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Abstract

Climate change and land-use change are widely altering freshwater ecosystem func-
tioning and there is an urgent need to understand how these broad stressor categories
may interact in future. While much research has focused on mean temperature in-
creases, climate change also involves increasing variability of both water temperature
and flow regimes and increasing concentrations of atmospheric CO,, all with potential
to alter stream invertebrate communities. Deposited fine sediment is a pervasive land-
use stressor with widespread impacts on stream invertebrates. Sedimentation may be
managed at the catchment scale; thus, uncovering interactions with these three key
climate stressors may assist mitigation of future threats. This is the first experiment
to investigate the individual and combined effects of enriched CO,, heatwaves, flow
velocity variability, and fine sediment on realistic stream invertebrate communities.
Using 128 mesocosms simulating small stony-bottomed streams in a 7-week experi-
ment, we manipulated dissolved CO, (ambient; enriched), fine sediment (no sediment;
300¢g dry sediment), temperature (ambient; two 7-day heatwaves), and flow velocity
(constant; variable). All treatments changed community composition. CO, enrichment
reduced abundances of Orthocladiinae and Chironominae and increased Copepoda
abundance. Variable flow velocity had only positive effects on invertebrate abun-
dances (7 of 13 common taxa and total abundance), in contrast to previous experi-
ments showing negative impacts of reduced velocity. CO, was implicated in most
stressor interactions found, with CO,x sediment interactions being most common.
Communities forming under enriched CO, conditions in sediment-impacted meso-
cosms had ~20% fewer total invertebrates than those with either treatment alone.
Copepoda abundances doubled in CO,-enriched mesocosms without sediment,
whereas no CO, effect occurred in mesocosms with sediment. Our findings provide
new insights into potential future impacts of climate change and land use in running
freshwaters, in particular highlighting the potential for elevated CO, to interact with

fine sediment deposition in unpredictable ways.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2024 The Authors. Global Change Biology published by John Wiley & Sons Ltd.

Glob Change Biol. 2024;30:e17336.
https://doi.org/10.1111/gcb.17336

wileyonlinelibrary.com/journal/gcb 10f22


https://doi.org/10.1111/gcb.17336
www.wileyonlinelibrary.com/journal/gcb
mailto:
https://orcid.org/0000-0003-4525-1017
https://orcid.org/0000-0002-6531-5623
https://orcid.org/0000-0002-1515-1878
https://orcid.org/0000-0002-4823-9198
http://creativecommons.org/licenses/by-nc/4.0/
mailto:julia.hunn@postgrad.otago.ac.nz

HUNN ET AL.

20f 22
—I—Wl B2’ Global Change Biology

KEYWORDS

CO,, freshwater ecology, global warming, hydrological regime, insects, multiple stressors

1 | INTRODUCTION

Climate change is altering biodiversity and ecosystem functioning
across all biomes in most regions of the world (IPCC, 2022), with
~3°C global surface warming expected by 2100 under current
greenhouse gas emissions (IPCC, 2021a). Alongside this underlying
mean temperature shift is an increase in the frequency and inten-
sity of heatwaves and hot days (IPCC, 2021a). While climate-change
experiments have predominantly focused on mean temperature,
this variability is crucial to consider as it plays a different and po-
tentially more important role in restructuring communities (Katz &
Brown, 1992; Lloret et al., 2012; Thompson et al., 2013). Freshwater
ecosystem functioning is vulnerable to warming as water tempera-
ture controls, or strongly influences, many biological and ecological
processes such as metabolism, decomposition, production of bio-
mass, and energy flux through food webs (Woodward et al., 2010).
Alongside water temperature alterations, elevated atmospheric CO,
and changing hydrological regimes are two further key climate-
change stressors warranting consideration in freshwater ecological
research (Woodward et al., 2010).

For running freshwater systems, land-use change and climate
change are predicted to be the most important threats to biodiver-
sity this century (Sala et al., 2000). Future climate-change effects
on a given freshwater system will likely depend on the degree of
local land-use impact (Bayramoglu et al., 2020; Zhai et al., 2023).
Therefore, there is an urgent need to understand how these broad
stressor categories interact and to identify key stressors within them
(Jackson et al., 2020). Experiments elucidating individual and com-
bined climate-change and land-use effects will be crucial for pre-
dicting future impacts, as these often reveal effects not otherwise
considered by models (Ormerod et al., 2010). While such research
has increased in recent years, community-level experiments are rare
(Mantyka-Pringle et al., 2014). This is problematic because stressor
effects found in single-taxon experiments cannot be extrapolated
to real-world outcomes as they fail to account for species interac-
tions, which can alter the observed response to a stressor or stressor
combinations (Bruder et al., 2017; Schuwirth et al., 2016; Thompson
et al., 2018).

Atmospheric CO, will increase to ~600-1100ppm by 2100
under moderate-to-high emission scenarios (IPCC, 2021b).
Predicting implications of this change for running freshwaters is
inherently difficult due to high variability both within and between
catchments, particularly with respect to pH, alkalinity, and dis-
solvedinorganiccarbon (DIC)(Coleetal.,2007). Therefore, streams
will likely vary greatly in their sensitivity to rising atmospheric
CO,, in both water chemistry alterations and ecological effects.
Well-buffered streams that are not already CO,-supersaturated,
thus potentially sensitive to elevated CO,, will likely be affected

by increased CO, uptake by CO,-limited autotrophs (Song
et al., 2014). A recent synthesis of 22 predominantly laboratory-
based CO,-enrichment studies on freshwater microalgae found
that elevated CO, generally lowers pH and increases DIC, algal
productivity and nutrient uptake, but growth responses vary
by algal type and sometimes between species of the same type
(Brown et al., 2020; Hu & Gao, 2008). CO,-enrichment studies on
freshwater invertebrates have primarily focused on direct effects
(e.g., behavior, acidification effects on calcification), mostly via
single-species laboratory experiments (e.g., Hasler et al., 2017,
Ninokawa & Ries, 2022; Ramaekers et al., 2022). In some cases,
invertebrates have been studied in laboratory microcosms con-
taining algae (or leaf litter; see Alto et al., 2005), allowing assess-
ment of indirect invertebrate responses. In one such study, CO,
stimulated growth of the alga Scenedesmus acutus and decreased
its P:C ratio (and thus nutritional quality), which in turn reduced
growth of the cladoceran Daphnia pulicaria (Urabe et al., 2003).
Ecological modelling has suggested that lowered nutritional qual-
ity in primary producers can lead to increased consumption rates
and negative energetic effects on primary consumers (Emmerson
et al., 2005). This could occur via autochthonous and/or alloch-
thonous energy pathways (Stiling & Cornelissen, 2007), with leaf
litter also containing increasing carbon-to-nutrient ratios (Norby
et al., 2001; Perkins et al., 2010). However, there is currently in-
sufficient evidence for such effects from field experiments. In
one field-based study, aqueous CO, was elevated by ~1100ppm
in artificial stream channels with water diverted from a relatively
pristine sandy-bottomed temperate stream, with no effects on
periphyton biomass, elemental composition or community com-
position (Brown et al., 2017). In the only known CO,-enrichment
mesocosm experiment investigating community-level benthic
invertebrate responses, Hargrave et al. (2009) found that raised
atmospheric CO, appeared to increase bottom-up autochthonous
energy transfer, increasing Chironomidae larvae abundance de-
spite lower nutritional quality than at ambient CO,. While logisti-
cally challenging, similar field-based, community-level studies will
improve our understanding of potentially complex CO, effects
that likely differ dramatically between and within lotic systems
(Brown et al., 2020).

Climate change is causing an increasingly intensified hydrological
cycle, leading to more frequent extreme events (floods or droughts)
and increased within-season flow variability (IPCC, 2021a; Jackson
et al., 2001; Schneider et al., 2013). These changing hydrological
regimes have implications for lotic invertebrate community assem-
blages (Larsen et al., 2023; Mouton et al., 2022; Pyne & Poff, 2017),
particularly in smaller streams which are most vulnerable to changes
in water depth, temperature, and velocity (Mustonen et al., 2018).
Flow velocity is a key physical feature of discharge alteration in
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streams that can influence invertebrate community composition
via several pathways (Dewson et al., 2007). Velocity controls both
the rate of food delivery for filter and deposit feeders (Nowell &
Jumars, 1984) and nutrient delivery for the algal food source of graz-
ers (Dewson et al., 2007). Moreover, invertebrates preferring either
fast- or slow-flowing habitats may respond to velocity alterations
by changing active drift rates (Poff & Ward, 1991). The effects of
continuously applying slow flow velocity in mesocosm experiments
have usually reflected these mechanisms (e.g., Blocher et al., 2020;
Elbrecht et al., 2016; Matthaei et al., 2010). However, human in-
terference with flow regimes (e.g., flood control, agricultural water
abstraction) can lead to a reduction in natural variability and conse-
quent deleterious effects on communities (Ledger & Milner, 2015;
Poff et al., 1997). While the negative impacts of continuous slow
flow velocity are clear, it has not been established whether applying
intermittent fast-, medium- and slow-velocity periods will maintain
these negative effects, or if such velocity variability will benefit the
community.

Loads of fine sediment (commonly defined as particles <2mm)
exceeding natural variability due to land-use activities, and most
commonly associated with intensive agricultural practices (Wood
& Armitage, 1997), are a pervasive stressor frequently linked to bi-
ological change in running freshwaters (Fanelli et al., 2022; Kemp
et al., 2011; Vorésmarty et al., 2010). Sediment settling on a stony-
bottomed streambed fills interstitial spaces, resulting in reduction of
habitat for many benthic invertebrates, while benefitting those that
utilize fine sediment (Lenat et al., 1981), for example, by burrowing or
constructing casings (Dudgeon, 1994). When applied to stream me-
socosms, experiments have revealed generally negative effects of
fine sediment on pollution-sensitive Ephemeroptera, Plecoptera and
Trichoptera (EPT) taxa (mayflies, stoneflies and caddisflies) and pos-
itive effects on worms and midge larvae (e.g., Beermann et al., 2018;
Blocher et al., 2020; Piggott, Townsend, & Matthaei, 2015a). As a
more localized stressor, agricultural fine sediment loading in streams
can be managed at the regional or catchment scale. Therefore,
knowledge of sediment interactions with global stressors (those
with a global cause) such as heatwaves, increasing CO, and chang-
ing flow regimes may allow mitigating potentially harmful effects of
these global stressors that generally cannot be influenced by local
management (Brown et al., 2013).

The present experiment employed 128 flow-through mesocosms
to assess, for the first time, the individual and combined effects of
CO, enrichment, heatwaves, flow velocity variability, and fine sed-
iment deposition (using a 2x2x2x 2 factorial design) on stream in-

vertebrate communities. We made the following predictions:

1. CO, enrichment changes invertebrate community composition
by reducing algal grazing taxa. This effect is likely due to
indirect negative effects imposed on primary consumers via
lowered nutritional quality (Emmerson et al., 2005; Stiling &
Cornelissen, 2007; Urabe et al., 2003).

2. Heatwaves reduce invertebrate diversity and change com-
munity structure as heat-sensitive taxa leave the mesocosms
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(Macaulay et al., 2021; Piggott, Townsend, & Matthaei, 2015a),
with smaller effects than for continuous temperature increases as
temperature-sensitive taxa re-establish between heatwaves.

3. Variable flow velocities allow less sensitive non-drifting taxa that
prefer slow velocity to dominate, shifting invertebrate community
composition (e.g., Beermann et al., 2018; Blécher et al., 2020),
with less negative effects than for continuous slow velocity as
sensitive drifting taxa (particularly EPT) re-establish in fast- and
medium-velocity periods.

4. CO, enrichment effects on invertebrate communities depend on
the fine sediment level, as sediment deposition changes periphy-
ton community composition (Magbanua, Townsend, Hageman,
Lange, et al., 2013; Passy, 2007), with stronger negative effects
on invertebrates in whichever algal community responds more
strongly to CO, enrichment.

5. Negative CO, effects on invertebrates are stronger when com-
bined with heatwaves, as these amplify CO, effects on algal
growth and food quality (Li et al., 2016).

6. Heatwave effects are stronger when combined with flow veloc-
ity variability as the heatwaves occur simultaneously with the ex-
perimental slow-velocity periods (simulating hot, dry conditions),

leading to an overall harsher habitat for sensitive taxa.

2 | MATERIALS AND METHODS

2.1 | Studysite

From October 21 to December 12, 2019 (Austral spring/early
summer), 128 circular stream mesocosms (volume 3.5L) were con-
tinuously supplied water from the adjacent Kauru River, a fifth-
order stream in the Otago region of New Zealand (45°06'22"S,
170°44'51"E; 98 ma.s.l.). The Kauru catchment ranges from 55 to
1273ma.s.l. and covers 124km?. The geology of the upper catch-
ment comprises quartzofeldspathic sandstone interbedded with
schist and mudstone, volcanic basalt, and non-marine sedimen-
tary rock (Otago Regional Council, 2010). Upstream of the experi-
mental site, the river passes through native tussock grassland and
exotic pasture grazed by low-density sheep and cattle. The river
has a gravel/cobble bed and contains diverse periphyton (Lange
et al., 2011; Piggott, Salis, et al., 2015) and invertebrate communi-
ties (Herrmann et al., 2012; Piggott, Townsend, & Matthaei, 2015a;
Wagenhoff et al., 2012). The river water is nutrient-poor (means + SD
across two dates during the experiment; NO,/NO,=13.8+3pg/L,
NH;=15.7+1.5pg/L, PO,=4.3+1pg/L; n=128).

