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While an array of ecological mechanisms has been shown to stabilize natural community
dynamics, how the effectiveness of these mechanisms—including both their direction
(stabilizing vs. destabilizing) and strength—shifts under a changing climate remains
unknown. Using a 35-y dataset (1985 to 2019) from a desert stream in central Arizona
(USA), we found that as annual mean air temperature rose 1°C and annual mean pre-
cipitation reduced by 40% over the last two decades, macroinvertebrate communities
experienced dramatic changes, from relatively stable states during the first 15 y of
this study to wildly fluctuating states highly sensitive to climate variability in the last
10 y. Asynchronous species responses to climatic variability, the primary mechanism
historically undergirding community stability, greatly weakened. The emerging climate
regime—specifically, concurrent warming and prolonged multiyear drought—resulted
in community-wide synchronous responses and reduced taxa richness. Diversity loss and
new establishment of competitors reorganized species interactions. Unlike manipulative
experiments that often suggest stabilizing roles of species interactions, we found that
reorganized species interactions switched from stabilizing to destabilizing influences,
further amplifying community fluctuations. Our study provides evidence of climate
change-induced modifications of mechanisms underpinning long-term community
stability, resulting in an overall destabilizing effect.

climate change | community stability | compensatory dynamics |
community-wide synchronous responses | ecosystem resilience

Long-term stability of natural ecosystems is critical for the sustainable delivery of ecosystem
functions and services. Both theoretical analyses and field observations have shown that
natural communities can buffer against environmental fluctuations and maintain temporal
stability (as relatively low variance in biomass and species richness) through an array of
mechanisms (1-7). Asynchrony in species responses to environmental fluctuations has
been widely recognized as a major mechanism underpinning community stability (6, 8-10).
‘This mechanism can produce compensatory dynamics; that is, the decrease in abundance
of one species is compensated by increased abundance of other species (11). Biodiversity
(number of species) and species interactions such as predation can also reduce temporal
fluctuations of community biomass (8, 12, 13). Predation can prevent monopolization or
overproliferation of one species, promoting biodiversity and stability (12). In addition,
highly resilient dominant species, as a result of their specific life history traits and pheno-
typic plasticity, also contribute to temporal stability of certain communities (14, 15).
Despite this buffering capacity, climate change—including warming and increased fre-
quency and magnitude of extreme events—has modified habitats worldwide, leading to
species range and phenology shifts, biodiversity loss, novel community composition, and
reorganized species interactions (16-20). Despite these changes being well known, it
remains unclear whether the foundational mechanisms underlying community stability
are still effective and sufficient to maintain long-term stability.

Under a changing climate, mechanisms historically undergirding community stability
could be weakened or become ineffective (21, 22). Within a certain climatic range, a
variety of species might thrive under different local climatic conditions, leading to asyn-
chronous species responses to climatic variability. However, if the changing climate deviates
far beyond its historical domain, it is likely that most extant native species will be negatively
affected, resulting in community-wide synchronous species responses, and eroding asyn-
chrony in species responses and compensatory dynamics. Previous long-term observations
show that extreme events can cause extensive mortality of dominant species, introducing
nonlinear species responses to the newly altered environment (21). Loss of species or
changes in their relative abundances consequently alter species interactions within a com-
munity, leading to reorganized species interactions with new network structure and inter-
action strengths (20). For example, the loss of large, top predators can have cascading
effects on lower trophic levels, such as the outbreak of an intermediate trophic level and
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the subsequent collapse of the next lower trophic level (23).
However, climate change can also introduce novel species into a
community, building new links into species interaction networks
(19). Great uncertainties remain on whether and under which
conditions the reorganization of species interactions will dampen
or amplify community responses to increasing climate variability
(22). Current understanding about the role of reorganized species
interactions has been limited to a few manipulative experiments,
whose results often suggest dampening effects (24, 25). For
instance, in a grassland experiment, in response to increased pre-
cipitation, species richness and biomass increased initially, but
later, these positive responses were reversed by reorganized species
interactions (24). In stream mesocosms, drought caused partial
collapse of a food web, but the reorganized food web preserved
its core structure, allowing the community to function as robustly
as the previous one (25).

While manipulative experiments are a powerful approach to
understand underlying mechanisms, they often suffer from inad-
equate representations of the complexity of natural ecosystems
(21). Communities in natural ecosystems are exposed to multidi-
mensional climate change (e.g., warming, floods, and drought)
(26) and are embedded in a larger, more complicated environment
where regional climate change alters landscape features such
as land cover, exerting regional effects on local communities
(21, 27). Itis uncertain to what extent results derived from exper-
iments can apply to complex natural communities (22). Direct
evidence from long-term observations on the role of reorganized
species interactions will provide strong complementary insights,
but so far, such evidence is rare. Furthermore, the stability of
natural communities is often supported by multiple intertwined
mechanisms (28, 29). The weakening of one mechanism may
influence the effectiveness of other mechanisms. Interactions such
as those between different mechanisms have rarely been explored.
In this study, we ask: 1) How does climate change modify the
effectiveness of various stabilizing mechanisms—including their
direction (stabilizing vs destabilizing) and strength in natural com-
munities? And 2) how do different mechanisms orchestrate novel
community dynamics under multidimensional climate change?

