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Effects of habitat isolation on the recovery of
fish assemblages in experimentally defaunated
stream pools in Arkansas

David George Lonzarich, Melvin L. Warren, Jr., and Mary Ruth Elger Lonzarich

Abstract: We removed fish from pools in two Arkansas streams to determine recolonization rates and the effects of
isolation (i.e., riffle length, riffle depth, distance to large source pools, and location), pool area, and assemblage size on
recovery. To determine pool-specific recovery rates, we repeatedly snorkeled 12 pools over a 40-day recovery period.
Results indicated the effects of isolation on percent numerical recovery, but no effects of pool area or assemblage size.
Numerical recovery of assemblages in pools separated from neighboring pools by short riffles occurred by day 30
whereas more isolated pools had not reached 70% numerical recovery by day 40. Recovery also was more rapid in
downstream pools and in pools that were closer to large source pools. Finally, recovery patterns differed among species
and size-classes, with large fish (<lo0 mm total length) recolonizing pools more rapidly than small fish. This is the
first study to quantify species- and assemblage-level recolonization rates at the scale of individual pools and the effects
of isolation on recovery. The findings of this study have potentially important implications for research aimed at
understanding the ecology of stream fishes and predicting the consequences of land-use activities.

RCsumC  : Nous avons recueilli des poissons dans certaines des fosses de deux tours  d’eau de 1’Arkansas  pour &valuer
la vitesse de repeuplement et les effets de l’isolement (c-h-d. longueur et profondeur des rapides, distance jusqu’aux
grandes fosses d’origine et emplacement), de la superficie de la fosse et de la taille des assemblages sur le
repeuplement. Pour dtterminer la vitesse de repeuplement en fonction de la fosse, nous  avons inspect6 en plongCe libre
12 fosses a plusieurs reprises durant une pCriode de 40 jours. D’apres les rCsultats  obtenus, nous  avons conclu que
l’isolement influe sur le repeuplement numgrique, tdndis que la superficie de la fosse et la taille des assemblages n’ont
pas d’effet. La reconstitution numCrique  des assemblages Ctait compl&e au 30” jour dans les fosses sCparCes  des autres
fosses par de courts rapides;  dans les fosses plus isolCes, elle n’avait pas atteint 70 % au 40e jour. Nous avons aussi
constat  que le repeuplement Ctait plus rapide dans les fosses d’aval, ainsi que dans celles  qui se trouvaient plus prks
des grandes fosses d’origine. Par ailleurs, le mode de repeuplement diffkre selon l’espkce et la classe de taille, les
poissons de grande taille (longeur totale ~100  mm) repeuplant les fosses plus rapidement que les poissons de petite
taille. C’est la premigre fois qu’on quantifie le repeuplement en fonction de l’espbce et de la taille des assemblages
dans des fosses individuelles et qu’on tvalue l’effet de l’isolement. Les rCsultats  de nos travaux pourraient &tre d’une
grande utilitC pour 1’Ctude  de 1’Ccologie  des poissons des milieux lotiques et pour la prCvision  des cons6quences des
diffkrentes formes d’utilisation des ~01s.

[Traduit par la RCdaction]

Introduction
Episodic disturbances, such as floods and droughts, con-

tribute significantly to the organization and stability of
stream communities by affecting the abundance and distribu-
tion of fishes (Meffe 1984; Erman et al. 1988; Pearsons et
al. 1992;  Strange et al. 1992). The rate of community recov-
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ery from these disturbances will depend strongly on how
rapidly different fish species recolonize disturbed stream
segments. A large body of evidence indicates that recoloni-
zation of disturbed stream segments by fishes can be fairly
rapid (~1 year, e.g., Niemi et al. 1990). Recovery of fish as-
semblages in short reaches and habitat units can occur on a
scale of days and weeks (Peterson and Bayley 1993; Shel-
don and Meffe 1995). Nevertheless, research thus far has
revealed little about physical factors that contribute to recov-
ery, especially at small spatial scales (Detenbeck et al.
1992).

One significant shortcoming of research on fish recoloni-
zation is the typical use of invasive postdisturbance sam-
pling methods that permanently remove fish from surveyed
habitats and thereby alter natural recovery patterns. This ap-
proach precludes use of repeated sampling of defaunated
habitats that is necessary to accurately determine rates of re-
covery associated with different habitat conditions (e.g.,
habitat size, habitat complexity). Sheldon and Meffe (1995)
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Fig. 1. Location of 12 experimental and 6 control pools in Long
and Blaylock creeks. Upstream pools are represented by solid
circles and downstream pools by open circles.

