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Substrate roughness, fish grazers, and mesohabitat type
interact to determine algal biomass and sediment accrual
in a high-altitude subtropical stream
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Abstract Since periphytic biofilm is an important

source of food in lotic ecosystems, it is important to

understand how key ecological factors affect the

accrual and loss of algal biomass and sediment in the

biofilm. We designed a field experiment to evaluate

the effects of mesohabitat type (pools and riffles),

grazing fish (control and exclusion), and substrate

roughness (smooth and rough) on chlorophyll a, ash-

free dry mass (AFDM), and total dry mass in a

subtropical stream. Mesohabitat type did not influence

the effect of grazers on periphyton. However, rough

substrates accumulated more total dry mass in pools

than in riffles, while smooth substrates accumulated

similar amounts of total dry mass in both mesohabitats.

The accrual of AFDM and chlorophyll a was greater on

rough than on smooth substrates, regardless of meso-

habitat. Treatments without fish accrued more total dry

mass, AFDM, and chlorophyll a than treatments with

fish, showing that fish play a major role in this stream by

removing sediment and algal biomass. These results

suggest that habitat simplification in the scale of

substrate roughness and loss of large grazers may

impact the accrual and loss of algal biomass and

sediment in lotic ecosystems.
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Introduction

The periphytic biofilm, composed of algae, heterotro-

phic microorganisms and organic sediments, is an

important source of food in lotic ecosystems (Biggs,

1996). Changes in the quantity and quality of periph-

yton may affect the entire food web (Lowe & Pan,

1996). Therefore, understanding how key ecological

factors, such as biotic interactions and habitat heter-

ogeneity, affect the accrual and loss of algal biomass,

organic matter, and sediment is of great importance in

view of increasing human perturbations, which are

simplifying habitats, altering the intensity of distur-

bances, and causing the loss and homogenization

of assemblages in lotic ecosystems (Rahel, 2000;

Cardinale et al., 2002).
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123

Hydrobiologia (2013) 711:165–173

DOI 10.1007/s10750-013-1477-x



Experimental studies have shown that the modifica-

tion of habitats by grazers is a major mechanism

structuring benthic communities in lotic ecosystems.

For instance, the effects of grazers on the structure and

productivity of streams and rivers have been docu-

mented for insects (Moulton et al., 2004; Álvarez &

Peckarsky, 2005), immature amphibians (Flecker et al.,

1999; Ranvestel et al., 2004), shrimp (Pringle & Blake,

1994; Souza & Moulton, 2005), and fish (Power, 1990;

Flecker, 1996; Bertrand & Gido, 2007). Grazers can

affect periphyton directly, by ingestion, and indirectly,

by removing organic and inorganic sediments (Moulton

et al., 2004; Cross et al., 2008). Periphyton responses to

grazing range from changes in biomass to changes in the

composition, diversity, physiognomy, nutrient content

and succession of communities (Feminella & Hawkins,

1995; Steinman, 1996).

Substrate roughness (a type of small-scale habitat

heterogeneity; Bergey, 2005) is an important ecological

factor that strongly influences benthic algal biomass and

sediment accrual in streams, and likely mediates the

effect of grazers. Rough substrates support higher

algal biomass than smooth substrates (Bergey, 2005;

Murdock & Dodds, 2007) and affect sediment retention

(Bergey, 1999; Taniguchi & Tokeshi, 2004). Moreover,

there is evidence of the efficacy of crevices in rough

substrates as refuges for algae (Dudley & D’Antonio,

1991; Bergey & Weaver, 2004; Schneck et al., 2011). If

crevices effectively protect algae from grazers, rough

substrates should accumulate larger amounts of algal

biomass than smooth substrates in the presence of

grazers, while similar amounts of algal biomass should

be accumulated on rough and smooth substrates in the

absence of grazers.

In addition to grazers and substrate roughness,

mesohabitat type should also directly and indirectly

affect the accrual of algal biomass and organic and

inorganic sediment. The different characteristics of

pools and riffles, such as current velocity and retention

of organic matter and inorganic sediment (Allan &

Castillo, 2007), may affect algal growth on rough and

smooth substrates. Accordingly, we could expect hard

substrates to accumulate more sediment in pools than in

riffles, and thus negatively affect algal growth. How-

ever, the different environmental conditions of pools

and riffles may affect the strength of the interaction

between grazers and the periphytic biofilm. For

instance, Poff & Ward (1995) found that the interaction

strength of a grazing caddisfly varied with current

velocity. The caddisfly reduced algal biomass and

altered algal assemblage composition at low velocities,

but had only weak effects under high-velocity regimes.

