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Abstract.—Stream fishes can have strong top-down and bottom-up effects on 
ecosystem processes. However, the dynamic nature of streams constrains our abil-
ity to generalize these effects across systems with different disturbance regimes and 
species composition. To evaluate the role of fishes following disturbance, we used 
a series of field and mesocosm experiments that quantified the influence of grazers 
and water column minnows on primary productivity, periphyton structure, organic 
matter pools, and invertebrate communities following either scouring floods or 
drying of prairie streams. Results from individual experiments revealed highly sig-
nificant effects of fishes, but the direction or magnitude of effects varied among ex-
periments. Meta-analyses across experiments indicated that grazers consistently re-
duced the relative amount of fine benthic organic matter (FBOM) and chironomid 
abundance within 2 weeks after disturbances. However, effect sizes (log response 
ratios) were heterogeneous across experiments for algal biomass and algal filament 
lengths measured more than 4 weeks after a disturbance and potentially associated 
with system productivity and grazer densities. A similar analysis of 3–4 experi-
ments using water column minnows only found a consistent trend of decreasing 
FBOM in fish treatments relative to controls when measured less than 2 weeks after 
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disturbances and increase in gross primary productivity measured more than 4 weeks 
after disturbance. These results, along with those of others, were used to develop a 
conceptual framework for predicting the potential role of fishes in streams following 
disturbances (flood and drying). Both theoretical and empirical research shows that 
recovery of stream ecosystem processes will depend on the resilience of autotrophic 
and heterotrophic communities following disturbance. Fish effects may vary among 
functional groups but are generally predicted to be greatest during early stages of suc-
cession when algal and invertebrate communities are less complex and their biomass 
is low relative to fish biomass. Our analysis underscores the context dependency of 
consumer effects on ecosystem structure and function in nonequilibrium conditions 
and suggests that factors regulating fish densities and colonization of algal and inver-
tebrate taxa need to be evaluated to predict the consequences of biodiversity loss in 
streams with variable or human-modified disturbance regimes.

Introduction

Stream ecosystem functions, such as primary 
production, are influenced by the presence 
of fishes through both direct (e.g., predation) 
and indirect pathways (e.g., trophic cascades, 
nutrient mineralization). Our understanding 
of these pathways and how they shape stream 
ecosystems has progressed considerably over 
the past two decades. Early work focused on 
how fishes exerted direct top-down pressures 
on benthic macroinvertebrates (Gilliam et al. 
1989; Flecker and Townsend 1994; Dahl and 
Greenberg 1996), algal communities (Grimm 
1988; Power 1990; Gelwick and Matthews 
1992), and detritus (Flecker 1996). The im-
portance of indirect effects of stream fishes 
through trophic cascades (Power et al. 1985; 
Huryn 1998; Hargrave 2006; Hargrave et al. 
2006) and alteration of nutrient cycling and 
stoichiometry (Gido and Matthews 2001; 
Vanni et al. 2002; McIntyre et al. 2007; McIn-
tyre and Flecker 2010, this volume) were ad-
ditional areas of research. More recent studies 
have evaluated the importance of fishes on 
whole stream ecosystem rates, such as produc-
tivity and nutrient uptake (Taylor et al. 2006; 
Bertrand and Gido 2007; Bertrand et al. 2009; 
Murdock et al., in press).

Although the number of studies testing 
the effects of fishes on ecosystem properties 
has increased, there is little consensus allowing 
us to predict when and where fishes will exert a 
strong effect on ecosystem properties. Rather, 
results from individual experiments and across 
systems tend to be context dependent (sensu 
Power et al. 1996). Theoretical and empirical 
studies suggest that consumer effects should 
vary with food web structure, nutrient limita-
tion, and community composition (DeAn-
gelis 1992; Worm et al. 2002; Power et al. 
2008). Many streams, particularly intermittent 
streams, are nonequilibrium systems subject to 
frequent flooding or drying, and such streams 
are common globally (Dodds 1997). Drivers of 
stream ecosystem processes are likely to inter-
act with these disturbances; yet little is known 
about spatial trends of animal-mediated pro-
cesses with respect to ecosystem responses to 
flood and drought.

The context dependency of fish consumer 
influences on stream ecosystems was recently il-
lustrated by Power et al. (2008), who used data 
from a long-term study to show that effects of 
steelhead Oncorhynchus mykiss and California 
roach Hesperoleucus symmetricus on benthic 
algae varied among years and seasons and was 
partly mediated by flood and drought effects on 
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algal and macroinvertebrate communities. Giv-
en the potential for complex interactions within 
stream food webs, predicting species interac-
tions will require an understanding of multiple 
linkages among food web compartments and 
how these linkages vary over time.

Hydrologic regimes have variable influ-
ences on stream organisms with different life 
history traits (Poff and Ward 1989; Dodds et 
al. 2004), and organism responses to hydrol-
ogy can mediate fish effects on stream eco-
systems (Power et al. 2008). For example, fish 
can resist flooding better than benthic algae 
or invertebrates because they are mobile and 
can avoid being washed downstream by seek-
ing refuge in low-velocity areas (Harvey 1987; 
Detenbeck et al. 1992; Franssen et al. 2006). 
Thus, fish densities may remain high while their 
resources are greatly diminished, potentially 
creating a strong demand for those resources 
after a disturbance. In contrast, extreme floods 
or stream drying may lower or eliminate popu-
lations of all organisms, and species that are 
good dispersers with rapid reproductive cycles 
(e.g., algae) may recolonize and recover more 
quickly than poor dispersers with slow repro-
ductive cycles that may take weeks to years to 
recover. Under this scenario, recovery of poor 
dispersers will depend on proximity to refugia 
(Niemi et al. 1990). Accordingly, effects of fish 
on resilience of stream structure and function 
will likely be dependent on the type and mag-
nitude of the disturbance, and if large enough 
to eradicate fishes and other organisms, recov-
ery will depend on proximity to source popu-
lations, recolonization rates, and reproductive 
potential of new colonists.

In this chapter, we evaluate recent evidence 
of how fish effects on stream ecosystem prop-
erties vary in the context of stream disturbance 
regimes. Our definition of disturbances caused 
by floods and drying meets the criteria of Pick-
ett et al. (1989) in that there is “a change in the 

minimal structure caused by a factor external 
to the level of interest.” Ecosystem properties 
influenced by fishes were considered to be ei-
ther structural or functional. Structural effects 
included changes in standing stocks of biota or 
size distributions of organisms and detritus, 
whereas functional effects include changes in 
ecosystem rates, such as algal accrual rates, pri-
mary production, and respiration by microbial 
communities. We focus on hydrologic distur-
bance (scouring floods and drying), although 
other types of disturbance may apply (e.g., 
natural or human-induced events that kill, 
displace, or reorganize biotic communities). 
We also focused on the roles of two dominant 
functional groups of stream fishes: grazers and 
water column minnows. The grazing minnow 
used in these experiments were the southern 
redbelly dace Phoxinus erythrogaster (hereafter 
dace), and the red shiner Cyprinella lutrensis 
(hereafter shiner) represented the water col-
umn minnow. These functional groups are 
prevalent in North American streams, as well 
as many other temperate and tropical streams, 
and interact directly and indirectly with stream 
periphyton communities that dominate eco-
system function (Figure 1).

Our overarching goals were to (1) sum-
marize how stream ecosystems recover from 
disturbance, (2) describe the temporal effects 
of dace and shiners on this recovery process by 
testing for the consistency of fish effects (log 
response ratios) measured at different intervals 
since a disturbance, and (3) develop a con-
ceptual model of potential effects of fishes in 
shaping the recovery of prairie stream ecosys-
tems. To accomplish those goals, the chapter 
includes two main parts: (1) a meta-analysis 
of multiple experiments testing ecosystem ef-
fects of the target species, and (2) a synthesis 
of results from our studies and other research 
on the effect of fishes to develop a conceptual 
model of potential effect of fish on stream eco-



596 gido et al.

