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Drought‐induced intermittency concentrates aquatic organisms into drying pools.
extreme temperatures and increased competition for dwindling resources. In the
Southern United States, fishes and freshwater mussels are often concentrated to‐
gether in drying pools during seasonal, summer droughts. This can result in increased
competition for food among invertivorous fish, but also increased food abundance
for these fish because mussels increase macroinvertebrate abundance. Further, since
mussels require fish as hosts for their ectoparasitic larval phase, glochidia, competi‐
tion with their host during this biologically active time is detrimental to mussels. We
conducted an experiment to examine the effects of freshwater mussels on trophic
resources and fish survival in drying pools. We stocked mesocosms with juvenile
largemouth bass that were infected or uninfected with glochidia and tracked abiotic
conditions, trophic resources and fish survival for 10 days. We found that fish sur‐
vived longer in the presence of adult mussels, regardless of their infection status.
We suspect that prey items supplemented by adult freshwater mussels increased the
survival of fish. Thus, the presence of adult mussels and the resources that increase
in their presence potentially mitigate stress to fish in “ecological crunch times.” By
conserving mussels, fish populations might withstand droughts more easily.
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1 | I NTRO D U C TI O N

runoff dominated rivers. Rivers may become intermittent, consisting
of series of isolated pools separated by dry riffles. These isolated

Extreme hydro‐meteorological events such as droughts and heat‐

pools become essential refugia for aquatic organisms that cannot

waves are becoming more frequent, more intense and more per‐

aestivate, such as fishes (Lytle & Poff, 2004; Magoulick & Kobza,

sistent in many parts of the world (Mellilo, Richmond, & Yohe, 2013).

2003; Pires, Pires, Collares‐Pereira, & Magalhaes, 2010). However,

Streams in the southern Great Plains are projected to experience

drying pools are often subjected to increased abiotic extremes:

greater drought magnitude and frequency due to increased evapo‐

high temperatures during the day and low oxygen at night (Mosley,

transpiration and shifts in precipitation patterns (Datry, Larned, &

2015). Decreased nutrient inputs to these pools can shift the micro‐

Tockner, 2014; Naumann et al., 2018; Woodward, Perkins, & Brown,

bial regime from heterotrophic to autotrophic (Dahm, Baker, Moore,

2010). As precipitation becomes scarce, water levels decrease in

& Thibault, 2003). This shift can be exacerbated by increased solar
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radiation and decreased flow, eventually culminating in algal blooms

asphyxia and lesions on the gill tissues (Howerth & Keller, 2006). For

and associated drops in oxygen concentration at night (Mosley,

some mussels, the glochidial infection period is highest in summer

2015). These abiotic stressors impact fish physiology (Whitney et al.,

and overlaps with low‐water conditions (Culp, Haag, Arrington, &

2016), can force fish to enter an “ecological crunch” where resource

Kennedy, 2011; Gates, Vaughn, & Julian, 2015); thus, infection may

competition is intense (Magoulick & Kobza, 2003; Weins, 1977) and

decrease fish survival in drought conditions. While adult mussels

expose fish to increased predation from other fish species (Harvey,

compete with fishes for oxygen, they may also subsidise prey for

1991; Schlosser, 1987) and terrestrial predators (Gagnon, Golladay,

invertivorous fishes by increasing macroinvertebrate abundance

Michener, & Freeman, 2004; Power, 1984; Wolff, Taylor, Heske, &

(Vaughn et al., 2008). By bolstering the survival of freshwater fishes

Schooley, 2016). Small fish can often outlast larger, predaceous fish

in drying streams, adult mussels potentially improve their reproduc‐

in isolated pools due to lower oxygen demand, but are subjected to

tion potential for the following season. Most research investigating

higher predation pressure in larger refuge pools (Magoulick & Kobza,

the trophic relationship between fishes and mussels investigate

2003). Thus, drought imposes both abiotic and biotic stressors on

costs associated with glochidial parasitism and ignore benefits pro‐

resident fishes (Lennox, Crook, Moyle, Struthers, & Cooke, 2019;

vided by adult mussels. We suspect that what has been defined as

Matthews & Marsh‐Matthews, 2003).

a parasitic relationship between freshwater mussel and fishes might

Rivers in the Southeastern United States are known for their high

be conditionally mutualistic.

fish and freshwater mussel biodiversity. Mussel larvae (glochidia)

We conducted an experiment to examine the effects of fresh‐

are obligate ectoparasites on fish (Barnhart, Haag, & Roston, 2008;

water mussels on trophic resources and fish survival in drying pools.

