jhl Atljg Jtlm J[.I| Alllg
Treatment Date Date

Fig. 3. Earlier, extended low flows did not alter aggregate seasonal density or emergence, but phenological shifts occurred in several taxa. In each panel, the
mean density/flux of stream invertebrates (+SE; shaded area) is represented across treatments or time. In all shown taxa, density or flux values were significantly
explained by period-treatment (P < 0.05). The three potential response types (immediate treatment effect, delayed treatment effect, and seasonal effect) are
listed, and colored black when supported (see conceptual framework in Fig. 1, and S/ Appendix, Table S1 for how statistical tests connect with each response
type). Vertical dashed lines represent the onset of summer low flow, colored by treatment. (A) We did not observe any significant community-level response when
looking at seasonally aggregated data (N = 6), but (8 and C) Chironomini (Fs 5 = 5.267, P = 0.002) and Micrasema (Fs,; = 7.017, P < 0.001) had delayed increases
and declines in abundance, respectively, under the low-flow treatment (N = 36). (D) We also did not observe any significant emergent community-level response
when looking at seasonally aggregated data (N = 9), but (£ and F) Chironominae (tg; = 2.97, P = 0.008) and Prodiamesinae (t5, = 4.89, P = 0.027) experienced an
immediate increase in emergent flux in the middle period (N = 90). Chironominae in the 3-wk treatment exhibited a delayed increase (tz, = —=2.40, P = 0.0299).
Breakpoints in the time series plots denote each sampling event. Panels (A) and (D) display average values across channels under each treatment, after aggregating
all samples from the experiment within each channel.

in California’s Sierra Nevada to simulate future hydroclimatic con- population level (i.e., diverse demographic changes in size and
ditions in mountain streams. We measured how extended summer phenology) and at the community level (i.e., dissimilar responses
low flows are likely to affect organism phenology, ecosystem pro-  in species abundance across species). Notably, we found response
cesses, and the link between the two. We found that earlier, extended ~ diversity values in our complex community to be greater than
low-flow conditions will likely 1) raise water temperature, increase ~ those in communities previously used to illustrate a “high”
epilithic biofilm respiration (ER), and consequently tip the balance ~ response diversity level (36). Our results are consistent with obser-

between epilithic biofilm production and respiration (GPP:ER); 2) vations from long-term field studies showing that even if animals
advance phenology of the stream invertebrate community, even if ~ have generally advanced their phenology 2.9 d per decade, sub-

compensatory mechanisms buffer change in production at longer, ~ stantial variation among taxa may buffer aggregate community
seasonal scales; and 3) alter cross-ecosystem resource fluxes by  shifts (1). While small ectotherms are generally more responsive
advancing emergence of key insect groups (such as Chironomidae) ~ to warming, limits to phenologic plasticity exist (1). For example,
and by creating novel feeding opportunities for generalist riparian ~ nonlinear responses to climate change can occur as a result of
predators. Our findings add mechanism to the link between  crossing physiological limits (e.g., critical thermal maxima), along
climate-driven phenological shifts and ecosystem process shifts ~ with the local abiotic and biotic contexts interacting with each
(8, 24). Further, we advance the notion that ecological processes other (38). In a mesocosm study in southern England, increased
that appear insensitive to climate change at long scales can respond ~ temperatures altered community composition and resulting
at finer scales—with far-reaching implications for food-web matches ~ decomposition rates differently depending on the time of year
and mismatches (2, 37). (39). Additionally, temporary ecosystem process shifts due to

Our study highlights that different species responding in diverse ~ changing phenology can cancel each other out over seasonal or
ways to climate change stressors can stabilize community-level  yearly timescales, like we observed in the ecosystem processes we
properties at seasonal scales. This property, often referred to as  studied (e.g., secondary production). This characteristic pattern
response diversity, played out at two different levels: at the  of “stability despite change” may be akin to that of “climatic debt”
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Fig. 4. Seasonal secondary production did not differ across treatments. Mean cumulative secondary production over the study period (+SE) for: (A) the entire
benthic community (N = 6); (B) the 16 most productive benthic taxa (N = 96); (C) the relative proportion of benthic production for taxa with more than 5% of
the total community production; (D) the entire emergent community (N = 9); (E) the 10 most productive emergent taxa (N = 90); and (F) the relative proportion
of emergent production for taxa with more than 5% of the total community production. Orthocladiinae emergence production was significantly explained by
treatment (F,, = 12.17, P=0.020). (C and F) Taxon names are abbreviated to the first three letters, and pie plots are separated by treatment for the Current and
6-wk treatments. Average Bray-Curtis dissimilarity between treatments is listed in brackets between the pie plots.

in climate velocity research, where a lack of community compo-
sition response can hide impending biodiversity collapse (40).
Our study suggests that streamflow, via its effects on tempera-
ture, may be the mechanism whereby climate change in mountain
streams is most likely to affect organism phenology and ecosystem
processes (41). Many of the low-flow effects we observed resulted
from water temperature rising during low flow conditions. The
GPP:ER decline we found with increasing water temperature was
similar to that reported from a warming mesocosm experiment in
the United Kingdom (42). In both cases, reduced GPP:ER was
likely due to respiration increasing at a faster rate than GPP, based
on their respective activation energies. However, low flows and
high water temperatures may increase biofilm production and
reduce water quality if the stream is not nutrient limited, as in our
oligotrophic system (43, 44). Our methods captured biofilm pro-
duction and respiration, which is only a portion of ecosystem
metabolism (45). Because the light—dark bottle method excludes
hyporheic metabolism and respiration from invertebrate hetero-
trophs, we cannot use estimates from the light—dark bottle to scale
up to whole stream ecosystem metabolism. These exclusions likely
underestimated ecosystem-level ER, thus preventing us from
upscaling biofilm GPP:ER ratios to ecosystem-level GPP:ER
ratios. Additionally, both low flows and increased water temper-
ature have also been shown to favor small, low-sensitive taxa like
Chironomidae, which can alter overall community composition,
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in agreement with our results (15). We did not, however, notice
a general decline in sensitive Ephemeroptera, Plecoptera, and
Trichoptera taxa due to early low flows, as observed elsewhere (46).
This discrepancy is likely explained by many of these taxa emerging
in spring and early summer in high mountain streams. The lack
of a cumulative secondary production response we observed differs
from the conventional belief that low flows reduce production
(20), as is often the case if flow intermittency occurs (31). However,
some studies have reported that low flows may not impair, or may
even slightly increase, stream invertebrate secondary production,
given overcompensating increases in Chironomidae production
(47). Likewise, we found that extended summer low flow is poised
to increase Chironomidae production by increasing their abun-
dance more than reducing their body size—showing that changes
in ecosystem processes driven by organisms (and their phenology)
may depend on a fragile balance of life-history mechanisms.
Given the dynamic nature of most responses observed, our
study illustrates the need to record time-varying rather than
“time-averaged” ecosystem responses to climate change. In our
case, tracking responses over time allowed us to parse out imme-
diate shifts (e.g., water temperature, biofilm production, emer-
gence, and riparian predator feeding) from delayed or time-lagged
shifts (e.g., benthic stream invertebrate community composition).
These changes may connect different trophic levels—leading to
novel, climate-driven “matches” or “mismatches” between resource

