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Abstract. Simplification of natural habitats is a growing global concern demanding
that ecologists better understand how habitat heterogeneity influences the structure and
functioning of ecosystems. While there is extensive evidence that physical habitat hetero-
geneity affects the structure of biotic communities (i.e., organismal abundance, distribution,
diversity, etc.), ecologists know little about how variability in physical conditions within
habitats regulates ecological processes that are important for the functioning of an eco-
system. We performed a field experiment to assess the effects of geomorphic heterogeneity
(i.e., variation in substrate size) on rates of benthic productivity and respiration at the scale
of whole riffle habitats in a stream ecosystem. While holding median sizes constant, we
manipulated variation in the size of stream bed sediments in replicate riffles to create two
treatments representing increased and decreased levels of physical habitat heterogeneity
relative to natural conditions in the stream. Physical habitat heterogeneity had an immediate
and significant impact on the primary productivity of stream algae and on the respiration
of the benthic biofilm. The rates of both ecological processes were elevated in the high-
heterogeneity riffles, probably as a result of quantified alterations to near-bed flow velocity
and turbulence intensity. Results presented here provide support for the widely held, but
largely untested, assumption that physical habitat heterogeneity exhibits control over eco-
system-level processes, and it suggests that human-induced simplification of habitats may
indeed be altering the functioning of ecosystems.
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INTRODUCTION

One of ecology’s foremost challenges is to under-
stand how and when physical habitat heterogeneity reg-
ulates the structure and function of biotic communities.
Ecologists are well aware that habitat heterogeneity
exerts a strong influence on the distribution and abun-
dance of species, on species interactions, and on the
trophic structure of biological communities (MacAr-
thur and MacArthur 1961, Hilborn 1975, Levin 1976,
Hassell 1980, Hanksi 1981, Pacala and Roughgarden
1982, Abrams 1988, Kareiva 1990, Holt and Hassell
1993, and many others). There is general consensus
that loss of habitat heterogeneity is one of the most
serious problems threatening the persistence of natural
communities (Bell et al. 1991, Pickett et al. 1996, Dob-
son et al. 1997). This problem is being exacerbated by
many human activities that are simplifying the structure
of ecosystems—physical habitat heterogeneity is de-
clining, natural disturbance regimes are being removed
or simplified, and species pools are being homogenized
worldwide (Stanford et al. 1996, Daily 1997, Rahel
2000).
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While there has been a great deal of research on the
coupling between habitat simplification and the dy-
namics of populations and communities, ecologists
have only recently begun to explore how changes in
physical habitat heterogeneity influence important eco-
system-level processes such as primary production, de-
composition, or the cycling of nutrients (Gustafson
1998). A limited, but growing number of studies sug-
gest that the physical complexity of a habitat (i.e., the
number of distinct habitat or patch types composing
an ecosystem) is an aspect of heterogeneity likely to
exert strong control over ecological processes that
maintain the functioning of ecosystems (e.g., Pierce
and Running 1995, van Zyll De Jong et al. 1997, Gao
et al. 2000). However, the potential importance of phys-
ical habitat variability (i.e., the spatial variation of
physical properties within or between habitats) for eco-
system functioning remains largely unexplored. Rarely
have researchers held mean or median habitat condi-
tions constant in space or time and asked how vari-
ability of a physical parameter influences ecosystem
processes (Palmer et al. 1997a, c). Thus, there are few
examples where changes in ecosystem functioning can
be unequivocally attributed to habitat variability per
se, without confounding by changes in the most com-
mon physical environment. If physical habitat hetero-



February 2002 413HETEROGENEITY AND BIOFILM METABOLISM

geneity is critical to the functioning of ecosystems as
many ecologists have assumed, and habitat simplifi-
cation continues at its current pace globally, then much
additional work is required to understand how rates of
productivity, decomposition, and other ecosystem pro-
cesses respond to variation in the physical environ-
ment.

