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ABSTRACT

Aim To model the species–discharge relationship (SDR) for native freshwater

fishes of the Western Hemisphere, to test whether the SDR is itself a function

of latitude, and to create a conceptual framework to integrate the SDR with

the species–area relationship and the latitudinal diversity gradient.

Location Western Hemisphere rivers between 70°N and 50°S latitude.

Methods Discharge and fish richness data were compiled for 107 rivers. Ordi-

nary least squares and simultaneous autoregressive models were built for a

hemispheric-scale SDR using one of three discharge (Q) measures: mean

annual Q, annual low flow Q or annual high flow Q. Hemispheric-scale SDR

residuals were used to test for distinct low, mid and high latitude groups and

to deconstruct the SDR into separate models for each latitudinal group. Struc-

tural equation modelling (SEM) was then used to examine the combined

effects of Q, river basin area, and latitude on fish richness.

Results Hemispheric-scale SDRs were significant (P ≤ 0.001) for each dis-

charge measure. Model residuals showed that the SDR differs among tropical,

subtropical and temperate realms. All deconstructed SDRs remained significant

(P ≤ 0.001) and minimized the residual effect of latitude. The tropical SDR

was significantly steeper (non-overlapping 95% confidence intervals) than the

subtropical and temperate SDRs. For both hemispheric-scale and deconstructed

SDRs, annual low flow Q was the best individual predictor of native fish rich-

ness. SEM analysis showed that Q may be an integrative measure of climate

and physical habitat effects.

Main conclusions A single, hemispheric-scale SDR will underestimate fish

richness in low latitude, tropical rivers and overestimate richness in high lati-

tude, temperate rivers. Deconstructing the SDR into separate tropical, subtropi-

cal, and temperate models can account for much of this bias. Deconstructed

SDRs also show that fish richness increases much more rapidly per-unit Q in

tropical rivers than in subtropical or temperate rivers. Low flow Q is the stron-

gest correlate of fish richness. And a preliminary, system-level model suggests

that Q may play a central, integrative role in the regulation of freshwater

diversity.
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INTRODUCTION

At large spatial scales, freshwater fishes adhere to both of

biogeography’s two major ‘laws’: fish richness increases with

river basin area (Hugueny, 1989; Oberdorff et al., 1995;

Albert et al., 2011), as predicted by the species–area relation-

ship, and decreases with absolute latitude (L�evêque et al.,

2008; Heino, 2011; Tisseuil et al., 2013), consistent with the

latitudinal diversity gradient. This general congruence with

the species–area and latitudinal patterns begs the question of

whether fish diversity may be regulated by the same pro-

cesses as terrestrial diversity. However, recent studies indicate

that a third variable – river discharge (Q) – may also be of

fundamental importance to the diversity and biogeography

of freshwater fishes.

Positive associations between Q and fish richness, or

species–discharge relationships (SDRs), have been docu-

mented at scales ranging from discrete reaches of a single

river profile (McGarvey & Ward, 2008) to nested sub-basins

within major drainages (McGarvey, 2014) to continents and

the entire planet (Livingstone et al., 1982; Xenopoulos et al.,

2005; Iwasaki et al., 2012). When modelled with ordinary

least squares (OLS) regression, these SDRs are highly signifi-

cant and often account for > 40% of the observed variation

in fish richness (e.g. Smith & Miller, 1986; Xenopoulos et al.,

2005). Notably, the coefficients of determination (R2) from

SDR models tend to exceed R2 values from traditional

species–area relationships (Livingstone et al., 1982; Oberdorff

et al., 1995), suggesting that Q may be a more effective index

of the space or habitat available to fishes than basin area

per se.

Efforts to understand the SDR should be of interest to

biogeographers for several reasons. For example, the SDR

may help to predict how aquatic biodiversity will respond to

climate change. Despite high uncertainty and variability

among climate models, a consensus has emerged where Q is

expected to increase at high latitudes and to decrease at

lower latitudes (Nijssen et al., 2001; Arnell & Gosling, 2013).

Coincident changes in Q and fish assemblage structure have

already been documented in some rivers (e.g. Carlisle et al.,

2011) and anticipating further change is a major emphasis in

freshwater conservation (Olden et al., 2010).

