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SUMMARY

1. Local assemblage structure, from a deterministic perspective, is presumably dictated by the

regional species pool as well as regulated by local factors. We examined the relationships of the

regional species pool and local hydrological characteristics to local species richness of North

American freshwater fishes using data sets collected during the National Water Quality

Assessment program conducted by the United States Geological Survey.

2. We predicted that local species richness is ultimately constrained by the composition of the regional

species pool and further associated with local hydrological factors. Moreover, we predicted that

variation in local species richness within major families can be explained by different combinations

of hydrological characteristics that represent lineage-specific responses to the environment.

3. Daily discharge and regional and local species richness data were assembled from 41 stream

localities across the United States. Multiple stepwise regressions were conducted to predict local

species richness, based on regional species richness, mean discharge and hydrological character-

istics quantified by nine variables characterising flow variability. Species richness at each site was

calculated for the entire assemblage as well as within the four most species-rich families in the

data set (Catostomidae, Centrarchidae, Cyprinidae and Percidae).

4. Local species richness was best predicted by a combination of regional species richness and

discharge magnitude when all species were considered. Regional species richness was a

significant explanatory variable of local species richness for three of four families (Catostomidae,

Centrarchidae, Cyprinidae), but not for Percidae. Local richness in Centrarchidae and Cyprinidae

was positively correlated with temporal flow variability as well as high and low flow duration,

respectively, while richness in Catostomidae and Percidae tended to be associated with discharge

volume. In addition, local species richness for three of the four major families was positively

correlated with species richness of the other families in the assemblage, potentially suggesting the

influence of local habitat quality and heterogeneity.

5. Results suggest the importance of the combined influences of the regional species pool and local

hydrological characteristics on local richness in freshwater fishes, with variation in richness within

each family predicted by different characteristics of flow regimes.
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Introduction

Deterministic and stochastic processes are both responsi-

ble for species composition in local assemblages (Chase &

Myers, 2011). Deterministic processes are generally

regulated by non-random, niche-based factors, while

stochastic processes include events such as chance colo-

nisation, dispersal and extinction, and random changes in
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population density. There is increasing evidence indicat-

ing that deterministic and stochastic forces each explain a

proportion of variation in local species composition

among aquatic assemblages (e.g. Arrington & Winemiller,

2006; Thompson & Townsend, 2006; Brown & Swan,

2010).

From a deterministic perspective, understanding the

relative influence of regional and local factors on local

species richness is fundamental to predicting variation in

spatial patterns of biodiversity. The overall species pool

within a particular geographic area is formed through

regional and historical processes, such as dispersal and

the influence of climatic and geographic templates on

evolutionary history, while local processes such as biotic

interactions and microhabitat availability serve as a hier-

archy of ecological filters that influences the probability

of persistence of local populations with particular biolog-

ical traits (Ricklefs, 1987; Poff, 1997). Consequently, con-

temporary diversity patterns originate from the history

of each region, with the interaction between biogeograph-

ic and ecological factors ultimately regulating the rela-

tionship between regional and local species richness

as well as local assemblage structure (Cornell & Lawton,

1992).

North America contains the greatest number of tem-

perate species of freshwater fishes on the Earth (Page &

Burr, 2011). While evolutionary history (Knouft &

Page, 2003), long-term dispersal (Knouft, 2004; Griffiths,

2012) and regional climate and landscape characteris-

tics (Knouft & Page, 2011) regulate spatial variation

in freshwater fish species richness in this region, flow

regimes are recognised as important agents regulating

aquatic assemblages at a local scale (Bunn & Arthington,

2002; Lytle & Poff, 2004). Natural flow regimes can be

characterised according to discharge magnitude as well

as the frequency, timing, duration and changing rates

of the periodic flow events (Richter et al., 1997). Flow

variability influences aquatic assemblages through sev-

eral interacting processes via: (i) selection of species

behavioural and life-history traits associated with pre-

dictable flow events, such as fecundity and generation

time (Meffe, 1984; Lytle & Poff, 2004; Lytle, Bogan &

Finn, 2008); (ii) recruitment success (survival of young-

of-year fish) because of flood timing and duration

(Schlosser, 1982; Warner & Chesson, 1985; Piffady et al.,

2010); and (iii) changes in composition of lower trophic

levels, and hence trophic interactions, which in turn

alter the structure of higher trophic levels (Franssen,

Gido & Propst, 2007; Power, Parker & Dietrich, 2008;

Cross et al., 2011). Finally, discharge volume can deter-

mine available habitat area and maintain the lateral and

longitudinal connectivity of nutrients (Bunn & Arthing-

ton, 2002).