To address our research questions, it is essential to have obser-
vations or manipulative experiments that cover a sufficiently long
period comparable to the timescale of climate change (21, 24, 30).
Ecological consequences of climate change are likely to emerge
early in ecoregions that are most sensitive to climate change, such
as dryland ecosystems (31). Here, we compiled a long-term dataset
spanning four decades from Sycamore Creek (SIAppendix,
Fig. S1), a dryland stream in Arizona (USA) (32). The dataset
includes hourly air temperature and daily discharge of 1980 to
2021, along with 18-y monitoring of biotic communities. The
biotic data are weekly to monthly measurements of algal, macro-
phyte, and macroinvertebrate communities in March-July after
winter flood disturbances during two periods: 1985 to 1999 (here-
after “historical period”) and 2010 to 2019 (hereafter “recent
period”). The two periods have 6 gap years (i.e., 1988, 1990, 1991,
1996, 1998, and 2018) due to funding limitation or lack of water
in the stream (more information provided in S/ Appendix, Text
S1). In the historical period, mean annual air temperature fluctu-
ated but did not show a significant warming trend (Fig. 1A4).
Interannual hydrology varied widely (Fig. 1B and SI Appendix,
Fig. $2C), similar to most streams in arid regions with flashy
hydrographs (33, 34). Since 2000, mean annual air temperature
at this site increased by 1 °C with a warming rate of 0.05 °Clyear
(Fig. 1A and SI Appendix, Fig. S3A), comparable to the rate of
warming worldwide (17). Along with rising air temperature, this
site. became drier in the recent period, showing a decreased
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precipitation by 40% (Fig. 1D and S/ Appendix, Fig. S3C) and an
increased number of zero-flow days (Fig. 1E). Moreover, consec-
utive 2-y and 3-y droughts became more frequent, especially
between 2011 and 2016 (smaller dots and higher bar in Fig. 1B,
and the wider blue—green area in 2011 to 2016 in Fig. 1C; more
detailed analysis of hydroclimatic alteration is in SI Appendix,
Fig. S4 and 7exr S2). These patterns are consistent with increasing
drought and climate variability predicted for this region (31, 35).
In addition, after the U.S. Forest Service removed cattle grazing
from the watershed around 2000, wetland plants began to colonize
the stream and their extent has greatly expanded under climate
change (36). While the wetland species are not novel to the system
(historically abundant before the late 19th century, but later lost
by grazing and climate variations) (37), their reestablishment and
dramatic increase after 2000 may provide insights into the effect
of newly colonizing species, which is expected to become more
common with large-scale species range shift under climate change
(19). Overall, the distinct hydroclimatic regimes in the historical
and recent periods and the recent colonization of wetland species,
coupled with comprehensive long-term biological datasets, provide
us with the rare opportunity to address our research questions.

In what follows, we first focus on macroinvertebrate commu-
nity, the consumers of this ecosystem, characterizing temporal
stability of community dynamics by comparing the historical and
the recent periods. Second, we quantify the level of asynchrony
in species—environment interactions and its contribution to com-
pensatory dynamics. Finally, we consider the macroinvertebrate
community in a broader context, linking it with primary produc-
ers and abiotic environmental factors (i.e., air temperature, winter
floods, and summer droughts) through causal network analyses
to gain a holistic understanding of how multiple mechanisms
interact to enhance or weaken the stability of the entire ecological
community.

Results

Dramatically Reduced Interannual Stability of Community
Abundance and Biomass. We found that interannual variations in
both total abundance and total biomass of the macroinvertebrate
community increased dramatically from the historical to the recent
period. The coefficient of variation (CV) of total biomass increased
by around threefold from 0.35 [90% CI: (0.20, 0.54)] to 1.57
[(0.69, 2.08)] (Fig. 2 Cand D and SI Appendix, Fig. S5 A and B).
It is more dramatic in number per wetted stream length, taking
into account the expansion and contraction of stream wetted area
with hydrology (SI Appendix, Fig. S5C). The minimum yearly
biomass density of the recent period (0.47 g/m3 in 2013) was
only ~45% of that in the historical period (1.04 g/m3 in 1987).
‘The macroinvertebrate biomass was stuck in this very low level for
3 y between 2013 and 2016 (Fig. 2D). In contrast, in the recent
period, the maximum biomass density, which occurred in a very
wet year 2010 that followed on two wet years (2008 to 2009),
was almost six times higher than the maximum of the historical
period, that is, 47.53 g/m’ (2010) vs. 7.41 g/m’ (1992). Such
increased community fluctuations were also observed at another
two sites several kilometers upstream and downstream of our focal
study site (SI Appendix, Figs. S6 C and D and S7), indicating
that this was likely a pattern across the whole system. In addition
to the increased community fluctuations, results from Bayesian
multiple regressions suggest that in the recent period, total biomass
of the macroinvertebrate community became very sensitive to
the intensity of summer drought (Fig. 2B) and mean annual air
temperature (SI Appendix, Fig. S8). The increased magnitudes of
fluctuations and sensitivity to climatic variability in the recent
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Fig. 1. Characteristics of the four-decade climatic and hydrologic regimes in Sycamore Creek (AZ): (A) mean annual air temperature, (B) number of annual zero-
flow days in the stream to represent drought intensity (bars), and mean discharge during the winter flood season (October-March) to represent flood magnitude
(area of blue points), (C) wavelet power variations of mean daily discharge over time, (D) comparison of annual mean precipitation between the two periods,
and (E) comparison of number of zero-flow days in sampling season (March-July) between the two periods. Wavelet power spectrum is generally proportional
to the magnitude of flood events, that is, dry years are characterized by lower spectrum denoted in blue-green colors in (C). Note that after around 2011, the
red signal (i.e., high wavelet spectrum indicating floods) between the periods of 1 to 3 y almost disappeared, indicating the emergence of consecutive 2 to 3-y
droughts. Stars below (A) indicate the years with macroinvertebrate observations. The P values in (D and E) indicate the significance level of change between the

two periods by the t test with equivalent sample sizes.

period contrast with the patterns in the historical period, when
total biomass of macroinvertebrates was not correlated with either
drought intensity or air temperature (Fig. 24 and S/ Appendix,
Fig. $8) and hence was relatively stable from year to year (Fig. 2C),
regardless of the high interannual variability in hydrology (Fig. 1B).