\

et al. 1991; Lonzarich and Quinn 1995). By contrast, little
attention has been given to the ecological effects of habitat
isolation (but see Gerking 1953) even though the distribu-
tion of habitats can be altered by land-use activities (Karr
and Schlosser 1978). One potentially important consequence
of changes in the spatial distribution of habitats may lie in
the ability of fish to track resources and move among suit-
able habitat types (e.g., pools). In gaining access to suitable
habitats, pool-dwelling fishes may need to cross habitats,
such as shallow-water riffles, that can either have high en-
ergy costs or pose high predation risks (Harvey and Stewart
1991; Lonzarich and Quinn 1995). Because the ability of
fish to track changes in resources will be influenced by the
costs associated with movement, the distance between habi-
tats or the depth of corridors may contribute significantly to
patterns of assemblage recovery.
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speculated that differences in fish recolonization rates in up-
stream and downstream pools may have been due to distance
from source populations or differences in habitat characteris-
tics. Their study provided insights into the mechanisms that
shape patterns of recolonization, but many questions about
the ecology of fish recolonization and resilience of fish com-
munities remain unanswered. For example, will fish assem-
blages in small habitat units recover more rapidly than
assemblages in large habitats by virtue of differences in the
size of assemblages? Is colonization influenced by the de-
gree to which stream habitats are isolated from one another,
as would be predicted by island biogeography theory (Mac-
Arthur and Wilson 1967)?

Identifying the effects of habitat disturbance on biotic re-
covery would at the very least require comparisons of recov-
ery rates across habitats that differ in quality. However, we
suspect that it also important to examine the influence on re-
covery of the spatial distribution of habitats in specific
stream segments. The size and distribution of habitats (e.g.,
pools, riffles) in a stream segment may influence fauna1 re-
covery in disturbed areas by influencing rates of movement
between equivalent habitat types (e.g., pools) and the com-
position of potential colonists. Many studies have examined
the consequences of land-use activities on habitat quality
and the ecology of stream fishes (e.g., Shirvell 1990; Hicks

In this study, we examine patterns of recolonization of
fishes in experimentally defaunated stream pools standard-
ized to evaluate the effects of isolation on fauna1 recovery.
To develop estimates of recovery rates for individual pools
and habitat conditions, we conducted repeated snorkeling
surveys of experimental pools over a 40-day period. Our ex-
perimental design allowed us to evaluate effects on recovery
of several factors contributing to isolation of a pool habitat:
the distance between pool habitats, the depth of corridors be-
tween pool habitats (i.e., riffles), the distance to large
“source” pools, and location in the drainage. Our primary
objectives were to (i) estimate pool-scale recovery rates of
fishes and (ii) evaluate the influences on recovery rates of
pool isolation and two other potentially important factors:
pool area and predisturbance assemblage size.

Materials and methods

Site selection
We carried out experiments between July and August 1995 in

two tributary streams of the Little Missouri River in the Ouachita
National Forest, Arkansas (34”22’30”  lat., 93O.52’30”  long., Fig. 1).
Long and Blaylock creeks are relatively short (~20 km), low-
gradient systems that flow through forested and mountainous ter-
rain. General characteristics of the streams included bedrock, cob-
ble, and gravel substrates, dense riparian vegetation, and well-
developed pool and riffle habitats. Previous research has shown
that the proportion and average size of pool and riffle habitats in
the two streams were very similar (Clingenpeel 1994). Likewise,
fish assemblages in the two creeks were nearly identical when
measured in terms of species composition, rank dominance, and
densities (D.G. Lonzarich, unpublished data, Table 1). Based pri-
marily on differences in the length of adjacent riffles, we selected
12 experimental pools in the two streams (six in each stream) and
assigned them to one of two treatment categories: (i) short-riffle
pools and (ii) long-riffle pools. Short-riffle pools were separated
from the adjacent upstream and downstream pools by riffles ~10 m
(mean = 9.1 m) (Table 2). Long-riffle pools were separated from
adjacent pools by riffles that were at least 20 m long, although this
distance typically exceeded 35 m (mean = 46 m). Along with riffle
length, we examined the effect of pool position on recovery by as-
signing the 12 pools into upstream and downstream categories
(Fig. 1).