Given the profound influence of flow regimes on

stream assemblages, local species richness should be

correlated with local hydrological characteristics while

being ultimately constrained by the composition of the

regional species pool. Once the group of species avail-

able to establish in local assemblages is defined by the

regional species pool, we anticipate that higher species

richness in local stream fish assemblages is associated

with higher discharge volume based on the positive

habitat area–species richness relationship reported in

other freshwater systems (Angermeier & Schlosser, 1989;

Oberdorff, Hugueny & Guegan, 1997; Xenopoulos &

Lodge, 2006). In addition, relatively higher species

richness should be also observed at sites with interme-

diate to high flow variability based on the predictions of

the storage effect hypothesis (sensu Warner & Chesson,

1985) as well as the intermediate disturbance hypothesis

(Connell, 1978). Variation in recruitment successes

among species mediated by flow variation allows species

to recover from lower densities, thus increasing the

probability of species coexistence (Chesson, 2000). The

latter hypothesis predicts that the highest levels of

diversity are associated with intermediate disturbance

regimes because of trade-offs in species functional traits

(between colonisation and competition ability; Connell,

1978). The positive influence of hydrological variability

on local species richness is also likely due to fine-scale

habitat heterogeneity and the availability of ‘habitat

shelters’ generated by spatiotemporally varying hydro-

logical conditions interacting with the geomorphology of

the stream channel (Ward, 1998). However, the unique

responses of various freshwater taxa are ultimately

constrained by the evolutionary history within lineages

because of the phylogenetically constrained life-history

traits associated with particular taxonomic groups (Cat-

tanéo et al., 2001; Olden & Kennard, 2010; Knouft &

Page, 2011).

We investigated the relative importance of regional

species richness and local hydrology on local species

richness in North American stream fishes across a broad

geographic extent in the United States. We hypothesised

that within the constraints of the regional species pool,

local hydrological variables act as habitat filters that

further constrain local fish species richness. Moreover,

because of the presumed evolutionary constraints within

lineages, we expected that variation in local species

richness within families will be explained by various

features of hydrological regimes (e.g. flow event duration

and magnitude of high and low flow events).
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Methods

Data collection

Fish assemblage data were compiled from the National

Water Quality Assessment (NAWQA) program con-

ducted by the United States Geology Survey (USGS)

(http://water.usgs.gov/nawqa/). The NAWQA data set,

in part, includes fish species data from nearly 1000 sites

representing most physiographic regions of the United

States (Leahy, Rosenshein & Knopman, 1990; Walsh &

Meador, 1998). NAWQA sampling generally occurred in

low-flow seasons, and sampling sites were identified

based on physical characteristics of the stream as well as a

standardised reach length criterion. Fishes were collected

using a combination of electrofishing and seining to

ensure a representative sample of the fish assemblage

(Walsh & Meador, 1998; Moulton et al., 2002). Using fish

assemblage data from 751 NAWQA sites, Mitchell &

Knouft (2009) demonstrated a negative relationship

between the number of introduced fish species and native

fish species richness. We use the same data set presented

in Mitchell & Knouft (2009), but because of the apparent

influence of non-native species on native species richness,

we limited potential sites for this study to the 233 localities

that contained only native species. Hydrological data for

this study were assembled from daily flow measurements

from USGS gauging stations. Of the 233 native assemblage

localities, we only used sites within 500 m of a USGS

gauging station to assure reasonably accurate hydrolog-

ical estimates. This criterion resulted in a final data set of

41 sites (Fig. 1).

The number of species sampled from each site during

the NAWQA program represents a measure of local

species richness. Because local species richness estimates

can be biased by variation in sampling efforts among sites,

we used a rarefaction technique to generate rarefied

estimates of local species richness (Gotelli & Colwell,

2001; Gotelli & Entsminger, 2004; as in Mitchell & Knouft,

2009). The minimum number of individuals at a site (61)

in the NAWQA data set was used as the sample size

during rarefaction resampling at all sites. Resampling of

data without replacement at each site was repeated 1000

times to generate a rarefied estimate of species richness

(Ecosim, ver. 7.0; Gotelli & Entsminger, 2004). We also

assembled and then rarefied local species richness within

the four most species-rich families (Catostomidae, Centr-

archidae, Cyprinidae and Percidae) to assess the influence

of evolutionary constraints on factors regulating local

species richness.

