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Abstract

Amidst the global extinction crisis, climate change will expose ecosystems to more
frequent and intense extreme climatic events, such as heatwaves. Yet, whether preda-
tor species loss—a prevailing characteristic of the extinction crisis—will exacerbate the
ecological consequences of extreme climatic events remains largely unknown. Here,
we show that the loss of predator species can interact with heatwaves to moderate
the compositional stability of ecosystems. We exposed multitrophic stream commu-
nities, with and without a dominant predator species, to realistic current and future
heatwaves and found that heatwaves destabilised algal communities by homoge-
nising them in space. However, this happened only when the predator was absent.
Additional heatwave impacts on multiple aspects of stream communities, including
changes to the structure of algal and macroinvertebrate communities, as well as total
algal biomass and its temporal variability, were not apparent during heatwaves and
emerged only after the heatwaves had passed. Taken together, our results suggest
that the ecological consequences of heatwaves can amplify over time as their impacts
propagate through biological interaction networks, but the presence of predators can
help to buffer such impacts. These findings underscore the importance of conserving
trophic structure, and highlight the potential for species extinctions to amplify the

effects of climate change and extreme events.
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1 | INTRODUCTION

Increases in the frequency and intensity of extreme climatic events
are reshaping ecological communities globally (Harris et al., 2018;
Kreyling et al.,, 2011; Parmesan et al., 2000; Smale et al., 2019;
Wernberg et al., 2013), a trend that is predicted to become even
more acute as the century progresses (Easterling et al., 2000; Fischer
etal., 2021; Oliver et al., 2018). The problem is particularly pertinent
to freshwater ecosystems because of the narrower thermal safety
margins of aquatic ectotherms relative to their terrestrial counter-
parts (Comte & Olden, 2017; Pinsky et al., 2019; Sunday et al., 2012).
For example, more than 30% of 463 European freshwater species
already exceed their preferred thermal temperatures within their
current distribution ranges (Karcher et al., 2019). Consequently, as
the climate warms, aquatic ecosystems are increasingly likely to ex-
perience temperature-driven biodiversity change, including species
redistributions and extinctions (Comte & Olden, 2017; Fussmann
et al.,, 2014; Garcia Molinos et al., 2016; Inagaki et al., 2020; Waldock
et al., 2018; Wernberg et al.,, 2013). Such biodiversity change is
highly likely to disrupt the capacity of aquatic ecosystems to provide
many vital ecosystem processes, functions and services (Bernhardt
& O'Connor, 2021; Chen et al., 2020; Oliver et al., 2015; Pecl et al.,
2017; Smale et al., 2019; Worm et al., 2006).

Biodiversity change across the globe is a non-random process
(Chen et al.,, 2020; Estes et al., 2011; Gerhard et al., 2020; Gross &
Cardinale, 2005; Purvis et al., 2000). Of particular concern is tro-
phic downgrading, whereby species extinctions follow a pattern of
systematic community disassembly starting from the highest trophic
levels, as a result of the larger body sizes, metabolic demands and re-
source requirements of apex predators (Estes et al., 2011; Tanentzap
et al., 2020). Loss of predator species, in turn, often triggers tro-
phic cascades and a wave of secondary extinctions (Donohue et al.,
2017; Nakano et al., 1999), further modifying ecosystem structure
and function (Chen et al., 2020), increasing the vulnerability of key
ecosystem processes (Ross, Arnoldi, et al., 2021) and undermining
the overall stability of the system (Donohue et al., 2013; White
et al., 2018). A defining characteristic of global environmental
change is that ecological communities are exposed to multiple an-
thropogenic stressors simultaneously (Birk et al., 2020), forming a
complex backdrop against which species extinctions occur. A par-
ticularly important research question is the extent to which biotic
and abiotic drivers of biodiversity change interact (Kordas et al.,
2017; O'Connor & Donohue, 2013; O'Connor et al., 2015; Rasher
et al., 2020; White et al., 2018; Zarnetske et al., 2012). Within this
question, the capacity of individual species to confer resistance to
future climate change remains understudied, particularly for aquatic
systems (Goldenberg et al., 2018; Kordas et al., 2017; Nagelkerken
et al., 2020; Rasher et al., 2020). While the ecological consequences
of climate change and species extinctions have primarily been con-
sidered independently, species extinctions clearly have the potential
to compound the effects of climate change on ecosystems (Isbell
et al., 2015; Kishi et al., 2005; Kordas et al., 2017; Post & Pedersen,
2008; Rasher et al., 2020).