2.2 | Experimental setup

The experimental system (ExStream System; Figure 1; see Piggott,
Salis, et al., 2015) is a tightly controlled, statistically powerful yet
highly field-realistic setup that has been used previously in >20 ex-
periments in New Zealand, Germany, Ireland, China, and Brazil. Our
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FIGURE 1 Schematic of the experimental system (adapted from Lange et al., 2011): Stream water was pumped continuously to the eight
header tanks. During heating treatment periods, heated header tanks received an even mix of water from all heaters, and when heaters were
turned on, unheated (control) tanks received filtered unheated water. CO, was also manipulated at the header tank level and each CO,-
enriched header tank received an even mix of gas from two CO, tanks. Fine sediment and flow velocity variability (by altering inflow jets)

were manipulated directly at the mesocosm level (see text for details).

basic setup was identical to that of a recent related study also using
the Kauru River ExStream System (see Macaulay et al., 2021), except
for the adaptations pertaining to the experimental manipulations
described below.

For the heating system, two 25-mm polythene pipes fed stream
water through two separate inline filters (0.5 mm) before joining to
a single 25-mm pipe, which split into two pipes. One of these sup-
plied water to four separate 13-mm PVC pipes each fitted with a tap

regulator to four continuous flow gas water heaters (model VT26;
Rinnai, Germany). Each heater had an outflow pipe leading to a
manifold before separating again into four 13-mm PVC pipes of 4m
length, connecting to regulating inflow taps which provided filtered
heated water to the four heated header tanks. The second pipe split
into four 13-mm PVC pipes which provided filtered, unheated water
to the four unheated header tanks at the same volume as the heated
header tanks received heated, filtered water.
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For CO, treatments, two 33-kg liquefied CO, gas tanks were fit-
ted with a dual-stage CO, regulator with four manifold blocks, each
with a bubble counter and valve (Pro-Elite Series Dual Stage CO,
Regulator; CO, Art Technologies Limited, Dublin). The inside walls of
each CO,-treated header tank were fitted with two in-tank diffusers
(In-Tank Bazooka Flux_ CO2 Diffuser; CO, Art Technologies Limited,
Dublin), supplied by CO,-resistant 4-mm polyurethane aquarium
tubing. Each regulator was connected to one diffuser in each of the
four CO,-enriched header tanks (two in each spatial block) so that
each header tank received CO, from both tanks. Regulators were
checked and adjusted daily (~180 bubbles/min, 40 psi working pres-
sure) so that each header tank received the same constant rate of
CO, bubbles.

Each of the eight 135-L header tanks gravity-fed stream water to
16 mesocosms at a constant discharge of 2L/min, measured at the
start of the colonization period (Day 16) and recalibrated daily, via
4-m length of 13-mm polythene pipe controlled by a tap regulator.
To create a bed substratum emulating small New Zealand streams
(Matthaei et al., 2006), 500 mL of small-to-medium-sized gravel was
collected from the river floodplain, sieved to remove fine sediment
(particles <2mm; Zweig & Rabeni, 2001), and added to each meso-
cosm with 14 randomly selected 40- to 50-mm flat cobbles placed
on top. On Day 0, a piece of PVC pipe (80mm length, diameter
40mm) was placed in the remaining space to act as a fish shelter, and
a 1-cm stainless steel mesh covering was placed over the outflow to
prevent fish escaping, scrubbed daily with filtered stream water to

remove any trapped organic material.

2.3 | Experimental design and procedures

CO,, fine sediment, flow velocity variability, and temperature were
manipulated in a full-factorial 2x2x2x2 design with eight repli-
cates of each treatment combination. Flow to the mesocosms began
on October 21, 2019 (Day 17), the start of a 17-day colonization pe-
riod. During this, the CO, (from Day 17) and sediment (from Day 14)
manipulations were already implemented. A 35-day “experimental”
period (beginning on Day 0) followed, during which temperature and
flow velocity were manipulated, as well (Figure 2).

CO, treatments were randomly assigned at the header tank level,
with one CO,-enriched header tank in each of four spatial blocks
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of two tanks per block. CO, was bubbled into CO,-enriched header
tanks continuously from the start of the colonization period (Day 17).
On Days 14 and 28, 1-L water samples taken from 16 randomly se-
lected channels (eight ambient and eight CO,-enriched) were stored
in sealed glass bottles and preserved with mercuric chloride for DIC
analysis. Within 5min of sampling, pH and temperature were also
measured in these channels using a handheld pH meter (HI-98128;
Hanna, Rhode Island).

Total DIC was measured by coulometric analysis of the CO,
evolved from samples acidified with phosphoric acid. Accuracy of this
method, described in Dickson et al. (2007), is estimated at +1 umol/
kg. DIC was higher in CO,-enriched than ambient channels on both
sampling dates, unaffected by heating treatments (Figure S1). On
Day 14, average DIC concentrations were 361+ 1pumol/kg in am-
bient and 456 + 15 umol/kg in enriched channels. On Day 28, both
DIC and alkalinity were higher overall and the difference in DIC be-
tween treatments was smaller. Average DIC concentrations on Day
28 were 463 +3 and 508 + 2 umol/kg in ambient and enriched chan-
nels, respectively. The pH was lowered in CO,-enriched channels,
from 7.9+0.1 to 6.9+0.1 on Day 14 and from 8.3+0.2 to 7.4 +0.1
on Day 28.

DIC, pH, and water temperature were used to calculate the
partial pressure of CO, (pCO,) using the package seacarb (Gattuso
etal., 2022) in R 4.2.0 (R Core Team, 2022). While calculations were
adjusted for low salinity, this program is optimized for seawater
analysis, thus these values are approximations. Estimated mean
pCO, in ambient channels was low compared to the atmosphere (ca.
418ppm; NOAA, 2023). Mean pCO, was 218patm in ambient and
2212 patm in enriched channels on Day 14, and 119 patm in ambient
and 981 patm in enriched channels on Day 28.

On Day -14, flow was interrupted (~5min) and 300g dry fine
sediment (average grain size 0.2mm, Spectrachem Analytical;
Clyde Scree Supplies Ltd., New Zealand) pretested for low nutri-
ents (Blocher et al., 2020) was added to 64 mesocosms, randomized
within eight header tank blocks of 16 mesocosms each. This amount,
a “moderate” level of sediment impact, has previously been shown
to create ~90% sediment cover and ~5mm sediment depth in near-
identical mesocosms (Wagenhoff et al., 2012).

During colonization, drifting invertebrates, algae and microbes
were able to enter the mesocosms via the unfiltered stream water

pipes and establish realistic, diverse communities (Lange et al., 2011,

Temperature
Variable flow velocity(___Fast ) Slow ) Fast J( Slow |

Sediment

O,

Day -17 -14
Colonisation period

Fish introduced

Invertebrate
supplementation

11 18 25 32 35
Experimental period |
Benthic
invertebrates
sampled

FIGURE 2 Timeline of the experiment. CO, and sediment were applied from the beginning of the colonization period before invertebrate
supplementation and fish introduction. The entire benthic invertebrate community in each mesocosm was sampled following a 35-day
period during which (in addition to CO, and sediment) temperature and flow velocity were manipulated in 7-day presses. See text for details.



HUNN ET AL.

6 of 22
—I—Wl B2’ Global Change Biology

Wagenhoff et al., 2012). Throughout the experiment, invertebrates
were also able to drift out of the mesocosms via the central outflow
with 1-cm mesh covering. On Day 2, natural invertebrate coloniza-
tion was supplemented with taxa underrepresented in the drift by
adding one standard sample of the Kauru River benthic invertebrate
community to each mesocosm, following the methods described in
Piggott, Townsend, and Matthaei (2015a).

Leaf packs, cotton strips, and fish were also added to each meso-
cosm on Day 0. While key components of the experimental stream
ecosystem, their inclusion was primarily for the study of additional
ecosystem components. Three grams (air-dried weight) of rehy-
drated mahoe (Melicytus ramiflorus) leaves were placed beneath the
surface stones in each mesocosm where they remained until Day
35. One juvenile upland bully (Gobiomorphus breviceps), a locally
abundant fish endemic to New Zealand (Herrmann et al., 2012),
was added to each mesocosm (mean fork length 36.3+3.5mm). All
mesocosms were fitted with polyester emergence hoods (mesh size
50pum) for the entire experimental period from Day O onward to pre-
vent fish escaping from the mesocosms. This meant that aerial col-
onization by emerged insects was possible during the colonization
period, while colonization via stream drift was the only source of
insect larvae from Day O onward.

Two flow velocity treatments were created: “constant” velocity
(medium velocity throughout) and “variable” velocity (alternating
fast and slow periods). Discharge (2 L/min) remained constant among
these treatments. “Constant” velocity channels were fitted with a
“medium” inflow jet (diameter 5mm) installed from the start of col-
onization and throughout the experiment. “Variable” velocity chan-
nels were also fitted with a medium jet throughout colonization and
replaced on Day 4 with a “fast” jet (diameter 3mm) for 1week. On
Day 11, the jet was removed altogether for the “slow” velocity pe-
riod for 1week, leaving a 10-mm diameter inflow. This process was
repeated from Day 18, creating four alternating fast and slow peri-
ods, and on Day 32 “variable” channels were fitted with a medium jet
for 3days before the final sampling day. Flow velocities were mea-
sured in all channels on Days -12, -1, 4, and 11 using a precision flow
meter (MiniWater20; Schiltknecht, Gossau, Switzerland). Average
near-bed velocity was 20+ 1.1cm/s on Day -12, with velocity grad-
ually decreasing over time as prolific benthic algal communities
(including filamentous taxa) formed in the channels. Mean velocity
prior to beginning flow treatments (Day 1) was 17.9 +1.4cm/s. On
Day 4 (the first “fast” period), average velocities were 7.0+2.8cm/s
in “constant” channels and 14.9 + 3.2cm/s in “variable” channels. On
Day 11 (the first “slow” period), average velocities were 9.3 +2.6 and
2.0+ 1.5 in “constant” and “variable” channels, respectively. Based
on these two dates, “variable” channels experienced a mean velocity
of 8.5cm/s across the “fast” and “slow” periods. For “constant” chan-
nels, the corresponding mean velocity was 8.2cm/s.

Temperature treatments were assigned randomly at the header
tank level within two spatial blocks, each consisting of four header
tanks. Heating was applied in two 7-day pulses starting on Days 11
and 25, the same periods as the two slow-velocity periods of the
“variable” velocity treatments (to simulate hot, dry conditions).

Water temperatures in heated header tanks were measured at 5-
min intervals from Days O to 35 with loggers on the bottom of the
tanks (HOBO® Pendant Temperature/Light Data Loggers; Onset
Computer Corporation). Temperature was increased gradually to
a target of 5°C above ambient over the first 24h of heating, and
reduced gradually during the final 24h. During the 35-day exper-
imental period, temperatures reached a maximum of 23.4 in “am-
bient” and 28.2°C in “heated” header tanks (Figure S2). The latter
maximum is close to the highest temperature measured in the
Kauru River during a 10-day heatwave in December 2017 (29.8°C;
see Macaulay et al., 2021). Average achieved temperature increase
between treatments was 4.8+0.7°C during the first 7-day heat-
ing period and 4.3 +1.5°C during the second. These increases are
on the conservative end of experimental heatwaves in existing
research, but are arguably more realistic than many experiments
where maximum temperatures were raised by 8-10°C (see review
of heatwave multiple-stressor effects on freshwater systems by
Polazzo et al., 2022), given that river-water temperature increases
of 5°C or more during heatwaves are rare worldwide (Graham
et al., 2024). Average temperatures across the entire 35-day period
were 16.4+3.2°C (ambient) and 18.1+2.5°C (heated).

2.4 | Benthicinvertebrate sampling

On the final experimental day (Day 35), the entire benthic commu-
nity of each mesocosm was sampled by elutriating the whole sub-
stratum into a 250-pm sieve using filtered water. Invertebrates and
associated organic material were preserved in 90% ethanol on site.
These samples were later divided into quarter subsamples using an
automated rotating sample divider (which produced eight subsam-
ples, of which two were randomly combined to create one quarter
of a sample), one of which was fully processed with all invertebrates
identified and counted. Another quarter was scanned for rare taxa
not found in the first quarter, which were added to taxon richness
counts but not to abundances. Invertebrates were identified to the
lowest practicable taxonomic level and body length measured to the
nearest 1 mm using a dissecting microscope (8-409; Olympus SZ51,
Tokyo, Japan). Length was not recorded for Annelida, which frag-
ment, or Nematoda, which often became coiled and could not be
measured accurately.

2.5 | Algal cover, fish survival, and fish
gut contents

To help understand treatment effects on invertebrate habitat, algal
cover was estimated visually by the same person (J.G.H.) based on
photographs of all mesocosms on six occasions (Days 0, 9, 13, 19,
26, and 32; to cover all stages of the experiment including all fast-
flow and slow-flow + heating periods). This method was carried out
as in previous ExStream experiments (e.g., Magbanua, Townsend,
Hageman, Lange, et al., 2013; Wagenhoff et al., 2013), except that
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one quarter of each mesocosm (without leaf packs or fish shelter)
was consistently used for estimations.

A range of upland bully responses were examined primarily for
an additional companion study. However, as fish survival and feed-
ing habits may be linked to some invertebrate community responses,
upland bully survival and key prey items (and the methods used to

obtain these) can be found in the Supporting Information.