Figure 1.  Functional roles of red shiner (water column minnow) and southern redbelly dace (grazing 
minnow) and potential interactions with different components of stream ecosystems. Solid lines rep-
resent energy flow between compartments and dashed lines represent potential indirect effects, such 
as bioturbation.

system structure and function following dis-
turbance.

Part 1: Meta-Analysis of Dace and 
Shiner Effects on Recovery of Stream 

Ecosystem Properties in Field and 
Mesocosm Experiments

We have completed 10 experiments testing the 
effects of dace and shiners on stream ecosys-
tem properties at the Konza Prairie Biological 
Station (KPBS) using either field experiments 
(N = 3) or large outdoor experimental streams 
(N = 7) (Table 1). Although specific objec-
tives of each experiment varied, all included 
a no-fish control paired with treatments of ei-
ther adult dace or shiners. These two species 
represent functional groups of fishes that are 

common to the Great Plains and their trophic 
ecology in these systems is relatively well doc-
umented (Cross and Collins 1995). Although 
dace have been reported to consume both al-
gae and invertebrates (e.g., Cross and Collins 
1995), they primarily consumed algae in our 
experiments (Bertrand and Gido 2007; Bengt-
son et al. 2008). Shiners are omnivores that 
forage throughout the water column, primarily 
consuming aquatic and terrestrial insects and 
some algae (Gido and Matthews 2001; Ber-
trand 2007).

Field experiments were conducted in 
Kings Creek on the KPBS and included both 
enclosures and exclosures constructed with 
5-mm mesh hardware cloth either stretched 
across the width of the stream (e.g., Bertrand 
et al. 2009) or in a diamond-shaped exclosure 

Algae

Terrestrial 
invertebrates

Grazer

Water column 
minnow

Benthic 
invertebrates

Dissolved 
nutrients
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in the middle of the stream (Murdock et al., 
in press). We took advantage of natural events 
and followed successional trajectories of eco-
system properties after scouring floods or the 
rewetting of a dry stream channel. Nutrient 
concentrations in Kings Creek are relatively 
low because of the lack of anthropogenic or 
other sources of nutrients in the catchment. 
Nutrient concentrations typically increased 
moving downstream in the catchment. To-
tal nitrogen (TN) averages about 750 mg/L 
(range 90–2,000 mg/L) downstream and 280 
mg/L (range 90–700 mg/L) upstream. Total 
phosphorus (TP) averages about 40 mg/L 
(range <10–260 mg/L) downstream and 12 
mg/L (range <10–100 mg/L) upstream.

Experimental streams were approximately 
1,800 L and consisted of a 2.54-m2 pool con-
nected to a 0.84-m2 riffle (Matthews et al. 
2006). Water was drawn through a 15-cm-di-
ameter pipe, buried beneath the substrata, by 
an electric trolling motor and propelled down-
stream through the riffle and pool at a mean 
discharge of about 10 L/s. In addition, low-
nutrient groundwater was continuously added 
from a natural spring at a mean rate of about 1 
L/min, which allows a complete replacement 
of water approximately each day. A shade can-
opy that blocked 57% of incoming solar irradi-
ance simulated riparian cover. Substrata were 
a mixture of pebble, gravel, and fine sediment 
from a local quarry. Experiments were typi-
cally initiated after simulated disturbances in 
which the substrate was scoured with a high 
pressure hose or had been completely dried. 
Nutrient concentrations across experiments 
were representative of upstream conditions 
in Kings Creek and typically below detection 
(<10 mg/L) for TP and from 4 to 163 mg/L 
for TN.

Methods for measuring ecosystem prop-
erties were generally consistent across experi-
ments and are described in other papers (Ber-

trand and Gido 2007; Bengtson et al. 2008; 
Bertrand et al. 2009; Murdock et al., in press). 
For this analysis, we focused on the recovery 
of gross primary productivity (GPP), algal 
biomass, algal filament lengths, proportion 
of fine benthic organic matter (FBOM), and 
benthic invertebrate assemblages following 
a disturbance because these were influenced 
by fishes in previous experiments. GPP was 
estimated by tracking diel fluctuations in dis-
solved oxygen and correcting for reaereation 
(Owens 1974). Benthic algal biomass was 
estimated by extracting chlorophyll a from 
pebbles in different treatments (Sartory and 
Grobbelaar 1984; Welschmeyer 1995). Ben-
thic organic matter (BOM) and benthic in-
vertebrates were collected using a modified 
core sampler (see Bertrand and Gido 2007 
for details). FBOM was estimated by passing 
a slurry from the core sample through a se-
ries of filters and then measuring ash-free dry 
mass of those samples; FBOM was measured 
as the proportional weight of the size frac-
tion <100 mm relative to the total weight of 
BOM. For benthic invertebrate abundances, 
we focused on the abundance of the family 
Chironomidae because other taxa varied con-
siderably across experiments. Chironomids 
were often abundant and present in all experi-
ments; mean percent of total abundance was 
35.8% (range 6.6–76.9%), and mean percent 
of total invertebrate biomass measured in the 
four experiments in which biomass was mea-
sured was 29.7% (range 11.6–43.5%). The 
other numerically dominant taxa in these 
samples were zooplankton but were not con-
sidered here because they did not account 
for as much (<20%) of the total invertebrate 
biomass as chironomids. We also evaluated 
effects of fishes on invertebrate assemblage 
structure using a percent similarity index 
(PSI; Renkonen 1938) to evaluate differenc-
es between control and fish treatments. Val-
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ues range from 0 to 1.0, with a 1.0 indicating 
identical proportional similarity of species in 
the invertebrate assemblages.

Data Analysis

The first step in our analysis was to use analy-
sis of covariance (ANCOVA), with time since 
disturbance as the covariate, to test the effects 
of dace and shiners on ecosystem properties 
across experiments. For this, and other analyses, 
we did not distinguish between floods and dry-
ing, as there were only two drying experiments, 
thus making it difficult to evaluate effects of dif-
ferent disturbance type. Prior to this analysis, 
recovery trajectories of each response variable 
were standardized using z-scores (i.e., subtract-
ed each response from the overall mean for that 
experiment and divided by the standard devia-
tion) to allow comparisons across studies. After 
standardization, ANCOVA tested for differ-
ences between fish and no fish controls across 
experiments.

As a second step, we evaluated effects 
of fishes at different time intervals after dis-
turbance events. Specifically, we used a me-
ta-analysis to test if the log response ratio 
[LRR = ln (meanfish/meanno fish)] (Hedges et 
al. 1999) deviated significantly from zero for 
response variables measured early (within 
the first 2 weeks) and late (after 4 weeks) in 
the experiment. The program MetaWin 2.0 
(Rosenberg et al. 2000) was used to calculate 
bootstrapped 95% confidence intervals for 
mean effect sizes and to test for heterogene-
ity of effects (QT) across experiments. Confi-
dence intervals around mean effect sizes that 
did not overlap zero indicate the species had 
a consistent positive or negative effect on that 
response variable. Significant heterogeneity 
(QT) across experiments suggested that vari-
ance among effect sizes was greater than ex-
pected and other explanatory variables should 
be investigated (Rosenberg et al. 2000). Thus, 

for variables that showed significant hetero-
geneity, we used simple correlation analysis 
to explore the associations of log response ra-
tios and two potentially confounding factors: 
system productivity and fish density. System 
productivity was estimated by algal accrual 
rates measured as chlorophyll a (mg/m2) in 
no fish controls 4 days since disturbance. To 
standardize this estimate across experiments, 
we only used measurements taken either  
14 d (five experiments) or 18 d (two experi-
ments) post-disturbance. The one exception 
was for fall 2002, in which chlorophyll a was 
only measured 40 d post-disturbance. We 
corrected the accrual rate of this value (mul-
tiplied by 0.70) based on the relationship of 
measurements from other experiments that 
were taken around days 14 and 40. Algal ac-
crual rates provided an index of productivity 
for each experiment that was independent of 
the fish effects because it was taken from the 
control stream. We set our alpha at 0.10 for 
all of the above-mentioned analysis because 
of the limited number of experiments avail-
able. Algal accrual rates were log-transformed 
prior to analysis to reduce the influence of ex-
treme values.