To date, manipulative experiments exploring the effects of fu-
ture climate change on ecological communities have relied largely
on Global Circulation Model projections that do not represent ad-
equately the climatic conditions at the local scales of relevance to
the manipulated systems (Korell et al., 2020). The consequent scale
mismatch limits the representativeness of predictions of ecological
responses to climate change. Here, we use contemporary and pro-
jected local temperatures, extracted from a local weather station
and a highly resolved (5-km) regional climate model, respectively,
to test experimentally whether trophic downgrading moderates
the response of a well-resolved multitrophic cold temperate stream
community (Fausch et al., 2002; Marcarelli et al., 2020) to simulated
heatwaves in Tomakomai, northern Japan. Using flow-through me-
socosms connected to a nearby stream, thus enabling continuous
dispersal of microbes, algae and invertebrates both into and out of
the experimental system, we tested whether and how the functional
and compositional responses of benthic algal and macroinvertebrate
communities to simulated heatwaves were modified in the presence
and absence of Cottus nozawae—a freshwater sculpin and domi-
nant predator in the system (Kishi et al., 2005; Konishi et al., 2001;
Marcarelli et al., 2020; Miyasaka et al., 2003). Our experimental
heatwaves were comprised of two levels: a lower intensity (+2.76°C
mean water temperature increase) heatwave representative of a
current local heatwave, and a higher intensity (+6.06°C) heatwave
representing future extreme events as inferred from the local tem-
peratures projected by the regional climate model towards the end
of the 21st century. For both heatwave treatments, we simulated
realistic temperature dynamics before, during and after the heat-
waves based on local long-term records and future projections. We
tested for treatment effects both during and after the heatwaves to
separate their immediate impacts from their longer lasting effects
and reveal legacy impacts of heatwaves on multiple aspects of our
experimental stream communities (Fugére et al., 2020; Jacquet &
Altermatt, 2020; Miller et al., 2021).

2 | METHODS

2.1 | Study location and experimental system

Our experiment (Figure 1) ran for 50 days (10 July-29 August 2019),
using streamside mesocosms (Piggott et al., 2015) installed adjacent
to a section of the Horonai stream, a forested headwater stream
that runs past the Tomakomai Experimental Forest field station in
Hokkaido, Japan (42°43'N, 141°36'E). The experimental system was
comprised of 48 flow-through mesocosms (volume 3.5 L), allowing
near-natural immigration and emigration of algae, microorganisms,
and invertebrates from and to the stream. A Kawamoto GS3-C pump
fed three header tanks with stream water, each of which gravity-fed
16 mesocosms. After flowing through the mesocosms, water drained
back into the stream downstream of the pump intake. One of the
main advantages of this system is its potential to support natural

community dynamics (e.g. colonisation, predation), with conditions
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FIGURE 1 Experimental design and timeline. (a) Photographs of (i) our experimental set-up consisting of 48 flow-through aquatic
mesocosms, and (ii) an individual mesocosm, post-colonisation of algae and macroinvertebrates. (b) Treatment design for our biological and
heatwave factors and their levels. Mesocosms are numbered 1-48 and comprise either the full community including a predatory sculpin
(Cottus nozawae) [24 blue circles] or the community minus C. nozawae [24 red circles]. Mesocosms were either heated to reflect future [F]
climate conditions (mean = +6.06°C), current [C] climate conditions (mean = +2.76°C) or were kept at ambient temperatures [A]. See Table
S1 for further details of the heatwave conditions. (c) Timeline for the experiment beginning 10 July when water began flowing and ending
28 August when water flow was terminated. The experiment comprised 20 days of colonisation, 10 days of heating including 5 days at
peak heat intensity and 20 days of ambient conditions following the heating period. Qur predation treatments were applied from 17 July
[Predator]. Heatwave onset began on 30 July when leaf packs were also added to the mesocosms. Heatwave peak intensity ran 1-6 August
[Peak] and was reduced to ambient by 9 August [Decline]. On Day 5, macroinvertebrate colonisation was supplemented with a kick-sample
[+Invert's]. Daily algal measurements began on 18 July, immediately after predator addition [Predator], and continued until flow stopped and

all samples were removed on 28 August [End]. Photographs: S.R.P.-J.R.

such as temperature, light and water chemistry similar to those in
the nearby stream (Piggott et al., 2015). The total flow rate into the
mesocosms throughout the duration of the experiment was main-
tained at 2.09 + 0.05 L min (mean = SE).

2.2 | Experimental design

Our experimental design was comprised of two factors—predation
and heatwave intensity—with, respectively, two (presence/ab-
sence of fish predators) and three (ambient temperatures, current
and future heatwaves) levels (Figure 1). Each of the resulting six
experimental treatments was replicated eight times. Each 3.5 L
mesocosm (25 cm external diameter and 6 cm inner outflow ring;
see Piggott et al., 2015) contained 1 L volume of substrate taken
from the shallow riverbed downstream, and we allowed repre-
sentative algal and macroinvertebrate communities to establish
for 20 days before implementing experimental heatwaves. On Day
5, we supplemented natural colonisation of each mesocosm with
invertebrates collected from the stream with a standardised 2-min
kick sample with a 1 mm mesh pond net. This was done to fa-
cilitate colonisation of poorly dispersing taxa that might be under-
represented in natural drift through the inflow pipe (e.g. annelids,
Tipula crane fly larvae) and to ensure that all mesocosms had an
invertebrate community that was, as far as possible, representa-

tive of the natural stream community (Marcarelli et al., 2020).