Haag, 2012), and there is a strong positive relationship between mus‐

We stocked mesocosms with infected and uninfected juvenile large‐

sel and fish diversity (Vaughn & Taylor, 2000). Mussels form dense,

mouth bass and tracked abiotic conditions, trophic resources and

multispecies aggregations (mussel beds) in river reaches that are

fish survival for 10 days. We predicted that, while both adult fresh‐

hydrologically stable (Sansom, Bennett, Atkinson, & Vaughn, 2018;

water mussels and glochidia reduce the amount of oxygen available

Strayer, 1999), and these are often areas that become pool refugia

to fish, adult freshwater mussels increase prey (macroinvertebrates)

as rivers dry. Thus, during droughts fishes are likely to be stranded in

for fish and thus increase fish survival in drying pools.

isolated pools with mussels. Mussels are ecosystem engineers that
alter the benthic and water column boundary (Sansom, Atkinson,
& Bennett, 2017). They increase benthic heterogeneity through
their burrowing and create stable, heterogenous habitat with their
shells (Bódis, Tóth, Szekeres, Borza, & Sousa, 2014; Gutierrez, Jones,

2 | M E TH O DS
2.1 | Experimental design

Strayer, & Iribarne, 2003) that are used as flow refugia by both in‐

We conducted the experiment in 18, ~950 L circular tanks (here‐

sects and fishes (Hopper et al., in press). They connect the water

after “mesocosms”) that mimicked drying pools. Mesocosms were

column and stream substrate through their filter feeding, which re‐

spaced ~2 m apart in a field at the University of Oklahoma Biological

duces stream turbidity and repackages water column particles into

Station in Kingston, OK. Each mesocosm was lined with 15 cm of

discrete benthic packages (through their faeces and pseudofaeces;

gravel (1:1 ratio of 10 and 38 mm diameter) and filled with ~635 L

Strayer, 2014; Vaughn, Nichols, & Spooner, 2008). As such, mussels

water. We filled the mesocosms in early May 2018 to allow for algal

increase benthic resources such as algae and macroinvertebrates

and macroinvertebrate colonisation from a nearby reservoir (Lake

(Atkinson, Vaughn, Forshay, & Cooper, 2013; Spooner & Vaughn,

Texoma, 350 m distance), added mussels to the mesocosms on May

2006; Vaughn & Spooner, 2006). As mussel effects are strongest

30 and added fish on June 18 (day 0). We added mussels to the me‐

when water volumes are low, they are especially strong during

socosms before adding fish to establish mussel bed conditions, such

droughts or typical summer conditions in many Southern U.S. riv‐

as differences in algal and invertebrate abundance. We aerated the

ers (Atkinson & Vaughn, 2015; Vaughn, Spooner, & Galbraith, 2007).

mesocosms for the entire experiment to avoid night‐time hypoxia

Thus, the presence of adult freshwater mussels is likely beneficial to

that would have killed fish. During the experiment, mesocosms were

fish refugees.

always covered with shade cloth to prevent fish from escaping.