In addition to the 12 experimental pools, we randomly selected
six pools as unmanipulated controls (Table 2). Although we did not
remove fish from these pools, we monitored their assemblages in
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Table 1. Comparisons of fish densities (individuals/m*) for target species in the two study streams.

Species Blaylock Creek Long Creek
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Central stoneroller (Cumpostoma anomalurn)
Striped shiner (Luxilus chlysocephulus)
Creek chub (Semotilus utromuculatus)
Orangebelly darter (Etheostoma radiosum)
Yellow bullhead (Ameiurus natulis)
Longear  sunfish (Lepomis megalotis)
Northern studfish (Fund&us cutenatus)
Bigeye shiner (Notropis boops)
Greenside darter (Etheostomu blennioides)
Smallmouth bass (Micropterus dolomieu)
Northern hog sucker (Hypentelium nigricuns)
Redfin shiner (Lythrurus umbratilis)
Bluntnose minnow (Pimephules notutus)
Green sunfish (Lepomis cyunellus)
Blackspotted topminnow (Fundulus  olivuceus)
Freckled madtom (Noturus nocturnus)
Logperch  (Percina cuprodes)
Rock bass (Ambloplites rupestris)
Slender madtom (Noturus exilis)

0.80
0.47
0.38
0.16
0.06
0.05
0.05
0.03
0.02
0.02
0.01
0.01
*
*

0.82
0.56
0.17
0.16
0.04
0.11
0.06
0.03
0.02
0.03
0.02
0.01

Total density 2.06 2.03

Note: Estimates are based on electrofishing surveys of 24 pools in each of the two streams conducted in summer 1994
(D.G. Lonzarich, unpublished data). An asterisk indicates that fewer than five individuals were collected at all sites
combined.

the same way as for the experimental pools. We added controls to
describe the natural dynamics of pool assemblages and to identify
the presence of any temporal trends that could have influenced in-
terpretations of biotic recovery in the experimental pools.

For each pool, we measured total length, width, area, maximum
depth, substrate composition (boulder, cobble, gravel), distance to
the stream mouth, and distance to the nearest large pool (>250  m2).
Biological characteristics measured included species richness, total
assemblage, and individual species densities. With the exception of
riffle length, the average physical dimensions, species richness,
and fish densities of the riffle treatments were not different (Ta-
ble 2, P s 0.05, two-sample t-test), although the statistical power
of tests on physical habitat variables was generally low @ > 0.90).
Typically, downstream pools were larger and bordered by deeper
riffles than those upstream (Table 2, P < 0.05, two-sample t-test).
On average, control pools were smaller and had higher fish densi-
ties than experimental pools.

Fish surveys
In this study, we focused on a subset of the fish species in the

two streams. Because of concerns with sampling efficiency, we did
not include small juvenile fishes (~25  mm) or bottom-dwelling
species that often hide within the substrate and become difficult to
locate using visual census techniques. Bottom-dwelling species not
surveyed included northern hog sucker (Hypentelium nigricans),
orangebelly darter (Etheostomu rudiosum), greenside darter (Eth-
eostoma blennioides), and yellow bullhead (Ameiurus natalis).
Numerically, these species and small juveniles were a minor com-
ponent of the pool assemblages in the study streams, generally ac-
counting for ~10%  of all fish collected by electrofishing. Species
collected in this study included central stoneroller (Cumpostoma
anomulum), striped shiner (Luxilus chrysocephulus), redfin shiner
(Lythrurus umbrutilis), bigeye  shiner (Notropis boops), northern
studfish (Fund&us catenutus), creek chub (Semotilus atromucu-
latus),  longear  sunfish (Lepomis me&Otis),  and smallmouth bass
(Micropterus dolomieu). Because the last three species ranged con-

siderably in size, we distinguished two size categories: small (25-
100 mm total length) and large fish (>lOO  mm total length).

We removed fish from experimental pools by isolating each
pool with 6-mm-mesh block seines and sampling with a Smith-
Root battery-powered, backpack electrofisher. Pools were then
sampled between four and seven times until no fish were collected
on two consecutive passes. When removed from experimental
pools, individuals were either sacrificed or relocated up to 500 m
downstream into pools below barriers that prevented upstream
movement. We evaluated the effectiveness of the electrofishing
technique in removing target species by conducting snorkeling sur-
veys in the isolated pools immediately upon the completion of
sampling. In snorkeling counts of six of the 12 experimental pools,
we observed only three fish that belonged to the target group of
species.