Discharge is also mechanistically linked to the distribu-

tions of many fishes. In ‘environmental flows’ research, Q

time series are used to characterize functional dimensions of

the hydrograph (e.g. the magnitude, timing, frequency, and

duration of large flood events; Bunn & Arthington, 2002),

which may in turn be associated with the life history strate-

gies and physical habitat requirements of fish species (Poff &

Allan, 1995). For instance, the timing or magnitude of spring

floods may regulate recruitment in species that use flood-

plains for spawning or juvenile rearing (Tonkin et al., 2008).

So far, most SDR research has incorporated a single, aggre-

gate measure of Q, such as mean annual Q (e.g. Oberdorff

et al., 1995; McGarvey & Ward, 2008). But efforts to connect

Q functional dimensions to large-scale diversity patterns have

recently identified some common themes, including a strong

negative correlation between Q variability and fish richness

(Iwasaki et al., 2012; McGarvey, 2014).

For these reasons, we predict that integrating Q into bio-

geographical theory will enhance basic understanding and

conservation of aquatic diversity. However, two key ques-

tions must be addressed before this integration can occur.

First, does the functional form of the fish SDR itself differ

among low and high latitudes? Global freshwater fish diver-

sity peaks in the largest, low latitude tropical rivers (Tisseuil

et al., 2013). But large, high Q rivers are not unique to tropi-

cal latitudes. The ‘great’ rivers of subtropical (e.g. Mississippi

River) and temperate (e.g. Columbia River) latitudes rival or

exceed the sizes of the largest, most diverse tropical rivers

(e.g. Rio Amazonas and R�ıo Orinoco).

Second, to what degree do Q and river basin area provide

complimentary versus redundant information? Q is itself a

function of basin area and precipitation; on average, larger

basins accumulate more precipitation and generate more

runoff than smaller ones (Ritter et al., 2011). But Q and

basin area are not interchangeable. When combined in fish

richness models, Q and basin area each contribute signifi-

cant, non-redundant information (Gu�egan et al., 1998;

Iwasaki et al., 2012). This suggests that SDR research can

build upon the robust species–area database (see Rosenzweig,

1995; Drakare et al., 2006) while facilitating new understand-

ing and predictive capability with Q-based models.

In this study, we used a four step process to generate new

understanding of the connections between fish richness, Q,

latitude, and river basin area. We began with a large sample

of Western Hemisphere rivers, extending from Argentina to

the Canadian Northwest Territories, and built hemispheric-

scale SDRs using one of three Q measures: mean annual Q,

annual low flow Q, or annual high flow Q. SDR studies most

often use mean annual Q (average daily Q within a calendar

year) as the predictor variable (e.g. Xenopoulos et al., 2005;

McGarvey & Ward, 2008), but theory and empirical data

suggest that low or high flow Q may be more ecologically

meaningful than annual averages (Rolls et al., 2012; McGar-

vey, 2014).

We then used multiple regression to test for residual

effects of latitude on fish richness and to determine whether

residual effects are independent of Q (additive effect) or

mediated through an interaction with Q (multiplicative

effect). This distinction is important because independent

effects would suggest that a single SDR model is an unbiased

representation of fish richness at low and high latitudes,

while a significant interaction would indicate that the func-

tional form of the SDR differs between low and high

latitudes.

Next, we assessed whether a categorical treatment of lati-

tude (i.e. independent SDR models for rivers within distinct

latitudinal bands) was a viable alternative to the use of lati-

tude as a continuous variable in multiple regression (e.g.

Iwasaki et al., 2012). Specifically, we deconstructed (sensu

Marquet et al., 2004) the hemispheric-scale SDRs into
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independent models for low (tropical), mid (subtropical)

and high (temperate) latitude rivers. Our objective was to

detect and delineate latitudinal subregions in which fish rich-

ness has a relatively uniform association with Q and by

doing so, to create a latitude-specific framework for studying

the SDR (Marquet et al., 2004; Gerstner et al., 2014).

Finally, we used structural equation modelling (SEM) to

investigate the joint effects of Q, basin area, and latitude on

fish richness. We sought to distinguish the direct effects of

each variable from indirect effects that were moderated

through secondary connections among predictor variables.