pnas.org



A Arrow Color
Emergent Production == Positive effect
=P Negative effect
=l NOn-significant
Arrow Size
=P Small effect
> \ledium effect
mlp arge effect

0.15 (-0.19 - 0448)1

Benthic Production

0.53 (0.21— 0.84)1

Temperature

0.56 (0.22 — 0.90)
-0.52 (-0.83 — -0.20)1

Discharge

B Emergent Production

031 (0.28—0V 0.99 (0.96 — 1.02)

Emergent size Emergent Abundance

T 0.08 (-0.29 — 0.45)
Benthic size

10.13 (-0.13-0.38)
Benthic Abundance

0,45 (-0.75— 0.0 0.35 (0.05 — 0.66)

Temperature 0.47 (0.16 - 0.78)

-0.19 (-0.56 —0.18)
f -0.51 (-0.80 —-0.22)
Discharge

Fig. 5. Low-flow-induced warming increased Chironomidae production and
emergence via increased abundance of individuals, despite reductions in body
size. (A) Piecewise structural equation model of the relationship between
discharge and emergent Chironomidae production with temperature and
benthic production linking them. Discharge has a negative relationship with
water temperature (low-flow induced warming). Water temperature has
positive relationships with both benthic and emergent production. (B) Piecewise
structural equation model of the relationship between discharge and emergent
Chironomidae production with mechanistic drivers linking them. Discharge has
a negative effect on water temperature. Water temperature increases both
benthic and emergent Chironomidae abundance but has a negative effect on
benthic Chironomidae size. Emergent Chironomidae size and abundance both
have positive effects on emergent Chironomidae production. Comparison
of models (A) and (B) suggests that low-flow induced warming increases the
emergent flux of Chironomidae midges (model A); this increase is realized
via an increase in numerical abundance that overcompensates for their
smaller body sizes, both in the benthic and emergent stages (model B). Both
models are supported for inference based on the Fisher's C statistic (Model A:
C,=1.108, P> 0.05; Model B: C,, = 30.296, P > 0.05). Standardized estimates
and associated 95% Cls are shown next to linking arrows.

availability and demand. While climate change leading to preda-
tor—prey mismatches is unsurprising (48), we found a novel match
between peak Chironomidae emergence and Brewer’s Blackbirds
nesting. Understanding when and where these new food-web links
could replace current connections is important for conservation
(49). However, novel matches can also be ecologically harmful.
For example, advanced hatching in the moth Agriopis aurantiaria
is increasingly coinciding with sub-Arctic birch budburst, causing
widespread tree die-off (50). Notably, interspecific variation in
phenological responses may preserve ecosystem processes when
species are not tightly linked, or when voltinism is plastic (51).
The study of predator—prey mismatch remains challenging (52)
and requires tracking how climate change is affecting organismal
phenology at a high taxonomic and temporal resolution.

Our experiment is one of the few assessing phenological change
at the community level in a realistic, outdoor mesocosm system
(2); however, our approach has limitations. First, a multi-year
experiment may have found greater declines in sensitive taxa
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abundance that are caused by inter-generational effects. High
temperatures can reduce egg survival and adult fecundity via
reduced body size, which may not be noticeable over a single
season (27). Second, unmeasured abiotic variables beyond flow
and temperature may have partly driven biotic responses. For
example, reduced flow can increase retention of allochthonous
particulate organic matter, which could influence biofilm metab-
olism (23); similarly, reduced water velocity may have influenced
fluctuations in dissolved oxygen, even if biologically harmful
hypoxia was not reached in our case [S] Appendix, Fig. S6 (53,
54)]. Reduced flow can also increase the concentration of nutrients
with higher residence time, even if this is unlikely in our olig-
otrophic system (44, 55). Overall, disentangling abiotic change
driven by vs. covarying with flow alteration requires further
research. Third, we did not measure immigration or drift of indi-
viduals. While immigration from nearby Convict Creek during
the experiment could have reduced treatment differences, drift
into the channels was negligible in a past study (56). However,
emigrant drift may have differed among our treatments, as
described by studies that found short-term increases in drift under
reduced flow conditions followed by drift declines (20). Some of
our results could also be driven by a reduced period of high flow
rather than by an earlier, longer summer low flow period, if organ-
isms require prolonged high flow conditions for dispersal,
filter-feeding, or some other life history aspect. Last, the artificial
channels are not connected to groundwater, which can cool down
low-order stream habitats experiencing summer low flow condi-
tions (57). These factors suggest that care should be applied when
transferring our results to other climatic and geologic contexts.