2.6 | Dataanalysis

Statistical analyses were carried out in R 4.2.0 (R Core Team, 2022).
The four experimental factors were fixed categorical factors in the
(M)ANOVASs used, each with two levels, and a block factor was in-
cluded to account for background variation across the two spatial
blocks comprising four header tanks each. The resulting model
was intercept (d.f. 1)+temperature (1)+CO, (1)+flow (1)+sedi-
ment (1)+block (1)+temperaturexCO, (1)+temperaturexflow
(1)+CO,xflow (1)+temperaturexsediment (1)+CO,xsediment
(1)+flow xsediment (1) +temperature x CO,xflow (1)+tempera-
ture x CO, x sediment (1) + temperature x flow x sediment (1) +CO, x
flowxsediment (1)+temperaturexCO,xflowxsediment (1) (d.f.
[residual] =111, n=128).

In total, 36 freshwater invertebrate taxa were identified in the
experiment (Table S2). This complete dataset was used to examine
six community-level metrics: total abundance (number of inverte-
brates per channel), total taxon richness, Simpson's diversity, EPT
abundance, EPT taxon richness and mean body size. Individual four-
way ANOVAs were carried out for the six community-level inverte-
brate responses investigated and for algal cover (separately for each
day), with no data transformations needed (as determined during
exploratory data analysis). The 13 most common taxa were chosen
to investigate invertebrate community composition and effects on
individual taxa, each contributing at least 0.5% of the total inverte-
brate count (adding to 98.5% of the total count). For the chironomid
subfamily Orthocladiinae, we also analyzed effects on body size as
this taxon occurred in every sample, comprised a large proportion
of the dataset (17.3%), and its body size was normally distributed.
Treatment effects on community composition and individual taxon
abundances (square-root-transformed) were examined by four-way
MANOVA using the manova function (package car) (Fox et al., 2019).
Non-metric multidimensional scaling plots based on Bray-Curtis dis-
similarities, using the same 13 taxa as in the MANOVA, were created
as graphical approximations of changes to multivariate invertebrate
community composition (main effects of each factor, exclusive of in-
teractions). Fish survival (# days) and success of the heatwave, CO,,
and flow velocity experimental treatments were also tested with
ANOVAs.

Significance level a for all tests was .05. Effect sizes (partial ;72 val-
ues, range 0-1) were calculated using the package heplots (Friendly
et al., 2022) where p <.10, to allow readers to evaluate the biological
relevance of results (Nakagawa & Cuthill, 2007). When interpreting
partial r]2 effect sizes, the following benchmarks were adopted: small
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20.01 (f=0.10), medium 20.06 (f=0.25), and large 20.14 (f=0.40)
(Cohen, 1988; Richardson, 2011). For multivariate MANOVA results,
partial ;12 values are equal to Pillai's trace.

Significant factor main effects were classified as positive (+) or
negative (=) based on the direction of each response to manipulated
versus control (ambient) levels. Significant interactive effects were
classified directionally as antagonistic (A) or synergistic (S) accord-
ing to a classification system where directions of individual stressor
effects in relation to controls are compared to combined effect
directions (Piggott, Townsend, & Matthaei, 2015b). Where signifi-
cant interactions were present, the recommendations of Quinn and
Keough (2002) were followed: lower order interactions and main ef-
fects were interpreted only where the effect size of the higher order
interaction was smaller than that of the lower order interactions or
main effects. Otherwise, the higher order interaction overrides the

lower order interactions or main effects.

3 | RESULTS

3.1 | Success of the experimental treatments

Dissolved inorganic carbon and temperature were significantly
raised in treatment groups relative to controls during the heatwave
periods, with no significant effects of other experimental treatments
(Table S3). Flow velocity was affected by all experimental factors;
however, most of the variation during fast- and slow-velocity periods

was attributed to the flow velocity treatments (Figure S3; Table S4).

3.2 | Algal cover

CO, enrichment strongly increased algal cover across all dates
(Table S5; Figure S4). Sediment addition had an initial strong nega-
tive effect on algal cover on Day 0, but a positive effect across three
later dates (13, 19, and 26). Temperature had an initial negative ef-
fect following the first heatwave on Day 19, after which it had a posi-
tive effect by Day 26. CO, and temperature interacted on Day 32;
the positive effect of CO, on algal cover was stronger in channels ex-
posed to the heatwaves. Flow velocity variability had one moderate
positive effect on Day 26, during the second slow-velocity period.

3.3 | Fish survival and key invertebrate prey items

In total, 98 of 128 bullies survived until Day 33 (when they were
sampled). Fish survival was reduced by CO, enrichment, an effect
that was largely driven by an interaction between CO, and sediment.
Survival was decreased by CO, enrichment in channels without sedi-
ment, whereas CO, had no negative effect in channels with sedi-
ment (Table Sé; Figure S5). Orthocladiinae (Chironomidae) were the
taxon most commonly consumed (55.4%), followed by Chydoridae
(Cladocera) (14.5%), Chironomidae pupae (8.6%), Austrosimulium
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spp. larvae (5.3%), Chironominae larvae (4.7%), and emerged insects
(4.6%; all others 6.9%).

3.4 | Community-level responses

Heating had a negative main effect on five of the six community-
level invertebrate metrics (total taxon richness, Simpson's diver-
sity, EPT abundance, EPT taxon richness, mean body size), with the
strongest effect occurring for body size (Table 1; Figure 3). CO, en-
richment also had a moderate negative effect on body size. Variable
flow velocity increased total invertebrate abundance compared with
constant flow channels. Sediment addition affected all community-
level metrics, with four negative effects and positive effects on di-
versity and body size. CO, enrichment had no main effect on total
abundance but interacted synergistically with sediment (Figure 4a).
In channels without sediment, CO, increased total abundance,
whereas the combined effect of CO, and sediment became more
strongly negative than that of sediment alone. Furthermore, flow
velocity and sediment interacted antagonistically when affecting
invertebrate body size (Figure 5a). While sediment alone increased
body size, this effect was much weaker when combined with vari-
able velocity.

3.5 | Orthocladiinae body size

No factor main effects were detected for Orthocladiinae body size;
however, temperature interacted separately with both CO, and
sediment. An antagonistic interaction occurred where CO, reduced
body size in ambient-temperature channels, while no CO, effect was
seen in heated channels, where body size was already somewhat
reduced (Figure 5b). Temperature and sediment interacted synergis-
tically to affect Orthocladiinae body size, with sediment having a
positive effect in ambient-temperature channels, whereas in chan-
nels with sediment at increased temperature body size was smaller

than in channels with neither stressor (Figure 5c).

3.6 | Benthic invertebrate community composition

Sediment addition had the strongest influence on benthic commu-
nity composition in the MANOVA, followed by heating and CO, ad-
dition, while variable flow velocity had the smallest effect (Table 1;

Figure 6). No significant interactions occurred.

3.7 | Individual taxon responses

Abundances of all 13 taxa were affected by at least one experi-
mental factor (Table 1; Figures S6-S8). Heating negatively affected
seven taxa, especially the chironomid subfamilies Orthocladiinae
and Chironominae. Heating had a positive effect on Chydoridae

(Cladocera), the most common taxon (28.5% of total count). CO, en-
richment decreased abundances of Orthocladiinae, Chironominae,
and the snail Potamopyrgus antipodarum and increased the abun-
dance of Copepoda. Variable flow velocity had only positive effects
and increased the abundances of seven taxa. Sediment addition
negatively affected seven taxa, with strong effects occurring for
Copepoda, Chydoridae, and Leptophlebiidae. Sediment also had a
strong positive effect on Nematoda abundance.

Annelida were affected by an interaction between CO, and
sediment (Figure 4b). In channels without added sediment, CO, en-
richment increased Annelida numbers, whereas the opposite pat-
tern was seen in channels with added sediment. Furthermore, CO,
enrichment had a positive effect on Copepoda in the absence of
sediment, but this effect was cancelled out by sediment addition,
which reduced Copepoda to similar numbers in both CO, groups
(Figure 4c). Leptophlebiidae were affected by an interaction be-
tween CO, and flow velocity (Figure 4d). While CO, enrichment
had no effect at constant velocity, it reduced Leptophlebiidae abun-
dance at variable velocity. Finally, a complex three-way interaction
was detected for the caddisfly Oxyethira spp. (Figure 4e). At ambient
CO,, variable velocity increased Oxyethira abundance in both tem-
perature treatments, whereas at enriched CO, variable velocity re-
duced abundance when combined with heating.

4 | DISCUSSION

4.1 | Stressor main effects

411 | CO, enrichment

Our study is one of the first to examine raised CO, effects on in-
vertebrate communities in outdoor stream mesocosms, with only
one other experiment known (Hargrave et al., 2009). We predicted
that continuous enrichment of CO, throughout our 52-day experi-
ment would change invertebrate community composition by reduc-
ing algal grazing taxa. As ambient aqueous CO, was undersaturated
compared to the atmosphere, and CO, enrichment strongly in-
creased algal cover, at least some algae were apparently experi-
encing CO, limitation. Negative effects on grazing invertebrates
including P. antipodarum (Broekhuizen et al., 2001) and many mem-
bers of Orthocladiinae and Chironominae (although these midge
subfamilies contain several feeding groups and many are generalists;
Serra et al., 2016) appear to at least partly support our prediction.
Nevertheless, these responses could reflect indirect effects (e.g.,
lowered algal nutritional quality, reduction in habitat due to exces-
sive algal growth), direct effects of weak acidification (e.g., increased
metabolic demand, changes in feeding rates or predator avoid-
ance behavior; see review of marine invertebrate taxa by Thomas
etal., 2020), or acombination of direct and indirect effects. However,
raised CO, clearly did not increase bottom-up autochthonous en-
ergy transfer via periphyton, as seen in Hargrave et al. (2009). In
this North American experiment, CO, concentration was doubled in
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FIGURE 3 Benthic invertebrate community-level responses (a-f) to the experimental manipulations at the end of the experiment (Day
35). Bars represent means + SE (n=8 replicates per treatment combination). Significant factor main effects or interactions are indicated at
bottom right for each response.
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FIGURE 5 Two-way interactive effects on average body size of all invertebrates (excluding Annelida) (a) and Orthocladiinae (b, c). Points
represent means+SE. N=32 replicates per treatment combination for two-way interactions; n=16 per combination for the three-way
interaction. Group mean comparisons based on post hoc testing are given with adjusted p-values and significance level (< .05%; < .01**;

< .001***) where p <.05.

the air above large, sandy-bottomed stream mesocosms. The posi-
tive effects on chironomids in this earlier study contrast with the
negative effects on two of the three chironomid subfamilies in our
own study. One explanation could be differences in experimental
substrata and the algal communities formed. Hargrave et al. (2009)
noted that the unstable sand substratum in their experiment pre-
vented growth of filamentous diatoms. In our experiment simulat-
ing stony-bottom streams, the increased algal cover in CO,-enriched
channels was mainly due to long filamentous algae (J.G.H., personal
observations; Figure S4). This algal type may have become the
dominant food source in CO,-enriched channels for grazing inverte-
brates, with negative effects for Chironomidae via reduced habitat

or lowered food quality. As freshwater invertebrates have been un-
derstudied with respect to rising atmospheric CO, compared with
primary producers and vertebrates (Hasler et al., 2016), future stud-
ies may consider examining raised CO, effects on algal grazing taxa
and filamentous algae in simplified experimental food webs, disen-
tangling the direct and indirect effects wherever possible.

41.2 | Heatwaves

Two week-long heatwaves (~4.8 and ~4.3°C increase in water tem-
perature), with a mean overall increase of 1.7°C across 35days,
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FIGURE 6 Non-metric multidimensional scaling (2D, 999 permutations) of relative abundances of the 13 most common taxa based

on Bray-Curtis dissimilarities. Stress=0.163. These plots are graphical approximations of the differences in multivariate invertebrate
community composition detected in the MANOVA (main effects of each factor, exclusive of interactions between factors)—see Section 2
for details. Plots highlight each main factor (heatwaves [a], CO, enrichment [b], flow velocity variability [c], and fine sediment deposition
[d]) separately, with colored points representing individual channels belonging to each treatment group and convex hulls showing the outer

limits of treatment groups.

resulted in the highest number of negative effects on the benthic in-
vertebrate community (12 of 20 possible responses) and the second
strongest change in community composition of our four stressors.
As we predicted, there was a loss in diversity alongside reductions
in several taxa; yet in comparison to a recent experiment in the
same experimental system (in the same river and season) in which
mesocosms were warmed by 3°C constantly for 24 days (Macaulay
et al., 2021), the effects of our heating treatments were somewhat
weaker and not quite as pervasive. For example, eight individual
taxon abundances were strongly reduced by this constant warming,
whereas four of these same taxa showed no evidence of a response
(Annelida, Copepoda, and Leptophlebiidae) or a positive response
(Chydoridae). One possible explanation for this difference is that a
natural heatwave during Macaulay et al. (2021) raised ambient water
temperature to ~30°C leading to a maximum temperature of ~33°C,
almost 5°C higher than the maximum temperature reached in our
heatwave treatments. Evidence from existing constant-warming

stream mesocosm experiments suggest that the degree to which

heating can reconfigure invertebrate community structure depends
on whether experimental temperatures reach or exceed the local
natural upper limit (Dossena et al., 2012; Macaulay et al., 2021,
Piggott, Townsend, & Matthaei, 2015a; Yvon-Durocher et al., 2011)
or fall within the natural temperature range (Nelson et al., 2021).
Another possible explanation is the intermittent nature of our heat-
ing treatment, which appeared to affect the outcome for some sen-
sitive taxa. For example, the mayfly taxon Leptophlebiidae (mostly
represented by the nationally common genus Deleatidium) was unaf-
fected by heatwaves in our experiment, despite being among the
most temperature-sensitive groups in New Zealand streams (Quinn
et al,, 1994) and showing a clear negative response to constant
warming in previous experiments (Macaulay et al., 2021; Piggott,
Townsend, & Matthaei, 2015a). Evidently, the 3-day period between
our second heatwave and invertebrate sampling at the end of our
experiment was sufficient for Leptophlebiidae to repopulate the
heat-treated mesocosms via drift. However, extrapolation of this re-
sult to real-world heatwaves should be done with care. As mayflies
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drift downstream, their fast recovery from a heatwave would de-
pend on conditions upstream (discussed below in Section 4.1.7).
Heatwaves had the strongest impact on invertebrate body size
of the four stressors tested, although body size of Orthocladiinae
(Chironomidae) was unaffected. Due to the continuous immigration
and emigration of drifting invertebrates, our results are unlikely
to reflect the temperature-size rule that ectotherms developing
at higher temperatures will develop to be smaller (Atkinson, 1994;
Kingsolver & Huey, 2008). Instead, heatwaves more likely affected
average invertebrate size in the mesocosms by reducing habitat suit-
ability and increasing drift or emergence rates in larger taxa (all three
Chironomidae subfamilies and all three Trichoptera taxa) and having
a positive effect, or no effect, on smaller taxa (~1-2mm Chydoridae
[Cladocera], Copepoda, P. antipodarum, and Ostracoda). Particularly
during the second heatwave when ambient temperatures were
higher, temperatures frequently reached or exceeded the average
upper thermal limits of several frequently drifting insect taxa for
which data are available: the three Chironomidae subfamilies (McKie
et al., 2004) and Coenosucidae (containing Pycnocentrodes; Quinn
et al., 1994). In contrast, temperatures never reached the thermal
limit of P. antipodarum snails, which do not actively drift (Quinn
et al., 1994). However, higher-than-ambient temperatures during the
first heatwave could still have elicited a drift response or early emer-
gence response in sensitive insect taxa; these drift and emergence

responses we assessed in a related companion study.