Asynchronous Species Responses to Climate Variability Un-
dergirding Historical Community Stability. To gain better insights
into the underlying mechanism of such a shift in community response
to the environment, we used Bayesian multiple regressions with
antecedent effects (38) to quantify the total effect of hydrological
conditions on the eight taxonomic groups of macroinvertebrates
(Fig. 2 A and B). We found that asynchronous species responses
to climatic variability played a critical role in stabilizing the
macroinvertebrate community in the historical period. Odonata
(large top predators) and Ephemeroptera (collector-gatherers)
flourished in wet years, with their abundance significantly, negatively
correlated with the severity of summer drought (measured as the
number of zero-flow days in the sampling season; points in Fig. 24).
Coleoptera (collectors and predators) and Gastropoda (grazers and
collectors), on the contrary, were abundant in dry years with their
abundance significantly, positively correlated with the severity
of summer drought. The abundances of these four groups were
largely associated with summer hydrology of the current year (bars
in Fig. 24), with negligible effects of antecedent conditions. While
Oligochaeta (worms) also preferred dry years, they were more
responsive to summer hydrology of the preceding year (bars in
Fig. 24). The abundances of the remaining three groups, Trichoptera,
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Lepidoptera, and Diptera, were not correlated with hydrological
conditions. Such diverse responses to summer drought not only
occurred at the class/order level but also existed at a finer taxonomic
resolution, i.e., diverse responses by different families/genera within
an order (e.g., within Ephemeroptera, Diptera, and Coleoptera)
(SI Appendix, Table S1). As a result of the mixed correlations (negative
and positive) between the hydrological condition and abundances
of different macroinvertebrate groups, the total biomass each year
was not significantly correlated with hydrological conditions and
was relatively stable (Fig. 2 A and C). Such asynchronous species
responses likely generated compensatory dynamics. The variance
ratio (VR), a metric to quantify compensatory dynamics (11), was
equal to 0.88 (<1 denotes the presence of compensatory dynamics)
and ~60% of taxa—taxa covariances were negative (SI Appendix,
Fig. S94). By resampling the observed community composition
data in the historical period with the block bootstrapping method,
the probability of VR < 1 was ~70 %. These results suggest a high
likelihood of compensatory dynamics occurring in the historical
macroinvertebrate communities.

Shifting from Asynchronous to Synchronous Responses to Climate
Variability and Reduced Species Richness in the Recent Period.
In the recent period, these mixed correlations between drought
and macroinvertebrate abundance were replaced by solely negative
correlations for almost every group (Fig. 2B and SI Appendix,
Table S1). Severity of summer drought still had a significantly
negative effect on Odonata and Ephemeroptera, but the effect
sizes were ~3 to 15 times greater. Diptera, a large group of usually
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Fig. 2. Total and antecedent effects with mean and its +90% credible intervals of summer drought (measured as the number of zero-flow days during the
post-winter flood sampling season) on macroinvertebrate abundance in the (A) historical period (1985 to 1999, n = 90) and (B) recent period (2010 to 2019, n = 28),
and yearly macroinvertebrate community dynamics (total biomass) in the (C) historical and (D) recent periods. Here, w, is the weight (relative importance) of
current year's hydrology; w_, is the weight of last year's hydrology; and w_, is the weight of second last year's hydrology. CV is coefficient of variation, higher CV
indicating lower temporal stability. VR is variance ratio: VR < 1 represents compensatory dynamics, and >1 denotes synchronous dynamics. Credible intervals

were inferred by Bayesian methods.

small-sized macroinvertebrates, became highly sensitive to the
intensity of summer drought (Fig. 2B), with the abundance in the wet
year 2010 12 times higher than the average value over the historical
period (8] Appendix, Fig. $10). Gastropoda, whose abundance was
higher in drier years according to historical observations (Fig. 24),
instead showed a significantly negative correlation with the severity
of summer drought in the recent period (Fig. 2B). Moreover,
Gastropoda were more correlated to the drought intensity of both
current and antecedent years, suggesting potentially cumulative
negative effects of multiyear droughts. The correlation between
summer drought and the abundance of Coleoptera, a fraction of
which (e.g., adult Dytiscidae) were likely predators of Gastropoda
(39, 40), also switched from positive to negative. Such sweeping
negative responses to the severity of summer drought led to the
dominance of positive taxa-taxa covariances (S Appendix, Fig. SOB)
and synchronous dynamics in the community (VR = 1.73 witha90 %
CI of [1.22, 2.96] and VR > 1 denotes synchronous dynamics).
Together, they dramatically amplified interannual variability in
community abundance and biomass.

40f12 https://doi.org/10.1073/pnas.2218501120

The synchronous negative responses to summer drought were
accompanied by reduced taxa richness and simplified community
structure (Fig. 3). We found that taxa richness in the recent period
was significantly lower than that of the historical period (z=2.758,
df = 9.684, P = 0.021), especially in these consecutive dry years
(2012, 2015 to 2016; Fig. 3 A and B). Ordination analysis shows
that macroinvertebrate community composition in normal and
wet years was similar across historical and recent periods (uncircled
points toward the Bottom Left in Fig. 3C). However, community
structure in recent dry years was distinct from the historical dry
years (left ovals in Fig. 3C) and was greatly simplified, dominated
by small-sized Diptera and Oligochaeta (right oval in Fig. 3C). In
dry years (e.g., 1989 and 1999) of the historical period, although
the abundance of species that prefer wet years such as Ephemeroptera
and Odonata decreased, they were present almost every year
(SI Appendix, Fig. S11 A and B). However, these species were extir-
pated in consecutive dry years of the recent period (see the red box
in 81 Appendix, Fig. S11 A and B). The synchronous dynamics and
the reduced taxa richness emerging in the recent period imply that
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the system might have undergone profound changes in its abiotic
environment or species interactions or both.

Synergetic Effects of Multidimensional Climatic Change Driving
the Shift in Species Responses to Climatic Variability. The
synchronized species responses to climate variability and reduced taxa
richness likely resulted from synergetic effects of multidimensional
climatic change—co-occurrence of warming and drought. Structural
causal modeling (Fig. 4) shows that the two major external drivers
of our study system, air temperature and hydrological conditions
(winter flood and summer drought), became increasingly correlated
since 2000, when air temperature started to show a clear warming
trend (87 Appendix, Fig. S13 and Fig. 14), leading to a synergistic
effect. This contrasts with the historical period when the two drivers
were largely independent (Fig. 4 A, ® and @). When dry years
cooccurred with hot years, the severity of summer drought was
greatly intensified by multiple pathways (Fig. 4 B, ©®-®). Warming
directly elevated stream evapotranspiration. On top of that,
decreased precipitation and lower flood magnitude (S Appendix,
Fig. S4) facilitated the expansion of macrophytes and wetland plants
(hereafter referred to as “macrophytes” collectively; see ST Appendix,

PNAS 2023 Vol.120 No.39 e2218501120

Table S2 for dominant plant species) in the stream (Fig. 4 B, ®).
Collectively, they induced much higher evapotranspiration and a
much intensified summer drought in dry and hot years (36). The
synchrony of warming and drought, particularly in consecutive
dry years (e.g., 2014 to 2016), might have formed a new climate
that could dramatically alter stream habitats, exerting strong
negative effects on most species. For example, in a very dry year
(2018), we found that water temperature increased linearly with
air temperature, reaching a daily mean temperature >30 °C in June
and July (8] Appendix, Fig. S14A). However, in wet years (2019 to
2020), water temperature increased linearly with air temperature to
a certain degree and then leveled off, resulting in daily mean water
temperature <23 °C throughout the year (S Appendix, Fig. S14 B
and O).