Latent variables were also used to incorporate multiple indi-

cators of Q and physical habitat, and to increase the general-

ity of our SEM models (Grace, 2006). This resulted in a

preliminary, yet promising system-level framework to model

and explain fish richness within river ecosystems.

In summary, our objectives were to: (1) assemble a large

data set of paired fish richness and Q observations for Wes-

tern Hemisphere rivers; (2) build and compare hemispheric-

scale SDR models using mean annual Q, annual low flow Q,

annual high flow Q and latitude as predictor variables; (3)

deconstruct the hemispheric-scale SDRs into separate models

for low, mid and high latitude rivers; and (4) create a sys-

tem-level SEM framework to identify potential direct and

indirect effects of Q, area and latitude on fish richness.

MATERIALS AND METHODS

Fish and discharge data

Paired fish and discharge data were first compiled for as

many Western Hemisphere rivers as possible. Native fish

richness estimates (total native richness within each basin)

were obtained from Albert et al. (2011), Ortega et al. (2012)

and Brosse et al. (2013). Monthly Q (mean daily Q within a

given month) records were obtained from the Global Runoff

Data Centre (http://grdc.bafg.de/) for Canadian, Central and

South American rivers and from the United States Geological

Survey (http://waterdata.usgs.gov/nwis/) for U.S. rivers. Mean

annual Q was calculated for each river as the annual mean of

the 12 monthly means, averaged across all years of record.

Annual low and high flow Q were calculated by identifying

the minimum and the maximum monthly Q within a given

year, respectively, then averaging across years.

Two criteria were then used to screen candidate rivers: (1)

Q was recorded at the furthest downstream gauging station

within a given basin, that was not located upstream of the

basin outlet by more than 25% of the total river length; and

(2) ≥ 10 years of monthly Q data were available. We made

an exception for the R�ıo Santa, Peru (4 years of monthly

data) because westward flowing Andes rivers were poorly

represented in the data set. We also included a range of

small to large rivers. Most of the sample rivers were spatially

non-nested (i.e. we did not treat tributaries of major rivers

as independent samples). However, three rivers nested within

the Amazon basin were included (Rio Negro, Rio Xingu and

Rio Tapaj�os; see Fig. 1) and treated as independent samples

because they are considered distinct biogeographical units

(Albert et al., 2011) and they provided sub-basin representa-

tion within the unique and highly diverse Amazon (Rio

Amazonas) basin.

The resulting data set included 107 rivers ranging in size

(total basin area) from 481 km2 to 6.2 million km2

(mean = 245,000 km2, S.D. = 750,000 km2) and extending

from 70°N latitude (the Anderson River, Canadian North-

west Territories) to 50°S latitude (the R�ıo Santa Cruz, Argen-

tina; see Fig. 1). Mean annual Q ranged from 5.1 m3 s�1 in

the R�ıo Huasco (Chile) to 531,387 m3 s�1 in the Mississippi

River. Native fish richness ranged from 4 species in the Santa

Margarita River (southern California) to 1798 species in the

Rio Amazonas.

Hemispheric-scale SDR models

We tested the strength of association between fish richness

and mean annual Q, annual low flow Q, and annual high

flow Q by performing parallel, hemispheric-scale SDR analy-

ses for each of the three Q measures. First, each Q measure

was used as the sole predictor in a simple SDR model of fish

richness. Second, SDRs were built using Q and absolute lati-

tude (measured at the mouth of each river basin in decimal

degrees) as independent predictors in multiple regression

models. Third, SDR models were built using Q, absolute lati-

tude and a Q 9 absolute latitude interaction term as predic-

tor variables. Fourth, SDRs were built using Q and the

Q 9 absolute latitude interaction, but excluding latitude as

an independent predictor. Together, the third and fourth

combinations of predictors assessed whether the latitudinal

effect on fish richness is independent of Q or realized

through a secondary effect on the functional form of the

SDR. Fish richness and the mean, low flow, and high flow Q

data were all left-skewed (skew = 5.64–7.35) and therefore

log10-transformed prior to analyses. Absolute latitude exhib-

ited minimal skew (skew = 0.06) and was not transformed.