Results

Nine experiments testing the effects of dace 
and four experiments testing the effects of 
shiners were conducted between 2002 and 
2007 (Table 1). As expected, GPP, algal bio-
mass (as chlorophyll a), BOM, and chirono-
mid abundance was low following disturbance 
(scour or drying) and increased with time 
(Figures 2 and 3). This increase, however, was 
generally linear and did not appear to plateau 
in the time frame of our experiments. Across 
experiments, the only significant effect of fish 
was a general reduction of chironomid abun-
dance in the presence of dace (ANCOVA; P 
= 0.091).



600 gido et al.

Figure 2.  Ecosystem properties of field experiments and experimental streams as a function of time 
since disturbance (plotted on a log scale). Circles represent treatments with grazers (southern redbelly 
dace) and triangles are controls. Dependent variables (y-axis) are presented as standardized values 
(i.e., z-scores).

Meta-analysis of dace effects on response 
variables at different intervals after a distur-
bance indicated that the deviation of fish ef-
fects from zero (i.e., 95% confidence intervals 
did not overlap zero) only occurred for two 

response variables, FBOM and chironomid 
densities, measured less than 14 d post-distur-
bance (Table 2; Figure 4). Mean log response 
ratios were negative for both these variables, 
indicating a general reduction of the propor-
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Figure 3.  Ecosystem properties of Kings Creek and experimental streams as a function of time since 
disturbance (plotted on a log scale). Circles represent treatments with water column minnows (red 
shiner) and triangles are controls. Dependent variables (y-axis) are presented as standardized values 
(i.e., z-scores).

tion of FBOM and chironomids with dace 
relative to controls. In addition to reductions 
in chironomid abundance, mean differences 
in percent similarity of benthic invertebrate 
communities was notably lower soon after 

disturbance compared to after more than 28 
d (72% versus 82%). Meta-analysis also in-
dicated that LRR for algal biomass and algal 
filament lengths measured more than 28 d 
post-disturbance were highly heterogeneous 
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across experiments (Table 2). An exploratory 
analysis suggests an association between the 
ratio of fish:algal biomass may explain some 
of the variability in the effect of dace on algal 
biomass (Figure 5). That is, the presence of 
dace increased algal biomass when they were 

stocked at high densities and there were low 
algal accrual rates and decreased algal biomass 
at low stocking densities and high algal accrual 
rates. There was no strong association between 
algal filament lengths and experimental condi-
tions; however, the two experiments with the 

Figure 4.  Mean log response ratios [ln (meanfish/meanno fish)] and bootstrapped 95% confidence inter-
vals for response variables measured early (<2 weeks; open bars) and late (>4 weeks; gray bars) after 
disturbance for experiments with southern redbelly dace (grazing minnow) and red shiners (water 
column minnow).
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Figure 5.  Relationship between fish:algae biomass (x-axis) and the effect (log response ratio) of south-
ern redbelly dace (grazing minnows) on algal biomass (chlorophyll a). Log response ratios greater than 
zero indicate dace had a positive effect on algal biomass and negative numbers represent negative 
effects.

strongest negative effect of dace were also the 
two experiments with the highest algal accrual 
rates (Tables 1 and 2).

Two response variables showed consistent 
trends across experiments with shiners (Table 
3; Figure 4). Similar to dace experiments, the 
presence of shiners consistently reduced the 
proportion of FBOM measured less than 14 d 
post-disturbance and mean differences in per-
cent similarity of benthic invertebrate commu-
nities was notably lower soon after disturbance 
compared to after 28 d (73% versus 92%). 
Shiners also consistently increased primary 
productivity more than 28 d post-disturbance. 
Depending on the response variable measured, 
we did not attempt to attribute experimental 
conditions to variation in LRR because there 
were only three or four experiments conduct-
ed. Alternatively, we report heterogeneity of 
LRR for shiner experiments (Table 3).

Discussion

Role of Fishes in the Recovery of  
Periphyton

Regardless of significant effects of prairie stream 
fishes on algal biomass and filament lengths in 
individual experiments, when evaluated across 
experiments, there was little consensus on the 
direction and magnitude of these effects. The 
only consistent effect of fish (dace and shiners) 
was a reduction of FBOM within the first 2 
weeks following a disturbance. It appears that 
foraging activities of fishes removes FBOM 
from substrates, either through consumption 
or bioturbation. Of the individual experiments 
evaluated, the strongest negative effects of dace 
on periphyton were during a field exclosure ex-
periment following recovery from drought in 
spring 2006 when excluding dace and another 
species of grazing minnow, central stonerollers 
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Campostoma anomalum, initially (i.e., the 
first month after rewetting) resulted in 132% 
longer filament lengths, 113% higher algal 
biomass, and 45% higher primary productiv-
ity (Murdock et al., in press). In experimental 
streams, we also found significant negative ef-
fects of dace on algal filament lengths in three 
separate experiments, but those effects were 
restricted to the first 3 weeks of the experi-
ments and not associated with declines in algal 
biomass (Bertrand and Gido 2007; Bengtson 
et al. 2008). In two studies in experimental 
streams, we found positive effects of dace on 
algal biomass (Bertrand 2007; D. J. Hoeing-
haus, University of North Texas, unpublished 
data), and in the remaining three experiments, 
we either found no effect of dace on algal fila-
ment lengths or biomass or this effect included 
a complex interaction with habitat or other 
treatments. Shiners had strong positive effects 
on algal biomass and filament lengths in the 
experimental streams in 2004, but these effects 
were not consistent across experiments, with 
the exception of GPP measured more than 4 
weeks post-disturbance.

The ability of fish to alter the structure and 
production of periphyton is likely dependent 
on algal community composition following 
disturbance and the susceptibility of those 
species to consumption or disruption by fishes 
(e.g., Power et al. 2008). The dominant algae 
following disturbances in Kings Creek and in 
experimental streams were filamentous green 
algae (Spirogyra spp. and Ulothrix spp.), which 
loosely attach to the substrate. Although diet 
data showed consumption of these algal taxa 
by dace, they could also shorten filaments by 
disturbing the upper part of the benthic habi-
tat and knocking stalks loose (dashed line in 
Figure 1). Considering the general reduction 
in FPOM across experiments, it appears that 
foraging by dace also can reduce the abun-
dance of small fragments.

High densities of dace increased algal 
biomass, but this was only apparent in experi-
ments with low rates of algal accrual and is il-
lustrated by examining how dace effects on 
algal biomass varied as a function of the ratio 
of dace:algal biomass (Figure 5). Dace were 
most likely to have a negative effect on algal 
biomass when their biomass was low relative 
to algal biomass and a positive effect when 
their biomass was high relative to algal bio-
mass. This was in contrast to the prediction 
that at high densities, grazers should have the 
strongest effect. Apparently, the consumptive 
losses associated with high densities of dace 
were either compensated for by increased pro-
duction of existing algal species or by increases 
in other algal taxa (e.g., diatoms). It is possible 
that a conversion to alternative algal taxa may 
have been facilitated by increased nutrients ex-
creted by fishes. Negative effects of dace when 
algal biomass is high might also be a function 
of increased grazer efficiency. For example, in a 
recent meta-analysis of more than 800 experi-
ments, Hillibrand (2009) found that grazers 
removed a higher proportion of periphyton 
in experiments with the highest algal biomass. 
He suggested increased efficiency may have 
been due to increase ingestibility or accessibil-
ity under these conditions. These somewhat 
complex results suggest the potential for com-
pensatory responses of algae to grazers and 
points to the importance of algal community 
composition in mediating fish effects.