Regional species richness for each sampling site was

estimated as the number of species with distributions

overlapping the site and was calculated based on species

distribution maps for North American freshwater fishes

(Page & Burr, 2011), assembled in Knouft & Page (2011).

This estimate of the regional species pool is conservative

in that it makes no assumptions about a species’ ability to

migrate to novel regions outside of the native range, nor

does it make any assumptions about the undocumented

historical distribution of a species that may have been

more extensive than the current distribution. In this study,

if a species’ range, based on documented collections (Page

& Burr, 2011), is known to overlap a NAWQA site (and

thus occur in the same interconnected catchment), then

the species is considered to be part of the regional species

pool and a potential occupier of the local assemblage.

Ten years of flow discharge data (1990–1999) were

assembled for each locality, with the exception of three

sites for which only 5–8 years of data were available.

Olden & Poff (2003) assessed the redundancy among 171

hydrological indices for streams in the United States and

presented an informative subset of those indices characte-

rising four properties of the flow regime (magnitude of

discharge, period, timing and changing rate of low ⁄high

flow events). Based on recommendations in Olden & Poff

(2003), we selected nine hydrological variables to predict

variation in local species richness among sites (Table 1).

These variables were calculated using INDEX OFNDEX OF HYDRO-YDRO-

LOGICLOGIC ALTERATIONLTERATION v. 3.0 software (http://conserveon-

line.org/workspaces/iha/; Richter et al., 1997). Although

our flow estimates may not equally reflect the relevant

hydrological components experienced by all fishes in the

data set (e.g. different species may be subject to flow

variability under finer or coarser time scale), these

measures are assumed to be general estimates of hydro-

logical conditions at each site (Chinnayakanahalli et al.,

2011).
Fig. 1 Map showing the locations of the 41 national water quality

assessment (NAWQA) study sites.
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We used mean annual discharge, temporal flow vari-

ability, low ⁄high flow magnitude relative to the median

discharge, duration of low ⁄high flow events, as well as the

predictability of hydrological regimes (constancy and

contingency) to predict variation in local species richness

(Table 1). To reduce the redundancy among hydrological

variables and to constrain the number of independent

variables used in the following multiple regressions, a

principal components analysis (PCA) was conducted to

generate a set of uncorrelated variables [principle com-

ponent (PC) scores] representing the hydrological charac-

teristics at each site. Because the sites used for each family

(n = 25–38) were subsets of the overall species data set

(n = 41), we conducted a PCA using sites from the total

species data set as well as separate PCAs using sites for

each family. A correlation matrix was used to generate PC

scores, and the PCs with eigenvalues greater than 1.0 were

retained as uncorrelated univariate data for further

analyses. Prior to the analyses, Daily_cv (coefficient of

variation in daily discharge), HF_dur (high flow dura-

tion), LF_dur (low flow duration), FL_free (flood-free

days) and 30d_max (30-day maximum flow relative to

median discharge) were log10-transformed, and Cont

(contingency), Cons (constancy) and 7d_min (7-day min-

imum flow relative to median discharge) were arcsine-

square-root transformed to normalise each data set.

Statistical analyses

Multiple regressions were employed to investigate the

relationships between regional species richness, local

hydrological characteristics and local species richness.

We followed a general strategy in model selection

described in Kleinbaum et al. (2008). Regional species

richness (Rreg), mean annual discharge (Q) and PC scores

(PC1, PC2 and PC3) were used as explanatory variables,

and separate analyses were conducted on original (non-

rarefied) and rarefied local species richness (Rloc) data

sets. A forward stepwise method was used to select the

optimum model based on Akaike Information Criteria

(AIC) (see details in Yamashita, Yamashita & Kamimura,

2007), which considers a balance between the amount of

information represented by a model and the number of

predictors used (Burnham & Anderson, 2004). Addition

or removal of a candidate variable was decided by

whether the AIC value of the resultant model was

reduced by more than 2 (selection criteria: DAIC ‡ 2).