Reorganized Species Interactions Further Destabilizing Com-
munities. Reorganized species interactions, including altered
competition dynamics among primary producers (algae and
macrophytes) and its propagating effect onto producer-consumer
relationships, became a destabilizing force in the recent period.
Historically, algaec were the predominant primary producers
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Fig. 4. Causal networks among abiotic and biotic components of the Sycamore Creek ecosystem in the (A) historical period (1980 to 2000, n = 21 for yearly
abiotic data, n = 86 for algae, n = 90 for macroinvertebrates), and (B) recent period (2001 to 2021, n = 21 for yearly abiotic data, n = 37 for algae and macrophytes;
n = 28 for macroinvertebrates). Arrows represent a direct causal link. The number adjacent to each line denotes the effect size of that causal link. If an effect
size is statistically significant at the 90% credible interval, the effect size is labeled with a star, and the arrow is a solid line; otherwise, the arrow is a dashed
line. Black lines represent positive correlations, and red lines represent negative correlations. Line width is proportional to the effect size. “Air temperature” is
represented by mean annual air temperature. “Winter flood” is calculated with mean discharge in the winter flood season (October-March). “Summer drought”
is quantified by the number of zero-flow days in the sampling season (March-July). Macrophytes refers to mean coverage width of macrophytes and wetland
plants along transects. As macrophytes colonized the system after cattle removal in 2000, we only included it in the causal network (B). “Algae” is represented
by mean chlorophyll a concentration, and “Macroinvertebrates” refers to total biomass of macroinvertebrate communities.

(coverage > 90%, SI Appendix, Fig. S15) and the main food sources
of macroinvertebrates in Sycamore Creek (33). Algae were highly
resilient to winter floods—they recovered rapidly from floods and
were prevalent in the entire wetted stream area over the after-
winter flood succession (May to July) (87 Appendix, Fig. S16A)
(4, 33). The high resilience and abundance of the algal community
underpinned stability of the macroinvertebrate communities in
the historical period, with macroinvertebrate biomass significantly
correlated with algal abundance (Fig. 4 4, ®). The resilient primary
producers provided a stable foundation for the functioning
of asynchronous species responses to climate variability and
compensatory dynamics in the consumer (macroinvertebrate)
community.

In the recent period, however, the expansion of macrophytes
imposed strong, negative effects on algal growth (Fig. 4 B, @), and
the stability of the algal community at both interannual and seasonal
scales decreased (SI Appendix, Figs. S15 and S16B). Apart from
2010 (a wet year with few macrophytes in the stream), which resem-
bled algal patterns in historical years, in normal and dry years,
although algae still peaked in May, algal coverage declined to nearly
0% in July (S Appendix, Fig. S16B), presumably outcompeted by
macrophytes owing to shading and nutrient competition. With
algae declining in abundance and increasing in sensitivity to climatic
variability (Fig. 4 B, ®), macroinvertebrate biomass was no longer
directly correlated with algal abundance (Fig. 4 B, ®). As a result,
the effect of macrophytes on macroinvertebrates via algae was rela-
tively small (Fig. 4 B, @ and ®), compared to the strong direct effects
of the environment (air temperature and summer drought; Fig. 4
B, @ and @). Since algae are more nutritious than macrophytes for
higher trophic levels (41), the loss of the association with such a
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historically stable, high-quality food source further undermined the
stability of the macroinvertebrate communities.

Discussion

Modification of Mechanisms Governing Community Stability.
We found that as annual mean air temperature increased by 1°C
and precipitation reduced by 40% over the past two decades,
warming combined with prolonged, multiyear drought drove
macroinvertebrate communities in a dryland stream to a new
state of much lower stability and much higher sensitivity to
environmental fluctuations. We show that historically, algae
as stable primary producers providing a stable food source for
consumers (macroinvertebrates), combined with asynchronous
responses of consumers to climate variability (Fig. 5 C and E),
gave rise to community stability as low variation in biomass
and richness. The asynchronous responses occurred both at
the family/genus level within the same order (87 Appendix,
Table S1) and across different orders/classes (Fig. 2 A and B).
These mechanisms have also been commonly evoked to
explain community stability in other ecosystems empirically
(8, 12, 28, 42) and theoretically (6, 7, 9, 10). Furthermore,
these mechanisms do not act independently. The stability of
primary producers and their tight coupling with consumers
support asynchronous responses of consumers to climate
variability. Because of the stable and abundant supply of primary
producers, the decreases of some groups of macroinvertebrates in
a fluctuating environment could be compensated by the increases
of other consumer groups, maintaining the overall community

stability (Fig. 5 £ and G).
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Fig. 5. Conceptual diagram of how various mechanisms buffer or amplify community sensitivity to climate variability. (A and B) Climate change alters the
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and gray ones indicate taxa historically insensitive to the environment. Color arrows indicate the cascading effects of climate change.

Within a new climate domain, however, these mechanisms
became less effective or failed completely. We found cascading
effects of climate change on the effectiveness of these stability
mechanisms (color arrows in Fig. 5). The cascading effects were
initiated by the synergetic effects of warming and drought, par-
ticularly the multiyear drought, which can dramatically alter hab-
itats (Fig. 5B). The extent of alteration likely exceeded tolerances
of most species, triggering community-wide, nonlinear species
responses to the environment beyond a threshold (Fig. 5D). Such
synchronized negative responses reduced species richness (Fig. 5F)
and total biomass (Fig. 5H) in dry years. The reduction of species
richness combined with the newly established wetland species led
to reorganization of species interactions (Fig. 5F). However, under
the new climate regime, reorganized species interactions did not
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dampen but further amplified synchronized species responses to
environment fluctuations. Given these cascading effects, long-term
community dynamics shifted from compensatory dynamics to
synchronous dynamics. Below, we discuss two key components
of the cascading effects.