Similarly, the detritivorous fish Prochilodus mariae

Eigenmann strongly influenced sediment accrual in

pools, but had no influence in riffles in a tropical Andean

stream (Flecker, 1997). However, it should be noted that

non-consumptive loss may be greater in habitats where

the water current is stronger such as riffles, since the

material dislodged by bioturbation would be easily

washed downstream. This role of water flow was

already suggested as a mechanism related to the

removal of periphyton by shrimps (Souza & Moulton,

2005; Moulton et al., 2012).

We experimentally excluded large grazers (fish)

from smooth and rough artificial substrates used for

periphyton colonization in pools and riffles. We

evaluated the independent and interacting effects of

mesohabitat type, large grazers, and substrate rough-

ness on periphyton (total organic and inorganic mass,

organic matter, and algal biomass). We hypothesized

that the interaction strength between grazers and

periphyton would be mediated by mesohabitat types

and by substrate roughness. Additionally, we hypoth-

esized that the effect of substrate roughness would be

mediated by mesohabitat types. Specifically, we

predicted that grazers would have a higher grazing

impact in pools than in riffles, and that in the absence

of large grazers, pools would retain more biomass and

total dry mass than riffles. We also predicted that, in

the presence of large grazers, crevices on rough

substrates will act as refuges and protect algae, and

thus rough substrates would accumulate more algal

biomass than smooth substrates, while smooth and

rough substrates would accumulate similar amounts of

algal biomass in the absence of grazers in the same

mesohabitat type. For the last hypothesis, we predicted

that rough substrates would accumulate more organic

matter and sediment in pools than in riffles, but the

accrual on smooth substrates would not differ between

mesohabitat types.

Materials and methods

Study area

We conducted the experiment in Marco stream

(28�360S; 49�540W), São José dos Ausentes, state of
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Rio Grande do Sul, southern Brazil. The vegetation in

the catchment is Campos grassland with patches of

Araucaria Forest, and the climate is high-altitude

subtropical (Cfb), with uniform precipitation through-

out the year (Behling, 2002). The study site is a fourth-

order stream at approximately 1,100 m asl that drains

a catchment with low human impact and oligotrophic

waters (Buckup et al., 2007). Stream width ranges

from 6 to 10 m, and the depth ranges from 0.1 to 0.4 m

in the reaches studied. The stream bed is composed

mostly of rough basaltic stones, boulders, and bedrock.

During the study period, the water had high dissolved

oxygen concentrations (mean of 8.6 mg l-1), low

electrical conductivity (21 lS cm-1), and slight acidity

pH (6.6). In pools, the current velocity ranged from

0 to 7 cm s-1, with a mean of 3.7 cm s-1, while in

riffles the velocity ranged from 18 to 35 cm s-1, with a

mean of 25.6 cm s-1. Velocity was measured close to

the substrates in all pools and riffles used in this study

(see below).

The fish fauna of Marco stream is composed of 11

species, mostly small characiforms and siluriforms

(Winckler-Sosinski et al., 2009). Common grazers on

algae and detritus in Marco stream include the

armored catfishes (Loricariidae) Rineloricaria sp.

and Pareiorhaphis hystrix Pereira & Reis, and the

curimatid Steindachnerina biornata Braga & Azpe-

licueta (Bowen, 1983; Winckler-Sosinski et al., 2009;

Dias & Fialho, 2011). The poeciliid Cnesterodon

brevirostratus Rosa & Costa probably feeds mostly on

detritus, as described for other species of the genus

(e.g., Quintans et al., 2009). Eurycheilichthys panthe-

rinus Reis & Schaefer is a common armored catfish in

the stream, but differently from most Loricariidae, it

was described as an insectivore in Marco stream (Dias

& Fialho, 2011). The benthic algal assemblage is

composed mostly of diatoms and some filamentous

green algae (Schneck et al., 2011).