Streams and rivers have arguably experienced some
of the most dramatic forms of habitat simplification of
any type of ecosystem (Brooks and Gregory 1988, Al-
lan and Flecker 1993, Stanford et al. 1996, Sala et al.
2000). Within watersheds, the damming and straight-
ening of stream channels to control discharge have re-
duced spatial and temporal variability in the flow of
water through lotic ecosystems (Ligon et al. 1995, Poff
et al. 1997, Graf 1999). Within stream reaches, the
removal of physical structures such as woody debris
or beaver dams has eliminated important types of
stream habitat (Naiman et al. 1986, Frissell and Nawa
1992, Shields and Smith 1992). At smaller spatial
scales, the benthic habitats crucial to many stream or-
ganisms have been homogenized by increased rates of
erosion and sedimentation (Phillips 1993, Palmer et al.
2000). To the extent physical habitat heterogeneity is
required to maintain the diversity of ecological pro-
cesses that underlie the ecological integrity of ecosys-
tems, all of these forms of habitat simplification might
be expected to alter stream ecosystem functioning
(Power 1995, Meyer 1996). At present, however, there
is little empirical or theoretical basis from which to
draw predictions about how habitat simplification
might alter ecological processes in streams, or for that
matter, any other type of ecosystem.

In this paper, we present the results of a field ex-
periment that examined the effects of physical habitat
heterogeneity on key biotic processes in a stream. Our
research was unique in that we (1) carefully charac-
terized physical habitat heterogeneity in a quantifiable
manner, (2) manipulated habitat heterogeneity without
altering median values of the abiotic parameter of in-
terest, and (3) performed our experiment at the rela-
tively large spatial scale of whole riffle habitats. Thus,
we were able to unambiguously relate changes in eco-
logical processes to variation in the abiotic environ-
ment at a spatial scale that is relevant to stream func-
tioning. We focused our attention on geomorphic het-
erogeneity (variation in the size of stream bed sedi-
ments) within riffle habitats of streams because (1)
riffles are ‘‘hot spots’’ for many ecological processes
considered to be crucial for stream ecosystem func-
tioning (Allan 1995) and (2) geomorphic heterogeneity
within riffles can govern the dynamics of near-bed flow
(Nowell and Jumars 1984, Davis and Barmuta 1989,
Carling 1992) in ways that may influence ecosystem
processes (reviewed in Hart and Finelli 1999). Thus,
we hypothesized that geomorphic heterogeneity in
stream riffle habitats is an important determinant of
ecosystem processes. To test this general hypothesis,

we established reference sites as well as two treatments
of substrate heterogeneity by experimentally altering
variation in the size of benthic substrates in entire rif-
fles habitats. We then tracked the development of two
crucial stream processes, benthic productivity and res-
piration, over a 28-d period and tested for differences
in these processes between the two treatments.

METHODS

The study site

The experiment was performed in Milltown Creek,
a third-order tributary of the Catoctin River that drains
into the Potomac River in the Piedmont region of north-
ern Virginia, USA. Milltown Creek is a low-gradient
(1:125) mesotrophic stream fed by groundwater. Hu-
man impacts on the stream are relatively minimal as
the watershed is dominated by deciduous forest inter-
spersed with low-density housing. The particular reach
of the stream chosen for the experiment was a 1-km
section having a distinct pattern of alternating riffles
and pools flowing through a wooded area with an intact
riparian zone characterized by sycamore (Platanus oc-
cidentalis), box elder (Acer negundo), hackberry (Cel-
tis occidentalis), river birch (Betula nigra), tulip poplar
(Lioriodendron tulipfera), and the introduced multi-
flowered rose (Rosa multiflora). The channel in the
experimental section ranged from 2 to 5 m wide and
was dominated by coarse gravel (median particle size
55 mm). Water depth in the stream riffles averaged 5–
10 cm and near-bed velocity averaged 12 cm/s (Brooks
et al., in press). Our experiment was performed during
a 28-d interval in the late summer of 1998 (16 July–
12 August) when the stream had relatively constant
summer baseflow. The experiment was terminated after
changes in discharge on day 30 prevented us from
maintaining the experimental treatments.

Experimental design and manipulation of
heterogeneity

The experimental units were 10 riffle habitats, each
separated by at least one deep pool and, in most cases,
an unmanipulated riffle that was not part of the study.
The three most upstream study riffles were assigned to
be unmanipulated references, used to make a qualita-
tive assessment as to whether or not measured variables
were within the range of what occurs naturally in the
stream (as in ‘‘background reference sites,’’ Power et
al. 1998). All reference riffles were upstream of the
treatment riffles and were, therefore, unaffected by ma-
nipulations that took place in the treatment riffles. Of
the seven remaining study riffles, three were randomly
assigned to a low heterogeneity (LH) treatment and
four were randomly assigned to a high heterogeneity
(HH) treatment.