Snorkeling census
We censused fish in experimental pools by snorkeling immedi-

ately prior to electrofishing (day 0, predisturbance census) and
then 1, 3, 10, 20, 30, and 40 days following the removal of target
species. Control pools were snorkeled at lo-day intervals for
40 days. To minimize observer error, the same observer conducted
surveys of all pools censused, and on each date, two consecutive
censuses were performed at each control and experimental site.
The mean of these two counts was used in statistical analyses. We
evaluated the precision of this census technique by comparing
snorkeling data with electrofishing data for the fish predisturbance
census.

To confirm that riffles would not contribute a significant number
of colonists to experimental pools, we electrofished six upstream
riffles adjacent to treatment pools (three long-riffle and three short-
riffle pools) on the final day of the recovery experiment. The re-
sults indicated that fish assemblages in riffles were very different
from those in pools. Riffles contained only five of eight target spe-
cies and lower numbers and smaller fish than pools (Table 3).
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Table 3. Catch-per-unit-effort (CPUE) and size of target species
in Long and Blaylock creeks.

Mean standard length
CPUE (max. standard
(fish/100 m2) length) (mm)

Species Riffle Pool Riffle Pool

Central 1.2 * 9.0 57 (82) 60 (103)
stoneroller

Striped shiner 0.5 * 5.1 55 (108) * 69 (104)
Smallmouth bass 0. I 0.4 50 (63) * 96 (207)
Redfin shiner <O.l * 0.1 50 (64)
Bigeye shiner co.1 0.3 48 (48) 51 (52)
Creek chub 0.1 * 0.9 63 (95) * 97 (155)
Northern <O.l * 0.7 72 (85) 70 (95)

studfish
Longear  sunfish 0.0 * 1.0 77 (116)

Total 1.90 * 17.3

Note: Values represent means from six pools and six associated riffles
in the two streams. Significant differences: *P < 0.05 (two-sample t-test).

From these findings, we were confident that riffles did not provide
a significant source of colonists to the experimental pools.

Statistics
Results from both streams were combined in all statistical anal-

yses unless we detected significant differences in recovery between
the two streams. We estimated pool-specific recovery rates (per
day) for assemblages (species richness, percent similarity, total
numbers), target species (numbers), or target size-classes (num-
bers) by linear regression analysis. Percent similarity was calcu-
lated using the percent similarity index (Wolda 1981). Because the
absolute number of fish in control and experimental pools varied
widely, we determined a relative number of fish for each pool by
dividing counts (individuals per pool) obtained for any post-
disturbance census by counts obtained on day 0. The model that
best explained the relationship between time and recovery had the
following linear form:

ln(Recovery) = In(a) + b ln(day + 1)

where ln(Recovery) represented the natural log of either assem-
blage (species richness, percent similarity. or relative numbers),
species, or size-class recovery and b, the regression coefficient,
represented the recovery rate (In(Recovery)/ln(day  + 1) - In(a)).
Although assemblage and species recovery rates generally declined
towards an asymptote over time, we did not use an asymptotic re-
gression model in these analyses. For our data, asymptotic regres-
sions did not explain changes in recovery as well as logrithmic
regressions. The same conclusion was reached in a similar study
by Sheldon and Meffe (1995).

We used ANOVA  and regression models to evaluate patterns of
recovery between treatment groups and across pools. To test
whether recovery differed between pools in each of the two treat-
ment categories (riffle length and pool position), we compared
mean recovery rates (b) for treatment categories using a two-way
ANOVA.  We used one-way ANOVA  to compare differences in
mean recovery rates among species and between size-classes. We
determined the effects of other independent variables (i.e., riffle
depth, distance to large pool, pool area, and predisturbance assem-
blage size) on pool-specific recovery rates by least squares regres-
sion analysis. Finally, we generated multiple regression models to
describe the relative importance of each independent variable on
assemblage recovery rates. Only uncorrelated variables were in-
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Table 4. Comparison of mean fish densities (individuals/m’ f
1 SE) estimated from electrofishing and snorkeling surveys of
12 treatment pools in Long and Blaylock creeks.