Two types of models were also built for each of the four pre-

dictor variable combinations: OLS and simultaneous autore-

gressive (SAutoR) models (see Appendix S1 in Supporting

Information for complete SAutoR methods). OLS regression

has been used in most SDR studies (e.g. Livingstone et al.,

1982; Oberdorff et al., 1995; Xenopoulos et al., 2005; McGar-

vey & Ward, 2008). However, OLS does not account for spatial

autocorrelation among samples and may therefore produce

biased estimates of model coefficients as well as inflated type I

error rates (Bini et al., 2009). This was a concern because spa-

tial autocorrelation was detected in our data. For example,

Moran’s I tests revealed significant (P ≤ 0.010), positive auto-

correlation among samples grouped within the first

(distance = 602 km; I = 0.487) and second (distance =
1637 km; I = 0.141) distance classes of a spatial correlogram.

These procedures generated 24 hemispheric-scale SDR

models. Model coefficients and their corresponding signifi-

cance values, overall model P-values, F-statistics, multiple
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Figure 1 Map of the 107 Western Hemisphere river basins. Rivers are numbered as follows: 1-Yukon; 2-Anderson; 3-Mackenzie; 4-

Coppermine; 5-Back; 6-Thelon; 7-Taku; 8-Stikine; 9-Nass; 10-Skeena; 11-Homathko; 12-Nisqually; 13-Skagit; 14-Columbia; 15-Nelson;
16-Severn; 17-Albany; 18-Moose (Canada); 19-Arnaud; 20-Grande (Canada); 21-Eastmain; 22-Rupert; 23-Saguenay; 24-George;

25-Churchill (Canada, Atlantic); 26-Moisie; 27-Nouvelle; 28-Saint Croix (Maine); 29-Merrimack; 30-Connecticut; 31-Delaware;
32-Rappahannock; 33-Roanoke; 34-Santee; 35-Saint Johns; 36-Waccasassa; 37-Apalachicola; 38-Escambia; 39-Pascagoula; 40-Mississippi;

41-Atchafalaya; 42-Sabine; 43-Trinity (Texas); 44-Colorado (USA); 45-Klamath; 46-Eel (California); 47-Russian; 48-Napa; 49-
Sacramento; 50-Carmel; 51-Salinas; 52-Santa Maria (California); 53-Santa Ynez; 54-Santa Clara (California); 55-Los Angeles; 56-Santa

Margarita; 57-San Diego; 58-Fuerte, R�ıo; 59-Rio Grande (USA-Mexico); 60-Nueces, R�ıo; 61-P�anuco, R�ıo; 62-Santiago, R�ıo (Mexico); 63-
Ameca, R�ıo; 64-Armer�ıa, R�ıo; 65-Papaloapan, R�ıo; 66-Verde, R�ıo (Mexico); 67-Tehuantepec, R�ıo; 68-Coatzacoalcos, R�ıo; 69-
Usumacinta, R�ıo; 70-Lempa, R�ıo; 71-Grande de T�arcoles, R�ıo; 72-Grande de T�erraba, R�ıo; 73-Changuinola, R�ıo; 74-Tabasar�a, R�ıo; 75-
Santa Maria, R�ıo (Panama); 76-Bayano, R�ıo; 77-Tuira, R�ıo; 78-Grande de A~nasco, R�ıo; 79-Magdalena, R�ıo; 80-Orinoco, R�ıo; 81-
Manzanares, R�ıo; 82-Essequibo, R�ıo; 83-Corantijn, R�ıo; 84-Oyapock, R�ıo; 85-Amazonas, Rio; 86-Negro, Rio (Brazil); 87-Xingu, Rio; 88-
Tapaj�os, Rio; 89-Mira, R�ıo; 90-Esmeraldas, R�ıo; 91-Santa, R�ıo; 92-Ca~nete, R�ıo; 93-Tocantins, Rio; 94-Parna�ıba, Rio; 95-S~ao Francisco,