Prior to our manipulations of substrate heterogeneity
(,2 h), we imposed a disturbance of equal magnitude
on each of the treatment riffles to ensure that experi-
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mental units were comparable at the onset of the ex-
periment. The goal of this disturbance was to minimize
potential differences in initial conditions among riffles
so that our results could be decisively attributed to
treatment effects (i.e., not driven by differences in ini-
tial conditions). Working in an upstream to downstream
direction, we removed all substrates .5 cm (second-
axis diameter) from the stream bed of each riffle on 16
July 1998. Rocks were individually scrubbed on the
stream bank with a bottle brush, and rinsed of flora and
fauna, which were discarded (i.e., not returned to the
stream bed). Entire riffles were then raked three times
to a depth of 5–8 cm. Following raking, a team of
workers formed a line across the riffle and, while walk-
ing upstream to downstream, disturbed all substrates
to a depth of ;10 cm with their feet.

Immediately after disturbing the treatment riffles, we
manipulated habitat heterogeneity by altering spatial
variation in the size of benthic substrates in the riffle
habitats. In riffles assigned to the LH treatment, we
withheld the largest and smallest rocks from the stream
bed to narrow the particle size distribution (i.e., de-
crease variance) around the median particle size. In
riffles assigned to the HH treatment, we added a range
of rocks smaller and larger than the median to broaden
the particle size distribution (i.e., increase variance).
We periodically measured the size (second-axis di-
ameter) of 100 randomly selected rocks in each riffle
and iteratively adjusted particle size until we reached
predetermined levels of substrate heterogeneity. Sub-
strate heterogeneity was measured in two ways. First,
we used the particle size ratio d84/d50 (where di repre-
sents the particle size larger than the ith percent of
particles in the riffle), which is a measure of hetero-
geneity widely used by stream geomorphologists (Hey
and Thorne 1983, Wiberg and Smith 1991). As a sec-
ond, complementary, measure of substrate heteroge-
neity, we used the standard deviation from the median
particle size. Target levels of heterogeneity for the
treatments (d84/d50 of 2.5 for the HH treatment, and 1.5
for the LH) were greater than and less than background
levels in the stream (d84/d50 ø 2.0) and spanned the
maximum contrast that could be achieved using natu-
rally occurring bed material. We verified the integrity
of the treatments on day 20 of the experiment (August
5) by measuring the size of 100 randomly selected
particles along established transects in each riffle. Me-
dian particle size (d50) was compared between treat-
ments using a two-tailed t test, while the two measures
of substrate heterogeneity (the d84/d50 ratio, and the SD

of median particle size) were compared between treat-
ments using one-tailed t tests (because of the a priori
expectation that HH . LH).

Current velocity and turbulence

Flow velocity and turbulence intensity were mea-
sured at 20 randomly selected locations in each riffle
midway through the experiment (days 16–18). Read-

ings were collected using an acoustic Doppler velo-
cimeter (model 10-MHz ADV, Sontek, San Diego, Cal-
ifornia, USA) positioned to measure flow at 6–7 mm
above the stream bed. Interference by acoustic reflec-
tion from the stream bed (Finelli et al. 1999) prevented
data collection at ;30% of the selected locations.
When there was acoustic interference, the ADV was
moved within a 30-cm radius until a reliable reading
could be taken. We could not visually identify features
of the stream bed that consistently led to acoustic in-
terference; thus, we have no reason to believe this sam-
pling protocol was biased towards any particular sub-
strate type.

At all of the 20 randomly selected locations, three-
dimensional velocity was recorded at 25 Hz for two
minutes, yielding a time series of n 5 3000 data points.
Prior work indicated this length of time was required
to characterize turbulence within 5% of the true mean.
From each time series we computed velocity and tur-
bulent kinetic energy (TKE) at a sampling location as:

3000
2 2 2Ïu 1 v 1 wO i i i

n51velocity 5 (1)
n

1
2 2 2TKE 5 r(u9 1 v9 1 w9 ) (2)
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where u, v, and w are the orthogonal velocity vectors
measured by the ADV, u9, v9, and w9 are the mean
deviations from the respective vector means, and r is
the density of water (Bradshaw 1971). TKE was used
for this study (as opposed to other measures of tur-
bulence) because we felt that, as a measure of the tem-
poral variance in flow that is not standardized for mean
velocity, it best represents the true fluctuating forces
experienced by benthic organisms. The median of the
20 measurements of velocity and turbulence were used
to characterize the most common flow environment
near the stream bed of every riffle. Median velocity
and turbulence were compared between LH and HH
riffles using two-tailed t tests.