41.3 | Flow velocity

We predicted that variable flow velocities would allow less sensi-
tive, non-drifting taxa that prefer slow velocity to dominate, shifting
invertebrate community composition, but that these effects would
be less negative than continuous slow velocity. Our prediction was
largely supported, except that velocity variability changed inverte-
brate community composition only by increasing taxon abundances,
despite involving 2-week-long periods of slow velocity. Related
previous experiments have shown that continuous application of
slow velocity can decrease abundances of pollution-sensitive EPT
taxa (Elbrecht et al., 2016; Matthaei et al., 2010) and that fewer
EPT individuals drift at fast flow velocity (Bl6cher et al., 2020). In
our experiment, the benthic community was sampled after 3days
of medium flow velocity following a slow-velocity period, suggest-
ing that any negative effects on EPT taxa during slow velocity were
temporary and these taxa were able to re-establish in the commu-
nity once flow returned to medium velocity. In several past experi-
ments, Copepoda increased in abundance at constant slow velocity
(Beermann et al., 2018; Blocher et al., 2020; Matthaei et al., 2010).
Copepoda were unaffected by our flow variability treatment, sug-
gesting that any positive effect of slow-velocity periods on this
taxon were counteracted by negative effects of faster-velocity pe-
riods. These responses combined with the previously discussed ex-
perimental evidence suggest that shorter slow-velocity periods due
to climate-related variability in within-season precipitation may be
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of less concern for invertebrate communities than long-term contin-
uous reduced velocity in streams caused by climate change or direct
human interference.

41.4 | Finesediment

Addition of 300g dry fine sediment (equivalent to a high but not
extreme sediment load; Wagenhoff et al., 2012) 7weeks prior to
sampling resulted in the strongest change in invertebrate com-
munity composition of our four stressors and pervasive negative
effects on the community, with a positive effect on Nematoda.
Negative effects of sediment on taxon richness, EPT richness, and
EPT abundance are consistent with previous related research (e.g.,
Blécher et al., 2020; Piggott, Townsend, & Matthaei, 2015a) and
likely reflect increased propensity of sensitive invertebrate taxa to
drift when sediment is present (Larsen & Ormerod, 2010; Magbanua
etal., 2016; Suren & Jowett, 2001). For several responses measured,
including total invertebrate abundance and abundances of the midge
subfamilies Orthocladiinae, Tanypodinae, and Chironominae, effects
of 7weeks of sediment deposition were frequently more negative
than in previous experiments of shorter durations (e.g., Blécher
et al., 2020; Magbanua, Townsend, Hageman, & Matthaei, 2013;
Piggott, Townsend, & Matthaei, 2015a). Thus, our findings suggest
that longer term sediment deposition in stony-bottom streams may
be more harmful than shorter term deposition or any temporary ef-

fects of suspended sediment.

4.1.5 | CO,xsediment interactions

Non-additive interactive effects between experimental treatments
were mostly antagonistic, the interaction type most commonly
found in studies on freshwater invertebrates (Jackson et al., 2016).
While CO, enrichment had the fewest factor main effects on com-
munity and individual taxon responses, it was involved in the high-
est number of interactions (6 total) of the four experimental factors,
with CO, x sediment interactions most common. We predicted that
CO, enrichment effects on invertebrate communities would depend
on the fine sediment level. While CO, and sediment did not inter-
act to affect overall community composition, the effect of enriched
CO, on total invertebrate abundance and Copepoda abundance de-
pended strongly on the sediment treatment, partially supporting our
prediction. Communities forming under enriched CO, conditions in
sediment-impacted mesocosms had ~20% fewer total invertebrates
than those with either treatment alone. For Copepoda, positive ef-
fects of CO, occurred only in channels without sediment. The latter
pattern could reflect the reduction in fish survival in channels with
this treatment combination; however, this appears unlikely consider-
ing that Copepoda were not a common prey item for G. breviceps,
and this pattern did not occur for any of their common prey taxa.
Copepods in our mesocosms comprised the orders Cyclopoida
and Harpacticoida (Hunn, 2023), which play a key role in aquatic
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food webs by linking higher consumers with phytoplankton, het-
erotrophic bacteria, protists and smaller zooplankton (Frangoulis
et al., 2005; Roff et al., 1995). Freshwater phytoplankton growth is
not generally believed to be CO,-limited (Low-Décarie et al., 2011),
partly due to the CO, supersaturation found in many freshwa-
ters (Raymond et al., 2013), but also because most phytoplankton
taxa have active carbon concentration mechanisms allowing up-
take of HCOj and conversion to CO, for photosynthesis (Giordano
et al., 2005). For these reasons, perhaps, potential effects of co,
enrichment on these meiofauna taxa have not been established. In
running freshwaters, however, Cyclopoida and Harpacticoida mainly
have a benthic lifestyle, found in high abundances in the hyporheic
zone (Boulton & Foster, 1998; Kowarc, 1991), grazing on microbial
biofilms in interstitial spaces (O'Doherty, 1985), and also scraping
the outer surfaces of filamentous algae (Decho & Moriarty, 1990). In
our experiment simulating a stream environment where periphyton
dominates primary production, ambient CO, was undersaturated
and elevated CO, might have boosted production of periphyton
taxa with high CO, affinity. While algal carbon-to-nutrient ratios
are often increased by elevated CO, (Finkel et al., 2010), effects of
elevated CO, on polyunsaturated fatty acids (essential macronutri-
ents for copepod growth and reproduction) are sometimes negative
but commonly neutral (see MclLaskey et al., 2019). Although little
research exists on elevated CO, effects on copepods in freshwa-
ters, there is some evidence that raised CO, may reduce fatty acid
concentrations in marine phytoplankton, resulting in negative ef-
fects on copepod growth and reproduction (Rossoll et al., 2012).
Conversely, in marine mesocosms, both phytoplankton and copepod
abundance increased at elevated CO, (Alguer6-Muiiiz et al., 2017).
These contrasting outcomes of simplified laboratory experiments
and mesocosm studies may be attributed to the complexity and
adaptability of natural systems (Rossoll et al., 2012): if some, but
not all, phytoplankton decrease in nutritional quality, copepods ac-
tively choose high-quality food that meets their nutritional demands
(Meunier et al., 2016). While the restricted time frame of our stream
mesocosm experiment did not allow studying effects across multiple
generations, it appears that food quantity was sufficiently raised by
CO, enrichment to create favorable conditions for benthic copep-
ods, with no impact of lowered food quality. However, this effect
was limited to channels without deposited fine sediment. Sediment
strongly reduced copepod abundance, likely due to a reduction
in suitable habitat. Harpacticoida and Cyclopoida use interstitial
spaces to enter diapause (Santer, 1998) and/or to avoid predation
by fish (Gliwicz, 1986) or macroinvertebrates (Neill, 1990). Sediment
deposition may reduce the size of these interstices, lowering their
capacity for organic matter retention (Maridet et al., 1995; Ward
et al., 1998). It is therefore plausible that sediment deposition re-
duced both habitat size and quality and predation refugia for ben-
thic copepods in our experiment, and any positive CO,-enrichment
effect was offset by increased predation. Besides their important
role in food webs, copepods are now recognized as a significant
contributor to carbon flux to the ocean (Steinberg & Landry, 2017).
Therefore, any CO, effects on freshwater copepods and interactions

with land-use stressors should be areas of interest to climate-change

research warranting further study.

4.1.6 | Other stressor interactions

Negative CO, effects were not generally worsened by heatwaves,
despite algal cover showing a positive synergistic interaction be-
tween CO, and temperature after the second heatwave. Thus, our
prediction that negative CO, effects on invertebrates would be
stronger when combined with heatwaves was not supported. Only
one 2-way interaction was found for invertebrates, where a slightly
negative effect of CO, on Orthocladiinae body size occurred solely
in ambient-temperature channels. In the single detected three-way
interaction, variable flow velocity had generally positive effects on
the larvae of the cased caddis Oxyethira spp., except when com-
bined with CO, enrichment and heatwaves, when the variable-flow-
velocity effect turned negative. This pattern suggests some negative
impact of the combined slow-flow and heating periods on Oxyethira;
however, their abundance was similarly low at constant flow velocity
in heated channels with no CO, enrichment. Furthermore, no two-
way interactions occurred between flow variability and heatwaves,
despite low-flow periods occurring simultaneously with heatwaves.
Overall, these results did not support our final prediction that heat-
wave effects would be stronger when combined with flow-velocity

variability.

4.1.7 | Realism, limitations, and management
implications

In general, interactive effects (particularly higher order interactions)
were relatively scarce in our experiment. This could lead to the inter-
pretation that only factor main effects were important, but detec-
tion of potentially important interactions may have been limited by
our choice of study design (two levels of each factor tested). While
it was not practical in our experiment to explore further levels of
our four stressors of interest, interactive effects found in large-scale
field studies are frequently nonlinear (D'Amario et al., 2019; Kefford
et al., 2021). Although our study found little or no evidence of in-
teractive effects for many stressor combinations, results may vary
with the frequency and intensity of stressors applied or depend on
thresholds along gradients of further variables, which our experi-
ment could not capture. We therefore encourage future climate-
change stream mesocosm experiments to explore a range of levels
of each of these variables wherever possible.

An inherent limitation of our study is the small size of the me-
socosms and its restricted duration due to the sustained effort in-
volved. Consequently, our results cannot be generalized to larger
lotic systems, other seasons or longer time periods without fur-
ther complementary research at various scales (these limitations
have been discussed several times in previous related studies; e.g.,
Beermann et al., 2018; Elbrecht et al., 2016).
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Connectivity between the source river and our stream meso-
cosms allows a considerable level of environmental realism due to
the natural colonization and continuous immigration and emigra-
tion of drifting invertebrates, plus several other reasons discussed
in depth in the >30 publications based on previous ExStream
System experiments. However, as we cannot apply treatments to
the entire catchment, natural colonization also means inverte-
brates entering the mesocosms freely throughout the experiment
arrive from a source community experiencing ambient conditions.
As previously discussed, negative heatwave treatment effects on
the invertebrate community were not as large or pervasive as in
some previous constant warming experiments. Flow velocity vari-
ability had no negative effects, despite including slow-velocity
periods which had negative impacts in previous studies. These
patterns can likely be attributed in part to the adaptability of
the benthos, particularly the ability to recolonize areas quickly
through passive and active drift from upstream (Mackay, 1992;
Williams & Hynes, 1976). As global stressors, some degree of
climate-mediated change in flow regimes and water temperatures
is inevitable. Nevertheless, our findings highlight the importance
of careful management or restoration practices for mitigating po-
tential negative impacts of increasing climactic variability. River
regulation has led to channelized rivers that lack mobility across
the landscape and lose connectivity with floodplains, leading to a
loss of wider retention zones that often contain higher water vol-
umes, increasing vulnerability of communities to climactic events
(Wohl et al., 2018). River restoration measures, such as adding
physical structures such as artificial meanders, boulders or wood,
can be insufficient if flow regimes are degraded and upstream ref-
uge areas are lost (Palmer et al., 2010). If the goal is improving
resilience to climate change, retaining or restoring natural flow
regimes that maintain stream morphology heterogeneity (Milner
et al., 2018) and connectivity (Rivers-Moore & Dallas, 2022; Urban
et al., 2006) are measures likely to yield larger benefits, by allow-
ing recolonization by remnant populations in areas of refuge fol-
lowing extreme events.