The temporal shifts in phenology and ecosystem processes we
observed are meaningful given ongoing climate change trends in
mountain ranges globally (19) and particularly in the rain-to-snow
transition zone. In addition to climate change leading to advanced
and extended summer low flow conditions, warmer air tempera-
tures will increasingly overlap with periods of reduced thermal
buffering from low flows (20, 58), increasing stream water temper-
atures even further (58). Warmer air temperatures will also increase
the likelihood of precipitation falling as rain and rain-on-snow
events, raising the frequency and magnitude of flooding (59). These
changes in snow-dominated mountain streams are expected to
cause widespread ecological change, as is already seen when com-
paring communities from unusually wet to dry years (15). Our
study shows that response diversity may help maintain stability in
key ecosystem processes, similarly to how biodiversity stabilizes
ecosystem processes in warming terrestrial ecosystems [e.g., as seen
with bee diversity and plant pollination (60)]. However, stabilizing
mechanisms may be further eroded if environmental change con-
tinues to extirpate species locally (11). Studying community phe-
nology at fine temporal scales is vital to capture the vulnerability
of taxa facing climate change and to understand impending effects
of climate change on ecosystem processes.

Materials and Methods

Experimental Design. The experiment took place over 4 mo, from May
2019 to August 2019, in nine outdoor, flow-through channels at the Sierra
Nevada Aquatic Research Lab (SNARL) located near Mammaoth Lakes, California
(S Appendix, Fig. S1). The channels are 50 m long by 1 m wide, consist of six
pools connected by long riffle sections in a meandering fashion, and are fed by
the adjacent Convict Creek. Convict Creek also provided natural substrate con-
sisting of cobbles, sand, and silt. This experimental array has been used in past
research questions investigating fish growth and stream invertebrate community
composition (56, 61). The artificial channels have the advantage of mimicking nat-
ural ecosystems better than recirculating field mesocosms or laboratory flumes,
while allowing for replication that is difficult to obtain in natural streams. The
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Fig. 6. Earlier, extended low flows increased cross-ecosystem pulses. (A) Mean daily Chironomidae emergent production (+ SE) over time (N = 81). The three
potential response types (immediate treatment effect, delayed treatment effect, seasonal effect) are listed, and colored in black as they were all supported
(see conceptual framework in Fig. 1, and S/ Appendix, Table S1 for how statistical tests connect with each response type). Chironomidae production in the 6-wk
treatment was immediately higher than in the other treatments in the middle period (t;, = 3.56, P = 0.004 vs. Current; t,, = 2.36, P = 0.039 vs. 3-wk) although all
treatments showed a seasonal increase. Chironomidae production in the 6-wk treatment also showed a delayed decline in production from the middle to end
periods (t;, = 2.92, P = 0.014). Vertical dashed lines represent the onset of summer low flow, colored by treatment. (B) Time in seconds that Brewer's Blackbirds
were observed in the artificial channels, over 30-min periods (N = 117). Brewer's Blackbirds were present significantly more in the 6-wk treatment compared to
the Current (P = 0.018) and 3-wk treatments (P = 0.01). The solid lines are smoothed conditional means using LOESS (locally estimated scatterplot smoothing)

for each treatment, to assist in visualizing temporal trends.

channels were naturally colonized without alteration for over a year prior to the
start of the experiment. We assigned each channel to one of three treatments
(with three replicate channels each) in a block design. The three treatments were:
1) current hydrologic conditions based on the historic (long-term) hydrograph
at Convict Creek (S/ Appendix, Fig. S2), with a flow regime that reaches low flow
conditions around August 3rd (i.e., Current treatment); 2) hydrologic conditions
under a mitigated climate change scenario, where the stream would return to
low flow conditions 3 wk earlier than it currently does (i.e., 3-wk treatment); and
3) hydrologic conditions under unmitigated climate change, where the stream
would return to low flow 6 wk earlier than it currently does (i.e., 6-wk treatment).
These scenarios connect greenhouse gas emission trajectories to the timing and
duration of summer low flow (i.e., flow at or near designed low flow), based on
a recent report using hybrid downscaling to project end-of-century hydrologic
change in the Sierra Nevada (18).

We regulated discharge by controlling sluice gates at the head of each channel.
Flows in the channels differed by one order of magnitude between high-flow and
low-flow conditions (i.e., 15 L/sand 1.5 L/s, respectively), following a typical Sierra
Nevada stream hydrograph for a small stream (S/ Appendix, Fig. S3) (62). The
10-fold magnitude change in discharge, characteristic of Sierra Nevada streams,
is due to the strong influence of snowmelt on the flow regime. We removed fish in
the channels prior to the experiment, kept screens in place to exclude them (mesh
size = 1.25 cm), and conducted electrofishing during the experiment to ensure
their absence. These efforts allowed us to avoid confounding top-down effects
and increase realism given first-order streams in the region tend to be fishless
(unless artificially stocked). Channels were inspected and maintained daily, were
heavily instrumented (see next section), and were monitored and sampled for
several responses: epilithic biofilm metabolism, secondary production, and ben-
thicand emerging stream invertebrates (composition and abundance). We tested
whether each variable was explained by low flow treatment or, for time-varying
variables, by period-treatment (i.e., the combination of time period and low-flow
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treatment). The three periods we designated in the study are: start (5/11/2019 to
6/10/2019), middle (6/11/2019 t0 8/2/2019),and end (8/3/2019 to 8/21/2019).
Period timespans were based on treatment timing: The start and middle periods
are separated by the onset of summer low flow in the 6-wk treatment, and the
middle and end periods are separated by the onset of summer low flow in the
Current treatment. The number of sampling events was balanced among periods
for biofilm production and benthic macroinvertebrates. However, more samples
were taken in the middle period for emergent macroinvertebrates compared to
the other periods, as a function of the higher frequency at which this ecological
response was measured (i.e., every 10 d instead of 21), to account for its pulsated
nature (63).