Benthic productivity and respiration

Productivity and respiration of the benthic biofilm
were measured on standardized substrates (unglazed
ceramic tiles) that were deployed in treatment riffles
at the start of the experiment (Fig. 1A). Clay or ceramic
tiles are commonly used media for measuring aquatic
biofilm metabolism, and are particularly useful for
making relative comparisons among treatments (Vol-
lenweider 1974, Steinman and Lamberti 1996). Im-
mediately after manipulation of substrate heterogene-
ity, 10 clean (i.e., bare) tile ‘‘units’’ were staked flush
with the surface of the stream bed at five equidistant
positions along two upstream–downstream transects in
each treatment riffle. Tile units (6.9 3 13.8 cm) con-
sisted of 18 individual tiles (5.29 cm2) connected by
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FIG. 1. (A) One of ten tile units that were placed on the benthic habitat of a low heterogeneity riffle. (B) The central
incubation site showing tiles sealed inside 0.5-L metabolism chambers being held at a constant temperature in water baths.
Also shown are examples of (C) low heterogeneity (LH) and (D) high heterogeneity (HH) riffles after manipulation of
substrate variability.

nylon lines in a 3 3 6 rectangular array. We also placed
tile units in the three reference riffles 90 d prior to our
manipulations of substrate heterogeneity. We assumed
that tiles in the reference riffles were fully colonized
by the time our study was begun, and that measure-
ments taken from these tiles represented ambient rates
of biofilm metabolism in the stream.

On several sampling dates after the manipulation
(days 4, 8, 15, 25 for treatment riffles; days 1, 4, 8,
15, 25 for reference riffles) we removed one tile from
eight randomly selected tile units in each riffle. These
eight individual tiles, meant to serve as subsamples of

a riffle, were placed together in a small tray containing
stream water and brought to a central incubation site
within 10 min. The central incubation site was a 1.0-m2

open canopy area of the stream (the same location for
all sampling dates) equipped with a portable generator
and two water baths. All eight tiles (i.e., subsamples)
from a given riffle were sealed together inside a 0.5-L
clear acrylic chamber (1 chamber per riffle) that was
filled with filtered (45 mm) stream water, and the cham-
ber was placed in a randomly selected position in one
of the two water baths (see Fig. 1B). The airtight cham-
bers had submersible pumps (run using the portable
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generator) that internally circulated water at a velocity
of 12.5 6 2.7 cm/s (mean 6 1 SD). This velocity was
chosen because it was comparable to the median ve-
locity of the stream (Brooks et al., in press), and was
an available setting on the pumps. Using the water
baths, we were able to hold water temperature in the
chambers at ambient stream temperature (the mean dif-
ference between chamber and stream temperature for
all sampling dates 5 0 6 18C [mean 6 1 SD]), and we
were able to keep temperature equal between treat-
ments (P . 0.24 for all ANOVAs comparing incubation
temperature between LH and HH treatments for the
four sampling dates). Further, by performing the in-
cubations at a central location we ensured that all tiles
experienced identical lighting conditions within a given
sampling date.

The rate of respiration of the benthic biofilm, which
included both autotrophic (RA) and heterotrophic (RH)
components, was determined by measuring oxygen up-
take in the chambers (Model 830 oxygen probe, Orion,
Beverly, Massachusetts, USA) during an incubation in
the dark (chambers were covered with sleeves of dark
fabric that prevented sunlight penetration). Following
the dark incubations, tiles inside the chambers were
exposed to ambient sunlight and the net metabolism of
the biofilm (gross primary production 2[RA 2 RH]) was
determined as the change in oxygen concentration over
a second incubation period. Gross primary production
of the biofilm, GPP, was calculated as the sum of net
metabolism and respiration (Bott 1996). Our technique
allowed incubations to be relatively short (45–60 min),
which is important for minimizing nutrient depletion
and supersaturation of oxygen that can be problematic
when using enclosed chambers to measure metabolism
(Bott et al. 1997).

