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Abstract The modification of flows in lotic ecosys-

tems can have dramatic effects on abiotic and biotic

processes and change the structure of basal trophic

levels. In high-gradient streams, most of the biota are

benthic, and decreased flow may homogenize and

reduce benthic current velocity, potentially changing

stream ecosystem function. Grazing by macroinverte-

brates is an important component of stream function

because grazers regulate energy flow from primary

producers to higher trophic levels. We conducted an

experiment to examine how macroinvertebrate grazers

facilitated or removed algal biomass across a gradient

of benthic current velocity (0–40 cm s-1). We chose

three grazers (Drunella coloradensis, Cinygmula spp.,

and Epeorus deceptivus) from a montane stream and

conducted our experiment using 24 artificial stream

channels that had three treatments: no grazers (con-

trol), single-grazer, and combined-grazer treatments.

In the absence of grazers, algal biomass increased with

benthic current velocity. Grazer treatments differed

from the control in that more algal biomass was

removed at higher velocities, whereas algal accrual

was largely facilitated at low velocities. The transition

from facilitation to removal ranged from 4.5 to

5.9 cm s-1 for individual grazer treatments and

occurred at 11.7 cm s-1 for the combined-grazer

treatment. Our data suggest that velocity plays a

significant role in the facilitation and removal of algae

by macroinvertebrate grazers. Additionally, the pat-

terns revealed here could have general implications for

algal accrual in systems where flow is reduced.

Keywords Ecosystem function � Flow �
Lotic ecosystems � Macroinvertebrates � Threshold �
Water abstraction

Introduction

It is difficult to contemplate a pattern or process in

streams that is not either directly or indirectly related

to flow (Hart and Finelli 1999). Flow regulates energy

transfer rates (Feminella and Hawkins 1995), resource

and consumer distributions (Downes et al. 1993;

Wellnitz et al. 2001), and the functional contributions

by species to ecosystem processes (Cardinale et al.

2005; Dewson et al. 2007a). The manipulation of

stream flow by humans continues to increase world-

wide (Dynesius and Nilsson 1994; Poff et al. 2007),

and our demand for freshwater is unlikely to abate in
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the near future (e.g., Vörösmarty et al. 2000). Given

this continued need, it is critical that we understand

how decreased discharge will affect stream ecosystem

functioning at scales both large and small (Dewson

et al. 2007a).

One important ecosystem process affected by flow

at small-scales is the removal of benthic algae by

stream grazers. Grazers in general and macroinverte-

brate grazers in particular play a pivotal role in

channeling algal-based nutrients and energy through

stream food webs (Liess and Hillebrand 2004). When

stream discharge is reduced by way of human activity,

current velocity across the streambed changes and this

can affect interactions between grazers and their algal

food resources. In stony-bottomed streams, reduction

in flow makes benthic current slower and velocity

ranges narrower (Hart and Finelli 1999; Dewson et al.

2007b, c). High-velocity habitats favored by rheophil-

ic grazers are eliminated, and reduced shear may alter

periphytic mat structure and physiognomy (Biggs and

Hickey 1994). These changes affect the dynamics of

algal accrual and removal as well as the functional

contributions that grazers make to these processes.

Grazers can influence algal accrual either negatively

or positively (see reviews by Feminella and Hawkins

1995; Liess and Hillebrand 2004). Positive effects have

only recently received attention in lotic systems

(Halpern et al. 2007; Holomuzki et al. 2010), but

may be quite common and subject to the effects of

benthic current. For example, grazer foraging can

facilitate algal growth by dislodging light-blocking

sediment from periphytic mats (Pringle et al. 1993;

Haglund and Hillebrand 2005). This process is influ-

enced by water velocity, since downstream transport of

fine particulates is more likely to occur in fast current,

whereas fine sediments typically accumulate in slow

current (Malmqvist et al. 2001; Yamada and Nakamura

2002). Current velocity may also enable facilitation by

shaping the periphytic assemblage (Biggs et al. 1998;

Villeneuve et al. 2010; Passy and Larson 2011). For

example, filamentous macroalgae proliferate under

slow current and are often colonized by epiphytic

diatoms (Bergy et al. 1995). Macroinvertebrate grazers

feeding on these epiphytes often leave the underlying

filaments intact and thereby benefit the host alga by

removing competitors for light and nutrients (Dodds

1991; Dudley 1992). Similarly, by clearing away the

senescent over-story layers of periphyton that accu-

mulate in the absence of high-velocity shear, grazers

may stimulate periphytic production and growth in

underlying layers (Wellnitz and Poff 2006, 2012).