Our predation treatments began on Day 7 with the addition of a sin-
gle freshwater sculpin (C. nozawae) to half of the mesocosms (Figure 1c).
C. nozawae (/\F727 in Japanese) is a temperature-sensitive (Kishi
et al., 2005; Yagami & Goto, 2000), dominant, predatory benthic fish
in the Horonai stream (Goto & Nakano, 1993), accounting for ~30%
of total fish abundance (R. Futamura, unpublished data). C. nozawae
forages on exposed benthic prey on the streambed (Yamamoto et al.,
1988), consuming primarily amphipods (e.g. Sternomoera yezoensis) but
also Ephemeroptera, Oligochaeta, and others (Marcarelli et al., 2020).
Single individuals of C. nozawae were allocated randomly to mesocosms
and varied in length from 54 to 79 mm (mean + SE: 66.71 + 16.4 mm).

2.3 | Heatwave implementation

OnDay 20, we started the heatwave treatment, which was comprised
of three levels: a higher intensity (mean = +6.06°C) heatwave based
on future climate conditions; a lower intensity (mean = +2.76°C)
heatwave based on current climate conditions; and an ambient (con-
trol) temperature treatment (Figure S1). We regulated water tem-
perature in two header tanks by mixing stream water heated at 37°C
using a Rinnai RUX-A2400W-E series gas boiler and 140 V series
controller with unheated stream water via valve-regulated intakes.
We monitored temperatures manually and adjusted intake ratios
every hour to maintain the desired temperatures for each treatment
(Table 51).
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To produce locally relevant heatwaves for the region, we used
daily mean contemporary (1995-2017) and projected (2076-2096)
temperature series. Contemporary temperatures were extracted
from the Tomakomai weather station (42.62°N, 141.55°E; ~6 km from
the experimental site). Future projections were extracted from the
5-km grid cell containing the experimental site (cell centroid 42.68°N,
141.11°E) from the dynamical downscaling non-hydrostatic regional
climate model NHRCMO5 (Sasaki et al., 2011), corresponding to the
simulation experiment Global Warming Projection V9 performed
by the Japan Meteorological Agency for the IPCC RCP8.5 high-
emissions scenario (Moss et al., 2010). Heatwaves for each period
were then estimated using the approach recommended by Hobday
et al. (2016) and implemented by the RMarineHeatwaves R package
(ver 0.16.1; Smit et al., 2018). Briefly, heatwaves, defined as a discrete
prolonged anomalously warm event in a given location, were charac-
terised as events with at least five consecutive days with mean daily
temperatures above the 10% of temperatures recorded during that
time of the year for the whole series (Hobday et al., 2016). The defi-
nition of a heatwave is therefore contextual to the time of the year
as the intensity threshold is seasonally adjusted (we used the default
recommended 5 day duration before and after each focal day in the
series). From the set of all detected heatwaves, we extracted those
for the summer season (June-September) coincident with our experi-
mental period and used their properties (Table $1) to inform the heat-
waves implemented in our experiment. Detected heatwaves differed
in their intensity as well as onset and decline rates between current
and future periods, but not in their duration properties (Current me-
dian = 7.5 days, Future = 5.5 days, Mann-Whitney test: U = 134.5,
p = .245; Table S1). Accordingly, we set the same total duration for
our current and future experimental heatwaves, with a consistent 2-
day onset followed by 5 days at peak intensity and a 3-day decline,
resulting in a total duration of 10 days of heating (during experimental
days 20-30 inclusive; Figure S1). We thus achieved the intended ex-
perimental realism (Korell et al., 2020) by reproducing the current and
future local conditions associated with the observed and projected

heatwaves at the Tomakomai experimental site.

2.4 | Algae biomass and composition

We placed three identical terracotta tiles (45 x 45 mm) in each me-
socosm on Day 1 to allow for natural colonisation and continued
accrual of algae during the 20-day establishment phase of the ex-
periment. We measured benthic algal biomass and composition from
the surface of each tile in situ daily using a BenthoTorch fluorometer
(BBE Moldinke Gmbh) to quantify the total periphytic chlorophyll
a concentration as a proxy for algal community biomass (Cardinale,
2011; Steinman et al., 2007), as well as that of diatoms, cyanobac-
teria and green algae separately (Kahlert & McKie, 2014). Due to
breakage, only a single tile was measured in two mesocosms where
predators were present (one under future heatwaves and one under
current heatwaves). Before assessing algal community composition,

we Hellinger-transformed the matrix of chlorophyll a concentrations

of each algal group, because this transformation is insensitive to
abundance (it does not give high weights to rare taxa; Legendre &
Gallagher, 2001), and then generated dissimilarity matrices using the
Bray-Curtis dissimilarity index.