Following measurements of productivity and respi-
ration, tiles were removed from the chambers, placed
in a cooler, and transported to the laboratory where the
biofilm was removed with a toothbrush. The biofilm
was suspended in a constant volume of water and ho-
mogenized by vigorous stirring. Subsamples ranging
from 10% to 100% of the total volume (depending on
biofilm density) were filtered onto 0.70-mm Whatman
GF/F filters (Whatman, Clifton, New Jersey), which
were stored in 90% ethanol for a minimum of 48 h
before being analyzed for algal biomass. Algal biomass
was determined spectrophotometrically as chlorophyll
a using methods of Steinman and Lamberti (1996) and
substituting the specific absorption coefficient for sam-
ples extracted in ethanol derived by Nusch (1980). Biof-
ilm respiration, GPP, algal biomass, and biomass-spe-
cific productivity (i.e., GPP/algal biomass) were com-
pared between treatments using mixed model repeated
measures ANOVAs (SAS 1996). We used gaussian co-
variance structures for these models, which is recom-
mended for repeated measures taken over unequal time
intervals allowing correlations between measurements
to decline as a function of time (Littell et al. 1996).

The probability of a Type I error was set at a 5 0.05
for all analyses.

RESULTS

There was no difference in the median size of par-
ticles (d50) between the LH and HH treatments (t 5
0.01, df 5 5, P 5 0.99, Fig. 2A). Median substrate size
for both treatments was within the range of what occurs
naturally in Milltown Creek (Fig. 2A), indicating that
our manipulations did not lead to aberrant particle siz-
es. There was a significant difference in the hetero-
geneity of particle sizes between the treatments (Fig.
2B, C). The geomorphic ratio d84/d50 averaged 1.5 times
greater in HH than in LH riffles (t 5 3.18, df 5 5, P
5 0.01, Fig. 2B), and the SD of the median particle
size averaged two times higher in HH than in LH riffles
(t 5 7.97, df 5 5, P , 0.01, Fig. 2C). These comple-
mentary measures of heterogeneity showed that vari-
ance in substrate size in the HH riffles was elevated
beyond what occurs naturally in Milltown Creek (com-
pare the HH treatment to maximum values of the ref-
erence riffles, Fig. 2B, C), while variance in the LH
riffles was reduced below what occurs naturally in the
stream (compare the LH treatment to minimum values
of the reference riffles, Fig. 2B, C).

Fig. 2D displays how the difference in substrate het-
erogeneity between the two treatments was achieved.
Increased heterogeneity in the HH riffles resulted from
a reduction in the proportion of particles ranging in
size from 55 to 140 mm and a concurrent increase in
the proportion of particles .140 mm. Reduced hetero-
geneity in the LH riffles was the result of an increased
proportion of particles ranging in size from 40 to 75
mm and a concurrent reduction in the proportion of all
particles .75 mm. Although our intention was to alter
both sides of the particle size distribution equally,
changes in riffle substrate size variability were mostly
achieved by altering the relative proportions of medium
(40–90 mm) and large (.90 mm) substrate sizes.

Manipulation of substrate heterogeneity led to con-
trasting flow environments in the treatment riffles. Me-
dian near-bed velocity was significantly faster in HH
riffles than in LH riffles (16.0 vs. 9.7 cm/s, t 5 3.17, df
5 5, P 5 0.03, Fig. 3A). Presumably, this occurred
because increasing the proportion of large particles in
HH riffles (Fig. 2D) restricted the area available for
water flow and caused velocity to increase via conser-
vation of momentum. The distribution of velocity mea-
surements in HH riffles was considerably wider (i.e.,
more variable) than in LH riffles due to both subtle
increases in the proportion of locations having extremely
low near-bed velocity and a substantial increase in the
proportion of locations having velocities .20 cm/s (Fig.
3B). Flow of water near the stream bed was also more
turbulent in HH than in LH riffles (t 5 3.25, df 5 5, P
5 0.02) with TKE at any given point on the stream bed
averaging 2.35 times higher in the HH treatment (Fig.
3C). Greater turbulence in the HH riffles resulted pri-
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FIG. 2. (A) The median particle size in a riffle (d50) and two measures of particle size heterogeneity: (B) the geomorphic
ratio d84/d50, and (C) the standard deviation from the median particle size. Histograms show the means 6 1 SE for N 5 3
low and N 5 4 high heterogeneity riffles measured on day 20 of the experiment. Columns marked with different letters are
significantly different from each other (t tests, P , 0.05). For comparison to natural characteristics of substrata in the stream,
dotted lines show the maximum and minimum values, and the solid arrows show the mean value of N 5 3 reference riffles
that were not manipulated during the experiment. Also shown is (D) the frequency distribution of all particle measurements
in the treatment and reference riffles. Smoothed trend lines are presented for clarity.

marily from a greater proportion of localities having
highly variable flow (Fig. 3D)—a pattern consistent with
how increased ‘‘roughness’’ of a stream bed can lead to
more complex flow patterns (Davis and Barmuta 1989).
In general, near-bed velocity and turbulence in LH riffles
were comparable to that documented in the reference
riffles, but velocity and turbulence in HH riffles were
substantially elevated above natural levels (compare
treatments to values for the reference riffles, Fig. 3).