Although benthic current has important direct and

indirect effects on algal dynamics, its influence has

traditionally been examined within discrete velocity

ranges. This approach helps to uncover velocity-specific

mechanisms, but at the cost of discerning landscape-

dependent processes. In naturally heterogeneous

streams, grazers are exposed to gradients of current that

create spatial variation in habitat and resources (Palmer

et al. 2000; Wellnitz et al. 2001; Opsahl et al. 2003). This

variation can influence grazer patch residence times,

movement patterns, consumption rates (Poff et al. 2003;

Hoffman et al. 2006; Oldmeadow et al. 2010), and

ultimately, the functional contributions that grazers

make to algal removal and accrual.

We hypothesized that grazer foraging would have a

net positive effect on algal accrual at lower velocities

(i.e. facilitate algal growth) and a negative effect at

higher velocities (i.e. removal of algal biomass). We

recognized that two processes could contribute to this

pattern in natural streams: (1) different grazer effects

(e.g., removal or facilitative processes) within specific

ranges of current and (2) different grazer residence

times within those specific ranges. Although additive

effects between these processes are likely, synergistic

effects are also possible. For example, Wellnitz and

Poff (2006) demonstrated that a grazer’s influence on

algal accrual is affected not just by current velocity,

but the duration of grazing within a given velocity.

Believing that synergistic effects were important, we

designed an experiment in which grazers could choose

both the velocity-specific location in which to forage

and the time spent foraging there. Our goals were to

(1) identify how velocity affects the facilitation and

removal of algae by macroinvertebrate grazers along a

gradient of benthic current, (2) whether this pattern

was linear or nonlinear, (3) identify the transition

point, if any, between facilitation and removal along

the current velocity gradient, and (4) observe whether

it differed among grazer species.

Materials and methods

Experimental design

We constructed an array of 24 flow-through channels

that created similar gradients of benthic current across
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which grazers could freely forage and feed (Fig. 1).

The array was assembled on an un-shaded gravel bank

adjacent to Copper Creek, a high-gradient mountain

stream at the Rocky Mountain Biological Laboratory

in Gothic, Colorado, USA (38 57 29N, 106 59 06W)

and received water directly from the stream. Stream

water was filtered using a knitted polyester drain sock

to remove debris and stream macroinvertebrates and

then directed into a 500 L Rubbermaid� stock tank

located 6 m above the array to provide hydraulic head

pressure. An overflow back to the stream on the stock

tank ensured the stream water temperature did not

change before entry into the channels by allowing

continuous replenishment. Water was gravity-fed into

the array through plumbing that supplied water to 24

adjustable valves. Each valve was attached to feeder

hose that supplied water to a channel, and adjusting

valves allowed water speed to be controlled so similar

gradients of benthic current could be created across

channel substrates (Fig. 1). The high water turnover

rate in the channels kept temperature between them

and Copper Creek within 1 �C.

Benthic algae were grown on square (2.5 9 2.5 cm)

ceramic tiles attached to stream cobbles with silicon

adhesive. The ceramic tiles provided a standardized

surface and were small enough to characterize veloc-

ity, but large enough to support a quantifiable amount

of algal biomass (Lamberti and Resh 1985). Tiles and

their attached cobbles were colonized in Copper Creek

for 21 days and then transferred to the array, six tiles to

a channel, along with 2 additional cobbles (dry and

from the stream bank) to provide substrate area

approximating that enclosed by a Surber sampler, that

is, 900 cm2. Tiles and cobbles were allowed to

acclimate to channel conditions for 3 days before

grazers were added. Current velocity was measured

directly from the top of all experimental tiles with a

Schiltknecht MiniAir20 velocity probe, which had a

spatiotemporal resolution of 10 mm and 1 Hz. Cob-

bles with tiles were numbered with respect to their

position in the channels, and the tiles were checked

daily to maintain velocities set at the beginning of the

experiment. Summary values (mean, SD, minimum,

maximum) for the experimental channel velocity

Fig. 1 The experimental channels used to evaluate the pattern

of grazer-mediated algal accrual and removal. Each channel was

60 cm in diameter, had a water depth 15 cm, and contained

approximately 900 cm2 of substrate. Water was siphoned from

Copper Creek (in background) 100 m upstream and filtered

before entering a cattle tank reservoir that fed the channel array.