We also assessed interactions between regional species

richness and hydrological variables (Q and PC scores) and

considered quadratic relationships in Rreg and Q. A cross-

validation was conducted to assess the reliability of

resultant models.

It is impractical to have a maximum model, from which

all the competing terms of the basic predictors are to be

selected (including all pair-wise interaction and polyno-

mial terms). Consequently, we conducted several pro-

gressive steps to seek the optimal model predicting local

species richness. First, we conducted a stepwise regres-

sion based on AIC scores including only linear terms of

basic predictors; thus, the maximum model is as follows:

Rloc ¼ b0 þ b1Rreg þ b2Qþ b3PC1þ b4PC2þ b5PC3;

Table 1 Hydrological indices used to characterise local hydrology calculated with the IN D E X O FN D E X O F HY D R O L O G I CY D R O L O G I C AL T E R A T I O NL T E R A T I O N software (version

3.0)

Index Abbreviation Definition

Coefficient of variation in annual

mean discharge

Interyr_cv Coefficient of variation in annual mean discharge among all the years

Coefficient of variation in daily

discharge

Daily_cv Coefficient of variation in daily discharge within each year averaged across all the

years

Thirty-day maximum ⁄ annual

median discharge

30d_max Mean of 30-day maximum flow divided by median annual daily discharge, averaged

across all the years

Seven-day minimum ⁄ annual

median discharge

7d_min Mean of seven-day minimum flow divided by median annual daily discharge,

averaged across all the years

High flow duration (days) HF_dur Mean duration of annual occurrences during which the discharge remains above

75th percentile of daily discharge

Low flow duration (days) LF_dur Mean duration of annual occurrences during which the discharge remains below

25th percentile of daily discharge

Flood-free days FL_free Maximum proportion of the year (measured by days), during which discharge

remains below 75th percentile of daily discharge, averaged across all the years.

Flow constancy Cons The degrees to which flow remains stable across a year (temporal variation; Colwell,

1974)

Flow contingency Cont The degree to which time determines the flow state (repeatability of periodic events;

Colwell, 1974)
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where bk denotes the regression coefficient in an analysis

involving k predictor. We then tested the interactions

among selected predictors. Using non-rarefied total rich-

ness as an example, local species richness was best

predicted by regional species richness and discharge;

thus, the maximum model, including interactions is as

follows:

Rloc ¼ b0 þ b1Rreg þ b2Qþ b3Rreg �Q:

We did not consider any higher order interactions

because of a concern regarding the number of samples in

the NAWQA data set. For example, Kleinbaum et al.

(2008) suggest that it is preferable to have at least five to

ten observations per variable in multiple regression

analyses. If there were no significant interactions in our

models, we removed the interaction term and subse-

quently tested whether quadratic relationships improve

the explanatory power of the models including only linear

relationships. We considered quadratic terms of regional

species richness and mean annual discharge, but not for

PC scores, because they are linear combinations of

individual hydrological variables and it is difficult to

interpret the squared value of these measures. The

maximum model at this step was (in cases where no

interaction was detected) as follows:

Rloc ¼ b0 þ b1Rreg þ b2R2
reg þ b3Qþ b4Q2 þ b5PC1

þ b6PC2þ b7PC3:

Conserved traits associated with the diversification of

particular lineages (i.e. niche conservatism: Wiens &

Graham, 2005) of North American freshwater fishes likely

imposes constraints on species distributions because of

lineage-specific responses to environmental conditions

(Knouft & Page, 2011). Therefore, the relationships

between regional species richness, local hydrology and

local species richness were also investigated within the

four most diverse families in the data set (Catostomidae,

Centrarchidae, Cyprinidae and Percidae). We anticipated

that the number of species present outside of the number

of species in the focal family might also explain a portion

of the variation in local richness for the focal family of

interest. Thus, species richness of other families [richness

of others (Rother)] was added as an independent variable

into multiple regressions for family-level analyses. For

instance, in addition to regional species richness of

Cyprinidae, mean annual discharge and local hydrolog-

ical variables, we used non-cyprinid local species richness

as one of the predictors of local Cyprinidae species

richness. The same procedure used to test for interactions

in the total richness analysis was applied for each family

data set. The family-level data sets have smaller sample

sizes than the total species data set; therefore, instead of

adding a quadratic term of Rother into the maximum

model (which would result in nine predictors), we

conducted stepwise selection without R2
other, and when

Rother was selected, we tested whether the quadratic

relationship improves the model by comparing AIC

values between the models with and without R2
other.