Experimental design

We designed a 3-factor split-split-plot field experiment

with the following hierarchical treatments: (i) meso-

habitat, with two levels, pools and riffles (5 replica-

tions); (ii) grazer occurrence, with the presence or

absence of fish (10 replications); and (iii) substrate

roughness, with smooth and rough substrates (20

replications). We randomly selected 5 pools and 5

riffles along approximately 200 m in the stream reach.

In each of these 10 locations, we placed two flat paving

stones (50 9 50 9 8 cm) that constituted the grazer

factor, i.e., one paving stone was randomly assigned to

receive the electrical exclusion treatment (see below),

and the other to be the control. Each paving stone

had smooth and rough acrylic substrates (5 9 5 cm)

glued on it. The rough substrates had nine longitudinal

grooves, each groove (crevice) 1 mm wide and 1 mm

deep. The experiment consisted of 40 experimental units

(2 substrate types 9 2 grazer treatments 9 2 mesohab-

itats 9 5 locations) and each experimental unit con-

sisted of two sampling units (acrylic substrates).

We excluded grazers by using electrified fences that

were constructed similarly to the description by

Landeiro et al. (2008). We used commercial fence

electrifiers (Shock 8 Lite; JFL Equipamentos Eletrôn-

icos Ind. Com. Ltda, Santa Rita do Sapucaı́, Minas

Gerais, Brazil) labeled as having an electric pulse of

8,000 V per second, 1.8 J, and maximum current of

1.6 A. Each of the 10 electrifiers (one for each

location) was connected to a 12-V car battery. We

fixed two copper wires on each 50 9 50 9 8 cm flat

paving stone. We fixed one of the wires on three sides

of the paving stone (40 cm of wire on each side) and

connected its ends to the exit and return connectors of

the electrifier. The two parallel sides were stripped and

acted as the negative electrodes. A second wire was

also connected to the electrifier, and its final 40-cm-

long stripped part was fixed between and parallel to the

two stripped sides of the first wire. This second central

wire acted as the positive electrode.

Since the electrifiers emit low-intensity pulses, they

are able to exclude only large organisms. Landeiro

et al. (2008) used an electrifier very similar to the one

we used and were able to exclude organisms larger

than 1 cm. We tested the efficacy of electrical

exclusion during preliminary experiments and moni-

tored the exclusions during the two first days and the

two last days that the experiment was running and

observed that organisms larger than 1 cm were indeed

excluded. The electric shocks caused reactions in

small fish, which immediately left the electrified area.

We also observed armored catfishes on the control

treatments, but never on the exclusion treatments.

Macroinvertebrates were not excluded, and species of

Trichoptera, Ephemeroptera, and Chironomidae were

present on both the electrified and the control

substrates (F. Schneck, personal observation). Based
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on these observations, we considered that our exclu-

sion treatment was effective against fish species,

including grazers such as the small armored catfishes

and poeciliids present in the stream.

We constructed the wire fences on all paving stones

used for the experiment (i.e., in the exclusion and

control treatments), and placed the pair of paving

stones approximately 50 cm apart. We placed the

paving stones with the fences and artificial substrates

in the stream at the end of September 2010 for algal

colonization. We monitored the precipitation in the

studied region during the period of colonization of

the substrates (45 days) and there were no spates for

approximately 20 days before we set up the electri-

fied fences. The exclusion experiment started on 1

November 2010 when we randomly assigned one

paving stone of the pair to be connected to the

electrifier at each of the 10 locations. Sampling was

carried out on 8 November. Under visual inspection,

the biomass of periphyton and inorganic sediment

accrual appeared to be higher in the exclusion

treatments than in the control treatments after 7 d.

We planned the duration of the experiment based on

several short-term studies on the effects of grazers/

bioturbators on periphyton. For instance, an increase

in sediment accrual (dry mass and ash-free dry mass)

was observed 6 days after the exclusion of ephemer-

opterans (Moulton et al., 2004) and 7 days after the

exclusion of a detritivorous fish (Flecker, 1996) in

relation to non-exclusion treatments. Further, Opsahl

et al. (2003) found greater amounts of chlorophyll a in

electrified than in non-electrified treatments, but did

not find a significant trend over time for chlorophyll

a after the exclusion of invertebrate grazers during

7 weeks.