The reservoir was positioned 6 m above the channels on a

nearby hill to create head pressure and valves manipulated

channel flows. Standpipes fitted with 1-mm mesh allowed water

to drain back into the stream. The inset photo shows the

2.5 9 2.5 cm ceramic tiles that were colonized with stream

algae and placed in channels to establish the current gradient
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gradients that were measured on tiles are shown in

Table 1.

Grazers

We chose three of the four most abundant mayfly

grazers (because caddisflies were rare, and there were

no snails in Copper Creek): Drunella coloradensis

Dodds, Cinygmula spp. McDonnough, and Epeorus

deceptivus McDonnough. Baetis spp. were also abun-

dant, but were undergoing a period of emergence,

which made their use in the experiment problematic.

Grazer species were applied to channels separately or

in combination with each treatment replicated five

times (4 treatments 9 5 replicates = 20 channels).

The remaining four channels were used as controls and

had no grazers. Grazer densities were determined

using a Surber sampler (30 9 30 cm with 500-lm

mesh) to survey Copper Creek and scale natural

densities so grazer biomass could be calculated and

held constant among experimental treatments. The

combined-grazer treatment contained three Drunella,

eight Cinygmula, and eight Epeorus. The single

species treatments had 8 (wt = 2.76 g), 23

(wt = 2.61 g), and 20 (wt = 2.91 g) individuals for

Drunella, Cinygmula, and Epeorus, respectively. If

during the course of the experiment, a grazer was

found dead or to have emerged, it was replaced

immediately with a conspecific from Copper Creek.

Quantifying algal biomass

At the end of the 10-day experiment, ceramic tiles

were sampled to measure chlorophyll a and estimate

algal biomass. Epilithic algae were removed from the

entire tile by scraping with a razor blade and rinsing

with a wash bottle. The resulting slurry was filtered

onto a glass fiber filter, placed in aluminum foil, and

stored in a cooler for transfer to the laboratory.

Chlorophyll was extracted the same day by placing

filters in 90 % buffered ethanol following Biggs and

Kilroy (2000) and an Opti-sciences GFC-1 fluorom-

eter quantified chlorophyll a. No measurements of

chlorophyll a were taken from the cobbles included in

the experimental channels. We were unable to

estimate chlorophyll a on 11 of 144 tiles due to

dropping them or accidental removal of epilithon.

Data analyses

Our a priori goal was to keep velocities consistent

across the tile surfaces among our treatments. We used

one-way analysis of variance (ANOVA) to test

whether velocities differed between grazer treatments

by averaging the tile velocities for each of the 24

channels. After averaging chlorophyll a values for

each channel, we examined whether algal biomass

differed among our control and grazer treatments with

one-way ANOVA and used post hoc Tukey’s honest

significant difference tests to examine pairwise com-

parisons if ANOVAs were significant at or below the

a-level of 0.05. These analyses were conducted in R

(version 2.15.3; R Development Core Team 2013).

Generalized linear mixed models (GLMMs) were

used to analyze how velocity affected chlorophyll a

Table 1 Mean, standard deviation (SD), and the minimum

and maximum velocities on the experimental ceramic tiles

from which chlorophyll a was measured

Channel Treatment Mean SD Minimum Maximum

1 Drunella 10.5 11.4 0 27

2 Control 14.0 8.7 3 28

3 Cinygmula 12.8 9.9 1 26

4 Epeorus 13.2 14.5 0 37

5 All 13.3 13.6 0 38

6 Epeorus 12.3 5.4 5 20

7 Drunella 11.7 7.4 5 26

8 Cinygmula 14.5 9.2 7 29

9 Control 9.0 5.2 2 14

10 Control 13.2 6.0 7 20

11 All 13.3 7.4 3 24

12 All 18.7 17.1 4 51

13 Epeorus 16.7 13.5 4 38

14 All 13.7 12.1 1 31

15 Cinygmula 12.8 8.1 4 22

16 Drunella 10.7 9.2 1 23

17 Cinygmula 11.8 10.3 0 26

18 Control 7.0 3.7 3 11

19 Drunella 18.0 15.7 4 39

20 Epeorus 9.2 4.9 4 14

21 All 12.8 10.5 1 28

22 Cinygmula 16.2 14.4 2 35

23 Epeorus 13.8 12.5 1 33

24 Drunella 12.5 12.2 1 33

Channel 11 was removed from the analyses due to the channel

flooding
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within our grazer treatments. The GLMMs were