The lack of or positive effect of grazers on 
periphyton structure and biomass is counter to 
other studies that indicate that grazers should 
reduce algal biomass when the fish:algal bio-
mass is high. For example, Winemiller et al. 
(2006) found negative effects of herbivorous 
fishes on algal biomass (as chlorophyll a) when 
high densities of migratory fishes occupied a 
tropical stream, but low densities of resident 
fishes were not able to reduce algal biomass. 
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They predicted that a lack of a stable equilib-
rium between consumer and resource biomass 
should result in oscillating effects of herbivores 
on algal biomass. Low biomass of consumers 
also may stimulate primary producers. Power 
(1990) showed that at low densities, foraging 
activities by grazers can clear sediments and in-
crease growth of algae. Moreover, low densities 
of secondary consumers (i.e., water column 
minnows) can elicit a behavioral response of 
invertebrate prey that can decrease invertebrate 
grazing rates (Peckarsky et al. 1993), and this 
could influence rates of primary production. 
Although we did not conduct a rigorous test of 
confounding factors, our experiments suggest 
that dace had a positive effect on algal biomass 
when their biomass was high relative to algal 
biomass. These conditions typically occurred 
after disturbances or in experiments with low 
nutrient-loading rates. We hypothesize that 
the net effect of dace was positive because con-
sumption was balanced by stimulation of algal 
growth directly through remineralization of 
nutrients (Bertrand and Gido 2007) or indi-
rectly by reducing chironomid abundances or 
through bioturbation. Alternatively, negative 
effects of dace when algal biomass was high 
relative to fish biomass may have resulted be-
cause nutrients were less limiting; thus the net 
effect of dace was negative.

Although identifying the context in which 
fish exert a strong effect on periphyton is still 
a challenge, factors influencing algal commu-
nity composition and accrual rates are poten-
tially good predictors of these effects. Both 
nutrient loading and disturbance are strong 
drivers of algal community dynamics and are 
potential factors that will influence the balance 
between dace and algal biomass. Quantifying 
the consumptive demand by fishes relative to 
algal community dynamics should be an in-
formative way of predicting the direction and 
magnitude of fish effects on periphyton com-

munities. However, models that describe these 
interactions may be complex and may require 
an understanding of the complex behavioral 
dynamics, lagged responses, and spatial distri-
bution of fishes.

Fish Effect on Invertebrate Communities 
Following Disturbance

Although similarity of invertebrate assem-
blages between fish and no fish treatments was 
often high, several of our experiments docu-
mented differences in abundance or biomass 
of invertebrate taxa between fish and no fish 
treatments. The most notable effect of fishes 
was a general reduction of chironomids in the 
presence of grazers. Diet analysis from the ex-
periments suggests only minimal (presumed to 
be incidental) consumption of midges by dace, 
indicating that these negative effects were in-
direct. The reduction of chironomids by dace 
was most pronounced in our spring 2006 field 
experiment following stream drying. In this 
experiment, the presence of dace strongly re-
duced algal biomass and chironomid densities. 
In other experiments, because algal biomass 
was generally not reduced or increased by graz-
ers, we hypothesized that indirect mechanisms 
limited colonization of midge larvae. These 
midge assemblages were dominated by Rheo-
tanytarus spp., which build tubes on coarse 
substrates. Dace likely interfered with and in-
hibited Rheotanytarsus, directly and indirectly, 
through their feeding activities. Although not 
included in our analysis, we also noted in sev-
eral experiments that microcrustacean densi-
ties tended to track algal filament lengths and 
biomass, indicating that changes in periphyton 
structure by fishes might also influence inver-
tebrate communities. Our results are consis-
tent with Flecker (1992) who reported that 
the presence of herbivorous and detritivorous 
fishes reduced benthic invertebrates in Rio Las 
Marias, Venezuela as a result of sediment pro-
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cessing and, for some invertebrate taxa, by in-
timidation. As with periphyton communities, 
predicting the influence of fishes on stream 
invertebrate communities remains a challenge. 
Clearly identifying trophic linkages and indi-
rect effects among fishes and invertebrates will 
help deduce the relative importance of fish in 
regulating invertebrate abundances.

Predicting Ecosystem Effects of Stream 
Fish

We expect the greatest effect of fish consumers 
to occur shortly after a disturbance, assuming 
that the biomass of fishes was high relative to 
the biomass of resources. This outcome was 
the case in several of our experiments, in which 
dace negatively affected algal filament lengths 
in streams soon after disturbance, but this ef-
fect diminished after 2 weeks (Bertrand 2007; 
Bengtson et al. 2008). Positive effects of dace 
and shiners on algal biomass were also great-
est within the first few weeks after disturbance 
(Bertrand 2007; Murdock 2008). Assuming 
that the role of fishes in structuring stream 
ecosystems is greatest soon after a disturbance, 
frequently disturbed streams may be more 
likely to be influenced by fishes than those 
that are more stable. However, this influence is 
contingent on the ability of fishes to maintain 
high densities or rapidly colonize frequently 
disturbed systems. Thus, differences in dis-
turbance regimes and other conditions across 
geographic regions may lead to context-spe-
cific predictions of fish effects on ecosystems. 
Our synthesis is based on a series of experi-
ments on the effects of two functional groups 
of fishes in prairie streams and may not extend 
to other systems such as tropical streams that 
are more heavily dominated by grazers and de-
tritivores (Wootton and Oemke 1992).

The scale of measurement also may con-
strain the predictive capacity of experiments. 
In several of our experiments, we noted dif-

ferent responses of periphyton communities 
in riffle and pool habitats (Bertrand 2007; 
Murdock 2008). Grazing and water column 
minnows are often observed foraging in clus-
ters and are not evenly dispersed within these 
pools (e.g., Harvey 1991). Greater densities of 
fishes can also occur at the interface between 
pools and riffles. Biomass of fishes used in our 
experiments ranged from 6 to 24 g/m2, which 
was representative of mean densities of fishes 
in pools found in Kings Creek (Franssen et 
al. 2006; Bertrand et al. 2007). These densi-
ties also were consistent with other studies 
testing the effects of fish on algal communi-
ties (Table 4). However, using mean densi-
ties may miss strong effects related to large 
schools of fishes moving into and out of areas. 
In general, it is important to consider a range 
of densities that represent the scale at which 
fishes interact with benthic communities, and 
we are currently pursuing such studies. More 
research on movement patterns of fishes and 
effect of aggregations of fishes would help 
evaluate the appropriate scale for conducting 
these experiments (e.g., Flecker et al. 2010, 
this volume).

Effects of fishes on streams are likely to vary 
over longer time scales than most field experi-
ments, which are typically less than 4 weeks. 
One exception was Gelwick and Matthews 
(1992), who found strong effects early in field 
experiment after scouring flood, but effects di-
minished after 6 weeks with the senescence of 
algae communities. Our temporal trajectories 
commonly showed differences in ecosystem 
rates that were mediated by consumers in the 
first few weeks following disturbance, but after 
a month or more treatments converge and in 
some instances reversed (e.g., Bertrand et al. 
2009). Our experiments were scaled to match 
the approximate temporal sequence of distur-
bances (drying or flooding every month or 
two). The dependence of these results on the 
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temporal component suggests a consideration 
of intervals between disturbances is necessary 
to evaluate the importance of fishes in struc-
turing stream ecosystems. Additionally, more 
long-term manipulative experiments, similar 
to those in terrestrial systems (e.g., Brown et 
al. 2001), conducted over multiple years may 
yield insight into seasonal and annual variation 
in the strengths of fish effects on ecosystem 
processes.