The cascading effects are triggered by climate change altering
habitats to the degree that most species might not thrive or survive
in them, resulting in synchronized nonlinear species responses. Such
dramatic habitat change can be created by pulse-type extreme events
(21), synergetic effects of multistressors, and simultaneous effects
of climate change from local and regional scales (43). As shown in
our study, although the mean annual air temperature differences
between a hot and a normal year are <2 °C (Fig. 14), water tem-
perature differences can be amplified by up to 10 °C during the
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summer drought season if a hot year co-occurs with drought
(81 Appendix, Fig. S14). Drier years facilitate the growth of much
more extensive macrophytes which slow down flows and increase
evapotranspiration (36, 37); thus, the rate of surface water loss by
already high evaporation in hot years is exacerbated by rapid tran-
spiration. This results in lower stream discharge and spatially inter-
mittent flow of small, scattered patches, which can dramatically
increase stream temperature and reduce dissolved oxygen concen-
tration (40, 44—46). Furthermore, at the watershed scale, the con-
currence of warming and drought facilitated the expansion of
shrubs/scrubs in replacement of evergreen forests (SI Appendix,
Fig. S7 and Table S3), likely reducing watershed water storage,
groundwater level, and cold water refuge for species (35, 47). In
response to habitat change, all taxa were negatively affected by
droughts (Fig. 2B). While some taxa (e.g., Gastropoda and
Coleoptera) increased their abundance in dry years when the degree
of drought was within a certain range (Fig. 24 and SI Appendix,
Fig. S11Cin 1989, 1999, 2011, and 2012), we found that above
a threshold, their abundance started to decline remarkedly
(81 Appendix, Fig. S11C in 2013 to 2016). This indiscriminate
negative effect of drought substantially decreased taxa richness and
promoted the establishment of macrophytes (Fig. 3).

With overall reduction in macroinvertebrate richness and the
establishment of macrophytes, reorganization of species interac-
tions further reduced community stability. We show that, in recent
dry years, macrophytes outcompeted the historically stable algal
community. The outcome of this competition dynamics might
have induced the lowered abundance and richness of macroinver-
tebrate community in dry years (the right food web in Fig. 57).
More importantly, the decrease in macroinvertebrate taxa richness,
induced by consecutive dry years, might have contributed to the
dramatic increase in total biomass of macroinvertebrate commu-
nity in wet years after dry periods. We observed that total biomass
in recent dry years is much lower than that in similar dry years in
the historical period, but the wet-year total biomass in the recent
period is much higher than similar wet years in the historical
period (Fig. 2 Cand D). We speculate that such amplified biomass
fluctuations are associated with reorganized species interactions.
In consecutive dry years, species that prefer wet years disappeared
(SI Appendix, Fig. S11 A and B). This contrasts with the historical
period—while their abundance decreased in dry years, they per-
sisted almost every year. Their persistence in dry years, although
at low abundance, provides “storage” effects in the system (48),
allowing these species to bounce up rapidly in wet years. However,
such storage effects were weakened or even undermined under
climate change, in which case, it might take longer for the removed
species to return when conditions improve (e.g., a wet year). If
these species played an important role in community stability, the
loss of the storage effects can be consequential (1, 49). For instance,
we found that in the recent period, Odonata were first observed
with a delay of ~1 mo compared to the historical period
(SI Appendix, Fig. S17). As large top predators, Odonata (>95%
are Anisoptera) feed on many other macroinvertebrates (fish abun-
dance is low, especially in the recent period and most are small
minnows), including the often-abundant Diptera, Ephemeroptera,
and Oligochaeta (50, 51). Their delayed appearance might cause
cascading trophic effects in wet years (23, 40, 50)—the surge in
the abundance of their prey, Diptera and Ephemeroptera, the two
groups that are most sensitive to air temperature and hydrology
(SI Appendix, Table S4 and Figs. S8 and S10 and Fig. 2 B and,
and the lefc food web in Fig. 5F). This is analogous to
phytoplankton-zooplankton uncoupling as a result of delayed
zooplankton observed in lakes with climate warming (30).
Therefore, if changing climate significantly reduces species richness
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and abundance of functionally important species, the shrinkage
of species storage effects might create a legacy effect on community
composition in the following years, amplifying community fluc-
tuation over a longer period.

Comparing Long-Term Observations with Manipulative Ex-
periments. Our long-term observations reveal cascading effects
of climate change that significantly reduced community stability,
mediated by decreased species richness and recently colonizing
species. We show that reorganized species interactions further
destabilized the community. This contrasts with findings from
manipulative experiments that often show stabilizing effects of
species interactions (24, 25). Manipulative experiments and
long-term observations are two powerful and complementary
approaches to investigating how ecosystems work (21).
Manipulative experiments excel at teasing apart confounding
effects and examining causal effects of single or a few factors,
while long-term observations provide the advantage of examining
comprehensive and realistic effects. However, with regard to our
research question—how climate change alters the effectiveness
of stability mechanisms—so far, our understanding has been
disproportionally derived from manipulative experiments. These
experiments mostly manipulated one stressor and focused on local
effects; therefore, they might not well represent synergetic effects of
multidimensional climate change, the combined local and regional
effects, or the colonization of newly arrived species. Our long-term
study found that these factors working together could trigger the
cascading effects of climate change on natural communities, which
have rarely been captured in manipulative experiments.