Many host symbiotic relationships are only beneficial to both or‐

We had 9 mussel treatment mesocosms and 9 no‐mussel con‐

ganisms during times of stress; otherwise, the dependent organism

trol mesocosms. Mussel mesocosms contained 31 individual mus‐

is considered parasitic on the host (Stachowicz, 2001). Fishes likely

sels (a density of 11.9 mussels/m2) that represented a natural

benefit from feeding on adult mussel‐subsidised resources during

community typical for the region (13 mucket Actinonaias ligamentina

low flow (Limm & Power, 2011), but also suffer costs from being par‐

(Lamarck, 1819), 9 pimpleback Cyclonaias pustulosa (Lea, 1831), 5

asitised by mussel larvae. Parasitised fish lose body volume, exhibit

threeridge Amblema plicata (Say, 1817), 2 pistolgrip Tritogonia ver‐

slower reaction to predator presence and change their feeding strat‐

rucosa (Rafinesque, 1820), 1 plain pocketbook Lampsilis cardium

egies (Crane, Fritts, Mathis, Lisek, & Barnhart, 2011; Filipsson et al.,

(Rafinesque, 1820) and 1 bankclimber Plectomerus dombeyanus

2018). Heavily infected fish also suffer a respiratory burden that al‐

(Valenciennes, 1827) (Atkinson, Julian, & Vaughn, 2012; Williams et

ters ventilation rates (Filipsson et al., 2018; Thomas, Taylor, & Garcia

al., 2017). We used juvenile, largemouth bass Micropterus salmoides

de Leaniz, 2013). Heavy glochidial loads can kill infected fish through

(Lacepède, 1802) as our fish treatment. Largemouth bass were the
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best fish species for this experiment because they are propagated,

2001; Obaza & Ruehl, 2013; Stoffels, Karbe, & Paterson, 2003). We

hosts for common mussel species, and have a month‐long glochidial

took three subsamples from each water column sample to quantify

encystment period (Draxler et al., 2006). We wanted propagated fish

zooplankton abundance (Lind, 1979).

to ensure fish did not have any prior glochidial infections, as sub‐

We monitored mesocosms daily and removed dead fish when

sequent infections decrease the success of glochidial attachment

they were found. We identified the fish based on mesocosm‐specific

and metamorphosis (Rogers & Dimock, 2003). We chose juveniles

fin clips, took postmortem standard length and weight measures,

because they exhibit the highest growth rate. We purchased large‐

and froze the specimens. After eleven days, 91% of the fish had died

mouth bass “fingerlings” from the Peoria Tribe of Indians Aquatic

and the experiment ended. We later verified the fin clip identifica‐

Facility. We infected half of the fish with Lampsilis cardium glochidia

tion and date of death, and quantified the glochidia on infected fish

following Patterson et al. (2018). We kept the infection density low

by excising all gill tissue and counting glochidia under a microscope.

to mimic natural infection (Kennedy, Pugh, Culp, & Benke, 2007;
Patterson et al., 2018); fish in our experiment had an average of
7 glochidia on their gills (SD = 6 glochidia). We infected, weighed

2.3 | Statistical analyses

and measured (standard length) fish before adding them to the me‐

We used mixed linear models to test for differences among benthic

socosms on 18 June 2018 (day 0). Each mesocosm contained 5 in‐

and water column algal and macroinvertebrate abundance and bio‐

fected fish and 5 noninfected fish for a density of 2.66 fish/m2. We

mass based on the fixed factor (mussel treatment), the fixed con‐

grouped fish by size to reduce cannibalism but randomly distributed

tinuous variable (sampling day) and a random intercept accounting

the groups among mussel and control treatments. Fish had a mean

for mesocosm identity (R package lme4; Bates, Maechler, Bolker, &

weight of 14.7 g (SD = 8.6 g) and mean standard length of 95.0 mm

Walker, 2015; R Core Team, 2019). To assure these models met the

(SD = 15.9 mm).

assumption that residuals are normally distributed, we log10 trans‐

We monitored water temperature on an hourly basis in a random

formed benthic macroinvertebrate abundance, benthic macroin‐

subset of mesocosms (HOBO UA‐002‐08 Pendants). We measured

vertebrate biomass density, water column invertebrate density and

dissolved oxygen, conductivity and temperature at midday on ex‐

water column invertebrate biomass density. We conducted a type

periment days −1 and 11 with a HACH HQ40d multiple parameter

III ANOVA with Satterthwaite's method to obtain p‐values for all

metre.

models (R package lmerTest; Kuznetsova, Brockhoff, & Christensen,
2017).