Species

Central stoneroller
Striped shiner
Longear  sunfish
Creek chub
Northern studfish
Redfin shiner
Bigeye  shiner
Smallmouth bass

Total densitv

Electrofishing Snorkeling

0.61iO.23
0.24iO.03
0.08*0.02
0.07*0.03
0.03+0.01
‘0.03*0.01
0.02*0.01
0.02~0.01

0.62kO.22
0.24&0.03
0.1 lkO.04
0.09*0.04
0.06*0.03
0.03~0.01
0.03+0.02
0.02~0.01

1.10+_0.26 1.21i0.29

eluded in this analysis. We performed log-transformations on data
that deviated significantly from normality.

Results for control pools were examined by regression analysis
to evaluate temporal variation in species richness, percent similar-
ity, and assemblage and species relative numbers. Comparisons of
results for control and experimental pools were made on days 0,
10, 20, 30, and 40 using two-sample r-tests.

Results
Snorkeling surveys produced results that were comparable

with those obtained in electrofishing surveys. Estimates of
total fish per pool for the two methods were highly corre-
lated (Pearson product-moment correlation coefficient, r =
0.95, IZ = 12, P < 0.01). Further, there was little difference
between the two methods in the average densities of individ-
ual species and species rank (Table 4). Average assemblage
similarity between the two techniques was 95%.

When measured in terms of species richness and percent
similarity, the recovery of assemblages to predisturbance
conditions occurred relatively rapidly and at similar rates in
all 12 pools (Figs. 2a and 2b). Pool-specific recovery rates
in species richness and overall percent similarity were not
associated with any measured physical (riffle length, pool
size, distance to large pool) or biological variable (initial as-
semblage size, P > 0.20). On average, the number of species
per pool exceeded 50% of predisturbance values by day 10.
By day 20, species richness stabilized, although at a value
slightly lower than the predisturbance mean (Fig. 2~).  With
the exception of day 1, the mean number of species in ex-
perimental pools was not significantly different from means
in control pools across all comparable dates (P > 0.30). Pat-
terns of recovery based on percent similarity were similar to
patterns described for species richness (Fig. 2b). Pool as-
semblages recovered to nearly 80% (range 49-89%) of their
predisturbance composition by day 3 and fluctuated only
slightly over the remainder of the recovery period. Species
dominant in initial surveys (e.g., central stoneroller, striped
shiner, creek chub) remained dominant during the recovery
period. In control pools, percent similarity values (relative to
initial assemblage structure) varied only slightly over the
40-day period (range 78-98%).  Moreover, percent similarity
values from control and experimental pools for comparable
dates generally were very similar.

Species that returned most rapidly to experimental pools
included the two most common and widespread species,

Fig. 2. Temporal trends for three assemblage characteristics
(species richness, percent similarity, percent numerical recovery)
in experimental (solid lines) and control pools (broken lines).
Error bars represent + 1 SE. Significant differences between
control and experimental pools on comparable dates are
indicated (*P < 0.05, two-sample t-tests).
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central stoneroller (1.6 days) and striped shiner (1 day), but
also two relatively uncommon species, bigeye  shiner
(2 days) and northern studfish (5.3 days). Redfin shiner was
the slowest to recolonize the pools (19.2 days) and was also
the least common species in the two streams.

In contrast with species richness and similarity, percent
numerical recovery of assemblages occurred at a relatively
slow rate (Fig. 2~). Typically, the relative number of fish
increased rapidly during the earliest phases of the
recolonization period, with some pools achieving 50% of
their predisturbance numbers by day 3. Towards the conclu-
sion of the recovery period, the number of fish per pool gen-
erally stabilized or increased very slowly. The number of
fish in control pools varied more dramatically than values
for species richness and percent similarity and appeared to
increase slightly over the course of the study period (? =
0.11, P = 0.09) (Fig. 2~). Unlike species richness and per-
cent similarity, the mean number of fish in experimental
pools was lower than the mean number of fish in control
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Table 5. Two-way ANOVA  results showing effects of riffle
length and pool position in the drainage on numerical recovery
rates.

Source Sum of squares df F-ratio P-value

Length 0.009 1 26.7 <O.Ol
Position 0.004 1 12.4 <O.Ol
Position x Length 0.001 1 3.6 0.10
Error 0.002 8

pools on all comparable dates except day 40 (two-sample
t-test).