Monitoring of Environmental Variables. \We measured water depth and water
temperature every 5 min throughout the experiment (4/21/2019 to 8/25/2019)
with replicated pressure transducers (HOBO U20L-04, Onset). We placed a pres-
sure transducer in the fifth pool downstream in each channel and two emerged
sensors on land to correct data for fluctuations in atmospheric pressure, and
thus calculate water level (i.e., pool depth). Water level series were subsequently
transformed into discharge series via channel-specific rating curves. Rating curves
were developed for each channel by estimating discharge manually using chan-
nel depth and velocity measurements taken with a Marsh-McBirney Flo-Mate
2000 current meter throughout the summer (17 to 26 repeated estimates per
channel). We measured water temperature using the same HOBO U20L-04 sen-
sors that recorded data every 5 min in pools. We averaged discharge and water
temperature to hourly values, which we then used to calculate daily metrics (i.e.,
daily mean, minimum, maximum, and diel range).

Estimation of Epilithic Biofilm Metabolism. We estimated epilithic biofilm pro-
duction and respiration using the light/dark bottle method ateach channel, once every
3wk[as done previously (64)]. We calculated respiration (ER), net primary production
(NPP),and the sum of theirabsolute values-gross primary production (GPP). We used
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three representative cobbles from the streambed for each sample and measured
their surface area using aluminum foil to correct for differences in surface area. All
epilithic biofilm production measurements were taken during peak sunlight hours
between 10 AM and 2 PM using two 90-min incubation periods for light, followed
by dark, measurements. Benthic stream invertebrates were removed from rocks prior
toincubation. We conducted three replicates for each channel at each sampling date
(n=162).Daily GPP per channel was estimated by multiplying the channel average
hourly rate by the number of sunlight hours at each date (n = 54). We estimated daily
ER per channel by multiplying the channel average hourly rate by 24 h at each date
(n = 54). Daily epilithic biofilm production was then estimated for the interval
between each sampling date by averaging the bookend interval values. We mul-
tiplied the average interval value by the number of days in the interval and finally
summed these values to generate cumulative seasonal channel estimates (n = 9).
GPP and ER can both be higher during the day when sunlight and temperatures
peak, so there is some uncertainty around our extrapolated daily and seasonal
estimates. We also collected continuous dissolved oxygen series in all channels
and in the feeder channel, but short water residence times in the channels pre-
vented us from using diel variation in dissolved oxygen to model whole-ecosystem
metabolism.

sampling and Processing Benthic Invertebrates. We sampled benthic stream
invertebrates using a 500-micron Surber sampler at six visit dates 3 wk apart
throughout the experiment. Each sample was a composite of three subsamples
(two riffle and one pool samples for 0.279 m? total) to represent the overall
stream community. We took benthic samples for the Currentand 6-wk treatment
channels (n = 36) and stored them in 70% ethanol. We then subsampled the
composite samples using a rotating-drum splitter in the laboratory to sort and
identify at least 500 individuals from each composite sample under a stereomi-
croscope. All subsamples were completely processed to avoid bias regarding the
size of individuals picked and identified. Benthic stream invertebrates were iden-
tified to the highest resolution possible, typically genus or species level, and all
intact specimens were measured. Benthic stream invertebrate biomass was then
estimated using published taxon-specific length-mass relationships (65-69). The
subsampled community was multiplied by the inverse of the fraction of the total
sample that was identified (e.g., if ¥ of the sample was identified to get a count
over 500 individuals, then the abundance of each taxon was multiplied by 4). We
assigned length values to these extrapolated individuals (and individuals that
could be identified but not measured due to damage) using the length values
from randomly selected individuals of the same taxon in the sample.

We sampled emergent stream invertebrates using emergence traps, each
deployed for 72 h every 3 wk during the experiment. We sampled emergence
four additional times halfway between the 3-wk intervals for every sample visit
after the second one, when flows began to differ between treatments (n = 90 over-
all). We deployed emergence traps at the tail of riffles (to capture the influence
of both riffle and pool habitat) next to HOBO sensors. We identified emergent
insects to genus or family level (depending on taxa), and measured length of
intact specimens. Emergence traps were tent-shaped, covered 0.33 m? of the
stream, and had 0.2-mm white mesh (70). We chose to use emergence traps
over sticky traps or other alternatives because they do not damage individuals,
allowing for fine taxonomicidentification thatis critical to assess phenology (71).
We derived seasonally aggregated values of benthic and emergent abundance or
flux, respectively, as the sum of all samples taken for each channel.

Secondary Production. We estimated benthic stream invertebrate secondary
production via a combination of three methods. We used the size-frequency
method for taxa that were abundant throughout the experiment (i.e., >1% of
total abundance) and had known generation times, excluding Chironomidae,
Oligochaeta, Turbellaria, and Muscidae (72). For Chironomids, we used the
instantaneous growth rate method. Production was calculated using regression
equations for non-Tanypodinae chironomids, which incorporate mean temper-
ature into growth estimates for small, medium, and large chironomids (73).
Finally, we used the production to biomass ratio method (P/B) for the remaining
taxa, including Tanypodinae, by multiplying seasonal biomass by known P/B
ratios in the literature of the closest related taxa possible (74, 75). Uncertainty in
production from P/B ratios is unlikely to affect our results, as taxa in this group
comprised <1% of the total assemblage production. We estimated emergent
insect biomass using published, taxon-specific length-mass relationships (76).
We derived seasonally aggregated estimates of emergent production by taxon,
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by multiplying the average biomass between successive samples by the number
of days in the interval, and by then summing interval estimates for the season.

Brewer's Blackbird Feeding Observations. We noticed Brewer's Blackbirds
(Euphagus cyanocephalus) feeding in the 6-wk treatment channels at the onset
of summer low flow (June 22, 2019). Brewer's Blackbirds were nesting nearby
and waded in the channels to pick benthic macroinvertebrates as food for their
young. We recorded feeding behavior of Brewer's Blackbirds shortly thereafter
to examine whether they altered the invertebrate community in the channels.
We studied Brewer's Blackbird behavior by observing the time duration thatany
bird occupied the benthos of the channels over a 30-min period. We measured
this behavior with a stopwatch and made observations periodically throughout
the remainder of the experiment between noon and 6 PM (77). We switched
our target from daily to weekly observations once Brewer's Blackbirds fledged
and moved to meadow habitat, far (>5 km) from the channels. Two research-
ers conducted these observations each time, with one person observing the six
upper channels and another person observing the three lower channels. Brewer's
Blackbirds were not observed feeding in the channels before summer low flow,
as the high water depth prevented them from wading and they were not yet
nesting at that point.