2.5 | Macroinvertebrate communities and
ecosystem processing

On Day 20, just before experimental heating began, we added a leaf
litter decomposition pack (Benfield, 2007) to each mesocosm to
measure leaf litter processing by microbes and macroinvertebrates.
Leaf packs were constructed from polyethylene nets (mesh size
3 mm) and contained ~3.5 g (mean + SE: 3.45 + 0.01 g) of dried oak
leaves (Quercus crispula), a dominant tree along the Horonai stream.
To estimate background rates of microbial decomposition, we also
placed bags of smaller mesh size (~0.1 mm) in each mesocosm to
prevent access by macroinvertebrates. Each of these bags contained
~0.5 g (mean + SE: 0.5 + 0.01 g) dried Q. crispula leaves. Leaf packs
were in place for a total of 29 days (i.e. until the end of the experi-
ment; Figure 1), incorporating both the heatwave and subsequent
recovery period. We then calculated macroinvertebrate leaf shred-
ding rates as the change in the dry mass of the leaf pack before and
after the experiment, corrected for expected microbial decomposi-
tion using a microbial degradation factor calculated as the propor-
tion of dry mass lost in each microbial leaf bag (Benfield, 2007).

On Day 50, we destructively sampled all mesocosms to quan-
tify the density (total abundance m~3) and taxon richness of mac-
roinvertebrates. Macroinvertebrates collected from the mesocosms
were sorted from the mesocosm substrate, preserved in 90% etha-
nol and identified subsequently to the highest taxonomic resolution

practicable.

2.6 | Dataanalyses

We calculated the temporal and spatial variability of both total bio-
mass (functional variability) and the composition (compositional
variability) of algal communities over two time periods, one encom-
passing the heatwave peak (5 days) and the other the post-heatwave
recovery period (20 days). Functional stability represents the sta-
bility of ecosystem processes, such as biomass production or de-
composition, performed by particular organism groups (Hillebrand
et al., 2018). We calculated functional temporal variability as the
coefficient of variation (i.e. the standard deviation divided by the
mean) of total chlorophyll @ concentrations in each mesocosm (from
daily mean values on algal colonisation tiles) across each time pe-
riod, where higher temporal variability corresponds to less stable
biomass through time (lves & Carpenter, 2007; Tilman et al., 2006).
In dynamic systems such as streams, temporally stable chlorophyll
production (i.e. algal productivity) indicates consistency in energy
production capacity, a foundational ecosystem function (Steinman
et al., 2007). We calculated functional spatial variability as the
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coefficient of variation among the three equidistant algal tiles within
each mesocosm (Hunter et al., 2019) on Days 27 and 50 to capture
treatment effects on spatial variability on, respectively, the final day
of peak heating before the start of the receding limb of the heatwave
and on the final day of the 20-day post-heatwave recovery period
(Figure 1). In contrast to temporal variability, higher functional spa-
tial variability is stabilising, because spatial asynchrony in biomass
provides spatial insurance through patch dynamics (Leibold et al.,
2004; Loreau et al., 2003).

Compositional variability of algal communities was quantified
from Bray-Curtis dissimilarity matrices calculated from algal bio-
mass data (Baert et al.,, 2016; White et al., 2020). We measured
compositional temporal variability for each mesocosm as the mean
Euclidean distance from each date to the mesocosm-specific date-
averaged centroid (White et al., 2020) for both the 5-day heatwave
peak and the 20-day recovery period, with higher temporal vari-
ability (i.e. higher mean Euclidean distances) equating to less stable
community composition through time (i.e. lower temporal stability;
Hillebrand et al., 2018). We measured compositional spatial vari-
ability among mesocosms as the mean Euclidean distance between
each mesocosm and their treatment-specific centroid (i.e. for all
eight replicates under a given treatment) to produce treatment-level
estimates for spatial variability (White et al., 2020). As with func-
tional stability, higher compositional spatial variability is associated
positively with stability, owing to the stabilising role of asynchrony
in ecosystem dynamics (Leibold et al., 2004; Loreau et al., 2003),
whereas homogenisation of community biomass or composition in
space is destabilising (Donohue et al., 2009; Olden et al., 2004). To
explore whether our measurements were confounded by shifts in
mean values over time or space, we detrended our measurements of
variability following Tilman et al. (2006). Results for detrended data
were consistent with those for non-detrended data, so we present
here analyses of non-detrended data only.