Sampling and laboratory analyses

We removed two sampling units (25 cm2, each) of

each substrate type per paving stone to form a

composite sample of 50 cm2. We used a toothbrush

to scrub the upper surfaces of the substrates to remove

the periphytic material, adjusted the samples to a

defined volume (100 ml), and preserved them on ice in

the dark until laboratory processing (24–30 h after

collection). In the laboratory, each sample (experi-

mental unit) was divided into two subsamples for

analyses of chlorophyll a (50 ml) and periphyton dry

mass (50 ml). We determined chlorophyll a by

extracting pigments with ethanol after filtration

through a Whatman GF/C filter, followed by spectro-

photometrically measuring chlorophyll a according to

standard procedures (Biggs & Kilroy, 2000).

For dry mass determination, we transferred the

subsamples to pre-combusted and pre-weighed porce-

lain crucibles. We dried the samples at 70�C until

constant weight (total dry mass) and then burned the

organic content in a muffle furnace at 500�C for 3 h to

estimate ash-free dry mass (AFDM) (Schwarzbold,

1990). We calculated the Autotrophic Index (AFDM/

chlorophyll a) to determine the trophic status of the

periphyton. The index usually ranges from 50 to 200

for autotrophic periphyton, while higher ratios indi-

cate heterotrophic periphyton (Steinman et al., 2007).

We also calculated the indices proposed by Lakatos

(1989), based on total dry mass (low mass: \ 2 mg

cm-2; medium: 2–4; or high: [ 4), on the proportions

of organic and inorganic matter (inorganic periphy-

ton: [ 75% ash in relation to total dry mass; inor-

ganic–organic: 50–75%; organic–inorganic: 25–50%;

or organic: \ 25%), and on the proportions of auto-

trophic and heterotrophic components (autotrophic

periphyton: [ 0.60% chlorophyll a in relation to total

dry mass; auto-heterotrophic: 0.25–0.60%; hetero-

autotrophic: 0.10–0.25%; or heterotrophic: \ 0.10%).

It should be noted that a high proportion of inorganic

mass (ash) in relation to organic mass and high

chlorophyll a content may be related to the occurrence

of a diatom-dominated community, since the siliceous

valves greatly contribute to the weight of ashes in the

periphyton.

Data analysis

We used 3-factor split-split-plot Analyses of Variance

(ANOVAs) to test for the effects of treatments on total

dry mass, AFDM, and chlorophyll a. Data were log-

transformed to meet the assumptions of homogeneity

of variance and normality of residuals. The 10

locations (5 riffles, 5 pools) were considered the

main-plot (blocks), the grazer factor was the sub-plot

(paving stones), and the substrate factor was the sub–

sub-plot (acrylic substrates). Mesohabitat was

included in the model as a between-plot factor.

Analyses were carried out in the R statistical environ-

ment using the function aov (R Development Core

Team, 2010).
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Results

The periphyton was mainly heterotrophic, since the

Autotrophic Index ranged from 305 to 13,000, with an

average of 3,812. According to the classification of

Lakatos (1989), the periphytic biofilm had mostly low to

medium amounts of biomass (range: 0.13–16.08 mg

cm-2; median: 1.15 mg cm-2), was inorganic–organic

to inorganic (range: 18–94% ash; median: 71%), and

heterotrophic (range: 0.001–0.14% chlorophyll a; median:

0.01%).

Total dry mass accrual was dependent on the

interaction between mesohabitat and substrates

(P = 0.037; Table 1). Total dry mass on smooth

substrates was similar between pools and riffles, while

on rough substrates the accrual of total dry mass was

2.6 times greater in pools than in riffles (Fig. 1a). On

the other hand, the interactions between mesohabitat

and grazers and between grazers and substrates were

not significant (Table 1). The amount of total dry mass

increased 1.8 times in the exclusion treatment in

relation to the control, independently of mesohabitat

and substrate type (P = 0.001; Table 1; Fig. 1a).

No interaction term was important for AFDM

(Table 1). Exclusion treatments accrued 2.2 times

more AFDM than control treatments (P = 0.023;

Table 1; Fig. 1b), and rough substrates accumulated

3.1 times more AFDM than smooth substrates

(P \ 0.001; Table 1; Fig. 1b).

There were no significant interactions in the determi-

nation of the amounts of chlorophyll a between treat-

ments (Table 1). Chlorophyll a was 1.6 times higher in

the exclusion treatment than in the control (P = 0.005;

Table 1), and 1.4 times higher on rough than on smooth

substrates (P = 0.006; Table 1) (Fig. 1c). However,

although not significant (P = 0.104), there was a

tendency toward an interaction between the presence/

absence of fish and substrate types (Table 1; Fig. 1c).