We used fourfold cross-validation to test whether a

resultant model could accurately predict local species

richness using 75% of the observations as a ‘training

group’ (Kleinbaum et al., 2008). The regression coefficient

in the resultant model was estimated based on 30

randomly selected observations (training group), and

the remaining eleven observations (testing group) were

fitted with this function to calculate an estimated error

(residual). We assessed whether the model was valid by

comparing the estimated error in the complete model

and the mean of the estimated error among testing

groups, as well as visually evaluating the plots of

predicted-versus-observed values for testing groups dis-

tributed around the regression line generated by the

training group. No apparent differences in estimated

errors and minimal departure of data points in the

training group from regression equations suggest statis-

tically accurate predictions (Picard & Cook, 1984).

Finally, to assess the relative importance of each variable

in the resultant optimal model, the percentage of varia-

tion explained by each independent variable was calcu-

lated based on the hierarchical partitioning approach

described in Chevan & Sutherland (1991). All richness

measures and mean annual discharge were log10-trans-

formed prior to statistical analyses. All statistical analyses

were performed with R, version 2.15.2 (R Development

Core Team, 2012).

Results

The eigenvalues for the first three principle components

from the PCA of hydrological indices were greater than

1.0 and collectively explained 84% of the variation among

hydrology data sets (PC1, 48%; PC2, 24%; and PC3, 12%)

for the total species sites and were used in the subsequent

analyses. PC1 describes the temporal variability and

predictability in flows and the magnitude of low ⁄high

flows relative to the median (Table 2). PC2 describes the

duration of low ⁄high flow events as well as inter-year

variability (Table 2). PC3 is weakly correlated with both

flow variability and low flow duration (Table 2). In the

separate PCAs conducted for each family, the first three

PCs had eigenvalues >1.0 and were associated with

similar hydrological indices as the total species data set

Regional and local effects on stream fish assemblages 2371
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(see the individual PCA results for each family in

Table S1).

With the original (non-rarefied) data sets, between 59

and 70% of the variation in local species richness and

within-family species richness was explained by the

resultant models (Table 3a). Local species richness was

positively correlated with regional species richness and

discharge volume in the ‘All species’ data set, with 78%

of the explained variation attributed to regional species

richness. Local total richness exhibited quadratic associ-

ation with discharge volume, indicating local richness

increased and then decreased as discharge increased.

Hydrological characteristics were important explanatory

variables in local richness within each of the four families,

the relative amount of variation explained by these

variables varied among families (discharge, 0–27%; flow

variability, 9–32%; Table 3a). Discharge volume ex-

plained a relatively greater amount of variation in species

richness for Catostomidae and Percidae. In addition, a

significant interaction between regional species richness

and mean discharge (positive) in both original and

rarefied data sets was detected in local species richness

Table 2 Loadings of each hydrological index at the first three prin-

ciple components (PCs) from the total species richness analysis. See

Table 1 for abbreviation of each index

PC1 PC2 PC3

Interyr_cv )0.292 )0.368 )0.385

Daily_cv )0.441 0.088 )0.252

30d_max )0.421 0.055 )0.392

7d_min 0.449 0.011 )0.129

HF_dur 0.188 )0.517 )0.217

LF_dur )0.046 )0.508 0.553

FL_free )0.014 )0.571 )0.156

Cons )0.358 )0.048 0.381

Cont 0.420 )0.005 )0.31

Table 3. Selected variables in the optimum model predicting (a) original and (b) rarefied local species richness, with percentage of the

explained variation in the dependent variable associated with each independent variable

Selected

variables Coefficient (SE)