Data Analysis. For our first prediction that extended summer low flow would
shift epilithic biofilm metabolism phenology, we tested GPP:ER, GPP, and ER
across period-treatment using repeated measures ANOVA and pairwise post hoc
comparisons with the Benjamini-Hochberg correction when appropriate (i.e.,
when period-treatment was significant). We log transformed GPP:ER to improve
the normality of residuals. We assessed cumulative season-long GPP:ER across
treatments using a two-way ANOVA in order to assess whether epilithic biofilm
metabolism varied across low flow treatments. GPP and ER were tested similarly.
Several ANOVA and repeated measures ANOVA tests throughout our analyses
violated the assumption of equal variance (based on a Fligner-Killeen test) but
were still the best available method to test our questions. In such cases, we vis-
ually confirmed that statistical patterns were not driven by a single sample with
high leverage.

For our second prediction regarding stream invertebrate phenology and pro-
duction, we first used permutational multivariate ANOVA (PERMANOVA) tests
based on 999 permutations with the function adonis2 in the vegan R package
in order to quantify benthic and emergent community change over time and
across treatments (78). We also ran pairwise post hoc comparisons with the
Benjamini-Hochberg correction, when appropriate. We estimated community
dissimilarity using the Bray-Curtis statistic, and visualized community trajectories
via non-metric multidimensional scaling (NMDS). We fit individual taxa using
the function envfit, also in the vegan package, and subsequently filtered the taxa
based on which had a highly significant correlation with the NMDS axes (P <
0.002; SIAppendix, Fig. S10 and Tables S6 and $12). Taxa that were significantly
correlated with a NMDS axis were further tested for variation in abundance across
period-treatment.

In order to quantify how period-treatment may change benthic stream
invertebrate taxa populations and emergent flux in aquatic insects, we used
repeated measures ANOVA tests and pairwise post hoc comparisons with the
Benjamini-Hochberg correction when appropriate. We square-root transformed
taxa abundance when needed to improve normality of residuals, although some
skewed distributions did not strictly pass the homogeneity of variance test. We
tested whether shifts in scraper abundance (i.e., grazing invertebrates) occurred
across period-treatment levels to examine the possibility that the experimental
treatment altered top-down (herbivory) control. To this end, we assigned taxa to
functional feeding groups (using ref. 79) and pooled all scrapers to assess their
change over time and treatments.

In order to test whether cumulative seasonal benthic stream invertebrate
secondary production responded to low flow treatment, we used 95% Cls of
bootstrapped data (n = 1,000) from each channel (72).The 95% Cls of the treat-
ments included the 97.5th and the 2.5th percentiles of all values from the same
treatment. We tested whether low flow treatments affected cumulative seasonal
emergent production for the community and individual emergent taxa using a
two-way ANOVA.

Last, we tested response diversity of the 15 most abundant benthic macroin-
vertebrates using dissimilarity abundance responses to discharge change. We
firsttook the derivative of the relationship between abundance and discharge for
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each species, then estimated dissimilarity based on pairwise Euclidean distances
in derivatives between all pairs of species in the community (following ref. 36).
We excluded our first sampling date so that low discharge always corresponded
with warmer conditions. We compared the distribution of dissimilarity values in
our study with previous values reported in the literature, as benchmarks of low
and high response diversity (dissimilarity) levels (36).

For our third prediction, we used piecewise structural equation models with
the psem function in the piecewiseSEM R package in order to mechanistically
test the relationships between discharge, water temperature, benthic production,
and emergent production (80). Piecewise structural equation models allow more
flexibility in model structure (which we needed to run repeated measures linear
mixed effect models) than traditional structural equation models. We focused on
emergent Chironomidae, as that was the only taxon that had time-varying benthic
production (i.e., the instantaneous growth rate method provided time-varying
secondary production, unlike other methods). Calculated growth rates for taxa
are rare in the literature and were unavailable for other taxa in the study. We cal-
culated benthic production using the average biomass between sampling dates,
so that five sampling midpoints were used for analysis in the model. All other
variables were averaged for sample midpoint dates matching benthic production
(n = 30). We further tested the mechanisms and links between discharge and
Chironomidae production with a second model that used benthic and emergent
size along with benthic and emergent abundance. All six sampling dates were
used in this case (n = 36). We log transformed benthic abundance, emergent
abundance, and emergent production to give model residuals a normal distri-
bution. Both piecewise structural equation models were supported for inference
based on the Fisher's C statistic. Model coefficients were standardized by SD for
comparison.

We also used repeated measures ANOVA tests in order to analyze how
period-treatment affected emergent Chironomidae production. We used
pairwise post hoc comparisons with the Benjamini-Hochberg correction for
the ANOVA data. Last, we tested Brewer's Blackbird feeding time using the

1. J.M.Cohen, M.J. Lajeunesse, J. R. Rohr, A global synthesis of animal phenological responses to
climate change. Nat. Clim. Change 8, 224-228 (2018).

2. D.W.Inouye, Climate change and phenology. WIREs Clim. Change 13, €764 (2022).

3. T.LRootetal, Fingerprints of global warming on wild animals and plants. Nature 421, 57-60
(2003).

4. C.Both, M.Van Asch, R. G. Bijlsma, A. B.Van Den Burg, M. E. Visser, Climate change and unequal
phenological changes across four trophic levels: Constraints or adaptations? J. Anim. Ecol. 78,
73-83(2009).

5. A Ozgul et al., Coupled dynamics of body mass and population growth in response to
environmental change. Nature 466, 482-485(2010).