A common pitfall of long-term observations of natural com-
munities is confounding factors. Particularly relevant to our study
is the removal of cattle from the watershed in 2000 (see SI Appendix,
Text §3 for detailed discussion on other potential confounding
factors). The most significant response was the encroachment of
macrophytes along the stream (37). We controlled this factor by
including macrophytes in the causal networks of the recent period
(Fig. 4B); that is, the effects of the remaining variables were
inferred after considering the confounding effect of macrophyte
abundance. After controlling for the effect of macrophytes, the
sensitivity of all other taxa to climate variability still increased
markedly (Figs. 38 and 4 B, ©@-@). In fact, we found that mac-
rophyte abundance was influenced by hydroclimatic conditions—
it was strongly, negatively correlated to the magnitude of winter
floods (Fig. 4 B, ®). Smaller and earlier winter floods in dry years
(Fig. 1B and SI Appendix, Fig. S4) greatly facilitated seed germi-
nation and the expansion of macrophytes, consistent with previous
findings in this system (36). The expansion of macrophytes and
wetland plants under warmer and drier climate has also been
reported in other streams around the world, particularly
Mediterranean intermittent streams with dry summers like
Sycamore Creek (52, 53). Furthermore, the observed structural
changes in macroinvertebrate communities such as the increase
of predatory Diptera (e.g., Ceratopogonidae) and the decrease of
Oligochaeta and Chironomidae (S Appendix, Table S4) in our
study are remarkably consistent with whole-stream warming
experiments (54), further confirming that the changes in commu-
nity structure and dynamics reported here primarily resulted from
climate change.

With future climate projected to feature more frequent extreme
events and nonanalogous regimes, findings from our study are
particularly relevant and alarming. Taking advantage of the
long-term ecological monitoring of a climate-sensitive ecosystem,
we analyzed the mechanisms underlying community stability his-
torically and the breakdown of these mechanisms under a
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changing climate. Multidimensional climatic stressors generated
synergistic effects, and the resultant unprecedent habitat condi-
tions invoked synchronous negative responses by taxa. This led to
highly variable community dynamics from year to year and
reduced taxa richness. While reorganizing species interactions
might provide some buffer under species compositional change,
we found that under a rapidly changing climate, when most spe-
cies are already highly stressed, reorganized species interactions
destabilized the community.

In our study system, these multiple destabilizing mechanisms
have maintained the community in a new, highly variable regime
for a decade. However, it might be still too early to determine
whether this new state constitutes a new stable state or a long
transient state toward another state. As climate continues to
change, the ecosystem might experience further loss of native spe-
cies but will also receive new species that are better adapted to the
drier and warmer climate projected for this region (55). Some of
the newly arriving species might alter interactions and feedbacks,
which can dramatically modify the ecosystem (56). In Sycamore
Creek, recently colonizing macrophytes have increased sediment
trapping and bank stabilization, resulting in conversion of some
reaches (not our study reach) to riverine wetlands, and transform-
ing braided channels in some other parts of the system into
single-threaded ones (37). Such large-scale biogeomorphic changes
might require decades to achieve, leading to significant modifica-
tion of the physical habitat for the macroinvertebrate community
(57). Over the course of continuing climate change at century
timescales and with geomorphic-hydrologic—ecologic feedbacks
occurring at multiple spatial and temporal scales, many ecosystems
might undergo series of successive transient states before reaching
a new, resilient, self-sustaining state. In the case of this stream,
that state may be an ephemeral wash or arroyo with little or no
aquatic life. Patterns emerging from our study system, such as
synchronous, nonlinear species responses to environment fluctu-
ations, and enhanced fluctuations of aggregate community prop-
erties, may serve as diagnostics of ecosystem transformation (6).
Mechanistic insights from this study can help better anticipate
and cope with ecosystem state changes in response to ongoing
climate change worldwide.

Materials and methods

Study Site and Observational Data. Our study site (33.75N, 111.50W; 610 m
elevation) Sycamore Creek s located in the upper Sonoran Desert of central Arizona,
USA, 32 km northeast of Phoenix (34). Sycamore Creek is a spatially intermittent
desert stream draining a 505 km? watershed of mountainous terrain with eleva-
tions ranging from 427 t0 2,164 m (S/ Appendix, Fig. S1). The watershed receives
~267 mm of precipitation annually (averaging over 1980 to 2022; S/ Appendix,
Fig. S24), most of which falls as rain during winter flood season (October-March)
and the summer monsoon (late July-September) (33). Pan evaporation is very
high, reaching 3,130 mm/year (4). Such precipitation and evaporation patterns
lead to two distinct flood seasons: winter and late summer, with discharge peaks in
winter often many times higher than those in the summer monsoon (S/Appendix,
Fig. 52). The magnitude of floods varies widely from >100 m*s™" (mean daily
discharge) in wet years to 1 m*s™" in dry years. A peak discharge of 1 m*s™"is
sufficient to "reset” the system by scouring and mobilization of bed materials
(4).The hydrograph is very flashy, characterized by sudden, dramatic increases in
discharge and rapid recession (58). Summer base flow (April-June), primarily fed
by groundwater, is low (<0.05 m* s™"), due to high evapotranspiration and little
precipitation; hence, most reaches are shallow (0 to 50 cm)and narrow (1to 5 m)
(58,59). Such a highly variable flow regime at both interannual and intra-annual
time scales is typical of most arid streams. Water temperature in March-July varies
between 10 and 40 °Cin 2018 to 2020 (S Appendix, Fig. S14), depending on air
temperature, discharge, and hydrodynamics (stagnant or running). In addition
to temporal variability, the stream is spatially intermittent, as some parts of the
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stream dry out for several months in a year, while others are nearly perennial, with
flowing water year-round in most years (40).