We tested the effects of predator presence and heatwaves
on algal communities over two time periods: during the 5 days of
peak heatwave exposure and at the end of the experiment follow-
ing 20 days of post-heatwave recovery after cessation of the heat-
waves. In contrast, analyses of macroinvertebrate communities and
leaf litter decomposition were done only at the end of the experi-
ment. We used ANOVA for univariate responses, after ensuring data
homoscedasticity (via log,,-transformation where needed; Table $2),
and permutational multivariate analysis of variance (PERMANOVA)
for multivariate responses, based on Bray-Curtis dissimilarity ma-
trices. The contribution of individual macroinvertebrate taxa or
algal groups to treatment differences was quantified using similarity
percentage (Simper) analysis (Clarke, 1993). Post hoc comparisons
among levels of significant terms were done with Tukey HSD tests
for univariate analyses, and with pairwise multilevel comparisons
with Bonferroni correction in the pairwiseAdonis R package (ver 0.4;
Martinez Arbizu, 2020) for multivariate analyses. All statistical anal-
yses were conducted in R (ver 4.0.2; R Core Team, 2020) using pack-
ages orddom (ver 3.1; Rogmann, 2013) and vegan (ver 2.5-6; Oksanen
etal.,, 2019).

S iy L

3 | RESULTS

During the heatwave period, we found no effects of heat-
wave or predator treatments on the biomass (ANOVA, p > .05;
Figure 2a), functional temporal variability (ANOVA, p > .05;
Figure 2b) or functional spatial variability (ANOVA, p > .05;
Figure 2c) of algal communities (Table $3). However, the presence of
fish predators modified the structure of algal community composi-
tion (PERMANQOVA, F1,42 = 9.67, p < .001; Figure 3a; Table S4) and
interacted significantly with heatwaves to modify both the tempo-
ral (ANOVA, F, 4 = 3.33, p = .046; Figure 3b) and spatial (ANOVA,
F2‘24 = 6.65, p =.005; Figure 3c) variability of algal community com-
position during the heatwave period. Though post hoc tests for
compositional temporal variability were inconclusive (Tukey HSD,
Pag > .05), we found that predators stabilised the mesocosms ex-
posed to current, but not future, heatwaves, by increasing the com-
positional spatial variability of their algal communities relative to
ambient conditions (Tukey HSD, P.g = .05; Table 1).

We found legacy effects of our experimental heatwaves that
persisted after 20 days of post-heatwave recovery on algal biomass
and functional variability. At the end of the experiment, total algal
biomass was significantly higher in mesocosms under heatwave
treatments (ANOVA, F2_42 = 13.2, p < .001; Figure 2d), with pro-
jected future heatwaves yielding higher algal biomass than both cur-
rent heatwaves and ambient temperatures (Tukey HSD, Pagi < .001
in both cases; Table 1). Heatwaves also reduced the functional tem-
poral variability of algal communities during the post-heatwave re-
covery period (ANOVA, F, 4= 9.46,p <.001; Figure 2e), which was
lowest under projected future heatwaves (Tukey HSD, Pagi < .001
and =.008 for ambient conditions and current heatwaves; Table 1).
The presence of predators caused a trophic cascade by the end of
the experiment, increasing the total biomass of algal communities
(ANOVA, Fi4,=22.1,p <.001; Figure 2d). Predators also stabilised
the mesocosm communities by decreasing their functional tempo-
ral variability (ANQOVA, Fy 4, = 6.06, p = .018; Figure 2e). Though
both predator presence and heatwaves affected algal biomass and
temporal variability, their interaction was not significant in either
case (ANOVA, p > .05; Table 1). We found no main or interactive
treatment effects on functional spatial variability 20 days after the
heatwave (ANOVA, p > .05; Figure 2f).

Heatwaves left legacy effects on algal community structure
(PERMANOVA, F, 4, = 5.74, p = .001; Figure 3d), which, at the end
of the experiment, differed in ambient temperature treatments
relative to that following both current (Bonferroni, Pagy = .003)
and future (padi = .006) heatwaves. In both cases, treatment dif-
ferences were driven primarily by reductions in cyanobacteria bio-
mass after heatwaves (Table S5). While the effect of heatwaves
on compositional temporal variability during the post-heatwave
recovery period was not statistically significant at the p < .05 level
(ANOVA, F2,42 = 2.73, p =.077; Figure 3e), for compositional spa-
tial variability, we detected a significant interaction between pred-
ator and heatwave treatments (ANOVA, F2.114 = 5.88, p = .004;
Figure 3f). Specifically, predators negated the destabilising effect
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of heatwaves on spatial variability; in the absence of predators,
compositional spatial variability was lower under both current
(Tukey HSD, Pag = .032) and future (padj =.012) heatwaves, but no
difference was detected among heatwave treatments when pred-
ators were present (,oadj > .05; Table 1).