particularly useful given our split-plot design, and

‘channel’ was included as the random effect in the

GLMMs (i.e. velocity was nested within channels). To

identify whether grazers facilitated or removed algae,

we used GLMM coefficients from the control to

produce a linear equation (chlorophyll a = 10.90 ?

0.92 9 velocity) and used that to calculate predicted

chlorophyll a values for the benthic current velocities

observed in the grazer treatments. We then calculated

the proportion of algae removed (PAR) as follows:

PAR ¼ predicted chlorophyll a� observed chlorophyll að Þ
predicted chlorophyll a

The PAR allowed us to observe and test how grazers

facilitate or remove algae along a benthic velocity

continuum compared to what was predicted by the

control. In this way, we could account for the effect

velocity had on the periphytic assemblage in the

absence of grazers. The limits of these observations

are theoretically 1 to -? (i.e., 100 % removal to

facilitated growth), although negative values are

biologically constrained. We also used GLMMs to

analyze the PAR data. One of our goals was to also

identify the transition point between facilitation and

removal. We defined this as the velocity at which

the fitted GLMM model crossed the velocity axis

where PAR = 0. The estimated coefficients from the

GLMMs were considered statistically significant if

the associated probability values were B0.05. The

GLMMs were conducted using SAS software (version

9.2, Copyright� 2009 SAS Institute Inc., Cary, NC,

USA).

Results

Average velocity did not differ among the grazer

treatments (F4, 18 = 1.09, p = 0.39), and the para-

metric assumptions of normality (p = 0.16) and

constant variance (p = 0.92) for ANOVA were met.

Periphytic algae on control tiles showed accumula-

tions of fine silt that were largely absent from grazed

tiles; however, ANOVA revealed that algal biomass

did not differ among the experimental treatments (F4,

18 = 2.04, p = 0.13). The ANOVA model for algal

biomass also passed the assumptions of normality

(p = 0.50) and constant variance (p = 0.90).

Algal biomass responded differently to velocity

between control and grazer treatments. Chlorophyll

a increased with velocity in the control channels,

showed no relationship to velocity in the Drunella,

Cinygmula, and combined-grazer treatments, and

decreased with velocity in the Epeorus treatment

(Fig. 2). The control GLMM indicated a significant

positive effect of velocity on chlorophyll a in the

absence of grazers (coefficient = 0.92, t14 = 2.77,

p = 0.01). In the Epeorus treatment, chlorophyll

a decreased with velocity (GLMM: coefficient = -

0.28, t19 = -2.53, p = 0.02). The GLMMs for Dru-

nella (t20 = 0.42, p = 0.67), Cinygmula (t22 = -

0.31, p = 0.76), and combined-grazer treatments

(t18 = -1.43, p = 0.16) did not show a positive or

negative effect of velocity of on chlorophyll a across

the velocity gradient.

Facilitation and removal of algae by grazers

The patterns of facilitation and removal by grazers in

this experiment differed along the gradient of benthic

current velocity. We observed a gradual change from

facilitation to almost complete removal in the PAR

data (i.e., the transition from the negative values below

dashed line to positive values above dashed line in

Fig. 3). In general, grazers facilitated algal growth at

low benthic current velocities (\15 cm s-1) and

almost completely removed algae at higher benthic

velocities ([20 cm s-1). The transition point between

facilitation and removal, however, varied among

treatments.

The combined-grazer treatment was unique from

the single-grazer treatments in that greater negative

values were observed (Fig. 3). Overall, the GLMM

indicated that velocity had a significant effect on

grazing (t18 = -4.39, p \ 0.001). The pattern in the

PAR data was nonlinear. A quadratic function was fit

to the data, and the partial quadratic coefficient was

significant (t18 = -3.48, p = 0.007). The transition

from facilitation to removal occurred at 11.7 cm s-1.