What is the relative merit of field experi-
ments and experimental streams? Field ex-
periments come closest to matching “real” 
conditions. However, these experiments can 
still have limitations, including potential cage 
effects (e.g., Cooper et al. 1990); difficulties 
with replication; and the potential for extreme 
hydrologic events destroying cages during 
the course of the experiment. While meso-
coms are not as “real,” they allow for better 
replication and isolation of specific variables 
of interest. For example, based on our studies, 
gross primary productivity of whole stream 
channels cannot be measured in reaches less 
than ~30 m in local streams. This length of 

experimental reach is difficult to manipulate 
for any length of time and it is difficult to find 
reaches that are similar enough to serve as 
replicates and are independent (i.e., not di-
rectly downstream from another treatment). 
Given the limitations of both approaches, we 
have adopted an approach of paired field and 
mesocosm experiment, using mesocosms to 
identify mechanisms underlying patterns and 
relationships and field studies to test the im-
portance of those mechanisms in the context 
of natural communities and environmental 
conditions.

Part 2: Potential Interactions of 
Stream Fishes in Prairie Stream  
Ecosystem Recovery Following 

Floods and Drought

Recovery of Stream Ecosystems from 
Disturbance

We used data from the published literature 
(e.g., Power and Stewart 1987; Peterson 1996) 
and our own work on prairie streams to de-

Table 4.  Densities and biomass (wet mass) of grazing fishes in previous experiments evaluating their 
influence on stream periphyton.

	 Density	 Biomass	  
Source	 (#/m2)	 (g/m2)	 Venue	 Results

Power 1990	 4	 10	 Field	 Grazers stimulated algal growth.		
Gelwick and Matthews	 1.8	 <10 g/m2	 Field	 Grazers reduced periphyton biomass.	
  1992				    
Gelwick and Matthews	 9		  Mesocosm	 Grazers reduced periphyton biomass.	
  1997				    
Power and Matthews	 ~1–6		  Field	 Grazers reduced algal height.
  1983
Flecker 1992	 1.1 and 3.7		  Field	 Grazers reduced periphyton biomass.
Vaughn et al. 1993	 7.8	 12.01–14.34	 Mesocosm	 Grazers effected algal community
				      composition.
Evans-White et al. 	 9.0 and 18.0	 1.5 and 14.4a	 Mesocosm	 Grazers reduced periphyton biomass	
  2003				      at high densities.
Inoue and Miyayoshi	 5.0		  Field	 Grazers reduced periphyton biomass.	
  2006				    
Abe et al. 2007	  	 15 and 74	 Mesocosm	 Grazing fish reduced algal 		
			 	       accumulation rate.

a Estimated wet mass from dry mass given in paper; assuming wet mass is = dry mass 3 2.
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velop predictions on how stream ecosystem 
structure and function change after distur-
bances. Our experience in prairie streams 
suggests that stream nutrient concentrations 
can change rapidly with disturbance, but of-
ten stabilize with time. In particular, an initial 
pulse of nutrients occurs following floods and 
is shortly followed by a decrease in dissolved 
nutrients because of dilution (Figure 6A). 
The magnitude of variability and duration of 
these effects are likely dependent on nutrient 
sources in the catchment. In contrast to flood-
ing, dissolved nutrients in prairie streams are 
relatively high when dry channels are rewet-
ted because of leaching of materials from 
the dry streambed and dominance by high-
nutrient groundwater inflows. In the absence 
of consumers, stream algal biomass increases 
until resource limitation (e.g., nutrients or 
light) slows growth (Figure 6B). During ac-
cumulation, early successional species domi-
nance gives way to late successional species 
(Hoagland et al. 1982), and understory algal 
cells may senesce and detach (Townsend and 
Padovan 2005). The initial algal community 
after drought can vary as desiccation resistant 
species in dry biofilms influence successional 
trajectories upon rewetting (Peterson 1996; 
Robson and Matthews 2004). These succes-
sional trajectories can lead to assemblages 
that respond differentially to grazing (Well-
nitz and Radar 2003).

Organic matter is removed by a scouring 
flood and accrues at a decelerating rate with 
time after a disturbance. Gentle flow return-
ing to a dry streambed has minimal effects on 
the amount of benthic organic matter, where-
as FBOM may gradually increase following a 
flood as consumers breakdown coarse organic 
fractions (Figure 6C). Invertebrate consumer 
diversity should increase in a stair-step man-
ner because some colonists facilitate coloni-
zation of subsequent groups (e.g., shredders 
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Figure 6.  Predicted recovery of stream ecosystem 
properties after scouring floods (solid lines) or 
stream drying (dashed lines). FBOM (fine benthic 
organic matter) is the proportion or abundance 
of fine particulate organic matter and GPP (gross 
primary productivity) is the gross primary produc-
tivity of the stream.

producing FBOM and facilitating collectors 
[Cummins 1973]), periods of dispersal and 
colonization (e.g., adult emergences) vary 
among taxa, and there should be a lag re-
sponse to the accumulation of algae and de-
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tritus in the system (Figure 6D). Invertebrate 
biomass, on the other hand, should increase 
in a generally linear fashion as overall abun-
dance increases and larger individuals and taxa 
colonize. As biomass of grazers and detritivores 
accumulates in the system, their consumption 
of algae and detritus may alter the biomass and 
abundance of those resources. In general, eco-
system rates (metabolism and nutrient reten-
tion) should track changes in algal biomass, 
algal efficiency, and total organic matter. These 
rates should increase with time since distur-
bance but stabilize or decline if algal commu-
nities begin to slough (Figure 6E).

The experiments we evaluated above in 
prairie streams illustrate these general patterns 
of recovery (Dodds et al. 2004; Bertrand 2007; 
Murdock 2008) and provide a basis for predict-
ing how fishes can alter patterns of recovery of 
these stream ecosystem properties. Our work, 
along with others (Dodds et al. 2004; Takimoto 
et al. 2009), suggest that a major factor deter-
mining interactions between fishes and stream 
ecosystem properties is relative turnover rates 
of biota. In prairie streams, we hypothesize that 
resistance and resilience of organisms can affect 
recovery trajectories of ecosystem properties, 
such as GPP, nutrient retention, and standing 
stocks of organisms. In general, recovery of 
microbial assemblages occurs within hours to 
days, and some macroinvertebrates can recover 
within days to weeks (Fritz and Dodds 2002). 
Fishes typically resist flooding or rapidly recolo-
nize intermittent streams if the disturbed area 
was in close proximity to a source population 
(Murdock 2008).

Role of Fishes in the Recovery of 
stream Ecosystems

Nutrients

Stream fishes influence nutrient availability 
and stoichiometry (Vanni 2002; Hood et al. 

2005; Hendrixson et al. 2007, McIntyre et al. 
2007, McIntyre and Flecker 2010). Character-
istics of species (e.g., body nutrient ratios) and 
their functional roles may dictate their effect 
on nutrient release and uptake by microbes, 
and we generally expect the effects of fishes on 
dissolved nutrients to diminish with time since 
disturbance as algal mats thicken and algae may 
rely more on internal recycling of nutrients or 
other factors, such as light, become limiting.

Soon after disturbance, grazing fishes can 
have variable but positive effects on dissolved 
nutrient concentrations directly through ex-
cretion or indirectly by removing algae that 
takes up nutrients (Figure 7A). Water column 
minnows can increase nutrients through excre-
tion, but also, by feeding on terrestrial materi-
als, they should increase transfer rates of those 
nutrients into soluble forms. If water column 
minnows consume herbivorous invertebrates, 
water column nutrients might also decline as 
increasing periphyton released from grazing 
increases nutrient uptake. Over longer time 
scales, both functional groups could serve as a 
net sink of nutrients by assimilating available 
nutrients into body tissue (Vanni 2002).