Substrate heterogeneity had significant effects on the
rate of metabolism of the stream biofilm. The devel-
opment of benthic respiration in the two treatments
followed similar trajectories over the course of the ex-
periment (i.e., no treatment 3 day interaction, F4,20 5
1.10, P 5 0.38, Fig. 4A), yet the biofilm from the HH
riffles consistently consumed more oxygen than the
biofilm from the LH riffles (F1,5 5 17.06, P , 0.01,
Fig. 4A). Indeed, benthic respiration averaged 65%
faster in HH than in LH riffles over the course of our
measurements. The development of benthic respiration
in the treatment riffles occurred rapidly, with mea-
surements taken on day 4 ranging from 43% to 56%
of the maximum values observed in riffles during the
study. There was a decline in benthic respiration in the

treatments on day 8 that tracked an unexplainable de-
crease in respiration in the stream as a whole (i.e., note
the simultaneous decline in treatment and reference
riffles, Fig. 4A). Following this, respiration increased
to asymptotic values by day 15 of the experiment. For
all sampling dates, mean benthic respiration of LH
treatment riffles was below the minimum value that
occurred naturally in the stream (compare the LH treat-
ment to the range given for the reference riffles, Fig.
4A). In contrast, respiration in the HH treatment slight-
ly exceeded natural levels of respiration by day 25 of
the experiment (compare the HH treatment to the range
given for the reference riffles, Fig. 4A).

Substrate heterogeneity also had a significant affect
on the rate of benthic primary production. There was
no treatment 3 day interaction for GPP (F4,20 5 0.87,
P 5 0.50, Fig. 4B), indicating that the development of
benthic productivity followed similar trajectories for
the two treatments over the course of the experiment.
However, the biofilm from the HH riffles was more
productive per unit area than the biofilm from the LH
riffles (F1,5 5 6.98, P , 0.05, Fig. 4B). On average,
HH riffles exhibited 39% more gross productivity than
did LH riffles. Like biofilm respiration, the develop-
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FIG. 3. (A) Median velocity, (B) the frequency distribution of velocity measurements, (C) median turbulent kinetic energy
(TKE), and (D) the frequency distribution of TKE measurements in riffles on day 20 of the experiment. Data in plots (A)
and (C) are mean values 6 1 SE of N 5 3 low and N 5 4 high heterogeneity riffles. Columns with different letters are
significantly different from each other (t tests, P , 0.05). For comparison to natural characteristics of the stream, dotted
lines show the maximum and minimum values, and the solid arrows show the mean value of N 5 3 reference riffles that
were not manipulated during the experiment. Data in plots (B) and (D) represent all measurements collected in the treatments
and reference riffles with smoothed trend lines presented for clarity.

ment of GPP in the treatment riffles followed an as-
ymptotic response curve. GPP increased to within the
range that occurs naturally by day 8 of the experiment
(compare treatment to reference values in Fig. 4B).
Maximum values of GPP were reached by day 15 for
both treatments, after which, changes in GPP paralleled
ambient productivity of the stream.

Increased productivity in the HH riffles was not the
result of differing amounts of algal biomass in the two
treatments. Chlorophyll a, a commonly used estimate
of algal biomass (Nusch 1980, Steinman and Lamberti
1996), accumulated on tiles at the same rate in both
treatments (i.e., no treatment 3 day interaction, F4,20

5 0.23, P 5 0.92). The amount of chlorophyll a on
tiles in the treatment riffles was within naturally oc-
curring levels by day 8 of the experiment, after which
biomass accrual paralleled changes that were occurring
naturally in the stream (i.e., compare trends for treat-
ment riffles to trends for reference riffles in Fig. 4C).
There was no main effect of the treatments on chlo-
rophyll a densities (F1,5 5 0.01, P 5 0.94, Fig. 4C),
suggesting that, per unit algal biomass, the stream bio-
film collected from the HH riffles was more productive
than the biofilm from the LH riffles. Indeed, we found

a main effect of the treatments on biomass-specific pro-
ductivity (F1,5 5 9.14, P 5 0.03), which was consis-
tently higher in HH riffles over the duration of the
experiment (Fig. 4D).