It should be noted that one of the flow-through

channels for this treatment flooded due to debris

accumulation and some of the grazers were lost.

Therefore, we decided to eliminate this channel (6

chlorophyll a measurements) from the analysis,

although the data did conform to the pattern shown

in Fig. 3a.
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The grazing pattern in the Drunella treatment was

markedly different from the combined-grazer treat-

ment. Though Drunella facilitated and removed

periphytic algae, this pattern was positive and linear,

rather than curvilinear (Fig. 3b). There was a strong

effect of velocity on grazing by Drunella (GLMM:

t24 = 4.53, p \ 0.001), and the transition from facil-

itation to removal occurred at 5.9 cm s-1.

The Cinygmula treatment exhibited a similar

pattern of facilitation and removal of periphytic algae

as the Drunella treatment (Fig. 3c). The pattern was a

linear increase from facilitation to removal along the

gradient of benthic current velocity. The PAR data for

the Cinygmula treatment were more variable than the

other treatments, but the effect of velocity on grazing

was significant (GLMM: t28 = 2.58, p = 0.015). The

transition from facilitation to removal occurred at

4.6 cm s-1.

The Epeorus treatment exhibited a nonlinear

pattern of facilitation and removal across the current

velocity gradient resembling the combined-grazer

treatment (Fig. 3d). The quadratic term added to the

GLMM was significant (t22 = -2.85, p = 0.009), as

was the main effect of velocity on Epeorus grazing

(t28 = 4.34, p \ 0.001). Similar to the other single-

grazer treatments, the transition from facilitation to

removal occurred at 4.5 cm s-1. One tile became

dislodged and overturned with the silicon adhesive

facing upward so this tile was eliminated from the

analysis.

Discussion

Our data suggest benthic current velocity affects the

facilitation and removal of algal biomass by stream

grazers. The nature of the transitions between facili-

tation and removal occurred at or below velocities of

11.7 cm s-1 for all grazer treatments. In two of four

grazer treatments, the pattern of facilitation and

removal was nonlinear and linear in the remaining

two. This suggests that for some macroinvertebrate

species, the transition from facilitation and removal

may be gradual and for others, more abrupt.

The grazers in Copper Creek are adapted to fast

flow environments, and their effectiveness in remov-

ing algae in fast benthic current was not surprising, nor

was their facilitation of algal biomass in slow current.

Fig. 2 Patterns of chlorophyll a for all grazer treatments.

Generalized linear mixed models indicated chlorophyll

a increased with velocity in the control treatment (i.e. no

grazers) and decreased with velocity in the Epeorus treatment.

Algal biomass in the other grazer treatments had no discernible

relationship with current velocity (see text for GLMM model

details)
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What was surprising was the extent to which facili-

tation occurred and the higher velocity of the transition

point for the combined-grazer treatment, which most

closely approximated the natural grazing community.

Collectively, these grazers caused a doubling in algal

biomass at lower velocities (i.e. below 11.7 cm s-1)

compared to the single-grazer treatments, and the

transition point was fast enough to be common in

stream riffles (e.g., Wellnitz et al. 2001). This suggests

that facilitation of algal accrual by grazers is not

restricted to stream margins, pools, and other regions

of homogeneous slow current, but may contribute to

mid-channel patterns. This being the case, current-

mediated grazer function may be an important process

for creating algal heterogeneity across the streambed.

It is noteworthy that we did not observe any

differences in algal biomass between the grazing

treatments and controls. This is not surprising in view

of the fact that grazers were simultaneously facilitat-

ing and removing algae. However, it does highlight the

importance of scaling when examining benthic pro-

cesses in general and algal–grazer interactions in

particular. Our experiment was designed to test grazer

functionality across a continuum of benthic current by

maintaining the same velocity gradient across treat-

ments; by achieving this, we effectively held the

average velocity in channels constant. Therefore, if

benthic current was profiled at the channel scale

(900 cm2)—which is the scale of resolution com-

monly used to assess streambed communities (i.e., the

area of a Surber sampler)—one might fail to detect a

velocity-dependent effect. Moreover, one could not

observe the shifting functional roles of facilitation and

removal played by the grazers in this system or the

degree to which they were functionally distinct or

redundant (Wellnitz and Poff 2001). It is only at the

scale of periphyton patches on cobbles (i.e.\10 cm2)

that the patterns emerge.