Heatwaves also modified the structure of macroinvertebrate com-
munities (PERMANQVA, F2,46 = 2.19, p = .031; Figure 4a); communities
exposed to the higher intensity (i.e. future) heatwaves were significantly
different from those under ambient conditions (p, ;; = .033). Differences
in community composition were driven mainly by increases in the densi-
ties of Chironomidae in mesocosms that experienced heatwaves (Table
Séa). The presence of our focal predatory fish also restructured mac-
roinvertebrate communities significantly (PERMANOVA, F1,4o = 7.25,
p < .001; Figure 4b), particularly by increasing densities of orthocla-

diinid chironomids and reducing those of the mayfly Baetis thermicus

Predator treatment

and amphipod S. yezoensis (Table Séb). Regardless of heatwave treat-
ment, both the taxon richness (ANOVA, F1,42 = 5.96, p = .019; Figure
$2) and the density (ANOVA, F1,42 = 314, p < .001; Figure 4c) of ben-
thic macroinvertebrates were significantly higher in the absence of
predators. This, in turn, resulted in higher rates of leaf litter processing
(ANOVA, Fy 4, =13.5,p <.001; Figure 4d) when predators were absent.
Heatwaves or their interactive effects had, however, no effect on mac-
roinvertebrate richness, density or leaf litter decomposition, including
microbial degradation (Table 1; Table S3).

4 | DISCUSSION

Our results demonstrate that predators can help mitigate the desta-

bilising effects of heatwaves on stream ecosystems. In the absence
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FIGURE 3 Effects of predation
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of predatory sculpin, we found that heatwaves homogenised the
composition of algal communities in space. However, when pre-
sent, our focal predator buffered mesocosms against these nega-
tive heatwave impacts. The presence of fish predators also reduced
macroinvertebrate densities, which, in turn, suppressed leaf litter
processing. Taken together, these results suggest that the preda-
tor moderated heatwave impacts and modified ecosystem func-
tioning via a classical trophic cascade (Donohue et al., 2017; Kishi
et al.,, 2005; Konishi et al., 2001; Rasher et al., 2020). Though our
experimental design does not allow us to explicitly identify the
mechanisms underpinning the patterns we observed, our results
nonetheless suggest strongly that the stabilising effect of preda-

tors on algal communities exposed to heatwaves was an indirect

Predator treatment

Predator treatment

consequence of the effects of the predators on their macroinver-
tebrate prey. Primary consumers can buffer producer assemblages
against the effects of warming in terrestrial and marine systems
(Kordas et al., 2017; Post & Pedersen, 2008). For example, Kordas
etal. (2017) found that a key mechanism driving this pattern in rocky
intertidal communities was the action of herbivores modifying the
spatial variability of algal community structure. Our findings suggest
predator effects on spatial variability occur indirectly through their
effects on macroinvertebrate herbivores, highlighting the impor-
tance of both direct and indirect ecological interactions in providing
resistance against heatwaves and climate warming more generally
(Goldenberg et al., 2018; Kordas et al., 2017; Zarnetske et al., 2012;

see also Beauchesne et al., 2021).
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HW P

Response Period HW:P
Benthic algae Heatwave
Total biomass N.S. N.S N.S.
Funct. temporal var. N.S. N.S. N.S.
Funct. spatial var. N.S. N.S N.S.
Composition N.S. e ~
Comp. temporal var. N.S. N.S. *
Comp. spatial var. N.S. N.S. **
Benthic algae Recovery
Total biomass e o N.S.
Funct. temporal var. o * N.S.
Funct. spatial var. N.S. N.S. N.S.
Composition o N.S. N.S.
Comp. temporal var. A N.S. N.S.
Comp. spatial var. N.S. N.S. >
Macroinvertebrate Recovery
Composition * wrx N.S.
Richness N.S. * N.S.
Density N.S. rex N.S.
Leaf decomposition Recovery
Macroinvert. shredding N.S. rxE N.S.
Microbial degradation N.S. N.S. N.S.

Heatwaves left lasting effects on both macroinvertebrate com-
position and algal biomass in our experimental system, even though
many of their impacts were not apparent during or at the end of
the heatwaves. However, 20 days after the heatwaves, meso-
cosms exposed to future heatwaves had higher total biomass and
lower temporal variability of algal biomass, and had modified algal
and macroinvertebrate communities. If heatwave impacts on algal
communities were indeed mediated by macroinvertebrates—as
suggested by our finding of predator effects on macroinvertebrate
richness, abundance and community structure—the observed lag
in heatwave effects on algal biomass and structure is probably a
consequence of the time taken for heatwave impacts to propagate
through the food web (Donohue et al., 2017; Konishi et al., 2001).
Heatwave and predator effects on algal communities were found
at the end of the experiment, even though they were less appar-
ent during and immediately following the heatwaves. These effects
imply that the consequences of heatwaves for aquatic communities
can be considerable even if not immediately detectable, with the
potential for legacy effects to compound the impact of prior stress-
ors over longer timescales (Jackson et al., 2021) or insidious effects
of press perturbations such as background warming becoming ob-
vious only when interacting with additional stressors (e.g. Rasher

et al., 2020). Our results underscore the fundamental role of scale in

TABLE 1 Summary of heatwave

Contrast and predator effects on each response
variable measured during heatwaves
and at the end of the recovery period
following the heatwaves. Where a
significant (p < .05) treatment effect is
reported for heatwave (HW, , = ambient,
Pabs © HW,,, = current, HW = future) or
Inconclusive predator (P, ., = present, P,, = absent)

treatment or their interaction (HW:P),
significance level is marked (*p < .05,
**p < .01, ***p < .001, *p < .1) and
corresponding levels for the statistically
significant contrasts resulting from post
hoc Tukey HSD/Bonferroni tests are
shown. Vertical arrows represent an
increase (1) or decrease (]) in relevant
treatment level. Where pairwise
comparisons are not explicit (‘vs'),
contrasts are for all relevant treatment
levels. Horizontal arrows represent
compositional shifts