% variation

explained t P

(a) Original local richness group

All species (adjust R2 = 0.67, n = 41) Rreg 0.86 (0.10) 77.7 8.60 <0.001

Q 0.79 (0.21) 12.4 3.71 <0.001

Q2 )0.12 (0.04) 9.8 )3.07 0.004

Catostomidae (adjust R2 = 0.62, n = 31) Rreg 0.52 (0.09) 70.0 3.99 <0.001

Q 0.22 (0.04) 12.2 3.63 0.001

Rreg · Q 0.56 (0.14) 17.8 3.08 0.004

Centrarchidae (adjust R2 = 0.70, n = 29) Rreg 0.80 (0.31) 35.1 2.15 0.018

Rother 0.54 (0.11) 32.7 4.67 <0.001

PC1 )0.06 (0.01) 32.1 )4.08 <0.001

Cyprinidae (adjust R2 = 0.59, n = 38) Rreg 0.51 (0.15) 50.2 3.39 0.002

Rother 0.39 (0.12) 40.3 3.34 0.002

PC2 )0.06 (0.02) 9.4 )2.83 0.008

Percidae (adjust R2 = 0.67, n = 25) Rother 1.07 (0.21) 73.1 5.22 <0.001

Q 0.11 (0.06) 26.9 1.98 0.060

(b) Rarefied local richness group

All species (adjust R2 = 0.39, n = 41) Rreg 0.44 (0.09) 86.9 5.05 <0.001

Q 0.08 (0.03) 13.1 2.20 0.034

Catostomidae (adjust R2 = 0.49, n = 31) Rreg 0.35 (0.27) 54.4 5.27 <0.001

Q 0.14 (0.10) 11.9 4.74 <0.001

Rreg · Q 0.53 (0.13) 24.6 4.17 <0.001

Rother )0.50 (0.18) 9.1 )2.79 0.010

Centrarchidae (adjust R2 = 0.50, n = 29) PC1 )0.06 (0.02) 52.7 )2.96 0.006

Rreg 1.23 (0.46) 47.2 2.67 0.013

Cyprinidae (adjust R2 = 0.42, n = 38) Rreg 0.59 (0.14) 90.6 3.95 <0.001

PC2 )0.04 (0.02) 9.4 )1.76 0.086

Percidae (adjust R2 = 0.18, n = 25) Q 0.16 (0.06) – 2.50 0.020

Rreg = log10-transformed regional species richness; Rother = log10-transformed local richness of species other than the given family of interest;

Q = log10-transformed discharge (m3 s)1).

2372 S. Q. Niu et al.

� 2012 Blackwell Publishing Ltd, Freshwater Biology, 57, 2367–2377



of Catostomidae, indicating that the positive relationship

between local and regional species richness varies among

different levels of mean discharge. Hydrological variabil-

ity appeared to be more important in explaining variation

in richness of Centrarchidae and Cyprinidae. In particu-

lar, Centrarchidae richness was positively correlated with

high flow magnitude relative to median discharge and

coefficient of variation in daily discharge (PC1); Cyprin-

idae richness was positively correlated with low ⁄high

flow duration, and to a lesser extent with the coefficient of

variation in daily discharge (PC2) (Fig. 2). Richness of

other species (Rother) was positively correlated with local

richness in the models for three families (Centrarchidae,

Cyprinidae and Percidae) in the non-rarefied data sets

(Table 3).

Rarefied local species richness in the ‘All species’

analysis was best predicted by regional species richness

and discharge volume; the selected linear models

explained 18–59% of the variation in local within-family

richness (Table 3b). Results of analyses of rarefied data

sets are largely in accordance with original data sets,

except that rarefied data sets generally have lower

explanatory power, and Rother was not a significant

predictor of variation in local richness in three of the four

families (except Catostomidae). Consistent with the

original data set, hydrological variability (PC1 and PC2)

was an important predictor for Centrarchidae and Cyp-

rinidae, and discharge volume tended to be more impor-

tant for Catostomidae and Percidae.

According to results from the cross-validation tech-

niques, models based on original data sets yielded more

reliable predictions than rarefied data sets, and consider-

able prediction accuracy was seen in the original local

richness analyses for the ‘All species’ data set as well as in

Centrarchidae and Cyprinidae (Fig. S1). In contrast,

apparent deviation among regressions generated by

training groups and departure of test data from these

regression equations were observed in Catostomidae and

Percidae, especially in rarefied data sets, suggesting less

reliable predictions in these two families.