Our achieved aqueous CO, concentrations changed consider-
ably across the experiment, although the amount added was con-
stant. Ambient total DIC was higher later in the experiment, but
ambient CO, was lower despite higher alkalinity, possibly due to
increased benthic primary production (Talling, 1976) or CO, out-
gassing upstream (Demars & Manson, 2013; Wallin et al., 2011).
Ambient CO, levels in our mesocosms were low compared to the
global average of ~2400patm for streams and rivers of orders 3-12
(Lauerwald et al., 2015), but less unusual for New Zealand streams
which (based on limited existing data) do not appear to be super-
saturated with CO, (Raymond et al., 2013). Global patterns of CO,
concentrations in streams are unpredictable based on geographic
location alone and reflect a complex combination of factors includ-
ing soil respiration rates, habitat degradation, local geology, and pri-
mary productivity (Raymond et al., 2013; Stets et al., 2017). During
times of high productivity, autotrophs can deplete freshwater sys-
tems of CO, (Talling, 1976). However, well-buffered streams with
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high alkalinity can hold much higher CO, concentrations than the
atmosphere if CO, inputs from soil respiration, diffusion from the
atmosphere, decomposition, or weathering are high, as the shift to
equilibrium is delayed (Stets et al., 2017). Moreover, high variabil-
ity also exists within catchments (Johnson et al., 2008; Jones &
Mulholland, 1997). The Kauru River, as a fifth-order stream, is nei-
ther a small headwater stream nor a large river. Thus, it likely re-
ceives relatively small CO, inputs from groundwater (as in headwater
streams) or in-stream organic carbon degradation (as in higher order
rivers) (Marx et al., 2017). Therefore, our achieved CO, concentra-
tions (~2212patm on Day 14, ~981patm on Day 28) were possibly
higher than one might expect in similar fifth-order streams through
gaseous exchange with a future atmosphere of 600-1100ppm CO,
by 2100 under moderate-to-high emissions (IPCC, 2021b), even if
the other sources mentioned above also increased in future. Our pH
change of ~1.0 in CO,-enriched channels was also ~0.5 larger than
in the abovementioned study by Hargrave et al. (2009), where CO,
in the air above stream mesocosms was doubled. Nevertheless, our
achieved concentrations are by no means globally unrealistic for run-
ning waters (Lauerwald et al., 2015; Raymond et al., 2013) and could
occur in New Zealand's higher order rivers or headwater streams in
future. Furthermore, pH values in our CO,-enriched channels (6.9 on
Day 14, 7.4 on Day 28) were within the naturally variable pH range
of the Kauru River. During a previous study in the same mesocosm
setup, Bruder et al. (2017) measured a mean in-stream pH of 7.1.
Given the complexity of CO, dynamics in streams, it is impos-
sible to manipulate aqueous CO, in field-based studies to an exact
desired concentration. Nevertheless, to our knowledge, our study
is the first worldwide to manipulate CO, in outdoor stream meso-
cosms in a multiple-stressor context. Thus, detecting any individual
and combined CO, effects were important for improving knowledge
in this area, and detecting such effects might not have been possible
at a lower CO, concentration during our 7-week study. Our experi-
ment takes a step toward broadening the understanding of indirect
freshwater CO, effects to trophic levels beyond primary producers,
as recommended by Brown et al. (2020). Effects of enriched CO,
on the invertebrate community in our study largely contrasted with
those of Hargrave et al. (2009), the only other directly comparable
study, emphasizing the importance of conducting similar multiple
stressor experiments in many regions of the world with varying
carbonate chemistry, substratum type, and biological communities.
Future research efforts would also benefit from longer durations,
across multiple seasons where possible, covering a range of conser-

vative CO, enrichment levels.

AUTHOR CONTRIBUTIONS

J. G. Hunn: Conceptualization; data curation; formal analysis; fund-
ing acquisition; investigation; methodology; project administration;
resources; software; visualization; writing - original draft. J. A. Orr:
Investigation; methodology; visualization; writing - review and edit-
ing. A.-M. Kelly: Investigation; methodology; resources. J. J. Piggott:
Conceptualization; funding acquisition; investigation; methodology;

project administration; resources; supervision; writing - review



HUNN ET AL.

18 of 22
—I—Wl B2 Global Change Biology

and editing. C. D. Matthaei: Conceptualization; funding acquisition;

methodology; supervision; validation; writing - review and editing.

ACKNOWLEDGMENTS

We thank Stu Borland, Nat Lim, Amirah Norhayati, Alex West, Sam
Macaulay, and Aidan Mora-Teddy for fieldwork assistance; Nicola
McHugh for laboratory assistance; Matthew Ward, Kari-Anne Van
der Zon, Megha Sethi, and XuHong Chai for help with invertebrate
identification; and Kim Currie for DIC analysis. We acknowledge
financial support for this research from the Irish Research Council
(IRCLA/2017/112 JJP) and the University of Otago (Doctoral
Scholarship 2019 JGH, UoO Research Grant 2020 CDM). Open
access publishing facilitated by University of Otago, as part of the
Wiley - University of Otago agreement via the Council of Australian

University Librarians.

CONFLICT OF INTEREST STATEMENT
All authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The data and code that support the findings of this study are openly
available in Zenodo at https://doi.org/10.5281/zenodo.11064543.

ORCID

J. G. Hunn
J.A. Orr

J. J. Piggott
C. D. Matthaei

https://orcid.org/0000-0003-4525-1017
https://orcid.org/0000-0002-6531-5623
https://orcid.org/0000-0002-1515-1878
https://orcid.org/0000-0002-4823-9198

REFERENCES

Alguer6-Muiiz, M., Alvarez-Fernandez, S., Thor, P., Bach, L. T., Esposito,
M., Horn, H. G., Ecker, U., Langer, J. A. F.,, Taucher, J., Malzahn, A.
M., Riebesell, U., & Boersma, M. (2017). Ocean acidification ef-
fects on mesozooplankton community development: Results from
a long-term mesocosm experiment. PLoS One, 12(4), e0175851.
https://doi.org/10.1371/journal.pone.0175851

Alto, B. W., Yanoviak, S. P., Lounibos, L. P., & Drake, B. G. (2005). Effects
of elevated atmospheric CO, on water chemistry and mosquito
(Diptera: Culicidae) growth under competitive conditions in con-
tainer habitats. The Florida Entomologist, 88(4), 372-382.

Atkinson, D. (1994). Temperature and organism size-a biological law for
ectotherms? Advances in Ecological Research, 25, 1-58.

Bayramoglu, B., Chakir, R., & Lungarska, A. (2020). Impacts of land
use and climate change on freshwater ecosystems in France.
Environmental Modeling and Assessment, 25(2), 147-172. https://doi.
org/10.1007/510666-019-09673-x

Beermann, A. J., Elbrecht, V., Karnatz, S., Ma, L., Matthaei, C. D., Piggott,
J. J., & Leese, F. (2018). Multiple-stressor effects on stream mac-
roinvertebrate communities: A mesocosm experiment manipulat-
ing salinity, fine sediment and flow velocity. Science of the Total
Environment, 610-611, 961-971. https://doi.org/10.1016/j.scito
tenv.2017.08.084

Blocher, J. R., Ward, M. R., Matthaei, C. D., & Piggott, J. J. (2020). Multiple
stressors and stream macroinvertebrate community dynamics:
Interactions between fine sediment grain size and flow velocity.
Science of the Total Environment, 717, 137070. https://doi.org/10.
1016/j.scitotenv.2020.137070

Boulton, A. J., & Foster, J. G. (1998). Effects of buried leaf litter and
vertical hydrologic exchange on hyporheic water chemistry and
fauna in a gravel-bed river in northern New South Wales, Australia.
Freshwater Biology, 40(2), 229-243. https://doi.org/10.1046/j.
1365-2427.1998.00345.x

Broekhuizen, N., Parkyn, S., & Miller, D. (2001). Fine sediment effects
on feeding and growth in the invertebrate grazers Potamopyrgus
antipodarum (Gastropoda, Hydrobiidae) and Deleatidium sp.
(Ephemeroptera, Leptophlebiidae). Hydrobiologia, 457, 125-132.

Brown, C. J., Saunders, M. |., Possingham, H. P., & Richardson, A. J. (2013).
Managing for interactions between local and global stressors of
ecosystems. PLoS One, 8(6), e65765. https://doi.org/10.1371/journ
al.pone.0065765

Brown, T. R. W., Lajeunesse, M. J., & Scott, K. M. (2020). Strong effects
of elevated CO, on freshwater microalgae and ecosystem chemis-
try. Limnology and Oceanography, 65(2), 304-313. https://doi.org/
10.1002/In0.11298

Brown, T. R. W.,, Low-Décarie, E., Pillsbury, R. W., Fox, G. A., & Scott, K.
M. (2017). The effects of elevated atmospheric CO, on freshwater
periphyton in a temperate stream. Hydrobiologia, 794(1), 333-346.
https://doi.org/10.1007/s10750-017-3108-4

Bruder, A., Salis, R. K., Jones, P. E., & Matthaei, C. D. (2017). Biotic in-
teractions modify multiple-stressor effects on juvenile brown trout
in an experimental stream food web. Global Change Biology, 23(9),
3882-3894. https://doi.org/10.1111/gcb.13696

Cohen, J. (1988). Statistical power analysis for the behavioral sciences (2nd
ed.). Lawrence Erlbaum Associates.

Cole, J. J., Prairie, Y. T., Caraco, N. F., McDowell, W. H., Tranvik, L. J.,
Striegl, R. G., Duarte, C. M., Kortelainen, P., Downing, J. A,
Middelburg, J. J., & Melack, J. (2007). Plumbing the global carbon
cycle: Integrating inland waters into the terrestrial carbon bud-
get. Ecosystems, 10(1), 171-184. https://doi.org/10.1007/s1002
1-006-9013-8

D'Amario, S. C., Rearick, D. C., Fasching, C., Kembel, S. W., Porter-Goff,
E., Spooner, D. E., Williams, C. J., Wilson, H. F., & Xenopoulos, M. A.
(2019). The prevalence of nonlinearity and detection of ecological
breakpoints across a land use gradient in streams. Scientific Reports,
9(1), 3878. https://doi.org/10.1038/s41598-019-40349-4

Decho, A. W., & Moriarty, D. J. W. (1990). Bacterial exopolymer utili-
zation by a harpacticoid copepod: A methodology and results.
Limnology and Oceanography, 35(5), 1039-1049. https://doi.org/10.
4319/10.1990.35.5.1039

Demars, B. O. L., & Manson, J. R. (2013). Temperature dependence of
stream aeration coefficients and the effect of water turbulence: A
critical review. Water Research, 47, 1-15. https://doi.org/10.1016/j.
watres.2012.09.054

Dewson, Z. S., James, A. B. W., & Death, R. G. (2007). A review of the
consequences of decreased flow for instream habitat and macro-
invertebrates. Journal of the North American Benthological Society,
26(3), 401-415.

Dickson, A. G., Sabine, C. L., & Christian, J. R. (Eds.). (2007). Guide to best
practices for ocean CO, measurements. PICES Special Publication.

Dossena, M., Yvon-Durocher, G., Grey, J., Montoya, J. M., Perkins, D. M.,
Trimmer, M., & Woodward, G. (2012). Warming alters community
size structure and ecosystem functioning. Proceedings of the Royal
Society B: Biological Sciences, 279(1740), 3011-3019. https://doi.
org/10.1098/rspb.2012.0394

Dudgeon, D. (1994). The functional significance of selection of particles
by aquatic animals during building behavior. In The biology of parti-
cles in aquatic systems (2nd ed., pp. 289-312). CRC Press. https://
doi.org/10.1201/9781003070146-11

Elbrecht, V., Beermann, A. J., Goessler, G., Neumann, J., Tollrian, R.,
Wagner, R., Wlecklik, A., Piggott, J. J., Matthaei, C. D., & Leese, F.
(2016). Multiple-stressor effects on stream invertebrates: A meso-
cosm experiment manipulating nutrients, fine sediment and flow


https://doi.org/10.5281/zenodo.11064543
https://orcid.org/0000-0003-4525-1017
https://orcid.org/0000-0003-4525-1017
https://orcid.org/0000-0002-6531-5623
https://orcid.org/0000-0002-6531-5623
https://orcid.org/0000-0002-1515-1878
https://orcid.org/0000-0002-1515-1878
https://orcid.org/0000-0002-4823-9198
https://orcid.org/0000-0002-4823-9198
https://doi.org/10.1371/journal.pone.0175851
https://doi.org/10.1007/s10666-019-09673-x
https://doi.org/10.1007/s10666-019-09673-x
https://doi.org/10.1016/j.scitotenv.2017.08.084
https://doi.org/10.1016/j.scitotenv.2017.08.084
https://doi.org/10.1016/j.scitotenv.2020.137070
https://doi.org/10.1016/j.scitotenv.2020.137070
https://doi.org/10.1046/j.1365-2427.1998.00345.x
https://doi.org/10.1046/j.1365-2427.1998.00345.x
https://doi.org/10.1371/journal.pone.0065765
https://doi.org/10.1371/journal.pone.0065765
https://doi.org/10.1002/lno.11298
https://doi.org/10.1002/lno.11298
https://doi.org/10.1007/s10750-017-3108-4
https://doi.org/10.1111/gcb.13696
https://doi.org/10.1007/s10021-006-9013-8
https://doi.org/10.1007/s10021-006-9013-8
https://doi.org/10.1038/s41598-019-40349-4
https://doi.org/10.4319/lo.1990.35.5.1039
https://doi.org/10.4319/lo.1990.35.5.1039
https://doi.org/10.1016/j.watres.2012.09.054
https://doi.org/10.1016/j.watres.2012.09.054
https://doi.org/10.1098/rspb.2012.0394
https://doi.org/10.1098/rspb.2012.0394
https://doi.org/10.1201/9781003070146-11
https://doi.org/10.1201/9781003070146-11

HUNN ET AL.

velocity. Freshwater Biology, 61(4), 362-375. https://doi.org/10.
1111/fwb.12713

Emmerson, M., Bezemer, M., Hunter, M. D., & Jones, T. H. (2005). Global
change alters the stability of food webs. Global Change Biology, 11(3),
490-501. https://doi.org/10.1111/j.1365-2486.2005.00919.x

Fanelli, R. M., Cashman, M. J., & Porter, A. J. (2022). Identifying key
stressors driving biological impairment in freshwater streams in
the Chesapeake Bay Watershed, USA. Environmental Management,
70(6), 926-949. https://doi.org/10.1007/s00267-022-01723-7

Finkel, Z. V., Beardall, J., Flynn, K. J., Quigg, A., Rees, T. A. V., & Raven,
J. A. (2010). Phytoplankton in a changing world: Cell size and ele-
mental stoichiometry. Journal of Plankton Research, 32(1), 119-137.
https://doi.org/10.1093/plankt/fbp098

Fox, J., Weisberg, S., & Price, B. (2019). car: Companion to applied regres-
sion (3rd ed.). Sage.