Numerical recovery was influenced strongly by factors
that isolated experimental pools from potential colonists. We
detected significant within-treatment differences in recovery
rates for both riffle length and pool position (P < 0.05, two-
way ANOVA)  (Table 5). Recovery patterns were similar in
the two streams, and significant relationships between time
and recovery were found for all 12 experimental pools. For
both upstream and downstream sites, numerical recovery
was much more rapid in pools isolated by short riffles than
by long riffles (Fig. 3). In short-riffle pools, assemblages
reached full numerical recovery by day 30 whereas assem-
blages in long-riffle pools reached only 75% of their pre-
disturbance densities by day 40. For the entire recovery
period, th? mean (+ 1 SE) recovery rate (b) in large-riffle
pools was 30% lower (0.13 + 0.01) than the rate for short-
riffle pools (0.19 f 0.01). Consistent with the assemblage-
level results, numerical recovery for individual species was
more rapid in short-riffle pools (Table 6). Of the eight target
species, two showed significant between-group differences
in recovery over time.

Pool location in the drainage also had an effect on numer-
ical recovery. For both long- and short-riffle pools, upstream
assemblages recovered more slowly than those downstream
(Fig. 3). On average, assemblages in downstream pools
achieved full recovery by day 30 of the recolonization pe-
riod whereas assemblages in upstream pools had not reached
70% recovery by day 40. The mean recovery rate (+ 1 SE)
for assemblages in upstream pools was 30% lower (0.13 f
0.01) than downstream sites (0.18 f 0.01). Three of seven
species that occupied both upstream and downstream loca-
tions recovered to predisturbance numbers more rapidly
downstream (Table 6).

The remaining factors that were associated with numerical
recovery of assemblages were riffle depth and the distance
to nearest large source pool. By contrast, neither predisturb-
ante  assemblage size nor pool area influenced numerical re-
covery rates of assemblages (? = 0.01, P > 0.50). Riffle
depth had a positive effect on numerical recovery rates (2 =
0.37, P < 0.05),  although this relationship was confounded
by pool position. We found no relationship between numeri-
cal recovery rate and riffle depth when we tested pools
within each position category separately. Numerical recov-
ery rates of assemblages were correlated negatively with the
distance to large source pools (2 = 0.44, P < 0.05). This pat-
tern held even when we tested pools within each riffle length
or pool location category independently.

When we combined all independent variables in a multi-
ple regression analysis, the resulting model included riffle

Fig. 3. Comparisons of percent numerical recovery for the riffle
length and upstream and downstream treatment categories. Error
bars represent f 1 SE. Data points and error bars are offset to
increase clarity.
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length (Length), distance to large source pool (Distance),
and riffle depth (Depth) as significant predictors of pool-
specific numerical recovery rates (P < 0.01). The model b =
0.21 - 0.01 In (Distance) - O.O55(Length)  + O.O06(Depth)
explained nearly all of the variation in recovery rates among
the 12 pools (2 = 0.95).

Size-class and species comparisons
Broad differences were detected in the recovery rates of

size-classes and different taxonomic groups (Fig. 4). Large
fish recolonized experimental pools at a faster rate (b =
0.19) than small fish (b = 0.13) (P < 0.05, one-way
ANOVA).  For species included in this comparison (small-
mouth bass, creek chub, and longear sunfish), large fish
completely recovered to their predisturbance numbers by
day 30. Small individuals had not even achieved 70% nu-
merical recovery by the same date. Among the most com-
mon species in the two streams, three (smallmouth bass,
central stoneroller, and longear sunfish) returned to pre-
disturbance abundances by day 40 (Figs. 4b and 4~). By
contrast, recovery rates for creek chub and striped shiner
were much slower (P < 0.01, one-way ANOVA).  For creek
chub, numerical recovery was just slightly greater than 50%
by day 40 (Fig. 4~).

Discussion

General trends in recovery
For general patterns of recovery across all 12 pools, we

found rapid recovery (~40  days) in overall numbers, species
richness, and percent similarity in experimental pools of
Long and Blaylock creeks. Average values of all three mea-
sures of assemblage structure (species richness, percent sim-
ilarity, and relative numbers) and relative numbers of most
species and size-classes returned to predisturbance levels by
the end of the 40-day sampling period. We attribute this high
degree of resilience and predictable structure of assemblages
to recolonization rates by species and size-classes in propor-
tion to their abundance in neighboring habitats. However, it
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Table 6. Species regression coefficients (* 1 SE) showing recovery rates (b) for different treatments.