We compiled macroinvertebrate data collected in March-July during two peri-
ods: 1985t0 1999 and 2010 to 2019, a total of 118 field sampling events. Data
were collected from the same gravel reach of ~200 m in length (S/ Appendix,
Fig. S1).The same standard procedure was applied for sampling and processing
macroinvertebrates during the two periods except thata 7-cm diameter corer was
used to collect samples between 2010-01-01 and 2014-03-11, while a 10-cm
diameter corer was used for the remaining periods. Detailed description of field
protocols can be found in the open database (32) and from previous studies
(33,40, 60). For historical data, specimens were counted and mostly identified
to the family level with body size measured in 1997, while data from the recent
period were refined to the genus level with measurements of body size. Worth
noting is that it is almost infeasible to identify macroinvertebrates into species
level given their superdiversity (51). Identification to family or genus level is a
routine approach (25, 34, 54). To homogenize data of the two periods, we 1)
multiplied the abundance between 2010-01-01 and 2014-03-11 by 1/0.49 to
standardize corer area across the entire time series and 2) rescaled abundance
data of the recent period to coarse levels that were consistent with identification
resolution of the historical period (the first two columns in S Appendix, Table S1).
Furthermore, taking advantage of fine-resolution recent data, we calculated
biomass of each taxon according to measured body size and length-biomass
relationships reported in the literature (61, 62). Overall, we have 10y of macroin-
vertebrate data in the historical period and 8 y of macroinvertebrate data in the
recent period (stars in Fig. 14). Each year, the frequency of sampling varies from
weekly to monthly with up to five replicates for each sampling event.

To establish the relationship between climate change and response of the
macroinvertebrate communities, we downloaded daily precipitation data (1980
to 2021) at Fountain Hills (~20 km from our study site) and used mean daily
discharge data (1967 to 2021) from the USGS gauging station (ID: 09510200)
~12 km downstream of our study site to describe hydrological conditions. We
classified each water year (from October to next September) into dry, normal,
and wet years with 33 percentile and 67 percentile of annual mean discharge
during 1980t0 2021. Due to a lack of long-term temperature data directly from
Sycamore Creek, we used hourly air temperature data measured at the Phoenix
airport (~50 km from Sycamore Creek, https://www.ncdc.noaa.gov/cdo-web/
datasets/LCD/stations/WBAN:23183/detail) to represent air temperature trend
at the study site since 1980. To better understand species interactions, we com-
piled algal and macrophyte data collected at the same time and the same reach
with macroinvertebrate samplings, including diatoms, filamentous algae, blue-
green algae, and macrophytes (https://ltreb-syc.gitlab.io/). We represented algal
density by weighted average chlorophyll a concentration of diatoms, blue-green
algae, and filamentous algae collectively. No algal data were available in 1989
and 2012 to match macroinvertebrate measurements of the 2 y. Last, we rep-
resented abundance of macrophytes using average width of macrophyte cover
along transects (58). Macrophytes were mostly classified into genus or species
level (S Appendix, Table 52).

Time Series Analysis. We used a locally weighted linear regression model to
quantify the trend of air temperature. We first calculated mean annual air tem-
perature in 1980 to 2021 using hourly air temperature data. To estimate the
temperature trend of a focal year, we identified temperature values of its 30
nearest neighboring years (i.e., 75% of the 40 y), and calculated the distance
weight of each neighboring year using a tricubic function:

3 3
wx) = (1— > ' [1]

where x"is a focal year, x is one of its neighboring years, w(x) is the distance
weight of a neighboring year x, d(x, x') is Euclidean distance between x and x’,
and max; d(x; x’) is maximum distance between x’and its 30 neighboring years.
With observed temperature and weights of 30 neighboring years, we estimated
parameters of a locally weighted linear regression model and then calculated
trended temperature in a focal year (Fig. 14).

To characterize precipitation and flood events, we calculated annual mean
precipitation and mean and peak discharge in the winter flood season (October-
March).To represent intensity of drought of a year, we used number of zero-flow

d(x, x')
max;d(x; , X)
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days of a water year and number of zero-flow days between March and July (i.e.,
the sampling season, a dry period between winter flood and summer monsoon
seasons) (Fig. 1B). To test whether these metrics significantly changed from the
historical to the recent period (Fig. 1 D and £), we applied a modified Welch's ¢
test with equivalent sample sizes to compensate for potential autocorrelation in
time series (63). We also did a systematic evaluation of hydroclimatic regime
alterations in the historical and recent periods with a wide range of metrics (infor-
mation about the t testand its result is provided in S/ Appendix, Text S2).To detect
whether flow regimes in the two periods have distinct periodicities, we used
wavelet analysis to obtain dominant periods of daily discharge time series (59,
64).The R package WaveletComp was used to compute wavelet power of periods
ranging from 1 mo to 20 y on each day in 1980 to 2021 (Fig. 10).

To visualize the interannual trajectory of the macroinvertebrate community, we
used nonmetric multidimensional scaling (NMDS) to reduce high-dimensional
community composition data (21 taxa groups/dimensions) to two-dimensional
data (Fig. 3C). First, to homogenize data of the historical and recent periods, we
classified macroinvertebrates into 21 taxa (genus, family, order, or subclass) using
the coarse classification of the historical period (the second column in S/ Appendix,
Table S1). Second, to obtain yearly community composition, we calculated mean
abundance of each group using all the samplings carried out over the sampling
season (March-July) of a given year. Third, we performed a logarithmic transfor-
mation of abundance for each group to ensure thatabundance change of the rare
but ecologically important groups such as top predators was reflected in NMDS.
We then ran NMDS using the R package vegan, where difference in the community
composition between any 2 y was quantified by Bray-Curtis dissimilarity. Last, we
checked the stress of NMDS and ensured it was under 0.1 (0.096) so that it was
reasonable to interpret the community trajectory using two-dimensional data (34).
We then calculated relative abundance of eight classes/orders (Fig. 3C) to better
understand year-to-year community structural dynamics. To test whether mac-
roinvertebrate richness altered between the two periods, we applied the modified
Welch's t test (S| Appendix, Text S2.2) to yearly taxa richness data (Fig. 3B). We also
applied the same NMDS method to analyze the interannual trajectory of algal and
macrophyte communities (S Appendix, Fig. S15).