Frangoulis, C., Christou, E. D., & Hecq, J. H. (2005). Comparison of ma-
rine copepod outfluxes: Nature, rate, fate and role in the carbon
and nitrogen cycles. Advances in Marine Biology, 47, 253-309.

Friendly, M., Fox, J., & Monette, G. (2022). heplots: Visualizing hypothesis
tests in multivariate linear models. R package version 1.4-2.

Gattuso, J., Epitalon, J., Lavigne, H., & Orr, J. (2022). seacarb: Seawater
carbonate chemistry. R package version 3.3.1. https://CRAN.R-proje
ct.org/package=seacarb

Giordano, M., Beardall, J., & Raven, J. A. (2005). CO, concentrating
mechanisms in algae: Mechanisms, environmental modulation, and
evolution. Annual Review of Plant Biology, 56, 99-131. https://doi.
org/10.1146/annurev.arplant.56.032604.144052

Gliwicz, M. Z. (1986). Predation and the evolution of vertical migration in
zooplankton. Nature, 320, 746-748.

Graham, D. J., Bierkens, M. F. P, & van Vliet, M. T. H. (2024). Impacts of
droughts and heatwaves on river water quality worldwide. Journal
of Hydrology, 629, 130590. https://doi.org/10.1016/j.jhydrol.2023.
130590

Hargrave, C. W., Gary, K. P., & Rosado, S. K. (2009). Potential effects
of elevated atmospheric carbon dioxide on benthic autotrophs and
consumers in stream ecosystems: A test using experimental stream
mesocosms. Global Change Biology, 15(11), 2779-2790. https://doi.
org/10.1111/j.1365-2486.2009.01897.x

Hasler, C. T., Butman, D., Jeffrey, J. D., & Suski, C. D. (2016). Freshwater
biota and rising pCO,? Ecology Letters, 19(1), 98-108. https://doi.
org/10.1111/ele.12549

Hasler, C. T., Hannan, K. D., Jeffrey, J. D., & Suski, C. D. (2017). Valve
movement of three species of North American freshwater mus-
sels exposed to elevated carbon dioxide. Environmental Science and
Pollution Research, 24(18), 15567-15575. https://doi.org/10.1007/
s11356-017-9160-9

Herrmann, P. B., Townsend, C. R., & Matthaei, C. D. (2012). Individual
and combined effects of fish predation and bed disturbance on
stream benthic communities: A streamside channel experiment.
Freshwater Biology, 57(12), 2487-2503. https://doi.org/10.1111/
fwb.12019

Hu, H., & Gao, K. (2008). Impacts of CO, enrichment on growth and
photosynthesis in freshwater and marine diatoms. Chinese Journal
of Oceanology and Limnology, 26(4), 407-414. https://doi.org/10.
1007/s00343-008-0407-7

Hunn, J. G. (2023). Multiple-stressor effects of CO, enrichment, heatwaves
and variable flow on invertebrates and fish in agricultural streams: A
mesocosm approach using community data and DNA metabarcoding
[Unpublished PhD thesis]. University of Otago.

IPCC. (2021a). Summary for policymakers. In V. Masson-Delmotte, P.
Zhai, A. Pirani, S. L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen,
L. Goldfarb, M. I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J. B. R.
Matthews, T. K. Maycock, T. Waterfield, O. Yelekgi, R. Yu, & B. Zhou
(Eds.), Climate change 2021: The physical science basis. Contribution
of Working Group | to the Sixth Assessment Report of the

19 of 22
% Global Change Biology ga%YA § B =A%

Intergovernmental Panel on Climate Change (pp. 3-32). Cambridge
University Press. https://doi.org/10.1017/9781009157896.001

IPCC. (2021b). Technical summary. In V. Masson-Delmotte, P. Zhai, A.
Pirani,S.L.Connors, C.Péan,S.Berger,N.Caud, Y. Chen, L. Goldfarb,
M. . Gomis, M. Huang, K. Leitzell, E. Lonnoy, J. B. R. Matthews, T. K.
Maycock, T. Waterfield, O. Yelekgi, R. Yu, & B. Zhou (Eds.), Climate
change 2021: The physical science basis. Contribution of Working
Group | to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change (pp. 33-144). Cambridge University Press.
https://doi.org/10.1017/9781009157896.002

IPCC. (2022). Summary for policymakers. In H.-O. Pértner, D. C. Roberts,
M. Tignor, E. S. Poloczanska, K. Mintenbeck, A. Alegria, M. Craig, S.
Langsdorf, S. Loschke, V. Mdller, A. Okem, & B. Rama (Eds.), Climate
change 2022: Impacts, adaptation and vulnerability. Contribution
of Working Group Il to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change (pp. 3-33). Cambridge
University Press. https://doi.org/10.1017/9781009325844.001

Jackson, M. C., Fourie, H. E., Dalu, T., Woodford, D. J., Wasserman,
R. J., Zengeya, T. A, Ellender, B. R, Kimberg, P. K., Jordaan, M. S.,
Chimimba, C. T., & Weyl, O. L. F. (2020). Food web properties vary
with climate and land use in South African streams. Functional Ecology,
34(8), 1653-1665. https://doi.org/10.1111/1365-2435.13601

Jackson, M. C., Loewen, C. J. G, Vinebrooke, R. D., & Chimimba, C. T.
(2016). Net effects of multiple stressors in freshwater ecosystems:
A meta-analysis. Global Change Biology, 22(1), 180-189. https://doi.
org/10.1111/gcb.13028

Jackson, R. B., Carpenter, S. R., Dahm, C. N., McKnight, D. M., Naiman, R.
J., Postel, S. L., & Running, S. W. (2001). Water in a changing world.
Ecological Applications, 11(4), 1027-1045. https://doi.org/10.1890/
1051-0761(2001)011[1027:WIACW]2.0.CO;2

Johnson,M.S.,Lehmann, J.,Riha,S.J.,Krusche, A.V.,Richey, J. E., Ometto,
J.P.H.B., & Couto, E. G. (2008). CO, efflux from Amazonian head-
water streams represents a significant fate for deep soil respiration.
Geophysical Research Letters, 35(17), 619. https://doi.org/10.1029/
2008GL034619

Jones, J. B., & Mulholland, P. J. (1997). Influence of drainage basin topog-
raphy and elevation on carbon dioxide and methane supersatura-
tion of stream water. Biogeochemistry, 40, 57-72.

Katz, R. W., & Brown, B. G. (1992). Extreme events in a changing climate:
Variability is more important than averages. Climactic Change, 21,
289-302.

Kefford, B. J., Nichols, S. J., & Duncan, R. P. (2021). Multiple anthropo-
genic stressors have inconsistent cumulative effects across a large
spatial gradient. EcoEvoRxiv Preprint Services. https://ausrivas.
ewater.org.au/index.php/manuals-a-datasheets

Kemp, P., Sear, D., Collins, A., Naden, P., & Jones, I. (2011). The impacts of
fine sediment on riverine fish. Hydrological Processes, 25(11), 1800-
1821. https://doi.org/10.1002/hyp.7940

Kingsolver, J. G., & Huey, R. B. (2008). Size, temperature, and fitness:
Three rules. Evolutionary Ecology Research, 10, 251-268.

Kowarc, V. A. (1991). Distribution of harpacticoids in a second
order mountain stream (Ritrodat-Lunz study area, Austria). SIL
Proceedings, 1922-2010, 24(3), 1930-1933. https://doi.org/10.
1080/03680770.1989.11899100

Lange, K., Liess, A., Piggott, J. J., Townsend, C. R., & Matthaei, C. D.
(2011). Light, nutrients and grazing interact to determine stream
diatom community composition and functional group structure.
Freshwater Biology, 56(2), 264-278. https://doi.org/10.1111/j.1365-
2427.2010.02492.x

Larsen, S., Joyce, F., Vaughan, I. P., Durance, |., Walter, J. A., & Ormerod,
S. J. (2023). Climatic effects on the synchrony and stability of tem-
perate headwater invertebrates over four decades. Global Change
Biology, 30, €17017. https://doi.org/10.1111/gcb.17017

Larsen, S., & Ormerod, S. J. (2010). Low-level effects of inert sedi-
ments on temperate stream invertebrates. Freshwater Biology,


https://doi.org/10.1111/fwb.12713
https://doi.org/10.1111/fwb.12713
https://doi.org/10.1111/j.1365-2486.2005.00919.x
https://doi.org/10.1007/s00267-022-01723-7
https://doi.org/10.1093/plankt/fbp098
https://cran.r-project.org/package=seacarb
https://cran.r-project.org/package=seacarb
https://doi.org/10.1146/annurev.arplant.56.032604.144052
https://doi.org/10.1146/annurev.arplant.56.032604.144052
https://doi.org/10.1016/j.jhydrol.2023.130590
https://doi.org/10.1016/j.jhydrol.2023.130590
https://doi.org/10.1111/j.1365-2486.2009.01897.x
https://doi.org/10.1111/j.1365-2486.2009.01897.x
https://doi.org/10.1111/ele.12549
https://doi.org/10.1111/ele.12549
https://doi.org/10.1007/s11356-017-9160-9
https://doi.org/10.1007/s11356-017-9160-9
https://doi.org/10.1111/fwb.12019
https://doi.org/10.1111/fwb.12019
https://doi.org/10.1007/s00343-008-0407-7
https://doi.org/10.1007/s00343-008-0407-7
https://doi.org/10.1017/9781009157896.001
https://doi.org/10.1017/9781009157896.002
https://doi.org/10.1017/9781009325844.001
https://doi.org/10.1111/1365-2435.13601
https://doi.org/10.1111/gcb.13028
https://doi.org/10.1111/gcb.13028
https://doi.org/10.1890/1051-0761(2001)011%5B1027:WIACW%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(2001)011%5B1027:WIACW%5D2.0.CO;2
https://doi.org/10.1029/2008GL034619
https://doi.org/10.1029/2008GL034619
https://ausrivas.ewater.org.au/index.php/manuals-a-datasheets
https://ausrivas.ewater.org.au/index.php/manuals-a-datasheets
https://doi.org/10.1002/hyp.7940
https://doi.org/10.1080/03680770.1989.11899100
https://doi.org/10.1080/03680770.1989.11899100
https://doi.org/10.1111/j.1365-2427.2010.02492.x
https://doi.org/10.1111/j.1365-2427.2010.02492.x
https://doi.org/10.1111/gcb.17017

HUNN ET AL.

20 of 22
—I—Wl B2 Global Change Biology

55(2), 476-486. https://doi.org/10.1111/j.1365-2427.2009.
02282.x

Lauerwald, R., Laruelle, G. G., Hartmann, J., Ciais, P., & Regnier, P. A. G.
(2015). Spatial patterns in CO, evasion from the global river net-
work. Global Biogeochemical Cycles, 29, 534-554. https://doi.org/
10.1002/2014GB0049%941

Ledger, M. E., & Milner, A. M. (2015). Extreme events in running waters.
Freshwater Biology, 60(12), 2455-2460. https://doi.org/10.1111/
fwb.12673

Lenat, D. R., Penrose, D. L., & Eagleson, K. W. (1981). Variable effects of
sediment addition on stream benthos. Hydrobiologia, 79, 187-194.

Li, W., Xu, X., Fujibayashi, M., Niu, Q., Tanaka, N., & Nishimura, O. (2016).
Response of microalgae to elevated CO, and temperature: Impact
of climate change on freshwater ecosystems. Environmental Science
and Pollution Research, 23(19), 19847-19860. https://doi.org/10.
1007/s11356-016-7180-5

Lloret, F., Escudero, A., Iriondo, J. M., Martinez-Vilalta, J., & Valladares, F.
(2012). Extreme climatic events and vegetation: The role of stabi-
lizing processes. Global Change Biology, 18(3), 797-805. https://doi.
org/10.1111/j.1365-2486.2011.02624.x

Low-Décarie, E., Fussmann, G. F., & Bell, G. (2011). The effect of elevated
CO, on growth and competition in experimental phytoplankton
communities. Global Change Biology, 17(8), 2525-2535. https://doi.
org/10.1111/j.1365-2486.2011.02402.x

Macaulay, S. J., Hageman, K. J., Piggott, J. J., Juvigny-Khenafou, N. P.
D., & Matthaei, C. D. (2021). Warming and imidacloprid pulses de-
termine macroinvertebrate community dynamics in experimental
streams. Global Change Biology, 27(21), 5469-5490. https://doi.org/
10.1111/gcb.15856

Mackay, R. (1992). Colonization by lotic macroinvertebrates: A review of
processes and patterns. Canadian Journal of Fisheries and Aquatic
Sciences, 49, 617-628.