Discussion

We anticipated that deterministic processes associated

with hydrological characteristics would predict variation

in local species richness in stream fish assemblages when

the constraints of the regional species pool were consid-

ered. Using multiple regressions, we found that the

regional species pool does play an important role in

predicting local species richness, and hydrological char-

acteristics explain an additional proportion of variation. In

addition, species richness of other families present in local

fish assemblages also appeared to be important in

explaining local richness of each family, possibly serving

as an indicator of the overall quality and heterogeneity of

the local physical habitat.

With the exception of Percidae, the regional species

pool explained 50–70% (original data set) and 54–90%

(rarefied data set) of the total explained variation in local

family-level richness. These results support the notion

that local assemblages are limited by the regional species

pool, which is an outcome of biogeographic processes

attributed to climate, geography and phylogenetic history

(Cornell & Lawton, 1992; Ricklefs & Schluter, 1993).

Similarly, regional factors tend to be a primary determi-

nant in local richness of periphytic diatoms (Hillebrand

et al., 2001; Soininen, Paavola & Muotka, 2004; but see Pan

et al., 2000), macroinvertebrates (Heino, 2001; Grönroos &

Heino, 2012) and fishes (Angermeier & Winston, 1998;

Marsh-Matthews & Matthews, 2000).

High and low flow duration and hydrological variabil-

ity (PC1 and PC2) accounted for 9–53% of the explained

variation in local species richness of Centrarchidae and

Cyprinidae. The models predicting family-level local

richness suggested that local richness of each family was

associated with the regional species pool and local

hydrological factors to various degrees. Taxon-specific

responses to hydrological characteristics were also

observed by Schlosser (1982), where assemblages of

suckers (Catostomidae) and darters (Percidae) were not

correlated with flow conditions in two streams in Illinois,

while abundance of juvenile cyprinids was negatively

associated with floods. Although high flow events cause

mortality of juvenile fishes (Schlosser, 1982), positive

effects of flow variability on cyprinid recruitment and

Fig. 2 A diagram representing associations of local species richness

with local hydrological characteristics in four freshwater fish fami-

lies, indicated by the position of each family on the axis composed by

hydrological variables.

Regional and local effects on stream fish assemblages 2373

� 2012 Blackwell Publishing Ltd, Freshwater Biology, 57, 2367–2377



richness were observed in a French river (Cattanéo et al.,

2001). Temporal variation in recruitment induced by flow

events is likely to be responsible for the positive associ-

ation of species richness with duration of flow events and

flow variability. Stochastic changes in recruitment success

coupled with varying flow conditions favour different

groups of populations and species and thus enhance

species coexistence (i.e. storage effects: Warner & Chesson,

1985; Chesson, 2000).

A framework based on life-history traits of fish

species may also help to interpret taxon-specific associa-

tions with hydrological characteristics. Fish species can

be categorised into three groups based on demographic

parameters related to recruitment and fecundity (i.e.

‘periodic-opportunistic-equilibrium trichotomy’) (Winem-

iller, 2005; Mims et al., 2010; Olden & Kennard, 2010).

Opportunistic species, such as shiners (Cyprinidae), are

mainly early breeders with low fecundity per spawning

and low juvenile survivorship. Periodic groups such as

suckers (Catostomidae) are mainly large-bodied species

with late maturation, high fecundity, but low juvenile

survivorship. Equilibrium groups show low fecundity per

spawning event but high juvenile survivorship (i.e.

provide parental care), as exemplified by bass and sunfish

(Centrarchidae; Mims et al., 2010). We observed positive

relationships between local species richness of Centrar-

chidae (equilibrium) and Cyprinidae (opportunistic) and

temporal flow variability as well as flow event durations.

Patterns of life-history composition of river basins in the

United States and Australia responded similarly along a

gradient of hydrological variability, which was also

positively associated with opportunistic strategies and

negatively associated with periodic strategies (Olden &

Kennard, 2010).

Discharge volume appeared to be an important predic-

tor of local species richness in Catostomidae and Percidae.

Fish species richness has been documented to increase

with habitat volume among small streams (Angermeier &

Schlosser, 1989) and increased with surface discharge

(Xenopoulos & Lodge, 2006) or drainage basin area

(Oberdorff et al., 1997) among larger river basins. As

expected, stream discharge in many regions has been

reduced because of anthropogenic hydrological regula-

tion, resulting in severe declines in freshwater biodiver-

sity (Vörösmarty et al., 2010).