Periphyton

Herbivorous stream fishes can have negative 
(Power et al. 1985; Gelwick and Matthews 
1992; Bengtson et al. 2008), positive (Power 
1990; Bertrand 2007), and neutral (Bertrand 
and Gido 2007) effects on algal biomass. Based 
on our work and that of others (Gelwick and 
Matthews 1992), the effects of fishes should 
diminish with time (Figure 7C). Conflicting 
patterns are likely due to the balance between 
consumptive losses and stimulation, which 
vary with functional roles of fishes and algal 
community composition. Stimulation of algal 
growth may occur through increased nutrients, 
removal of sediments (Power 1990), or altering 
of community structure (e.g., Abe et al. 2007), 
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Figure 7.  Predicted effects of grazing and water column minnows on the recovery of stream ecosystem 
properties after a disturbance. Shaded areas represent the expected range of effect sizes based on a 
literature review and observations from prairie streams.

and if grazer densities are high, consumption 
rates may, but not always, exceed stimulatory 
effects. Water column minnows can influence 
periphyton communities through both trophic 

cascades and excretion of soluble nutrients. In 
a 3-trophic-level system as is commonly seen 
in prairie streams (fish as the top predator, in-
vertebrates as herbivores, and periphyton), the 
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presence of water column minnows is pre-
dicted to have a generally positive effect on 
periphyton (Figure 7D). The effect of grazers 
and water column minnows on periphyton 
communities is predicted to diminish with 
time since disturbance as the microbial and 
invertebrate communities develop and food 
web interactions become more complex. In 
addition, the biomass and consumptive de-
mand by fishes relative to periphyton biomass 
declines.

Organic Matter Pool

Fishes may influence the distribution of living 
and dead matter as well as the size fractions of 
that material. In general, the presence of large 
nonfiltering consumers decreases the amount 
of fine particulate organic matter (results pre-
sented above, Gelwick and Matthews 1992; 
Figure 7E, 7F). It appears that the breakdown 
of large particulate organic matter into feces is 
offset by the removal of small organic particles 
due to consumption or advective losses result-
ing from benthic foraging. Moreover, fish may 
stimulate the growth of larger forms of algae 
(i.e., filaments) or invertebrates, thus reduc-
ing the relative proportion of fine particles in 
the system (not shown in Figure 7). Fish influ-
ences on BOM pools may diminish with time 
since disturbance because the relative mass of 
BOM processed by fish will become smaller as 
the total organic matter pool increases.

Benthic Invertebrate Communities

Herbivorous fishes should generally have a neg-
ative effect on benthic invertebrates through 
either direct consumption (in which case they 
are actually functioning as omnivores, see Ev-
ans-White et al. 2003) or indirectly by compe-
tition for resources or physical disturbance of 
the substrata (e.g., Flecker 1992; Figure 7G). 
Because most stream food webs are 3-trophic-

level systems, we also predict that water column 
minnows should decrease total abundance of 
invertebrates or alter community structure 
to favor predator-resistant taxa (Figure 7H). 
However, fishes also can alter conditions to 
favor invertebrates. For example, stream fishes 
can facilitate foraging by invertebrates (e.g., 
Vaughn et al. 1993), consume predators of 
grazing and detritivorous invertebrates (e.g., 
Power et al. 1985), or subsidize primary pro-
ducers by excreting nutrients obtained from 
external sources (Gido and Matthews 2001). 
Invertebrate communities change markedly 
with time since disturbance. Thus, we predict 
that the magnitude of fish effects on total inver-
tebrate biomass will dampen with time since 
disturbance, as predator-resistant taxa become 
more abundant.

Stream Metabolism

Fishes can influence stream metabolism by al-
tering primary production or respiration. We 
expect only moderate influences on respiration 
because a majority of stream heterotrophs are 
in the subsurface and not directly influenced 
by fishes. While fish reduced the proportional 
abundance in FBOM in core samples, this did 
not seem to influence respiration (e.g., Ber-
trand et al. 2009). Algal production is more 
susceptible to top-down and bottom-up con-
trol by fishes than heterotrophic components 
of stream ecosystems. Thus, overall effects of 
fishes on whole-stream metabolism are pre-
dicted to be greatest in stream with high pri-
mary production to respiration ratios (i.e., 
P/R > 1). In general, grazers could positively 
or negatively influence primary production 
(Figure 7I), whereas water column minnow ef-
fects should generally be positive (Figure 7J). 
Grazing fishes may remove inactive materials 
in stream algal biofilms and reduce self shading 
in mats leading to increased production effi-
ciency (rate of primary production per unit al-
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gal biomass). Increased nutrients provided by 
mineralization should also increase efficiency, 
so both water column and herbivorous fishes 
should increase production efficiency. Grazing 
fishes could also have a positive effect on pho-
tosynthesis if their foraging favors faster grow-
ing forms of algae. For example, if herbivorous 
fish remove a modest amount of algal biomass, 
yet stimulate the remaining algae (by relaxing a 
limiting factor such as nutrients or light), they 
could increase algal productivity, particularly 
productivity per unit algal biomass (produc-
tion efficiency). Although we are unaware of 
publications establishing such relationships 
for fishes, grazing snails can increase periphy-
ton productivity under low light (Lamberti et 
al. 1989), and they feed with rasping mouth-
parts in a fashion similar to some herbivorous 
fishes.

Conclusions

Escalating demands on water resources, bal-
anced with a desire to maintain biological in-
tegrity require that ecologists predict the dy-
namics of these systems and how the loss or 
addition of components will influence stream 
biodiversity and associated ecosystem services 
(e.g., Lundberg and Moberg 2003; Dobson et 
al. 2006; Thebault and Loreau 2006; Power et 
al. 2008). Our results confirm that large con-
sumers, in particular grazing and water column 
minnows, can influence stream ecosystem 
structure and function. The magnitudes and 
directions of those influences depend upon 
numerous factors, including time since dis-
turbance, fish biomass, algal accrual rates, and 
identity of consumers and producers. We can-
not yet predict the outcome of a specific ma-
nipulation of consumer densities in spite of 
numerous experiments in a variety of systems. 
Nevertheless, the context dependency of fish 
effects is apparent. Thus, human modifications 
to ecosystems that alter the disturbance regime 

of streams are likely to alter the roles of species 
in these systems. Specifically, alteration of hy-
drology, nutrient loading, riparian vegetation, 
and community characteristics can potentially 
modify trophic interactions of stream fishes. 
Further work elucidating the context in which 
stream consumers regulate ecosystem process-
es will help predict and hopefully mitigate the 
consequences of losing fish diversity in highly 
threatened stream ecosystems.

Acknowledgments

We thank all the undergraduate and graduate 
students that assisted with field and experi-
mental stream studies. We also are grateful to 
the Konza Prairie Biological Station staff for 
maintaining facilities. Funding was provided 
by the National Science Foundation through 
the Konza Prairie Long-Term Ecological Re-
search Program (LTER), Research Experience 
for Undergraduates (REU), Kansas Experi-
mental Program to Stimulate Competitive Re-
search (EPSCoR), and Ecology Panel (DEB-
0416126). Thoughtful comments by Don 
Jackson and two anonymous reviewers greatly 
improved the manuscript.

References
Abe, S., K. Uchida, T. Magumo, and J. Tanaka. 2007. 

Alterations in the biomass-specific productiv-
ity of periphyton assemblages mediated by fish 
grazing. Freshwater Biology 52:1486–1493.

Bengtson, J. R., M. Evans-White, and K. B. Gido. 
2008. Effects of grazing minnows (Phoxinus 
erythrogaster) and crayfish (Orconectes nais and 
O. neglectus) on stream ecosystem structure 
and function. Journal of the North American 
Benthological Society 27:772–782.