While rough substrates accumulated on average only

1.2 times more chlorophyll a than smooth substrates

in the exclusion treatments, in the control treatments,

the difference between rough and smooth substrates

averaged 1.9 times (Fig. 1c).

Discussion

The distinct pattern of higher algal biomass, organic

matter, and total dry mass in the exclusion than in the

Table 1 Summary of the results of split-split-plot ANOVAs

for the effects of mesohabitat (pools and riffles), large grazers

(exclusion and control), and substrate roughness (smooth and

rough) on total dry mass (a), ash-free dry mass (AFDM) (b),

and chlorophyll a (c)

df MS F P

(a) Total dry mass

Error (Block)

Mesohabitat (Me) 1 3.591 5.389 0.049

Residuals 8 0.666

Error (Block/Grazers)

Grazers (Gr) 1 5.118 24.702 0.001

Me 9 Gr 1 0.001 0.005 0.945

Residuals 8 0.207

Error (Within)

Substrates (Su) 1 33.475 213.399 <0.001

Me 9 Su 1 0.809 5.159 0.037

Gr 9 Su 1 0.170 1.085 0.313

Me 9 Gr 9 Su 1 0.041 0.264 0.614

Residuals 16 0.157

(b) AFDM

Error (Block)

Mesohabitat (Me) 1 0.312 0.635 0.449

Residuals 8 0.491

Error (Block/Grazers)

Grazers (Gr) 1 5.276 7.875 0.023

Me 9 Gr 1 0.155 0.232 0.643

Residuals 8 0.670

Error (Within)

Substrates (Su) 1 12.511 29.875 <0.001

Me 9 Su 1 0.102 0.245 0.628

Gr 9 Su 1 0.261 0.624 0.441

Me 9 Gr 9 Su 1 0.016 0.038 0.847

Residuals 16 0.419

(c) Chlorophyll a

Error (Block)

Mesohabitat (Me) 1 0.116 0.128 0.730

Residuals 8 0.907

Error (Block/Grazers)

Grazers (Gr) 1 2.962 14.615 0.005

Me 9 Gr 1 0.301 1.486 0.258

Residuals 8 0.203

Error (Within)

Substrates (Su) 1 1.992 9.962 0.006

Me 9 Su 1 0.001 0.007 0.936

Gr 9 Su 1 0.593 2.967 0.104

Me 9 Gr 9 Su 1 0.101 0.503 0.488

Residuals 16 0.200

P values \ 0.05 are in bold
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control treatment indicates that grazing fishes play a

major role in this stream through both bioturbation and

consumption of algae and detritus (Cross et al., 2008).

This strong interaction has been reported in streams

around the world, in which different fish species, such

as a detritivorous fish in Venezuela (Flecker, 1996),

armored catfishes in Panama (Power, 1990), grazing

minnows in North America (Power et al., 1985;

Bertrand & Gido, 2007), and the ayu fish in Japan (Abe

et al., 2007), act as keystone species or ecosystem

engineers (sensu Jones et al., 1994). Our observations

add important information on processes affecting the

functioning of high-altitude subtropical streams.

The second result found in this study was the

greater accrual of algal biomass and AFDM on rough

than on smooth substrates, a pattern usually attributed

to the greater availability of refuges on rough than on

smooth substrates (e.g., Bergey & Weaver, 2004;

Bergey, 2005). However, we found that this result was

statistically not dependent on the presence or absence

of grazing fish, contradicting the occurrence of a

refuge effect of crevices against grazing fish. On the

other hand, although not statistically significant, the

larger difference in algal biomass between rough and

smooth substrates in the presence (1.9 times more

chlorophyll a on rough substrates) than in the absence

(1.2 times more chlorophyll a on rough substrates) of

fish suggests that crevices may act as refuges and

protect part of the algal biomass from grazing fish.