Our results indicate inconsistencies between original

and rarefied data sets in terms of explanatory power of the

optimal models and relative importance of richness of

other species (Rother). When using the original data sets,

family-level richness was positively correlated with Rother,

probably due to positive effects of local habitat quality and

heterogeneity on local richness. Our statistical analyses do

not permit inference of ecological processes, and this

tentative explanation remains speculative. Moreover, the

low explanatory power in models generated by rarefied

data sets seems counterintuitive. Rarefied data sets should

represent a ‘core proportion’ of local species (common

species), while original data sets represent a mixture of

common and rare species; one may expect common

species to show a higher degree of affinity to environmen-

tal conditions (less subject to stochastic processes). It is

noticeable that the distribution of rarefied species richness

was strongly skewed to lower values (except Cyprinidae),

and there may be an insufficient degree of variation in the

dependent variable to reveal any pattern under the present

statistical approach. Therefore, we interpret that the low

explanatory power may be a reflection of weak patterns in

rarefied data sets or a statistical outcome partially because

of the skewed data distribution.

Chinnayakanahalli et al. (2011) recently conducted a

similar analysis of the influence of local hydrology (as

well as water temperature) on stream invertebrate species

richness using 63 sites from the NAWQA data set.

Although direct comparisons of results are difficult

because of differences in methodologies and taxonomic

groups, the relative contributions of local hydrology to

variation in species richness among stream macroinverte-

brates and fishes appear to be generally similar. However,

the inclusion of regional species richness data in this

study allowed for greater predictive ability of variation in

local species richness, suggesting the importance of

historical contributions to local processes (Wiens &

Donoghue, 2004). The importance of the regional species

pool was also identified in another study on macroinver-

tebrates from streams in Finland (Grönroos & Heino,

2012), where regional species richness and local habitat

characteristics were used to predict local macroinverte-

brate species richness. Linear local-versus-regional rich-

ness relationships were found in most of the groups,

while significant amounts of variation in local species

richness were attributed to local habitat characteristics.

There is still a substantial proportion of unexplained

variation in the regression models, and models for Catos-

tomidae and Percidae did not provide reliable predictions.

We acknowledge that stochastic components (neutral

processes, such as chance colonisation, random extinction

and stochastic changes in population abundance) are

important in determining local assemblage structure, but

the present framework was not able to address this

perspective. For instance, Thompson & Townsend (2006)

revealed that macroinvertebrate assemblages in ten local

streams are influenced by both environmental conditions
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and spatial distance, and the influences varied among

dispersal and trophic groups. Patch-dynamics hypotheses,

based on metacommunity theory, again support the notion

that both the spatial distribution of habitat patches and

deterministic factors (species traits) contribute to the

structuring of local fish assemblages (Arrington & Winem-

iller, 2006). The spatial configuration of stream networks

affects the association of local fish assemblages with

environmental factors and dispersal limitation (Brown &

Swan, 2010), and the existence of dispersal barriers shapes

the distribution and evolutionary history of lineages

(Poissant, Knight & Ferguson, 2005). Moreover, stochastic

ecological processes can influence the importance of

deterministic processes in generating assemblage struc-

ture, and the relative importance of stochastic and deter-

ministic factors varies depending on, for example,

productivity and environmental perturbations on the

system (Chase, 2007; Chase & Myers, 2011). Nevertheless,

our results revealed family-specific relationships between

local hydrology and species richness, and such informa-

tion derived from broad geographic scales is helpful in

generalising hydro-ecological associations in freshwater

fishes and points to the value of a species trait-based

framework to understand these associations.

As anticipated, regional species richness played a major

role in constraining local richness in the total species

analyses. However, within-family richness patterns were

regulated by the regional species pool and local hydrology

to various degrees, with flow variability explaining most

of the remaining variation in richness of centrarchids and

cyprinids, and discharge volume explaining most of the

variation in catostomids and percids. The variation in

response to hydrological characteristics among families

may be due to differences in life-history traits associated

with evolutionary constraints within lineages. Based on

these findings, current understanding of hydro-ecological

relationships will benefit from broad-scale analytical

approaches investigating the relative importance of local

and regional factors, combined with empirical studies that

compare species traits as well as other ecological pro-

cesses along gradients of hydrological characteristics.
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