2.2 | Response variables

To determine whether mussels increased the survival of fish, we
calculated Kaplan–Meier survival probabilities for the fish in each

We measured response variables prior to adding fish (day −1, June

mesocosm (Christensen, 1987; Therneau & Grambsch, 2000). The

17) and on day 11 (June 28). Prior to the experiment, we placed 6

Kaplan–Meier survival function estimator is a nonparametric sta‐

clay tiles (7.6 cm2) with an attached fritted glass disc (27.5 mm2) on

tistic used to predict the probability of survival after a time, given

the sediment surface in each mesocosm to allow benthic algal col‐

knowledge of multiple observations status (alive/dead) and time of

onisation. On sampling days, two discs were removed and frozen.

last observation. We excluded some fish from this data set; two fish

We sampled water column algae by filtering ~1 L (mean = 926 ml,

were unaccounted for (suspected cannibalism among the fish) and

SD = 78) of water through a microfiber filter (Grade F; 1.6 μm pore

six died the first night of the experiment and were replaced imme‐

size) and freezing the filter. For both benthic and suspended algae,

diately. We completed two Cox proportional hazards regressions

chlorophyll a was later cold‐extracted with the acetone method and

to evaluate the relationship between the Kaplan–Meier survival

analysed spectrophotometrically (ASTM, 2012).

curve and our independent variables (mesocosm treatment and in‐

Prior to the experiment, six strawberry baskets (6 cm deep,

fection status) using the coxph function of the survival package in R

100 cm2 surface area) were buried flush with the sediment in each

(Therneau, 2015). When interpreting these models, β values relay

mesocosm and allowed to be colonised by macroinvertebrates. On

the magnitude of a variable's correlation with survival; negative β

each sampling day, we removed three baskets and placed them in

values indicate increased survival. Hazard ratios greater than one

a 20‐L bucket filled with clean water to create a slurry. We then

represent an increase in the probability of death. All statistical anal‐

washed the slurry through a 246 µm sieve and collected the mac‐

yses were conducted with R Core software version 3.5.3 (R Core

roinvertebrates (Bertrand & Gido, 2007). We also sampled inverte‐

Team, 2019).

brates in the water column by pulling a plankton net (~153 μm mesh,
8 cm diameter) around a 5.4 m circumference circle in each meso‐
cosm. All invertebrates were preserved in 70% ethanol. Benthic in‐

3 | R E S U LT S

vertebrates were identified to family, enumerated and their length
measured. We then used published length‐dry weight equations

Our experiment successfully replicated the high temperatures typi‐

to estimate macroinvertebrate biomass from density data (Benke,

cally found in drying streams in the Southern United States. During

Huryn, Smock, & Wallace, 1999; Eckblad, 1971; Giustini, Miccoli,

the experiment, the water temperature in the mesocosms ranged

Luca, & Cicolani, 2008; Johnston & Cunjak, 1999; Miserendino,

from 22.1 to 35.2°C with an average of 29°C and daily ranges up

4
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TA B L E 1 Mean (standard deviation) of ecosystem parameters and response variables measured prior to (day −1) and at the end (day 11)
of the experiment
Physical–chemical parameters
Treatment
Mussel
Control

Day

Temperature
°C

Conductivity
μS/cm

Primary production
DO mg/L

Water column
chlorophyll a μg/L

Fish
Benthic chlorophyll a μg/cm2

Standard
length mm

−1

27 (0.3)

347 (14)

7.47 (0.22)

3.69 (2.3)

3.91 (1.0)

95.2 (13.9)

11

31 (0.7)

379 (60)

9.93 (2.21)

5.55 (3.1)

4.59 (1.5)

93.9 (17.4)

−1

27.1 (0.2)

345 (15)

7.36 (0.19)

6.81 (5.3)

2.19 (1.9)

95.3 (9.9)

11

31.2 (0.6)

385 (59)

9.81 (1.34)

13.82 (16.6)

4.76 (2.7)

94.5 (14.7)

to 6.5°C. Temperature, conductivity and dissolved oxygen increased

Wet weight g/m2
40.3 (22.9)
40.5 (13.9)

weight change was not significantly different between treatments

and became more variable as the experiment progressed. Water

(F1,16 = 1.38, p = .26). We then used Cox regression models to inves‐

column chlorophyll a concentrations were not significantly differ‐

tigate whether mesocosm treatment or infection status altered fish

ent between treatments (F1,14 = 2.67, p = .12) or between weeks

survival. Residing in a mussel mesocosm increased survival in fish

(F1,14 = 3.04, p = .10). Benthic chlorophyll a concentration increased

(β = −.34, hazard ratio = 0.71, p = .03). The median survival (where

in the second week (F1,16 = 11.45, p = .004) but was not significantly

50% of the fish are alive) in control mesocosms was 4 days while me‐

different between treatments (F1,16 = 0.82, p = .34; Table 1).