DISCUSSION

There is currently much concern that human-induced
simplification of natural habitats may be altering the
functioning of ecosystems (Cairns 1995, Meyer 1996,
Daily 1997, Dobson et al. 1997, Palmer et al. 1997a,
c, Poff et al. 1997, Graf 1999). Yet, experimental ev-
idence that ecosystem-level processes respond to
changes in habitat heterogeneity, particularly changes
in the variability of physical parameters within a hab-
itat, is scarce. This study shows that physical habitat
heterogeneity does indeed influence the rates of key
ecological processes in a stream ecosystem. We were
able to manipulate variation in the size of benthic sub-
strata in entire riffle habitats without altering the most
common (i.e., median) particle size. We tracked the
development of two ecological processes, benthic pro-
ductivity and respiration, and found that both respond-
ed immediately and significantly to changes in riffle
habitat heterogeneity. The rate of respiration by the
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FIG. 4. (A) Respiration, (B) GPP, (C) algal biomass, and (D) biomass-specific productivity of the benthic biofilm on
standardized ceramic tiles colonized in the riffle habitats. Data points are the mean 6 1 SE of N 5 3 low heterogeneity, N
5 4 high heterogeneity, and N 5 3 reference riffles. Open triangles show the maximum and minimum values for the reference
riffles on each date. P values from repeated-measures ANOVAs comparing the LH and HH treatments are displayed for each
variable. Mean temperatures during incubation of the tiles were held at ambient stream temperature (day 1 5 23.58C, day 4
5 23.38C, day 8 5 23.48C, day 15 5 23.68C, and day 25 5 24.78C), and lighting conditions were identical for all tiles
within a date (see Methods).

stream biofilm averaged 65% greater in HH vs. LH
riffles while the rate of productivity in HH riffles was
39% higher on average. Elevated rates of productivity
did not result from greater accrual of algal biomass,
but rather, higher levels of biomass-specific productiv-
ity in HH riffles suggest that increasing substrate var-
iability accelerated benthic metabolism. Because our
experimental design allowed us to attribute changes in
metabolic processes to substrate variability per se, this
study indicates that altering the physical heterogeneity
of stream riffle habitats can indeed alter stream eco-
system functioning.

We originally intended to run this experiment beyond
25 d, but changes in stream discharge prevented us
from maintaining the experimental treatments. There
is, however, reason to believe the study was sufficiently
long to assess the full development of biofilm func-
tioning. Benthic respiration and productivity in this
stream reached maximum values within 15 d, and by

the end of the experiment (day 25) both processes were
comparable to and were tracking changes in metabo-
lism in the references riffles. These trends are similar
to the development of biofilm metabolism documented
in other stream studies where respiration and produc-
tivity on bare or recently disturbed substrata frequently
attain $50% of maximal values in 3–8 d, and maximal
values within 12–20 d (Fisher et al. 1982, Osborne
1983, Grimm 1987, Stock and Ward 1988, Jones and
Lock 1989, Claret 1998, Uehlinger and Naegeli 1998,
Romani and Sabater 1999). Thus, the duration of our
experiment should have been sufficient to identify more
than just transient responses of biofilm functioning to
changes in riffle heterogeneity.

Our data indicate a rapid response of biofilm activity
to the treatments of substrate heterogeneity. The lack
of any treatment 3 day interaction for biofilm respi-
ration or productivity (Fig. 4A, B) indicates that di-
vergence in metabolism between treatments was estab-
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lished by the first sampling date. Thus, the proximate
cause of differences in metabolism between the treat-
ments must have been established immediately after
manipulation of the riffles, and was influential during
early colonization of the tiles. We can think of at least
three mechanisms that potentially explain how geo-
morphic heterogeneity in riffles affected the rates of
benthic respiration and productivity in this manner.
First, increased velocity and turbulence associated with
greater physical heterogeneity may have directly stim-
ulated metabolism of the stream biofilm. Substrate het-
erogeneity can influence near-bed hydraulics in streams
(Nowell and Jumars 1984, Davis and Barmuta 1989,
Carling 1992), and hydraulics constrain processes that
are mediated by biota (reviewed by Hart and Finelli
1999). At subscouring levels of discharge, algal pro-
ductivity generally increases as velocity and turbulence
increase (Stevenson 1996, Biggs et al. 1998, Hart and
Finelli 1999), presumably because velocity and tur-
bulence are associated with the flux of nutrients, gasses,
and organic matter that can limit the metabolism of
benthic biota. Thus, changes in the flow environment
of the high heterogeneity riffles may have stimulated
benthic productivity and respiration by increasing the
delivery rate of nutrients and gasses and/or by reducing
the size of the benthic boundary layer that limits dif-
fusion.