HWCur:PPres Tvs
HWAmb:pPres

HW e 15 Paps |
HWiy b Paps T

HWFut s HWAmh;

HWCur “vs HWAmb

HWCur:PAbs j’vs
HW 5P apss
HWFut: PAbs 1'vs
HW b Pabs

HWFut
Paps <

“us HWAmb;

PAhs T

PAbs T

PAhs T

understanding variability (Clark et al., 2021), including the pitfalls of
not considering transience or legacy effects when interpreting the
ecological consequences of extreme climatic events (Downing et al.,
2008; Miller et al., 2021; Ross, Suzuki, et al., 2021).

Though the predatory sculpin altered both the structure and
variability of algal community composition during and after the
heatwave, its presence took longer to affect functional variability
and algal biomass. This suggests a difference in the time taken for
heatwaves to affect functional versus compositional stability, and
supports the notion that the drivers of functional and compositional
stability are largely independent of one another (Baert et al., 2016;
Hillebrand & Kunze, 2020; Jacquet & Altermatt, 2020; White et al,,
2020). Our results are thus also consistent with the recent finding
that individual species provide complex and frequently contrasting
contributions to different dimensions of ecological stability (White
etal.,, 2020). Further work examining the temporal scales of relevance
when measuring functional versus compositional stability will help
achieve a process-based understanding of disturbance and recovery
through a multidimensional lens (Baert et al., 2016; Donohue et al.,
2013; Hillebrand & Kunze, 2020; Hillebrand et al., 2018).

As extreme events become more frequent and intense in the fu-
ture (Easterling et al., 2000; Fischer et al., 2021; Oliver et al., 2018),

complex disturbance regimes will likely unfold (Eveleens et al.,
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FIGURE 4 Effects of predation and heatwaves on macroinvertebrate community composition, density and leaf litter processing at

the end of the experiment. (a, b) Nonmetric multidimensional scaling (NMDS) ordination of macroinvertebrate community composition in
mesocosms belonging to the different (a) heatwave and (b) predator treatments (stress = 0.166). Large points represent treatment-level
centroids and small points, individual mesocosm communities. (c) Macroinvertebrate density (individuals cm™3) and (d) leaf litter processing
by macroinvertebrates, the latter calculated as the mesocosm-specific change in leaf mass after correcting for microbial degradation (where
negative values represent interactions between macroinvertebrates and microbes; Kominoski et al., 2011, reducing proportional microbial
degradation in large vs. small leaf packs). Boxplots represent the range (box = median and interquartile range) of values across mesocosms
within treatments in the presence or absence of predatory fish [X-axis] under (from left to right) the ambient, current heatwave (+2.76°C)
and projected future heatwave (+6.06°C) treatments. Significant (p < .05) pairwise contrasts (Table 1) are denoted with superscript/

subscript letters

2019; Jacquet & Altermatt, 2020; Miller et al., 2021). Both distur-
bance regimes and their legacies can moderate the impact of subse-
quent disturbance events (Eveleens et al., 2019; Fugére et al., 2020;
Garcia Molinos & Donohue, 2011; Miller et al.,, 2021; Mrowicki
et al., 2016). The ecological impacts of heatwaves may, therefore,
be compounded if recovery from a previous disturbance is incom-
plete (e.g. Stockwell et al., 2020). Alternatively, ecological memory
may prime ecosystems against repeated disturbances, attenuating
their impact or facilitating community rescue (Fugére et al., 2020;
Hughes et al., 2019; Jackson et al., 2021; Miller et al., 2021). That
said, even communities exposed to frequent climate extremes may
exhibit temperature-driven biodiversity change under increasingly
severe disturbance regimes (e.g. Harris et al., 2018). A key next
step is thus to test experimentally the consequences of increas-
ingly complex disturbance regimes and repeated heatwaves for the
functional and compositional stability of multitrophic communities
(Eveleens et al., 2019; Jackson et al., 2021; Jacquet & Altermatt,
2020; Kéfi et al., 2019; Miller et al., 2021; Stockwell et al., 2020).