dian survival was 6 days in mussel mesocosms (Figure 3a). Infected

Benthic macroinvertebrate abundance was not significantly dif‐

fish lived slightly longer than not‐infected fish but this relationship

ferent between treatments (F1,16 = 0.12, p = .74), but decreased sig‐

was not statistically significant (β = −.07, hazard ratio = 0.92, p = .64).

nificantly over time, particularly in control treatments (F1,17 = 13.79,

The low β values and high hazard ratio indicate that there was little

p = .002; Figure 1a). Benthic macroinvertebrate biomass was not sig‐

difference between infected and not‐infected fish survival. While

nificantly different between treatments (F1,16 = 0.42, p = .53). Benthic

fish that resided in mesocosms with mussel assemblages lived longer

macroinvertebrate biomass decreased mostly in control treatments

than fish in control mesocosms, a fish's infection status did not im‐

but the relationship between biomass and time was marginally sig‐

pact survival (Figure 3).

nificant (F1,17 = 3.93, p = .06). Over the course of the experiment,
benthic macroinvertebrates decreased in abundance and biomass in
control tanks, though average individual invertebrate size increased

4 | D I S CU S S I O N

(from a median length of 3.1–3.9 mm). In contrast, benthic macro‐
invertebrates had a stable abundance and biomass in mussel treat‐

We found the fish survived longer in the presence of adult mussels,

ments, but were slightly smaller at the end of the experiment (from

regardless of their infection status. Our results provide evidence

a median length of 3.4–3.1 mm). Water column invertebrates were

that it is better for fish in a drying system to be in pools with fresh‐

primarily zooplankton (Cladocera), nonbiting midges (Chironomidae)

water mussels than in pools without freshwater mussels. This ex‐

and the predatory midge, Chaoborus. Chironomidae were likely dis‐

periment also shows that mussels likely subsidise aquatic food webs

lodged during benthic sampling and do not represent invertebrate

whose dynamics are impacted by drought.

prey from the water column; as such, we excluded them from the

Our study mimicked naturally drying streams with limited water

analysis. Zooplankton density and biomass decreased in control

input, high water temperatures and high densities as organisms are

and increased in mussel mesocosms during the experiment, while

crowded together in shrinking water volumes. Largemouth bass

Chaoborus decreased over time in both treatments (Figure 2a,b).

have a critical thermal maxima near 35°C, though 32°C is the USA

Considering all water column invertebrates (both zooplankton and

EPA recommended temperature for juvenile growth (Brungs &

larger invertebrates), there was not a significant difference be‐

Jones, 1977; US EPA, 1988). Our mesocosms approached the critical

tween water column macroinvertebrate density in either treatment

thermal maxima for bass on days 11 and 12 for approximately 3 hr.

(F1,16 = 0.004, p = .95) or between days (F1,17 = 0.14, p = .72). There

Based on USGS water gage data from 1969 to 1980, the Kiamichi,

was not a significant difference between the water column inverte‐

Little and Glover rivers of south‐eastern Oklahoma have an average

brate biomass between treatments (F1,14 = 0.42, p = .53) or between

summer temperature of 27.4, 27.9 and 28.9°C respectively (USGS,

days (F1,14 = 0.002, p = .96).

2019). Within these years, maximum water temperatures recorded

Postmortem standard length and weight were similar among the

in these rivers for each year varied from 23 to 35°C. Hopper et al.

treatments (Table 1). There was not a significant difference in the

(2018) observed temperatures from 29.7 to 32.4°C in the Glover

fish postmortem weight (F1,16 = 0.0003, p = .98) or postmortem stan‐

River in 2016. Temperatures of 40°C and diel temperature swings

dard length (F1,16 = 0.0005, p = .98). Fish residing in the mussel meso‐

of 8°C are not uncommon within Oklahoma rivers (Farless & Brewer,

cosms had a mean weight change of −0.16 g (SD = 2) while fish in the

2017; Matthews & Zimmerman, 1990). While our mesocosms repre‐

control treatments had a mean weight change of 0.42 g (SD = 2). This

sented the upper limits of what a natural system would experience,

|

DUBOSE et al.