Magbanua, F. S., Townsend, C. R., Hageman, K. J., Lange, K., Lear, G.,
Lewis, G. D., & Matthaei, C. D. (2013). Understanding the combined
influence of fine sediment and glyphosate herbicide on stream pe-
riphyton communities. Water Research, 47(14), 5110-5120. https://
doi.org/10.1016/j.watres.2013.05.046

Magbanua, F. S., Townsend, C. R., Hageman, K. J., & Matthaei, C. D.
(2013). Individual and combined effects of fine sediment and the
herbicide glyphosate on benthic macroinvertebrates and stream
ecosystem function. Freshwater Biology, 58(8), 1729-1744. https://
doi.org/10.1111/fwb.12163

Magbanua, F. S., Townsend, C. R., Hageman, K. J,, Piggott, J. J., &
Matthaei, C. D. (2016). Individual and combined effects of fine
sediment and glyphosate herbicide on invertebrate drift and insect
emergence: A stream mesocosm experiment. Freshwater Science,
35(1), 139-151. https://doi.org/10.1086/684363

Mantyka-Pringle, C. S., Martin, T. G., Moffatt, D. B., Linke, S., & Rhodes,
J. R.(2014). Understanding and predicting the combined effects of
climate change and land-use change on freshwater macroinverte-
brates and fish. Journal of Applied Ecology, 51(3), 572-581. https://
doi.org/10.1111/1365-2664.12236

Maridet, L., Wasson, J. G., Philippe, M., & Amoros, C. (1995). Benthic
organic matter dynamics in three streams: Riparian vegetation or
bed morphology control? Archiv Fur Hydrobiologie, 132(4), 415-425.
https://doi.org/10.1127/archiv-hydrobiol/132/1995/415

Marx, A., Dusek, J., Jankovec, J., Sanda, M., Vogel, T., van Geldern, R.,
Hartmann, J., & Barth, J. A. C. (2017). A review of CO, and associ-
ated carbon dynamics in headwater streams: A global perspective.
Reviews of Geophysics, 55(2), 560-585. https://doi.org/10.1002/
2016RG000547

Matthaei, C. D., Piggott, J. J., & Townsend, C. R. (2010). Multiple stress-
ors in agricultural streams: Interactions among sediment addition,
nutrient enrichment and water abstraction. Journal of Applied
Ecology, 47(3), 639-649. https://doi.org/10.1111/j.1365-2664.
2010.01809.x

Matthaei, C. D., Weller, F., Kelly, D. W., & Townsend, C. R. (2006). Impacts
of fine sediment addition to tussock, pasture, dairy and deer farm-
ing streams in New Zealand. Freshwater Biology, 51(11), 2154-2172.
https://doi.org/10.1111/j.1365-2427.2006.01643.x

McKie, B. G., Cranston, P. S., & Pearson, R. G. (2004). Gondwanan me-
sotherms and cosmopolitan eurytherms: Effects of temperature
on the development and survival of Australian Chironomidae
(Diptera) from tropical and temperate populations. Marine and
Freshwater Research, 55(8), 759-768. https://doi.org/10.1071/
MF04023

McLaskey, A. K., Keister, J. E., Schoo, K. L., Brady Olson, M., & Love, B.
A. (2019). Direct and indirect effects of elevated CO, are revealed
through shifts in phytoplankton, copepod development, and fatty
acid accumulation. PLoS One, 14(3), e0213931. https://doi.org/10.
1371/journal.pone.0213931

Meunier, C. L., Boersma, M., Wiltshire, K. H., & Malzahn, A. M. (2016).
Zooplankton eat what they need: Copepod selective feeding and
potential consequences for marine systems. Oikos, 125(1), 50-58.
https://doi.org/10.1111/0ik.02072

Milner, A. M., Picken, J. L., Klaar, M. J,, Robertson, A. L., Clitherow, L.
R., Eagle, L., & Brown, L. E. (2018). River ecosystem resilience to
extreme flood events. Ecology and Evolution, 8, 8354-8363. https://
doi.org/10.1002/ece3.4300

Mouton, T., Leprieur, F., Floury, M., Stephenson, F., Verburg, P., & Tonkin,
J. (2022). Climate and land-use driven reorganisation of structure
and function in river macroinvertebrate communities. Ecography, 3,
e06148. https://doi.org/10.1111/ecog.06148

Mustonen, K. R., Mykr&, H., Marttila, H., Sarremejane, R., Veijalainen, N.,
Sippel, K., Muotka, T., & Hawkins, C. P. (2018). Thermal and hydro-
logic responses to climate change predict marked alterations in bo-
real stream invertebrate assemblages. Global Change Biology, 24(6),
2434-2446. https://doi.org/10.1111/gcb.14053

Nakagawa, S., & Cuthill, I. C. (2007). Effect size, confidence interval and
statistical significance: A practical guide for biologists. Biological
Reviews, 82(4), 591-605. https://doi.org/10.1111/j.1469-185X.
2007.00027.x

Neill, W. E. (1990). Induced vertical migration in copepods as a defence
against invertebrate predation. Nature, 325, 524-526.

Nelson, D., Busch, M. H., Kopp, D. A., & Allen, D. C. (2021). Energy path-
ways modulate the resilience of stream invertebrate communities
to drought. Journal of Animal Ecology, 90(9), 2053-2064. https://doi.
org/10.1111/1365-2656.13490

Ninokawa, A. T., & Ries, J. (2022). Responses of freshwater Calcifiers
to carbon-dioxide-induced acidification. Journal of Marine Science
and Engineering, 10(8), 1068. https://doi.org/10.3390/jmsel
0081068

NOAA. (2023). Trends in atmospheric carbon dioxide. https://gml.noaa.
gov/ccgg/trends/global.htmli#global

Norby, R. J.,, Cotrufo, M. F,, Ineson, P., O'Neill, E. G., & Canadell, J. G.
(2001). Elevated CO,, litter chemistry, and decomposition: A syn-
thesis. Oecologia, 127(2), 153-165. https://doi.org/10.1007/s0044
20000615

Nowell, A. R. M., & Jumars, P. A. (1984). Flow environments of aquatic
benthos. Annual Review of Ecology and Systematics, 15, 303-328.
www.annualreviews.org

O'Doherty, E. C. (1985). Stream-dwelling copepods: Their life history
and ecological significance. Limnology and Oceanography, 30(3),
554-564. https://doi.org/10.4319/10.1985.30.3.0554

Ormerod, S. J., Dobson, M., Hildrew, A. G., & Townsend, C. R. (2010).
Multiple stressors in freshwater ecosystems. Freshwater Biology,
55(Suppl. 1), 1-4. https://doi.org/10.1111/j.1365-2427.2009.
02395.x

Otago Regional Council. (2010). Channel morphology and sedimentation in
the Kakanui and Kauru rivers, North Otago.

Palmer, M. A., Menninger, H. L., & Bernhardt, E. (2010). River resto-
ration, habitat heterogeneity and biodiversity: A failure of theory


https://doi.org/10.1111/j.1365-2427.2009.02282.x
https://doi.org/10.1111/j.1365-2427.2009.02282.x
https://doi.org/10.1002/2014GB004941
https://doi.org/10.1002/2014GB004941
https://doi.org/10.1111/fwb.12673
https://doi.org/10.1111/fwb.12673
https://doi.org/10.1007/s11356-016-7180-5
https://doi.org/10.1007/s11356-016-7180-5
https://doi.org/10.1111/j.1365-2486.2011.02624.x
https://doi.org/10.1111/j.1365-2486.2011.02624.x
https://doi.org/10.1111/j.1365-2486.2011.02402.x
https://doi.org/10.1111/j.1365-2486.2011.02402.x
https://doi.org/10.1111/gcb.15856
https://doi.org/10.1111/gcb.15856
https://doi.org/10.1016/j.watres.2013.05.046
https://doi.org/10.1016/j.watres.2013.05.046
https://doi.org/10.1111/fwb.12163
https://doi.org/10.1111/fwb.12163
https://doi.org/10.1086/684363
https://doi.org/10.1111/1365-2664.12236
https://doi.org/10.1111/1365-2664.12236
https://doi.org/10.1127/archiv-hydrobiol/132/1995/415
https://doi.org/10.1002/2016RG000547
https://doi.org/10.1002/2016RG000547
https://doi.org/10.1111/j.1365-2664.2010.01809.x
https://doi.org/10.1111/j.1365-2664.2010.01809.x
https://doi.org/10.1111/j.1365-2427.2006.01643.x
https://doi.org/10.1071/MF04023
https://doi.org/10.1071/MF04023
https://doi.org/10.1371/journal.pone.0213931
https://doi.org/10.1371/journal.pone.0213931
https://doi.org/10.1111/oik.02072
https://doi.org/10.1002/ece3.4300
https://doi.org/10.1002/ece3.4300
https://doi.org/10.1111/ecog.06148
https://doi.org/10.1111/gcb.14053
https://doi.org/10.1111/j.1469-185X.2007.00027.x
https://doi.org/10.1111/j.1469-185X.2007.00027.x
https://doi.org/10.1111/1365-2656.13490
https://doi.org/10.1111/1365-2656.13490
https://doi.org/10.3390/jmse10081068
https://doi.org/10.3390/jmse10081068
https://gml.noaa.gov/ccgg/trends/global.html#global
https://gml.noaa.gov/ccgg/trends/global.html#global
https://doi.org/10.1007/s004420000615
https://doi.org/10.1007/s004420000615
http://www.annualreviews.org
https://doi.org/10.4319/lo.1985.30.3.0554
https://doi.org/10.1111/j.1365-2427.2009.02395.x
https://doi.org/10.1111/j.1365-2427.2009.02395.x

HUNN ET AL.

or practice? Freshwater Biology, 55(Suppl. 1), 205-222. https://doi.
org/10.1111/j.1365-2427.2009.02372.x

Passy, S. I. (2007). Diatom ecological guilds display distinct and predict-
able behavior along nutrient and disturbance gradients in running
waters. Aquatic Botany, 86(2), 171-178. https://doi.org/10.1016/j.
aquabot.2006.09.018

Perkins, D. M., Reiss, J., Yvon-Durocher, G., & Woodward, G. (2010).
Global change and food webs in running waters. Hydrobiologia, 657,
181-198.

Piggott, J. J., Salis, R. K., Lear, G., Townsend, C. R., & Matthaei, C. D.
(2015). Climate warming and agricultural stressors interact to
determine stream periphyton community composition. Global
Change Biology, 21(1), 206-222. https://doi.org/10.1111/gcb.
12661

Piggott, J. J., Townsend, C. R., & Matthaei, C. D. (2015a). Climate warm-
ing and agricultural stressors interact to determine stream mac-
roinvertebrate community dynamics. Global Change Biology, 21(5),
1887-1906. https://doi.org/10.1111/gch.12861

Piggott,J.J., Townsend, C.R.,&Matthaei,C.D.(2015b). Reconceptualizing
synergism and antagonism among multiple stressors. Ecology and
Evolution, 5(7), 1538-1547. https://doi.org/10.1002/ece3.1465

Poff, N. L., David Allan, J., Bain, M. B., Karr, J. R., Prestegaard, K. L.,
Richter, B. D., Sparks, R. E., & Stromberg, J. C. (1997). The Natural
Flow Regime: A paradigm for river conservation and restoration.
Bioscience, 47, 769-784.

Poff, N. L., & Ward, J. V. (1991). Drift responses of benthic invertebrates
to experimental streamflow variation in a hydrologically stable
stream. Canadian Journal of Fisheries and Aquatic Sciences, 48,
1926-1936.

Polazzo, F., Roth, S. K., Hermann, M., Mangold-Déring, A., Rico, A.,
Sobek, A., Van den Brink, P. J., & Jackson, M. C. (2022). Combined
effects of heatwaves and micropollutants on freshwater ecosys-
tems: Towards an integrated assessment of extreme events in mul-
tiple stressors research. Global Change Biology, 28(4), 1248-1267.
https://doi.org/10.1111/gcb.15971

Pyne, M. 1., & Poff, N. L. R. (2017). Vulnerability of stream community
composition and function to projected thermal warming and hydro-
logic change across ecoregions in the western United States. Global
Change Biology, 23(1), 77-93. https://doi.org/10.1111/gcb.13437

Quinn, G. P, & Keough, M. J. (2002). Experimental design and data analysis
for biologists. Cambridge University Press.

Quinn, J. M,, Steele, G. L., Hickey, C. W., & Vickers, M. L. (1994). Upper
thermal tolerances of twelve New Zealand stream invertebrate
species. New Zealand Journal of Marine and Freshwater Research,
28(4), 391-397. https://doi.org/10.1080/00288330.1994.9516629

R Core Team. (2022). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Ramaekers, L., Pinceel, T., Brendonck, L., & Vanschoenwinkel, B. (2022).
Direct effects of elevated dissolved CO, can alter the life history of
freshwater zooplankton. Scientific Reports, 12(1), 6134. https://doi.
org/10.1038/541598-022-10094-2

Raymond, P. A., Hartmann, J., Lauerwald, R., Sobek, S., McDonald, C.,
Hoover, M., Butman, D., Striegl, R., Mayorga, E., Humborg, C.,
Kortelainen, P., Durr, H., Meybeck, M., Ciais, P., & Guth, P. (2013).
Global carbon dioxide emissions from inland waters. Nature,
503(7476), 355-359. https://doi.org/10.1038/nature12760

Richardson, J. T. E. (2011). Eta squared and partial eta squared as mea-
sures of effect size in educational research. Educational Research
Review, 6(2), 135-147. https://doi.org/10.1016/j.edurev.2010.12.
001

Rivers-Moore, N. A., & Dallas, H. F. (2022). A spatial freshwater ther-
mal resilience landscape for informing conservation planning and
climate change adaptation strategies. Aquatic Conservation: Marine
and Freshwater Ecosystems, 32(5), 832-842. https://doi.org/10.
1002/aqc.3812

21 of 22
% Global Change Biology ga%YA § B =A%

Roff, J. C., Turner, J. T., Webber, M. K., & Hopcroft, R. R. (1995).
Bacterivory by tropical copepod nauplii: Extent and possible signif-
icance. Aquatic Microbial Ecology, 9, 165-175.