We used predictions from the IPCC RCP8.5 high-emission sce-
nario to inform our future projected heatwaves. RCP8.5 represents
a worst-case emission scenario, with previous warming experiments
mostly manipulating temperatures less severe than those changes pre-
dicted under RCP8.5 (Korell et al., 2020). Our results therefore repre-
sent an extreme case, and we are unable to say with certainty whether
predators would play similar stabilising roles under future heatwaves
constructed based on more moderate emission stabilisation scenar-
ios (RCP6.0-2.6). Nevertheless, CO, emissions are currently tracking
RCP8.5 projections (Schwalm et al., 2020). Despite RCP8.5 being quite
an extreme scenario, projections for the end of the century based on
RCP8.5 may yet represent a plausible future (Schwalm et al., 2020).
Qur finding that several heatwave effects, particularly on algal bio-
mass and macroinvertebrate community structure, were weaker or
not detectable under current heatwaves underscores the importance
of avoiding extreme warming scenarios by enforcing strict climate
change mitigation policies. Locally informed climate change experi-

ments, such as ours, considering a range of future climate scenarios
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are essential to provide much more realistic predictions of the likely
ecological impacts of climate change (Korell et al., 2020).

As with all field-based ecological experiments, our study is lim-
ited in scope by its temporal scale. Longer lasting legacies of heat-
waves on community composition, functioning and/or stability that
were not detected within the time frame of our measurements may
surface at timescales >20 days post heatwave (Clark et al., 2021;
Downing et al., 2008; Marcarelli et al., 2020; Ross, Suzuki, et al.,
2021). For example, Downing et al. (2008) found that asynchrony
among zooplankton taxa occurred only at time periods >80 days in
response to recurring nutrient pulses, while synchrony dominated
at shorter timescales and in constant environments. Marcarelli et al.
(2020) also reported differences in the magnitude and direction of
both direct and indirect trophic interactions in the Horonai stream
food web through time, revealing scale-dependent top-down con-
trol of macroinvertebrates by predatory fish (including C. nozawae).
Taken together, these results suggest that the role of predators in
mitigating heatwave impacts may be more pronounced over longer
timescales. Alternatively, heatwave legacies may dissipate over lon-
ger timescales (e.g. over months compared to weeks), as transient
dynamics converge to long-term system dynamics post-disturbance
(Hastings et al., 2018). Nevertheless, the fact that we found interac-
tions between sculpin and heatwaves highlights the importance of
top-down control in the Horonai system, even over relatively short
timescales, such as in our experiment.

The size of our experimental units also limited the capacity of our
experiment to mimic the full complexity of the Horonai stream eco-
system (Goto & Nakano, 1993; Marcarelli et al., 2020; Yagami & Goto,
2000; Yamamoto et al., 1988). Further, the limited availability of mi-
croclimatic refugia in our mesocosm systems may have overexposed
macroinvertebrates and sculpin to heat stress compared to the nat-
ural stream (Isaak et al., 2016). Even so, the natural immigration and
dispersal of algae, microorganisms and invertebrates in the experi-
mental system, and continuous exposure to natural environmental
fluctuations for the duration of the experiment increased consider-
ably the realism of our experimental communities relative to a closed
system. Additionally, immigration to the mesocosms from the stream
may have dampened the effects of heating on our multitrophic com-
munities (Fugére et al., 2020; Leibold et al., 2004), because individ-
uals from the regional species pool upstream would not have been
exposed to the heatwave until dispersal into our experimental sys-
tem. Were that the case, the potential for temperature-driven biodi-
versity change on the stream system could be considerably greater
than suggested by our experiment (Fussmann et al., 2014; Garcia
Molinos et al., 2016; Inagaki et al., 2020; Konishi et al., 2001; Kishi
et al., 2005; Waldock et al., 2018; Wernberg et al., 2013).

By revealing that predators can mitigate the destabilizing effects
of heatwaves on multitrophic stream communities, our study adds
to a growing body of literature exploring the contribution of individ-
ual species to the stability of communities, ecosystem functioning
and service supply (Gerhard et al., 2020; Kordas et al., 2017; Oliver
et al.,, 2015; Post & Pedersen, 2008; Ross, Arnoldi, et al., 2021;
Smale et al., 2019; White et al., 2018, 2020; Worm et al., 2006).

As climate change increases the frequency and intensity of extreme
climatic events such as heatwaves (Fischer et al., 2021; Oliver et al.,
2018), predators may play a key role in tempering the ecological
consequences of such extremes through both their direct and in-
direct effects on food webs (Kishi et al., 2005; Rasher et al., 2020).
Further, our results highlight the potential for human impacts on
predators to interact with other elements of global environmental
change, worsening the consequences of trophic downgrading on
ecosystems (Estes et al., 2011; Rasher et al., 2020). We conclude
that much greater focus should be given to biotic multipliers of cli-
mate change and the role of community structure and biotic interac-
tions in regulating ecological responses to extreme climatic events
(Rasher et al., 2020; Zarnetske et al., 2012).
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