Riffle length Location in drainage

Species Long Short Upstream Downstream

Central stoneroller 0.13 * 0.21 0.15 * 0.19
0.03 0.03 0.04 0.02

Striped shiner 0.10 * 0.15 0.09 * 0.14
0.02 0.01 0.02 0.02

Smallmouth bass 0.17 0.20 0.19 0.17
0.01 0.02 0.05 0.01

Creek chub 0.10 0.08 0.11 0.08
0.02 0.03 0.03 0.02

Longear  sunfish 0.15 0.18 0.13 * 0.20
0.02 0.03 0.02 0.02

Redfin shiner 0.27 0.25 0.19 P < 0.10 0.34
0.03 0.08 0.03 0.08

Bigeye shiner 0.28 0.35 0.32
0.01 0.08 0.04

Northern studfish 0.14 0.15 0.09 P < 0.10 0.19
0.06 0.03 0.02 0.05

Note: Coefficients were derived using the following model: ln(Percent recovery) = In(a)  + bln(day + 1). Significant
differences: *P < 0.05 (one-way ANOVA).
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should be noted that this type of proportional colonization
was not always evident for individual species (i.e., creek
chub and striped shiner).

General trends in assemblage and species recovery de-
scribed in this study were similar to those of two recent
studies that investigated fish recolonization at the scale of
habitats and short stream reaches (e.g., Peterson and Bayley
1993; Sheldon and Meffe 1995). Peterson and Bayley (1993)
recorded assemblage recovery in ~10 days in stream reaches
ranging from 46 to 113 m and Sheldon and Meffe (1995)
within 23 days in short pools (lo-23 m in length). More-
over, results from all three studies indicate that species rich-
ness and percent similarity recover to predisturbance levels
more rapidly than total numbers of fish.

Agreement in the findings of these studies reinforces the
view of Sheldon and Meffe (1995) that stream fishes can be
highly mobile and that spatially restricted episodic distur-
bances may produce only short-term impacts on fish assem-
blages. However, as Sheldon and Meffe (1995) cautioned,
impacts can become severe under conditions of chronic dis-
turbance or for populations of rare species or locally adapted
genomes.

Most species recovered to their predisturbance numbers at
similar rates, although two very common cyprinids (creek
chub and striped shiner) colonized pools at rates about 50%
lower than other species. These results indicate that recolon-
ization rates for individual species cannot be predicted
solely by knowing their proportions in neighboring habitats.
Other factors, such as differences in home range size, also
may influence species recovery patterns.

In addition to species-specific differences in recoloniza-
tion, our results indicated that large fish (>lOO  mm) recolon-
ized pools more rapidly than small fish. Little has been
published on size-specific patterns of recovery (Detenbeck
et al. 1992),  and the literature on movement by stream fish
has yielded mixed results on the mobility of different size-
classes. For example, Bachman (1984) suggested that a neg-
ative correlation between home range size and fish length in

brown trout (Salmo trutta) was caused by large fish
outcompeting small fish for optimal foraging locations. Al-
ternatively, it also has been shown that home range size in-
creases with fish size (Allen 1951; Gerking 1953; reviewed
by Minns 1995). A possible explanation for this relationship
is that large fish have higher energy demands and require
larger foraging areas (Gerking 1953). Of the species sur-
veyed in this study, longear sunfish are known to exhibit
size-specific movements consistent with the second view
(Gerking 1953; Gunning and Shoop 1963).

Effects of physical factors on recovery
Physical factors can influence fish recolonization (re-

viewed by Detenbeck et al. 1992). However, most studies
that have examined these influences have been carried out at
relatively large spatial scales (i.e., reaches, streams) and fo-
cused on large-scale stream attributes such as latitude, gradi-
ent, stream order, watershed size, barriers to migration, and
distance to source populations. Of these factors, only those
that directly affected rates of movement (i.e., barriers to mi-
gration and distance to source populations) were correlated
with recovery patterns (Detenbeck et al. 1992). Our study
has shown that factors affecting rates of movement are also
important determinants of fish recolonization when this pro-
cess is measured at the scale of habitat units. All four mea-
sures of pool isolation (riffle length, riffle depth, position in
drainage, and distance to large pools) affected numerical re-
covery. The only measured variables not linked to move-
ment (pool size and predisturbance assemblage size) also
had no apparent influence on rates of numerical recovery.