6. W.A.Kurzetal., Mountain pine beetle and forest carbon feedback to climate change. Nature 452,
987-990 (2008).

7. G.Kudo, T.Y.1da, Early onset of spring increases the phenological mismatch between plants and
pollinators. Ecology 94, 2311-2320 (2013).

8. K.H.Beard, K. C.Kelsey, A. J. Leffler, J. M. Welker, The missing angle: Ecosystem consequences of
phenological mismatch. Trends Ecol. Evol. 34, 885-888 (2019).

9. M.Edwards, A. J. Richardson, Impact of climate change on marine pelagic phenology and trophic
mismatch. Nature 430, 881-884 (2004).

10. N.L. Poff, J. D. Olden, D. L. Strayer, “Climate change and freshwater fauna extinction risk” in Saving a
Million Species, L. Hannah, Ed. (Island Press/Center for Resource Economics, 2012), pp. 309-336.

11. D.E.Bowler et al., Cross-realm assessment of climate change impacts on species' abundance trends.
Nat. Ecol. Evol. 1,1-7 (2017).

12. D. L Ficklin, J.T. Abatzoglou, S. M. Robeson, S. E. Null, J. H. Knouft, Natural and managed
watersheds show similar responses to recent climate change. Proc. Natl. Acad. Sci. U.S.A. 115,
8553-8557(2018).

13. S.J.Thackeray et al., Trophic level asynchrony in rates of phenological change for marine, freshwater
and terrestrial environments. Glob. Change Biol. 16,3304-3313 (2010).

14. T.Woods, A. Kaz, X. Giam, Phenology in freshwaters: A review and recommendations for future
research. Ecography 6, 1-14 (2021).

15. D.B.Herbst, S. D. Cooper, R. B. Medhurst, S. W. Wiseman, C.T. Hunsaker, Drought ecohydrology
alters the structure and function of benthic invertebrate communities in mountain streams. Freshw.
Biol. 64,886-902(2019).

16. S.M.Yarnell, J. H.Viers, J. F. Mount, Ecology and management of the spring snowmelt recession.
BioScience 60, 114-127 (2010).

17. V. U.Smakhtin, Low flow hydrology. J. Hydrol. 240, 147-186 (2001).

18. M. Schwartz, A. Hall, F. Sun, D. Walton, N. Berg, Significant and Inevitable End-of-Twenty-First-
Century Advances in Surface Runoff Timing in California's Sierra Nevada. J. Hydrometeorol. 18,
3181-3197(2017).

19. L.T.Stewart, Changes in snowpack and snowmelt runoff for key mountain regions. Hydrol. Process.
23,78-94(2009).

20. R.J.Rolls, C. Leigh, F. Sheldon, Mechanistic effects of low-flow hydrology on riverine ecosystems:
Ecological principles and consequences of alteration. Freshw. Sci. 31, 1163-1186(2012).

21. D.Rosero-Lopez et al., A whole-ecosystem experiment reveals flow-induced shifts in a stream
community. Commun. Biol. 5,420 (2022).

https://doi.org/10.1073/pnas.2310513121

Kruskal-Wallis rank sum test. We specifically tested whether the time that
Brewer's Blackbirds were observed in the channel was explained by low flow
treatment. We also tested whether Brewer's Blackbirds altered the macroin-
vertebrate community following a before-after-control-impact (BACI) design,
focusing on the interaction term between treatment and time (i.e., before
vs. after blackbird presence). We ran a total of six different tests, to explore
potential effects of blackbirds on benthic and emergent invertebrate richness
and abundance (via repeated measures ANOVA models), and on benthic and
emergent composition (viaa PERMANOVA, given the multivariate nature of the
data). If Brewer's Blackbirds caused an effect, we would expect the interaction
term to be significant, reflecting a “difference in difference” between the 6-wk
and Current treatment after the blackbirds’ arrival.

Data, Materials, and Software Availability. Data and code data have been
deposited in Dryad (81).

ACKNOWLEDGMENTS. The work was performed at the University of California
Valentine Eastern Sierra Reserves, and we thank Carol Blanchette and Annie
Barrett for logistical support. We thank Hank Baker, Megan Pagliaro, Amaia
Lamarins, Gauthier Magné, Ludmila Sromek, Zhenhua Sun, Chen Li, Madison
Wood, and Ben Goldstein for help in the field. We are grateful for University
of California undergraduates that assisted in stream invertebrate identification,
especially Ashley Cowell and Grace Dwyer. Funding for this study was provided by
the Sequoia Parks Conservancy along with a grant from the University of California
Valentine Eastern Sierra Reserves. This research was supported in part by the
Margaret C. Walker Fund for teaching and research in systematic entomology.
AR.was supported by UC Berkeley new faculty start-up funds.

Author affiliations: Department of Environmental Science, Policy, and Management,
University of California, Berkeley, CA 94720; ®Sierra Nevada Aquatic Research Laboratory,
University of California, Santa Barbara, CA 93106; and Institute of Biology and Earth
Sciences, Pomeranian University in Stupsk, Stupsk 76-200, Poland

22. S.Domisch, S. C. Jahnig, P. Haase, Climate-change winners and losers: Stream macroinvertebrates
of a submontane region in Central Europe. Freshw. Biol. 56, 2009-2020 (2011).

23. A Harjung et al., Experimental evidence reveals impact of drought periods on dissolved organic matter
quality and ecosystem metabolism in subalpine streams. Limnol. Oceanogr. 64, 46-60(2019).

24. M.A.Palmer,A. Ruhi, Linkages between flow regime, biota, and ecosystem processes: Implications
for river restoration. Science 365, eaaw2087 (2019).

25. H.E.Anderson, L. K. Albertson, D. M. Walters, Water temperature drives variability in salmonfly
abundance, emergence timing, and body size. River Res. Appl. 35, 1013-1022 (2019).

26. J.A.Sheridan, D. Bickford, Shrinking body size as an ecological response to climate change.

Nat. Clim. Change 1,401-406 (2011).

27. L.Bonacina, F. Fasano, V. Mezzanotte, R. Fornaroli, Effects of water temperature on freshwater
macroinvertebrates: A systematic review. Biol. Rev. 98, 191-221(2023).