5

F I G U R E 1 Benthic macroinvertebrate
density in # m−2 (a) and dry weight
biomass in g/m2 (b) for mesocosms with
mussels (grey triangles) and without
mussels (black circles) at the beginning
and end of the experiment. Lines depict
the standard deviation while the point
represents the mean

these conditions are likely to become more common with climate

disturbances and the biotic communities that experience seasonal

change (Kaushal et al., 2010). Annual mean air temperatures are ex‐

droughts are typically resistant to drought effects and resilient after

pected to rise 4°C in the southern Great Plains for 2041–2070, with

the predictable return to “normal” conditions (Lake, 2003). Our ex‐

the associated summer heatwaves expected to be 0.6° warmer than

periment tested the resistance of largemouth bass to a short sea‐

current heatwaves (Kunkel et al., 2013; Teng, Branstator, Meehl, &

sonal drought. As the fish only survived approximately half of the

Washington, 2016). As water temperatures rise with climate change,

expected infection period, we do not believe we have enough evi‐

stream fish in drying pools will become stressed as the water tem‐

dence to state whether infection did or did not affect survival. So,

perature approaches their critical thermal maxima (Matthews &

while we do not have enough information to conclude that mussels

Zimmerman, 1990). These high water temperatures would also

and fish are conditionally mutualistic, our experiment does provide

stress the freshwater mussel populations: causing glochidial‐brood

evidence that adult mussels can increase the survival of largemouth

failure within female mussels and potentially causing glochidia en‐

bass during seasonal droughts, likely through the provision of prey

cysted on fish to mature more quickly and at a smaller size (Dudgeon

items to this invertivorous fish.

& Morton, 1984; Spooner & Vaughn, 2008). Finally, these increased

We suspect that prey supplemented by adult freshwater mus‐

temperatures could also affect the glochidia–host relationship.

sels, specifically benthic macroinvertebrates, lengthened the fish's

While we did not find a difference in survival between infected

survival time. Our control treatments had early fish mortality which

and not‐infected fish, recent research suggests that glochidia can

would reduce predation pressure on invertebrates and thus allow

alter the thermoregulation and movement behaviour of its host fish

remaining invertebrates to grow to a larger size and reproduce more

(Horký, Slavík, & Douda, 2019). Thus, projected water temperature

by the end of the experiment. Mussel treatments had more fish sur‐

increases will threaten freshwater mussels and fishes within pools in

vive longer; this continual feeding from the macroinvertebrate pool

intermittent streams.

should have reduced the abundance and biomass of that compart‐

There were some limitations to our ability to replicate drying

ment. Without the regeneration of nutrients from mussels, we would

pools using mesocosms. Early in the experiment—even before add‐

expect mussel treatments to have less invertebrates than control

ing fish—oxygen levels in the mesocosms fell to low levels at night

treatments based on the length of time fish resided in the meso‐

due to low‐water volume and high algal concentrations. Thus, we

cosms. Our results suggest otherwise: mussel mesocosms had stable

supplemented oxygen by aerating the streams to prevent hypoxia

invertebrate abundance and biomass while control mesocosms lost

and premature fish death. In natural streams, hypoxia would occur at

invertebrate abundance and biomass. Our experiment limited ter‐

night. However, during drought, dissolved oxygen in drying pools is

restrial invertebrate inputs, which are a supplemental prey item for

influenced by the interacting factors of water temperature, primary

juvenile largemouth bass (Hodgson & Hansen, 2005). This forced the

production, reaeration and depth of the refugia pool (Mosley, 2015).

fish to eat benthic invertebrate prey, which have been shown to be

As both temperature and primary production increased during our

increased by the nutrients and habitat provided by mussels (Vaughn

experiment, dissolved oxygen saturation would steadily decrease

& Spooner, 2006). As fish are subjected to increased predation from

each night during our experiment. Thus, we likely recreated the

terrestrial predators during drought (Power, 1984), feeding from the

thermal and oxygen regimes of shallow pool refugia with our exper‐

benthos instead of the surface might prevent predation. A study in a

imental mesocosms.