Generally, the least isolated pools (downstream, short rif-
fles) achieved full recovery by day 20 whereas estimates for
the most isolated pools (upstream, long riffles) were typi-
cally much greater than 40 days. The length of time neces-
sary for these pools to achieve full recovery will be
influenced by various factors, including seasonal changes in
stream flow, fish behavior, and abundance.
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Fig. 4. Percent numerical recovery for different species and size-
classes across all 12 experimental pools. Error bars represent
+ 1 SE. Data points and error bars are offset to increase clarity.
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The influences of isolation on numerical recovery of
stream habitats have been discussed to varying degrees in
previous studies. Peterson and Bayley (1993) suggested that
riffle depth may have lengthened the recovery time of
stream assemblages in a Missouri river. Although their con-
clusion was based on circumstantial evidence from one rif-
fle, it is supported by the positive relationship between riffle
depth and assemblage recovery rates detected here. The role
of isolation on fish recolonization also was discussed by
Sheldon and Meffe (1995) who described differences in as-
semblage-level recolonization rates of upstream and down-,
stream pools. They speculated that the distance from source
areas (i.e., neighboring streams) could have been responsible
for this pattern. However, it was acknowledged that both up-
stream and downstream sites contained undisturbed habitats
that could have provided significant numbers of colonists to
the defaunated pools and that physical gradients may have
been important. We also suspect that differences in recovery
rates between upstream and downstream pools in our study
were at least partly influenced by habitat differences. For ex-
ample, upstream riffles were shallower than those down-

stream (10 versus 15 cm) and recovery was associated with
riffle depth.

One other significant finding of our study was that numer-
ical recovery rates declined as the distance of experimental
pools to large source pools increased. Sedell et al. (1990) as-
serted that large pools are very important to the ecology of
streams because they provide stream organisms with refugia
during stressful conditions (e.g., droughts, floods). Our re-
sults imply that large pools, which in these two streams were
two times larger than average-sized pools, also may serve as
important sources of immigrants to neighboring upstream
and downstream habitats.

In the present study, experimental pools were isolated
from neighboring pools by riffles ranging from ~10 to
slightly more than 50 m in length. Over this range, numeri-
cal recovery varied greatly. Mean recovery rates were 33%
slower in the isolated pools, and time to full recovery ranged
from ~20 days in short-riffle pools to much greater than
40 days in long-riffle pools. While our data indicate that iso-
lation can influence fish recolonization of habitats following
disturbances, there may be other ecologically important con-
sequences of this isolation. For example, routine movements
of fish between habitats may depend to some extent on the
spacing of habitat units. In fact, this was suggested by
Gerking (1953) in a study of fish movement. Gerking (1953)
found that only a very small percentage of tagged individu-
als representing several different species moved between
two pools separated by a long riffle.

The importance of habitat isolation to the ecology of
stream fishes may vary widely across streams and geo-
graphic regions in association with physical factors and
land-use activities that determine channel characteristics.
Riffle lengths in our streams were probably representative of
conditions in many small eastern upland stream systems, but
they were much shorter than those found in small montane
streams of the Pacific Northwest (e.g., >80  m, Beechie and
Sibley 1997). In contrast, low-gradient, sandy-bottom Gulf
and Atlantic Coastal Plain streams may lack physical condi-
tions promoting riffle development. Logging, agriculture,
and other land-use activities carried out along streams also
can lead to changes in the channel course or reduce the
availability of in-stream elements (e.g., large woody debris)
that create habitat (Karr and Schlosser 1978). Such changes
reduce the abundance, and therefore the spacing, of pools in
streams. Although numerous studies have described signifi-
cant impacts of land-use disturbances on stream fishes, they
generally have been focused at the scale of individual habi-
tat units. We found that assemblage recovery, measured
within habitats, was related to reach-scale characteristics
(i.e., riffle depth, length, distance to large source pools) that
affect habitat isolation. These results have potentially impor-
tant implications for research aimed at understanding the
ecology of stream fishes and predicting the consequences of
land-use activities.
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