28. D.Nelson et al., Experimental whole-stream warming alters community size structure. Glob. Change
Biol. 23,2618-2628(2017).

29. C.J.Patrick et al., Precipitation and temperature drive continental-scale patterns in stream
invertebrate production. Sci. Adv. 5,1-10(2019).

30. N.L Poff, J.K. H.Zimmerman, Ecological responses to altered flow regimes: A literature review to
inform the science and management of environmental flows. Freshw. Biol. 55, 194-205 (2010).

31. M.E. Ledger, F.K. Edwards, L. E. Brown, A. M. Milner, G. Woodward, Impact of simulated drought on
ecosystem biomass production: An experimental test in stream mesocosms. Glob. Change Biol. 17,
2288-2297 (2011).

32. 7.S.Dewson,A.B.W. James, R. G. Death, Invertebrate responses to short-term water abstraction in
small New Zealand streams. Freshw. Biol. 52, 357-369 (2007).

33. A.W.Walters, D. M. Post, An experimental disturbance alters fish size structure but not food chain
length in streams. Ecology 89, 3261-3267 (2008).

34. S.Nakano, M. Murakami, Reciprocal subsidies: Dynamic interdependence between terrestrial and
aquatic food webs. Proc. Natl. Acad. Sci. U.S.A. 98,166-170 (2001).

35. C.V.Baxter, K. D. Fausch, W. Carl Saunders, Tangled webs: reciprocal flows of invertebrate prey link
streams and riparian zones. Freshw. Biol. 50, 201-220 (2005).

36. S.R.P-J.Ross, . L. Petchey, T. Sasaki, D. W. Armitage, How to measure response diversity. Methods
Ecol. Evol. 14,1150-1167 (2023).

37. C.Both, S. Bouwhuis, C. M. Lessells, M. E. Visser, Climate change and population declines in a long-
distance migratory bird. Nature 441, 81-83 (2006).

38. N.Chr.Stenseth, A. Mysterud, Climate, changing phenology, and other life history traits:
Nonlinearity and match-mismatch to the environment. Proc. Natl. Acad. Sci. U.S.A. 99, 13379-
13381(2002).

39. M. Dossena et al., Warming alters community size structure and ecosystem functioning. Proc. R. Soc.
BBiol. Sci. 279, 3011-3019 (2012).

40. V. Devictor et al., Differences in the climatic debts of birds and butterflies at a continental scale.
Nat. Clim. Change 2,121-124 (2012).

41. N. L Poff et al,, The natural flow regime: A paradigm for river conservation and restoration.
BioScience 47,769-784 (1997).

42. G.Yvon-Durocher, J. 1. Jones, M. Trimmer, G. Woodward, J. M. Montoya, Warming alters the
metabolic balance of ecosystems. Philos. Trans. R. Soc. B Biol. Sci. 365,2117-2126 (2010).

pnas.org



43.
44.
45.
46.

47.

48.
49.
50.
51,
52.
53.
54.
55.

56.

57.

58.

59.
60.
61.

62.

PNAS 2024 Vol. 121

A.M. Suren, B.J. F. Biggs, C. Kilroy, L. Bergey, Benthic community dynamics during summer low-flows
in two rivers of contrasting enrichment 1. Periphyton. N. Z. J. Mar. Freshw. Res. 37,53-70 (2003).
H.V. Leland, J. L. Carter, Effects of copper on production of periphyton, nitrogen fixation and
processing of leaf litter in a Sierra Nevada, California, stream. Freshw. Biol. 15,155-173 (1985).

R. 0. Hall, E. R. Hotchkiss, “Stream metabolism” in Methods in Stream Ecology, F. R. Hauer,

G.A. Lamberti, Eds. (Elsevier, 2017), pp. 219-233.

H. Leland, S. Fend, J. Carter, A. Mahood, Composition and abundance of periphyton and aquatic
insects in a Sierra Nevada, California, stream. Gt. Basin Nat. 46, 595-611(1986).

E.A. Scholl, H. M. Rantala, M. R. Whiles, G. V. Wilkerson, Influence of flow on community structure
and production of snag-dwelling macroinvertebrates in an impaired low-gradient river. River Res.
Appl. 32, 677-688 (2016).

X. Chevillot et al., Toward a phenological mismatch in estuarine pelagic food web? PLoS One 12,
€0173752(2017).

M. Schleuning et al., Trait-based assessments of climate-change impacts on interacting species.
Trends Ecol. Evol. 35,319-328 (2020).

J.U.Jepsen et al., Rapid northwards expansion of a forest insect pest attributed to spring phenology
matching with sub-Arctic birch. Glob. Change Biol. 17,2071-2083 (2011).

R.J.Knell, S.J. Thackeray, Voltinism and resilience to climate-induced phenological mismatch.
Clim. Change 137, 525-539 (2016).

H. M. Kharouba, E. M. Wolkovich, Disconnects between ecological theory and data in phenological
mismatch research. Nat. Clim. Change 10, 406-415 (2020).

J.R. Blaszczak et al., Extent, patterns, and drivers of hypoxia in the world's streams and rivers.
Limnol. Oceanogr. Lett. 8, 453-463 (2023).

A.V. Nebeker, Effect of low oxygen concentration on survival and emergence of aquatic insects.
Trans. Am. Fish. Soc. 101, 675-679 (1972).

P.S. Lake, Ecological effects of perturbation by drought in flowing waters. Freshw. Biol. 48,
1161-1172 (2003).

P. Saffarinia, K. E. Anderson, D. B. Herbst, Effects of experimental multi-season drought on
abundance, richness, and beta diversity patterns in perennially flowing stream insect communities.
Hydrobiologia 849, 879-897 (2022).

A.S.Ward, M. N. Gooseff, P. A. Johnson, How can subsurface modifications to hydraulic conductivity
be designed as stream restoration structures? Analysis of Vaux's conceptual models to enhance
hyporheic exchange. Water Resour. Res. 47,1-13(2011),10.1029/2010WR010028.