A second possibility is that productivity and respi-
ration differed between the treatments because of
changes in the species composition of the biofilm. The
structure and composition of the biofilm is sensitive to
near-bed flow, and increasing velocity and turbulence
can induce shifts in dominance to algal taxa that have
a more prostrate physiognomy adapted to higher flow
conditions (Stevenson 1990, 1996, Biggs et al. 1998).
Because taxa with different physiognomy can differ in
their rates of metabolism (Steinman et al. 1992), chang-
es in productivity and respiration could have resulted
from shifts in community composition as greater sub-
strate heterogeneity increased flow velocity and tur-
bulence. While we did not note any qualitative differ-
ences in the physiognomy of the algae that colonized
the tiles (i.e., all tiles appeared to be dominated by
diatoms with no evidence of filamentous algae), a full
characterization of the structure of the biofilm was be-
yond the scope of this study. Therefore, we do not have
any evidence that helps us to distinguish between these
first two potential explanations. However, whether sub-
strate heterogeneity influenced ecological processes via
stimulation of metabolism by individual taxa in the
biofilm, or via changes in the species composition of
the biofilm, alterations to near-bed flow were the most
likely intermediary.

A third potential explanation for the differences in
productivity and respiration between treatments is that
there were differences in the magnitude of top-down
control by grazers. Herbivores can increase or decrease
the metabolism of a biofilm depending on how they

influence competitive interactions among algae and
bacteria (see Feminella and Hawkins 1995). If substrate
heterogeneity affected the abundance or composition
of grazers, either directly by means of substrate pref-
erences or indirectly via changes in flow, then this
could have resulted in differential grazing intensity be-
tween the two treatments and contributed to contrasting
rates of ecological processes. However, data collected
concurrently with ours suggest this was not the case.
A companion study, which monitored the abundance
and species composition of the dominant consumers of
organic matter (macroinvertebrates) during the same
period our study was performed, found no effect of
habitat heterogeneity on the total abundance of ma-
croinvertebrates in the riffles, or on the abundance of
invertebrate herbivores (Brooks et al., in press). That
study also could not identify any significant difference
in the species composition of herbivores inhabiting LH
and HH riffles. The fact that LH and HH riffles con-
tained approximately the same abundance of a similar
complement of herbivores suggests that the effects of
habitat heterogeneity on ecosystem functioning were
not mediated by a consumer response to heterogeneity.

Streams are known to play a vital role in the main-
tenance of the biosphere by influencing the flux of min-
erals, nutrients, and energy between terrestrial and ma-
rine environments, by influencing the decomposition
of organic and inorganic wastes, and by contributing
to the overall productivity of landscapes (Freckman et
al. 1997, Palmer et al. 1997b, Covich et al. 1999). But
it is widely recognized that humans are simplifying the
physical structure of streams and rivers in ways that
may compromise their ability to perform these vital
ecological functions (Allan and Flecker 1993, Cairns
1995, Poff et al. 1997, Richter et al. 1997, Ricciardi
and Rasmussen 1999). While human-induced habitat
simplification is becoming increasingly common at all
scales within watersheds, it is particularly prevalent at
the scale our experiment was performed. Indeed, lo-
calized changes in the rates of erosion and sedimen-
tation exert great impacts at the riffle and reach scales
eliminating critical habitat for stream biota (Phillips
1993, Palmer et al. 2000). Common management and
restoration practices attempt to conserve physical hab-
itat heterogeneity or increase it via morphological im-
provements of the stream bed and/or the addition of
in-stream structures (Gore and Shields 1995, Jungwirth
et al. 1995, Muhar et al. 1995, Muhar 1996, Stanford
et al. 1996, Palmer et al. 1997a). Therefore, our finding
that variation in particle sizes at the riffle scale influ-
ences ecosystem functioning (primary production and
benthic respiration) is pertinent to both real world per-
turbations in streams and to the common management
responses to those perturbations. Given that human-
induced simplification of habitats may be altering nu-
merous aspects of physical heterogeneity potentially
important for ecosystem-level processes, much addi-
tional research is needed to understand the links be-
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tween heterogeneity and the functioning and sustain-
ability of ecosystems.
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