The precise mechanism driving algal facilitation in

our experiment is difficult to identify. Although eluci-

dating this process was not an objective of our study, we

speculate that facilitation resulted from the time grazers

spent in fast versus slow current and the removal of fine

sediments that resulted from their foraging. Brooks et al.

(2005) showed that the abundance and community

composition of macroinvertebrates can vary markedly

Fig. 3 Generalized linear

mixed models for the

combined-grazer and single-

grazer treatments. Dashed
line indicates where the

proportion of algal biomass

removed (PAR) was zero.

Negative values indicate

facilitation, and positive

values are indicative of

removal. The quadratic and

linear models (indicated in

lower left of graphs) were

statistically significant for

all grazing treatments (see

text for details)

Aquat Ecol (2013) 47:235–244 241

123



with the hydraulic conditions of microhabitats in

streams. Streambed densities of the mayfly species used

in our experiment generally have a positive relationship

to benthic current in Copper Creek; the highest densities

of Ephemerellidae (Drunella) and Heptageniidae

(Cinygmula, Epeorus) were observed at average veloc-

ities of 42.6 and 36.5 cm s-1, respectively (T. Wellnitz,

unpublished data). It is reasonable to assume that these

rheophilic grazers spent a disproportionate amount of

time foraging in faster flows in our experimental

channels and removed more algae there. By contrast,

the time grazers spent foraging at slow velocities may

have been insufficient for removing large quantities of

algae, yet adequate enough to dislodge fine sediments

from periphytic mats. Silt and fine sediments can block

light and slow nutrient diffusion to benthic algae, and

macroinvertebrates are capable of dislodging sediments

from benthic substrates (Zanetell and Peckarsky 1996;

Ledger and Hildrew 1998; Wellnitz et al. 2010).

Evidence that this occurred comes from the observation

that the fine silt layer seen on control treatment tiles was

largely absent from grazer treatment tiles. We propose

that the transition in grazer function from facilitation to

removal of algae was a result of this time-dependent

process. Foraging of brief duration had mostly positive

effects (sediment removal), whereas longer duration

foraging had mostly negative effects (increased con-

sumptive and non-consumptive removal of periphytic

algae), and this may have created the patterns of

facilitation and removal we observed.

Functional traits of the mayflies may also have

contributed to the processes of facilitation and

removal. The three species used in our experiment

showed distinctive trait suites that might have influ-

enced their contributions to algal dynamics. For

example, Epeorus and Cinygmula have brushing and

prognathous mouthparts as opposed to blade-like and

hypognathous mouthparts of Drunella, and mouthpart

structure and function is known to affect algal removal

(Karouna and Fuller 1992; Holomuzki et al. 2006). It

is likely the efficacy of these traits may vary with

different velocities, given macroinvertebrates are

strongly influenced by hydraulic conditions (e.g., Poff

et al. 2003; Brooks et al. 2005). Reduced drift behavior

at slow velocities may also influence grazer perfor-

mance and functionality. For example, Poff et al.

(2003) speculated that the mayfly Baetis bicaudatus in

their grazing experiments foraged less efficiently in

slow velocities because Baetis may have had to swim

rather than drift between algal patches. The grazers

used in our study drift, but Epeorus (McIntosh et al.

2002) and Cinygmula (Peckarsky 1996) appear to be

more frequent drifters compared to Drunella (e.g.,

Dahl and Peckarsky 2002).

The shift in grazer functional roles from slow to fast

benthic current velocities is striking and has implica-

tions for past and present modifications to lotic

systems. The contribution of lotic grazers to algal

removal may be altered as benthic current becomes

constrained by decreased stream flow, which can

result from human activities such as damming, water

abstraction, and reduced precipitation from climate

change. It is difficult to predict what implications the

patterns of facilitation and removal shown here may

have on a system-wide scale and higher trophic levels,

yet it is possible altered stream flows could produce an

alternative stable state (e.g., Dodds et al. 2010).

However, results presented here suggest reduced flow

fields may change the role of macroinvertebrate

grazers and we would expect these effects to cascade

to higher trophic levels (Feminella and Hawkins

1995). Thus, for streams in which similar patterns

occur, benthic community structure and function may

change with decreasing flow (e.g., Walters and Post

2011).
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