southern intermittent stream found that fishes decreased the abun‐

While we recreated the abiotic conditions for droughts within

dance of benthic macroinvertebrates during intermittency (Wesner,

our mesocosm, the timing of our experiment is representative of

2013). Because prey were concentrated in the benthos, oxygen was

only periodic or seasonal droughts. Seasonal droughts are press

not limiting, and the benthos would represent a thermal refuge, the

6
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F I G U R E 2 Water column invertebrate
density in # L−1 (a) and dry weight
biomass in mg/m2 (b) for mesocosms
with (triangle) and without mussels
(circle) at the beginning and end of the
experiment. We separated larger taxa
(Diptera, Coleoptera; filled symbols)
and zooplankton (Cladocera, Cyclopoida
and small Annelida; white symbols) to
illuminate differences in prey quality
for the bass. Lines depict the standard
deviation while the point represents the
mean

F I G U R E 3 Survival curves of fish based on mesocosm treatment (a) and glochidial infection (b). Median survival indicated with the black
dashed line. Fish in mussel mesocosms (grey line) had a median survival of 6 days while fish in control mesocosms (black line) had a median
survival of 4 days (β = −.34, hazard ratio = 0.71, p = .025). Fish survival was not significantly related to glochidial infection (β = −.07, hazard
ratio = 0.92, p = .64). Graph made with code from the R package survminer (Kassambara & Kosinski, 2018)

largemouth bass should preferentially feed there (French & Wahl,

are increasingly threatened through climate change and anthropogenic

2018). After we introduced the invertivorous bass, benthic macro‐

water withdrawal (Vorosmarty, Green, Salisbury, & Lammers, 2000;

invertebrate abundance did not increase in the mussel mesocosms,

Vorosmarty et al., 2010). Fishes are a dominant part of stream com‐

while zooplankton abundance did increase. This potentially describes

munities and provide many ecosystem services (Holmlund & Hammer,

mesopredator suppression as predatory macroinvertebrates are re‐

1999). Fishes are important regulators of aquatic food webs through

duced by the bass and zooplankton increased in abundance (Ritchie

their consumption of primary producers, macroinvertebrates and

& Johnson, 2009; Vance‐Chalcraft, Rosenheim, Vonesh, Osenberg,

other fish (Power, 1990). They provide recreation through fishing and

& Sih, 2007). The shift in benthic macroinvertebrate size in control

subsequent food (Lynch et al., 2016). Mussels provide many ecosystem

mesocosms, but not mussel mesocosms, is also indicative of intricate

services as well; their biofiltration and nutrient capacitance are regu‐

food web cascades due to the presence of freshwater mussels and

latory services that promote ecosystem stability for all aquatic organ‐

fish; because fish did not survive as long in control tanks, benthic

isms (Vaughn, 2018; Vaughn & Hoellein, 2018). The overlap of fish and

macroinvertebrates in control tanks could grow to larger sizes be‐

mussel assemblages during low‐water periods has additive effects on

fore consumption. Drought might even be beneficial to bass; Driver

nutrient cycling (Hopper et al., 2018). Thus, the paired conservation of

and Hoeinghaus (2016) found that concentration in pools leads to

these assemblages is beneficial to stream ecosystems and the humans

larger growth of both juvenile and adult bass. The entangled nature

that rely on these streams. Droughts are increasing in the Southeastern

of species‐specific tolerance, prey preference and drought makes in‐

United States due to climate change (Palmer et al., 2008; Wuebbles,

vestigating trophic facilitation in intermittent streams an interesting

Fahey, & Hibbard, 2017). This poses a challenge for water managers as

and unexplored topic.

they struggle to meet urban, agricultural, recreational and ecological

Streams provide essential ecosystem services to humans (Green

needs during climate change‐induced water reductions. Maintaining

et al., 2015), contain unique communities (Dudgeon et al., 2006) and

these rivers for the benefit of both recreation and the environmental
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needs of endangered species is difficult but can greatly improve the
conservation outlook for endangered species (Gates et al., 2015). As
recreational fishing contributes to the economy in rural regions (Long
& Melstrom, 2016), conserving sport fish is important. We found that
fish survival was higher in pools with freshwater mussels than pools
lacking freshwater mussels; thus, the conservation of mussels might
reduce the drought‐induced loss of fishes in rivers. As mussel life his‐
tory is often connected to fish hosts, their management and conserva‐
tion should be linked (Modesto et al., 2018). We provide evidence that
conservation of freshwater mussels could potentially reduce the loss of
more economically viable fishes during anthropogenically exacerbated
droughts.
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