Rossoll, D., Bermudez, R., Hauss, H., Schulz, K. G., Riebesell, U., Sommer,
U., & Winder, M. (2012). Ocean acidification-induced food quality
deterioration constrains trophic transfer. PLoS One, 7(4), e34737.
https://doi.org/10.1371/journal.pone.0034737

Sala, O. E., Stuart, F,, lii, C., Armesto, J. J., Berlow, E., Bloomfield, J., Dirzo,
R., Huber-Sanwald, E., Huenneke, L. F., Jackson, R. B., Kinzig, A.,
Leemans, R., Lodge, D. M., Mooney, H. A., Oesterheld, M., Poff, N.
L., Sykes, M. T., Walker, B. H., Walker, M., & Wall, D. H. (2000).
Global biodiversity scenarios for the year 2100. Science, 287,
1770-1774.

Santer, B. (1998). Life cycle strategies of free-living copepods in fresh
waters. Journal of Marine Systems, 15, 327-336.

Schneider, C., Laizé, C. L. R., Acreman, M. C., & Flérke, M. (2013). How
will climate change modify river flow regimes in Europe? Hydrology
and Earth System Sciences, 17(1), 325-339. https://doi.org/10.5194/
hess-17-325-2013

Schuwirth, N., Dietzel, A., & Reichert, P. (2016). The importance of bi-
otic interactions for the prediction of macroinvertebrate commu-
nities under multiple stressors. Functional Ecology, 30(6), 974-984.
https://doi.org/10.1111/1365-2435.12605

Serra, S. R. Q., Cobo, F., Graca, M. A. S., Dolédec, S., & Feio, M. J. (2016).
Synthesising the trait information of European Chironomidae
(Insecta: Diptera): Towards a new database. Ecological Indicators, 61,
282-292. https://doi.org/10.1016/j.ecolind.2015.09.028

Song, C., Ballantyne, F., & Smith, V. H. (2014). Enhanced dissolved or-
ganic carbon production in aquatic ecosystems in response to ele-
vated atmospheric CO,. Biogeochemistry, 118(1-3), 49-60. https://
doi.org/10.1007/s10533-013-9904-7

Steinberg, D. K., & Landry, M. R. (2017). Zooplankton and the ocean car-
bon cycle. Annual Review of Marine Science, 9, 413-444. https://doi.
org/10.1146/annurev-marine-010814-015924

Stets, E. G., Butman, D., McDonald, C. P., Stackpoole, S. M., DeGrandpre,
M. D., & Striegl, R. G. (2017). Carbonate buffering and metabolic
controls on carbon dioxide in rivers. Global Biogeochemical Cycles,
31(4), 663-677. https://doi.org/10.1002/2016GB005578

Stiling, P., & Cornelissen, T. (2007). How does elevated carbon dioxide
(COZ) affect plant-herbivore interactions? A field experiment and
meta-analysis of CO,-mediated changes on plant chemistry and
herbivore performance. Global Change Biology, 13(9), 1823-1842.
https://doi.org/10.1111/j.1365-2486.2007.01392.x

Suren, A. M., & Jowett, I. G. (2001). Effects of deposited sediment on
invertebrate drift: An experimental study. New Zealand Journal of
Marine and Freshwater Research, 35(4), 725-737. https://doi.org/10.
1080/00288330.2001.9517038

Talling, J. F. (1976). The depletion of carbon dioxide from lake water by
phytoplankton. Journal of Ecology, 64(1), 79-121.

Thomas, J. T., Munday, P. L., & Watson, S. A. (2020). Toward a mechanis-
tic understanding of marine invertebrate behavior at elevated CO,.
Frontiers in Marine Science, 7, 345. https://doi.org/10.3389/fmars.
2020.00345

Thompson, P. L., MacLennan, M. M., & Vinebrooke, R. D. (2018). Species
interactions cause non-additive effects of multiple environmental
stressors on communities. Ecosphere, 9(11), 2518. https://doi.org/
10.1002/ecs2.2518

Thompson, R. M., Beardall, J., Beringer, J., Grace, M., & Sardina, P. (2013).
Means and extremes: Building variability into community-level cli-
mate change experiments. Ecology Letters, 16(6), 799-806. https://
doi.org/10.1111/ele.12095

Urabe, J., Togari, J., & Elser, J. J. (2003). Stoichiometric impacts of in-
creased carbon dioxide on a planktonic herbivore. Global Change
Biology, 9(6), 818-825. https://doi.org/10.1046/j.1365-2486.2003.
00634.x


https://doi.org/10.1111/j.1365-2427.2009.02372.x
https://doi.org/10.1111/j.1365-2427.2009.02372.x
https://doi.org/10.1016/j.aquabot.2006.09.018
https://doi.org/10.1016/j.aquabot.2006.09.018
https://doi.org/10.1111/gcb.12661
https://doi.org/10.1111/gcb.12661
https://doi.org/10.1111/gcb.12861
https://doi.org/10.1002/ece3.1465
https://doi.org/10.1111/gcb.15971
https://doi.org/10.1111/gcb.13437
https://doi.org/10.1080/00288330.1994.9516629
https://doi.org/10.1038/s41598-022-10094-2
https://doi.org/10.1038/s41598-022-10094-2
https://doi.org/10.1038/nature12760
https://doi.org/10.1016/j.edurev.2010.12.001
https://doi.org/10.1016/j.edurev.2010.12.001
https://doi.org/10.1002/aqc.3812
https://doi.org/10.1002/aqc.3812
https://doi.org/10.1371/journal.pone.0034737
https://doi.org/10.5194/hess-17-325-2013
https://doi.org/10.5194/hess-17-325-2013
https://doi.org/10.1111/1365-2435.12605
https://doi.org/10.1016/j.ecolind.2015.09.028
https://doi.org/10.1007/s10533-013-9904-7
https://doi.org/10.1007/s10533-013-9904-7
https://doi.org/10.1146/annurev-marine-010814-015924
https://doi.org/10.1146/annurev-marine-010814-015924
https://doi.org/10.1002/2016GB005578
https://doi.org/10.1111/j.1365-2486.2007.01392.x
https://doi.org/10.1080/00288330.2001.9517038
https://doi.org/10.1080/00288330.2001.9517038
https://doi.org/10.3389/fmars.2020.00345
https://doi.org/10.3389/fmars.2020.00345
https://doi.org/10.1002/ecs2.2518
https://doi.org/10.1002/ecs2.2518
https://doi.org/10.1111/ele.12095
https://doi.org/10.1111/ele.12095
https://doi.org/10.1046/j.1365-2486.2003.00634.x
https://doi.org/10.1046/j.1365-2486.2003.00634.x

HUNN ET AL.

22 0f 22
4|—WI [B2A% Clobal Change Biology

Urban, M. C,, Skelly, D. K., Burchsted, D., Price, W., & Lowry, S. (2006).
Stream communities across a rural-urban landscape gradient.
Diversity and Distributions, 12(4), 337-350. https://doi.org/10.
1111/j.1366-9516.2005.00226.x

Vorosmarty, C. J., Mclntyre, P. B., Gessner, M. O., Dudgeon, D., Prusevich,
A., Green, P, Glidden, S., Bunn, S. E., Sullivan, C. A,, Liermann, C. R.,
& Davies, P. M. (2010). Global threats to human water security and
river biodiversity. Nature, 467(7315), 555-561. https://doi.org/10.
1038/nature09440

Wagenhoff, A., Lange, K., Townsend, C. R., & Matthaei, C. D. (2013).
Patterns of benthic algae and cyanobacteria along twin-stressor
gradients of nutrients and fine sediment: A stream mesocosm ex-
periment. Freshwater Biology, 58(9), 1849-1863. https://doi.org/10.
1111/fwb.12174

Wagenhoff, A., Townsend, C. R., & Matthaei, C. D. (2012).
Macroinvertebrate responses along broad stressor gradients of de-
posited fine sediment and dissolved nutrients: A stream mesocosm
experiment. Journal of Applied Ecology, 49(4), 892-902. https://doi.
org/10.1111/j.1365-2664.2012.02162.x

Wallin, M. B., Oquist, M. G., Buffam, ., Billett, M. F., Nisell, J., & Bishop, K.
H. (2011). Spatiotemporal variability of the gas transfer coefficient
(KCO,) in boreal streams: Implications for large scale estimates of
CO, evasion. Global Biogeochemical Cycles, 25, 1-14. https://doi.
org/10.1029/2010GB003975

Ward, J. V., Bretschko, G., Brunke, M., Danielopol, D., Gibert, J., Gonser,
T., & Hildrew, A. G. (1998). The boundaries of river systems: The
metazoan perspective. Freshwater Biology, 40(3), 531-569. https://
doi.org/10.1046/j.1365-2427.1998.00368.x

Williams, D. D., & Hynes, H. B. N. (1976). The recolonization mechanisms
of stream benthos. Oikos, 27(2), 265-272. https://www.jstor.org/
stable/3543905

Wohl, E., Lininger, K. B., & Scott, D. N. (2018). River beads as a con-
ceptual framework for building carbon storage and resilience to
extreme climate events into river management. Biogeochemistry,
141(3), 365-383. https://doi.org/10.1007/s10533-017-0397-7

Wood, P. J., & Armitage, P. D. (1997). Biological effects of fine sediment in
the lotic environment. Environmental Management, 21(2), 203-217.

Woodward, G., Perkins, D. M., & Brown, L. E. (2010). Climate change and
freshwater ecosystems: Impacts across multiple levels of organi-
zation. Philosophical Transactions of the Royal Society, B: Biological
Sciences, 365(1549), 2093-2106. https://doi.org/10.1098/rstb.
2010.0055

Yvon-Durocher, G., Montoya, J. M., Trimmer, M., & Woodward, G. (2011).
Warming alters the size spectrum and shifts the distribution of bio-
mass in freshwater ecosystems. Global Change Biology, 17(4), 1681-
1694. https://doi.org/10.1111/j.1365-2486.2010.02321.x

Zhai, M., Bojkova, J., Némejcova, D., Polasek, M., Syrovatka, V., & Horsak,
M. (2023). Climatically promoted taxonomic homogenization of
macroinvertebrates in unaffected streams varies along the river
continuum. Scientific Reports, 13(1), 6292. https://doi.org/10.1038/
s41598-023-32806-y

Zweig, L. D., & Rabeni, C. F. (2001). Biomonitoring for deposited sed-
iment using benthic invertebrates: A test on 4 Missouri streams.
Journal of the North American Benthological Society, 20(4),
643-657.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Hunn, J. G., Orr, J. A, Kelly, A.-M.,
Piggott, J. J., & Matthaei, C. D. (2024). Individual and
combined impacts of carbon dioxide enrichment, heatwaves,
flow velocity variability, and fine sediment deposition on
stream invertebrate communities. Global Change Biology, 30,
e17336. https://doi.org/10.1111/gcb.17336



https://doi.org/10.1111/j.1366-9516.2005.00226.x
https://doi.org/10.1111/j.1366-9516.2005.00226.x
https://doi.org/10.1038/nature09440
https://doi.org/10.1038/nature09440
https://doi.org/10.1111/fwb.12174
https://doi.org/10.1111/fwb.12174
https://doi.org/10.1111/j.1365-2664.2012.02162.x
https://doi.org/10.1111/j.1365-2664.2012.02162.x
https://doi.org/10.1029/2010GB003975
https://doi.org/10.1029/2010GB003975
https://doi.org/10.1046/j.1365-2427.1998.00368.x
https://doi.org/10.1046/j.1365-2427.1998.00368.x
https://www.jstor.org/stable/3543905
https://www.jstor.org/stable/3543905
https://doi.org/10.1007/s10533-017-0397-7
https://doi.org/10.1098/rstb.2010.0055
https://doi.org/10.1098/rstb.2010.0055
https://doi.org/10.1111/j.1365-2486.2010.02321.x
https://doi.org/10.1038/s41598-023-32806-y
https://doi.org/10.1038/s41598-023-32806-y
https://doi.org/10.1111/gcb.17336

	Individual and combined impacts of carbon dioxide enrichment, heatwaves, flow velocity variability, and fine sediment deposition on stream invertebrate communities
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study site
	2.2|Experimental setup
	2.3|Experimental design and procedures
	2.4|Benthic invertebrate sampling
	2.5|Algal cover, fish survival, and fish gut contents
	2.6|Data analysis

	3|RESULTS
	3.1|Success of the experimental treatments
	3.2|Algal cover
	3.3|Fish survival and key invertebrate prey items
	3.4|Community-­level responses
	3.5|Orthocladiinae body size
	3.6|Benthic invertebrate community composition
	3.7|Individual taxon responses

	4|DISCUSSION
	4.1|Stressor main effects
	4.1.1|CO2 enrichment
	4.1.2|Heatwaves
	4.1.3|Flow velocity
	4.1.4|Fine sediment
	4.1.5|CO2 × sediment interactions
	4.1.6|Other stressor interactions
	4.1.7|Realism, limitations, and management implications


	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