Bertrand, K. N., and K. B. Gido. 2007. Effects of the 
herbivorous minnow, southern redbelly dace 
(Phoxinus erythrogaster) on stream ecosystem 
structure and function. Oecologia 151:69–81.

Bertrand, K. N. 2007. Fishes and floods: stream eco-
system drivers in the Great Plains. Doctoral dis-
sertation. Kansas State University, Manhattan.



615disturbance-mediated fish effects

Bertrand, K. N., K. B. Gido, W. K. Dodds, J. N. Mur-
dock, and M. R. Whiles. 2009. Disturbance fre-
quency and assemblage functional composition 
mediate ecosystem processes in prairie streams. 
Oikos 118:917–933.

Brown, J. H., T. G. Whitham, S. K. Morgan Ernest, 
and C. A. Gehring. 2001. Complex species inter-
actions and the dynamics of ecological systems: 
long-term experiments. Science 293:643–250.

Cooper, S. D., S. J. Walde, and B. L. Peckarsky. 1990. 
Prey exchange rates and the impact of preda-
tors on prey populations in streams. Ecology 
71:1504–1514.

Cross, F. B., and J. T. Collins. 1995. Fishes in Kansas, 
2nd edition. University of Kansas Natural His-
tory Museum, Lawrence.

Cummins, K. W. 1973. Trophic relations of aquatic 
insects. Annual Review of Entomology 18:183–
206.

Dahl, J., and L. Greenberg. 1996. Impact on stream 
benthic prey by benthic vs drift feeding preda-
tors: a meta-analysis. Oikos 77:177–181.

DeAngelis, D. L. 1992. Dynamics of nutrient cycling 
and food webs. Chapman and Hall, London.

Detenbeck, N. E., P. W. DeVore, G. J. Niemi, and A. 
Lima. 1992. Recovery of temperate-stream fish 
communities from disturbance: a review of case 
studies and synthesis of theory. Environmental 
Management 16:33–53.

Dobson, A., D. Lodge, J. Alder, G. Cumming, J. 
Keymer, J. McGlade, H. Mooney, J. Rusak, O. 
Sala, V. Wolters, D. Wall, R. Winfree, and M. Xe-
nopoulos. 2006. Habitat loss, trophic collapse, 
and the decline of ecosystem services. Ecology 
87:1915–1924.

Dodds, W. K. 1997. Distribution of runoff and rivers 
related to vegetative characteristics, latitude, and 
slope: a global perspective. Journal of the North 
American Benthological Society 16:162–168.

Dodds, W. K., K. B. Gido, M. R. Whiles, K. M. Fritz, 
and W. J. Matthews. 2004. Life on the edge: ecol-
ogy of prairie streams. BioScience 54:205–216.

Evans-White, M. A., W. K. Dodds, and M. R. Whiles. 
2003. Ecosystem significance of crayfishes and 
stonerollers in a prairie stream: functional dif-
ferences between co-occurring omnivores. 
Journal of the North American Benthological 
Society 22:423–441.

Flecker, A. S., and C. R. Townsend. 1994. Communi-
ty-wide consequences of trout introduction in 
New Zealand streams. Ecological Applications 
4:798–807.

Flecker, A. S. 1992. Fish trophic guilds and the struc-
ture of a tropical stream: weak direct vs. strong 
indirect effects. Ecology 73:972–940.

Flecker, A. S. 1996. Ecosystem engineering by a dom-
inant detritivore in a diverse tropical stream. 
Ecology 77:1845–1854.

Flecker, A. S., P. B. McIntyre, J. W. Moore, J. T. An-
derson, B. W. Taylor, and R. O. Hall, Jr. 2010. 
Migratory fishes as material and process subsi-
dies in riverine ecosystems. Pages 559–592 in K. 
B. Gido and D. A. Jackson, editors. Community 
ecology of stream fishes: concepts, approaches, 
and techniques. American Fisheries Society, 
Symposium 73, Bethesda, Maryland.

Franssen, N. R., K. B. Gido, T. R. Strakosh, K. N. 
Bertrand, C. M. Franssen, C. P. Paukert, K. L. 
Pitts, C. S. Guy, J. A. Tripe, S. J. Shrank. 2006. 
Effects of floods on fish assemblages in an in-
termittent prairie stream. Freshwater Biology 
51:2072–2086.

Fritz, K. M., and W. K. Dodds. 2002. Macroinver-
tebrate assemblage structure across a tallgrass 
prairie stream landscape. Archiv für Hydrobi-
ologie 154:79–102.

Gelwick, F. P., and W. J. Matthews. 1992. Effects of an 
algivorous minnow on temperate stream eco-
system properties. Ecology 73:1630–1645.

Gelwick, F. P., and W. J. Matthews. 1997. Effects of al-
givorous minnows (Capostoma) on spatial and 
temporal heterogeneity of stream periphyton. 
Oecologia 112:386–392.

Gido, K. B., and W. J. Matthews. 2001. Ecosystem ef-
fects of water column minnows in experimental 
streams. Oecologia 126:247–253.

Gilliam, J. F., D. F. Fraser, and A. M. Sabat. 1989. 
Strong effects of foraging minnows on a stream 
benthic invertebrate community. Ecology 
70:445–452.

Grimm, N. B. 1988. Feeding dynamics, nitrogen bud-
gets, and ecosystem role of a desert stream om-
nivore, Agosia chrysogaster (Pisces: Cyprinidae). 
Environmental Biology of Fishes 21:143–152.

Hargrave, C. W. 2006. A test of three alternative 
pathways for consumer regulation of primary 
productivity. Oecologia 149:123–132.

Hargrave, C. W., R. Ramirez, M. Brooks, M.A. Eggle-
ton, K. Sutherland, R. Deaton, and H. Galbraith. 
2006. Indirect food web interactions increase 
growth of an algivorous stream fish. Freshwater 
Biology 51:1901–1910.

Harvey, B. C. 1987. Susceptibility of young-of-the-
year fishes to downstream displacement by 



616 gido et al.

flooding. Transactions of the American Fisher-
ies Society 116:851–855.

Harvey, B. C. 1991. Interactions among stream fish-
es: predator-induced habitat shifts and larval 
survival. Oecologia 87:29–36.

Hedges, L. V., J. Gurevitch, and P. S. Curtis. 1999. The 
metaanalysis of response ratios in experimental 
ecology. Ecology 80:1150–1156.

Hendrixson, H. A., R. W. Sterner, and A. D. Kay. 
2007. Elemental stoichiometry of freshwater fish 
in relation to phylogeny, allometry and ecology. 
Journal of Fish Biology 70:121–140.

Hillibrand, H. 2009. Meta-analysis of grazer control 
of periphyton biomass across aquatic ecosys-
tems. Journal of Phycology 45:798–806.

Hoagland, K. D., S. C. Roemer and J. R. Rosowski 
1982. Colonization and community structure of 
two periphyton assemblages, with emphasis on 
the diatoms (Bacillariophyceae) American Jour-
nal of Botany 69:188–213.

Hood, J. M., M. J. Vanni, and A. S. Flecker. 2005. Nu-
trient recycling by two phosphorus-rich grazing 
catfish: the potential for phosphorus-limitation 
of fish growth. Oecologia 146:247–257.

Huryn, A. D. 1998. Ecosystem-level evidence for 
top-down and bottom-up control of produc-
tion in a grassland stream system. Oecologia 
115:173–183.

Inoue, M., and M. Miyayoshi. 2006. Fish foraging 
effects on benthic assemblages along a warm-
temperate stream: differences among drift 
feeders, benthic predators and grazers. Oikos 
114:95–107.

Lamberti, G. A. S. V. Gregory L. R. Ashkenas A. D. 
Steinman, and C. D. McIntire. 1989. Produc-
tive capacity of periphyton as a determinant of 
plant-herbivore interactions in streams. Ecol-
ogy 70:1840–1856.