This refuge effect is consistent with the previous

studies on habitat heterogeneity and complexity in a

wide range of ecosystems and scales of observation

(reviewed in Kovalenko et al., 2012). For instance,

structural heterogeneity generated by macrophytes

reduced the predation of invertebrates by a Neotrop-

ical fish (Padial et al., 2009) and the protection of algal

biomass on substrates exposed to Campostoma anom-

alum Rafinesque was positively related to decreasing

crevice size (Bergey & Weaver, 2004). Moreover,

previous studies conducted in the same system and

using the same types of substrates as the present study,

found greater algal richness and assemblage persis-

tence on rough than on smooth substrates and

suggested that the most plausible mechanism to

explain these results is the presence of refuges

(Schneck et al., 2011, Schneck & Melo, 2013).

It is worth noting that our experiment excluded only

large organisms, such as fish that prey on inverte-

brates, but did not exclude grazing insects. Grazing

insects can contribute to the removal of large amounts

of algal biomass. For instance, Barbee (2005)

excluded only insects and found that insects removed

30% more algal biomass in the control than in the

exclusion treatments, while common grazing-fish

species did not contribute to differences between

(a)

(b)

(c)

Fig. 1 Mean (± SE) of total dry mass (a), ash-free dry mass

(b), and chlorophyll a (c) in pools and riffles (separated by a

dashed line), in exclusion (hatched bars) and control (non-
hatched bars) treatments for large grazers, and on smooth

(S, white) and rough (R, gray) substrates
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treatments. Also, invertebrate grazers could have

benefited from the exclusion of predatory fish, thereby

removing a larger amount of biomass and decreasing

the difference between the exclusion and control

treatments in our study. Similar trophic cascades have

been suggested to occur in some Neotropical streams,

with shrimp inhibiting the activity of grazing baetid

mayflies (Moulton et al., 2004), and fish negatively

affecting shrimp and grazing baetid mayflies (Moulton

et al., 2010). Unfortunately, we lack quantitative data

on invertebrates to test this hypothesis, but it was

evident during the experiment that larvae of caddis-

flies and midges were more abundant in the exclusion

than in the control treatments (F. Schneck, personal

observation).

The only significant effect observed for mesohab-

itat was its positive interaction with substrate rough-

ness in the accrual of total dry mass, reflecting the

synergistic effect of higher rates of sediment deposi-

tion in pools (Allan & Castillo, 2007) and the capacity

of rough substrates to retain greater amounts of

organic matter and sediment than smooth substrates

(e.g., Taniguchi & Tokeshi, 2004). Most of this mass

accumulated on rough substrates in pools was inor-

ganic sediment (the difference between total dry mass

and AFDM), which could have imposed negative

impacts on algal biomass. However, mesohabitat type

had no effect on the accrual of algal biomass, as shown

by the results for AFDM and chlorophyll a.

Our hypothesis that different environmental condi-

tions of pools and riffles would mediate the strength of

the interaction between grazers and periphyton was

not supported, as shown by the non-significant inter-

action terms between mesohabitat type and grazers for

all response variables. This result was unexpected,

since pools and riffles have different environmental

conditions that would be expected to influence the

performance of grazers, and consequently regulate

ecological processes such as sediment and biomass

accrual (e.g., Flecker, 1997). However, a plausible

explanation for this result is that different species of

grazing fish may have preference for pool or riffle

habitats, so that there are grazing fish occurring at both

pools and riffles. The occurrence of habitat specialists

among grazing fish was already shown by Buck &

Sazima (1995) who found that different species of

armored catfishes occupied from shallow and slow-

current to deep and fast-current habitats in a stream in

southeastern Brazil. The absence of grazer-induced

difference in periphyton mass between mesohabitat

types may thus be reflecting similar grazing pressure

between habitats.

Our results showed that substrate roughness and

grazing fish are key ecological factors in this subtrop-

ical stream, determining the accrual and loss of

sediment, organic material, and algal biomass. Mes-

ohabitat plays a minor role, affecting sediment

accrual, but not other periphyton metrics. The inde-

pendent and interacting effects of these three factors

are not simple, and even subtle changes in biotic

interactions and in habitat heterogeneity (here mea-

sured at the mesohabitat and substrate roughness

scales) may have strong impacts on ecosystem prop-

erties. For instance, the loss of large grazers may lead

to the accumulation of organic and inorganic mass,

which may affect the structure of habitats. On the other

hand, the simplification of habitats, even at the small

scale of substrate roughness, may decrease the avail-

ability of food resources by slowing the rate of algal

biomass accrual and retention of organic matter.

Therefore, understanding the effects of these key

factors may have important implications for manage-

ment and conservation efforts.
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