K. Leathers, D. Herbst, M. Safeeq, A. Ruhi, Dynamic, downstream-propagating thermal vulnerability
in a mountain stream network: Implications for biodiversity in the face of climate change. Limnol.
Oceanogr. 68,5101-5114(2022).

T. Das, M. D. Dettinger, D. R. Cayan, H. G. Hidalgo, Potential increase in floods in California’s Sierra
Nevada under future climate projections. Clim. Change 109, 71-94(2011).

| Bartomeus et al., Biodiversity ensures plant-pollinator phenological synchrony against climate
change. Ecol. Lett. 16,1331-1338(2013).

T.M. Jenkins, S. Diehl, K. W. Kratz, S. D. Cooper, Effects of population density on individual growth of
brown trout in streams. Ecology 80, 941-956 (1999).

C.T.Hunsaker, T.W. Whitaker, R. C. Bales, Snowmelt runoff and water yield along elevation and
temperature gradients in California’s Southern Sierra Nevada. J. Am. Water Resour. Assoc. 48,
667-678(2012).

No. 14 e2310513121

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

H. E. Anderson, L. K. Albertson, D. M. Walters, Thermal variability drives synchronicity of an aquatic
insect resource pulse. Ecosphere 10, 02852 (2019).

C.McNeely, M. E. Power, Spatial variation in caddisfly grazing regimes within a northern California
watershed. Ecology 88, 2609-2619 (2007).

A.C.Benke, A. D. Huryn, L. A. Smock, J. B. Wallace, Length-mass relationships for freshwater
macroinvertebrates in North America with particular reference to the Southeastern United States.
J. North Am. Benthol. Soc. 18, 308-343 (1999).

T.A. Johnston, R. A. Cunjak, Dry mass-length relationships for benthic insects: A review with new
data from Catamaran Brook, New Brunswick, Canada. Freshw. Biol. 41, 653-674(1999).

M. Méhrlein, M. Pétzig, M. Brauns, A. M. Dolman, Length-mass relationships for lake
macroinvertebrates corrected for back-transformation and preservation effects. Hydrobiologia 768,
37-50(2016).

R. 0. Hall, M. F. Dybdahl, M. C. VanderLoop, Extremely high secondary production of introduced
snails in rivers. Ecol. Appl. 16, 1121-1131(2006).

M. L. Miserendino, Length-mass relationships for macroinvertebrates in freshwater environments of
Patagonia (Argentina). Ecol. Austr. 11, 3-8 (2001).

R. L. Malison, J. R. Benjamin, C.V. Baxter, Measuring adult insect emergence from streams: The
influence of trap placement and a comparison with benthic sampling. J. North Am. Benthol. Soc. 29,
647-656(2010).

C.V. Baxter, T.A. Kennedy, S. W. Miller, J. D. Muehlbauer, L. A. Smock, "Macroinvertebrate drift,
adultinsect emergence and oviposition” in Methods in Stream Ecology, F. R. Hauer, G. A. Lamberti,
Eds.(Elsevier, 2017), vol. 1, pp. 435-456.

A.C.Benke, A. D. Huryn, "Secondary production of macroinvertebrates” in Methods in Stream
Ecology, F. R. Hauer, G. A. Lamberti, Eds. (Elsevier, 2007), pp. 691-710.

D.A. Walther, M. R. Whiles, M. B. Flinn, D. W. Butler, Assemblage-level estimation of nontanypodine
chironomid growth and production in a southern lllinois stream. J. North Am. Benthol. Soc. 25,
444-452 (2006).

C. C.Krueger, T. F. Waters, Annual production of macroinvertebrates in three streams of different
water quality. Ecology 64, 840-850 (1983).

D. M. Stagliano, M. R. Whiles, Macroinvertebrate production and trophic structure in a tallgrass
prairie headwater stream. J. North Am. Benthol. Soc. 21,97-113(2002).

J. L. Sabo, J. L. Bastow, M. E. Power, Length-mass relationships for adult aquatic and terrestrial
invertebrates in a California watershed. J. North Am. Benthol. Soc. 21, 336-343 (2002).

M. Griesser, P. Halvarsson, S. M. Drobniak, C. Vil, Fine-scale kin recognition in the absence of
social familiarity in the Siberian jay, a monogamous bird species. Mol. Ecol. 24, 5726-5738
(2015).

J. Oksanen et al., Vegan: Community Ecology Package (Version 2.6-2 April 2022, The
Comprehensive R Archive Network, 2022).

N.K.M.Vieira et al., A database of lotic invertebrate traits for north america. US Geol. Surv. Data Ser.
187,1-15(2006).

J.S. Lefcheck, PIECEWISESEM: Piecewise structural equation modelling in R for ecology,
evolution, and systematics. Methods Ecol. Evol. 7, 573-579 (2016).

K. Leathers, D. B. Herbst, G. de Mendoza, G. Doerschlag, A. Ruhi, Data for: Climate change is poised
to alter mountain stream ecosystem processes via organismal phenological shifts. Dryad. https:/
doi.org/10.6078/D10712. Deposited 19 February 2024.

https://doi.org/10.1073/pnas.2310513121

11 of 11


https://doi.org/10.1029/2010WR010028
https://doi.org/10.6078/D10712
https://doi.org/10.6078/D10712

	Climate change is poised to alter mountain stream ecosystem processes via organismal phenological shifts
	Significance
	Results
	Effects of Earlier, Extended Low Flows on Abiotic Variables and Epilithic Biofilm.
	Effects of Earlier, Extended Low Flows on Invertebrate Communities.
	Causal Pathways Connecting Low Flows to Cross-Ecosystem Resource Pulses.

	Discussion
	Materials and Methods
	Experimental Design.
	Monitoring of Environmental Variables.
	Estimation of Epilithic Biofilm Metabolism.
	Sampling and Processing Benthic Invertebrates.
	Secondary Production.
	Brewer’s Blackbird Feeding Observations.
	Data Analysis.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 26