We used VR to determine the presence and absence of compensatory dynamics
in the interannual variability of the macroinvertebrate communities (11). We first
obtained the annual mean biomass density of each taxon. We then calculate VR val-
ues of the historical period and recent period separately using the equation given by:

var( iP,)
== 7/ (2]

where n is the number of taxa, P; is the annual mean biomass density of the ith
taxa, and var is variance. AVR less than 1 indicates that the sum of covariances
among species is negative, the evidence for compensatory dynamics. In contrast,
a VR greater than 1 indicates synchronous dynamics. Additionally, we estimated
a Clfor each VR by resampling the community composition data using the block
bootstrapping method (65). To quantify temporal stability of total biomass density
of macroinvertebrate communities, we calculated the CV for each period and
estimated its Cl using the same bootstrapping approach.

statistical Models. We used the Bayesian structural causal model frame-
work to quantify direct and total effects of air temperature and hydrological
conditions on macroinvertebrates and other ecological components (66, 67).
Under this framework, we created causal networks (i.e., a directed acyclic
graph, DAG) linking air temperature, magnitude of winter flood, intensity
of summer drought, abundance of macrophytes, algal density, and macroin-
vertebrate abundance (Fig. 4). The DAGs represent our hypothesized causal
relationships among these components informed by previous studies of
this ecosystem (4, 33, 34, 37, 40, 58). We hypothesized no direct causal
effect by macroinvertebrates on algae and macrophytes because of negli-
gible grazing effects by macroinvertebrates in our study system according
to previous studies (4, 33) (see SI Appendix, Text S4.7 for justification of
DAGs). Compared to the causal networks in the historical period (Fig. 44),
we added a new component, macrophytes into the causal networks in the
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recent period (Fig. 4B) to control for the confounding effects of macrophyte
expansion after cattle removal in 2000 on macroinvertebrates. Macrophyte
abundance affects algal abundance by shading and nutrient competition
and is influenced by air temperature and magnitude of winter flood (36). We
used the R package dagitty to test DAG-data consistency and identified the
predictor variables to be included in statistical models when we estimated
each direct or total effect within the causal networks (detailed information
provided in S/ Appendix, Text S4) (66, 68).

We first quantified the total and antecedent effects of summer drought on
the abundance of eight taxonomic groups of macroinvertebrates (Fig. 2 Aand B)
using Bayesian multiple regression models with antecedent effects (38). In the
historical period, macroinvertebrates were affected by both air temperature and
summer drought (Fig. 44), so the model conditioned on the variables air temper-
ature to estimate the total effect of summer drought. While in the recent period,
macroinvertebrates were additionally influenced by macrophytes (Fig. 4B), air
temperature and macrophytes were both included in the model to control for
their effects. To quantify the lag and strength of antecedent effects by summer
drought(i.e.,accumulative effect of multiyear drought), we included 2-y anteced-
enthydrological conditions into the multiple regression model. To investigate the
effects of interannual climatic variability on macroinvertebrates, we incorporated
avariable, timing of each sampling event into the model, to control for the effect
of seasonal trend among multiple sampling events in each year. The likelihood
function and the mean model are described as follows:

y; = Normal (u;, o)+ [3]

H=a+38S + ﬂTy,(,-) + @P, + Y(WoHo,y,(i) + W—1H—1,yr(r') + W—ZH—Z,yr(i))' (4]

where jindexes the sampling events (i=1,2,3, ..., 90 over 10y in the historical
period; and i=1,2,3, ..., 28 over 8 y in the recent period). i is nested within
differentyears, indexed by yr(yr=1,2,3, ..., 10 for the historical period; and yr=
1,2,3,...,8forthe recent period). y; is the abundance of each macroinvertebrate
taxonomic group in the sampling event, and y; and ¢ are mean and SD of the
likelihood function (Eq. 3).« is intercept, S; is timing of the sampling event , rep-
resented by the number of days between the date of last winter flood [i.e., the start
of spring succession in this stream (33)] and the date of the sampling eventi T, s
mean airtemperature during the sampling season in the year yr, and P;is average
width of macrophyte cover along transects in the sampling event i. The variable
macrophyte P;was omitted in the model for the historical period. §, 8, and ¢ are
the effect size of the corresponding variables. y is the total effect size of summer
drought intensity. Hoye oy and H_,,, are intensity of summer drought of the
currentyear (year yr), 1-y antecedent (yr-1),and 2-y antecedent (yr-2), respectively.
wy,W_q, andw_, are the corresponding weight parameters to be estimated by the
model. They represent the relative importance of the corresponding year's hydro-
logical condition. Here, we only considered antecedent hydrology of the previous
2 y because macroinvertebrates' lifespan is <2 y in this stream (40, 60). These
weights were constrained to vary between Oand 1,and Wy + w_y + w_, =1
To satisfy these constrains, we used Dirichlet distributions as the prior distribu-
tions for wy, w_y, and w_,. We completed the model specification by assigning
prior to all unknown, stochastic parameters. Each regression parametera, 8, 8, @,
and r was assigned a relatively noninformative prior: Normal(0, 5). We specified
an exponential distribution for the SD describing the distribution of y; such that
o ~ exp(1). Finally, we chose a relatively noninformative Dirichlet prior for the
vector of antecedent weights, w = (W0: w_q, W_z)' such thatw ~ Dirichlet(1),

where 1 is a vector of 1's of length 3.

Next, to estimate the total effects of air temperature on the abundance of each
macroinvertebrate taxonomic group, we constructed linear regression models for
the abundance conditioning on air temperature according to the hypothesized
relationships in the causal networks (Fig. 4). Further, we used Bayesian multiple
linear regressions to quantify the direct effect of each predictor variable on its
response variable (i.e., each causal link)in the causal networks (Fig. 4). Whenever
the intensity of summer drought was conditioned on in the regression models,
we also included its antecedent effects, that is 2-y antecedent summer drought
conditions using the same method shown in Eq. 4.
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To directly compare effect sizes between the historical and the recent periods, we
standardized all predictor and response variables using their mean and SD in the
historical period and built separate regression models for the two periods. All the
regression models used the similar likelihood functions as shown in Eq. 3. We coded
the models in the R package Rstan. For each model variant, we sampled the posterior
parameter space using the Hamiltonian Monte Carlo. We assessed model conver-
gence using the Gelman and Rubin diagnostic (69). We obtained >2,000 effective
samples to construct posterior distributions of parameters. We reported the posterior
mean and 90% credible intervals, defined by the 5th and 95th percentiles as well
as the amount of variation in response variables explained by predictors i.e., R?).

Data, Materials, and Software Availability. All the data used in this study
are published online (https://ltreb-syc.gitlab.io/) (70-73) except for the algal
community data in the historical period which are available from a repository
(osf.io/hd3rj/) (74).
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