Lundberg, J., and F. Moberg. 2003. Mobile link or-
ganisms and ecosystem functioning: implica-
tions for ecosystem resilience and management. 
Ecosystems 6:87–98.

Matthews, W. J., K. B. Gido, G. P. Garrett, F. P. Gel-
wick, J. Stewart, and J. Schaefer. 2006. Modu-
lar experimental riffle-pool stream system. 
Transactions of the American Fisheries Society 
135:1559–1566.

McIntyre, P. B., L. E. Jones, A. S. Flecker, and M. J. 
Vanni. 2007. Fish extinctions alter nutrient re-
cycling in tropical freshwaters. Proceedings of 
the National Academy of Sciences of the United 
States of America 104:4461–4466.

McIntyre, P. B., and A. S. Flecker. 2010. Ecologi-
cal stoichiometry as an integrative framework 
in stream fish ecology. Pages 539–558 in K. B. 
Gido and D. A. Jackson, editors. Community 
ecology of stream fishes: concepts, approaches, 
and techniques. American Fisheries Society, 
Symposium 73, Bethesda, Maryland.

Murdock, J. N. 2008. Regulators of stream ecosystem 
recovery from disturbance. Doctoral disserta-
tion. Kansas State University, Manhattan.

Murdock, J. N., K. B. Gido, W. K. Dodds, K. N. Ber-
trand, and M. R. Whiles. In press. Consumer 
return chronology alters recovery trajectory of 
stream ecosystem structure and function fol-
lowing drought. Ecology.

Niemi, G. J., P. DeVore, N. Detenbeck, D. Taylor, A. 
Lima, J. Pastor, J. D. Yount et al. 1990. Overview 
of case studies on recovery of aquatic systems 
from disturbance. Environmental management 
14:571–587.

Owens, M. 1974. Measurements on non-isolated 
natural communities in running waters. Pages 
111–119 in R. A. Vollenweider, editor. A manual 
on methods for measuring primary production 
in aquatic environments. Blackwell Scientific 
Publications, Oxford, UK.

Peckarsky, B.L., C. A. Cowan, M. A. Penton and C.. 
Anderson. 1993. Sublethal consequences of 
stream-dwelling predatory stoneflies on mayfly 
growth and fecundity Ecology 74:1836–1846.

Peterson, C. G. 1996. Response of benthic algal com-
munities to natural physical disturbance. Pages 
375–401 in R. J. Stevenson, M. L. Bothwell, and 
R. L. Lowe, editors. Algal ecology: freshwater 
benthic ecosystems. Academic Press, San Diego, 
California.

Pickett, S. T. A., J. Kolasa, J. J. Armesto, and S. L. Col-
lins. 1989. The ecological concept of disturbance 
and its expression at various hierarchical levels. 
Oikos 54:129–136.

Poff, N. L., and J. V. Ward. 1989. Implications of 
streamflow variability and predictability for lot-
ic community structure: a regional analysis of 
streamflow patterns. Canadian Journal of Fish-
eries and Aquatic Sciences 46:1805–1818.

Power, M. E., M. S. Parker, and W. E. Dietrich. 2008. 
Seasonal reassembly of a river food web: floods, 
droughts, and impacts of fish. Ecological Mono-
graphs 78:263–282.

Power, M. E., D. Tilman, J. A. Estes, B. A. Menge, 
W. J. Bond, L. S. Mills, G. Daily, J. C. Castilla, 
J. Lubchenco, and R. T. Paine. 1996. Challenges 



617disturbance-mediated fish effects

in the quest for keystone species. BioScience 
46:609–620.

Power, M. E. 1990. Resource enhancement by indi-
rect effects of grazers: armored catfish, algae, 
and sediment. Ecology 71:897–904.

Power, M. E., W. J. Matthews, and A. J. Stewart. 1985. 
Grazing minnows, piscivorous bass and stream 
algae: dynamics of a strong interaction. Ecology 
73:2218–2223.

Power, M. E., and A. J. Stewart. 1987. Disturbance 
and recovery of an algal assemblage following 
flooding in an Oklahoma stream. American 
Midland Naturalist 117:333–345.

Power, M. E., and W. J. Matthews. 1983. Algae-graz-
ing minnows (Campostoma anomalum), pisciv-
orous bass (Micropterus spp.), and the distribu-
tion of attached algae in a small prairie-margin 
stream. Oecologia 60:328–332.

Renkonen, O. 1938. Statisch-okologische Unter-
suchungen uber die terrestiche kaferwelt der 
finnischen bruchmoore. Annales Zoologici So-
cietatis Zoologicae Botanicae Fennicae Vanamo 
6:1–231.

Robson, B. J., and T. G. Matthews. 2004. Drought 
refuges affect algal recolonization in intermit-
tent streams. River Research and Applications 
20:753–763.

Rosenberg, M. S., D. C. Adams, and J. Gurevitch. 
2000. MetaWin: statistical software for meta-
analysis, 2nd version. Sinauer Associates, Sun-
derland, Massachusetts.

Sartory, D. P., and J. E. Grobbelaar. 1984. Extraction 
of chlorophyll a from freshwater phytoplankton 
for spectrophotometric analysis. Hydrobiologia 
114:177–187.

Takimoto, G. T. Iwata, and M. Murakami. 2009. Tim-
escale hierarchy determines the indirect effects 
of fluctuating subsidy inputs on in situ resourc-
es. American Naturalist 173:200–211.

Taylor, B. W., A. S. Flecker, and R. O. Hall. 2006. 
Loss of a harvested fish species disrupts car-
bon flow in a diverse tropical river. Science 
313:833–836.

Thebault, E., and M. Loreau. 2006. The relationship 

between biodiversity and ecosystem functioning 
in food webs. Ecological Research 21:17–25.

Townsend, S. A., and A. V. Padovan. 2005. The sea-
sonal accrual and loss of benthic algae (Spyro-
gyra) in the Daly River, an oligotrophic river in 
tropical Australia. Marine and Freshwater Re-
search 56:317–327.

Vanni, M. J., A. S. Flecker, J. M. Hood, and J. L. Head-
worth. 2002. Stoichiometry of nutrient recycling 
by vertebrates in a tropical stream: linking spe-
cies identity and ecosystem processes. Ecology 
Letters 5:285–293.

Vanni, M. J. 2002. Nutrient cycling by animals in 
freshwater ecosystems. Annual Review of Ecol-
ogy and Systematics 33:341–370.

Vaughn, C. C., F. P. Gelwick, and W. J. Matthews. 
1993. Effects of algivorous minnows on pro-
duction of grazing stream invertebrates. Oikos 
66:119–128.

Wellnitz, T., and R. B. Rader. 2003. Mechanisms 
influencing community composition and suc-
cession in mountain stream periphyton: in-
teractions between scouring history, grazing, 
and irradiance. Journal of the North American 
Benthological Society 22:528–541.

Welschmeyer, N. A. 1995. Fluorometric analysis of 
chlorophyll a in the presence of chlorophyll b 
and phaeopigments. Limnology and Oceanog-
raphy 39:1985–1992.

Winemiller, K. O., J. V. Montoya, D.L. Roelke, C.A. 
Layman, and J. B. Cotner. 2006. Seasonally vary-
ing impact of detritivorous fishes on the benthic 
ecology of a tropical floodplain river. Journal 
of the North American Benthological Society 
25:250–262.

Wootton, J. T., and M. P. Oemke. 1992. Latitudinal 
differences in fish community trophic struc-
ture, and the role of fish herbivory in a Costa 
Rican stream. Environmental Biology of Fishes 
35:311–319.

Worm, B., H. K. Lotze, H. Hillebrand, and U. Som-
mer. 2002. Consumer versus resource control 
of species diversity and ecosystem functioning. 
Nature(London) 417:848–851.