Rio; 96-Doce, Rio; 97- Para�ıba do Sul, Rio; 98-Paran�a, Rio; 99-Uruguay, R�ıo; 100-Colorado, R�ıo (Argentina); 101-Huasco, R�ıo; 102-
Maipo, R�ıo; 103-Rapel, R�ıo; 104-B�ıo B�ıo, R�ıo; 105-Negro, R�ıo (Argentina); 106-Chubut, R�ıo; 107-Santa Cruz, R�ıo (Argentina). Three
basins (no. 86, 87, 88) are nested within the greater Rio Amazonas (no. 85) basin and are indicated by white shading. Additional details,

including discharge gauging station identifiers and latitude/longitude coordinates, are provided in Table S3.1 in the Supporting
Information.
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correlation coefficients (R2) and small-sample corrected

Akaike information criterion (AICc) values were estimated

for all models. All SDR analyses, including OLS and SAutoR

modelling and Moran’s I calculations were performed with

Spatial Analysis in Macroecology 4.0 software (Rangel

et al., 2010).

Deconstructed SDR models

We then deconstructed the hemispheric-scale SDRs into sep-

arate models for low, mid, and high latitude rivers. We

began by using iterative ‘moving window’ ANOVA tests to

partition our samples into three latitudinal groups and to

test the hypothesis that the hemispheric-scale SDR residuals

differed systematically among low, mid and high latitudes.

Complete details on the moving window method are pre-

sented in Appendix S2 (Supporting Information). Briefly, a

first window bracketed the traditional 23.5° demarcation

between tropical and subtropical realms, with a potential

boundary moving from 11° absolute latitude to 53.5° at 2.5°
intervals (see Fig. S2.1 in Supporting Information). A second

window bracketed the traditional 35° demarcation between

subtropical and temperate realms, with a potential boundary

moving from 15° to 57.5° absolute latitude at 2.5° intervals.

For each combination of latitudinal boundaries, ANOVA was

used with Bonferonni post hoc corrections (Sokal & Rohlf,

1995) to test for significant, pairwise differences in SDR

residuals among latitudinal groups. Based on the results, an

optimal pair of latitudinal boundaries was selected (see

Appendix S2) for deconstruction analyses.

Using the optimal latitudinal boundaries, we then parti-

tioned the river data by latitudinal group and built indepen-

dent SDR models as above (i.e. OLS and SAutoR regression

of log10-transformed Q and richness data, with separate SDR

models for mean, low and high flow Q data within each lati-

tudinal group). We were most interested in determining

whether the coefficients of the simple SDR models differed

between hemispheric-scale and deconstructed SDR models.

But, we also assessed whether latitude continued to have a

significant effect on the deconstructed data by building mul-

tiple regression models, inclusive of absolute latitude and a

Q 9 latitude interaction, for each of the latitude-specific

data sets.

Structural equation modelling

Prior to building the SEM, additional environmental attri-

butes were appended to each of the study rivers. River basin

area (planar surface area), total stream network length

(combined length of all segments within a given basin) and

the coefficient of variation (CV) of surface slope throughout

each basin were obtained for each sample river from the

HydroSHEDS database (15 arc-second resolution; http://hy

drosheds.org/). Historical air temperature and precipitation

data (1950–2000 annual means) were downloaded from the

WorldClim database (30 arc-minute resolution grids; www.

worldclim.org/). Each of the 107 river basins was superim-

posed on the gridded climate data and used to query all grid

cells within a given basin. Mean annual air temperature and

mean annual precipitation were then estimated for each river

as the median grid cell value within the respective basin.

However, stream network data were not available from

HydroSHEDS for river segments above 60°N latitude. We

therefore omitted seven rivers (Yukon, Anderson, Mackenzie,

Coppermine, Back, Thelon and Arnaud) from the SEM

analysis. All spatial calculations were performed with ESRI

ArcMap 10.1 software (Environmental Systems Research

Institute, Redlands, California).

We began the SEM analysis with a simple model linking

Q, latitude and river basin area to fish richness. Latitude and

basin area were treated as exogenous variables with direct

connections to Q and richness, while Q and richness were

endogenous. More complex models, including latent vari-

ables (Grace, 2006), were then built from the initial model

and fit to the data in an iterative, exploratory manner. All

SEM procedures were performed with the r package lavaan

(Rosseel, 2012). For the complete raw data (SDR and SEM

analyses) and R code used in the SEM analysis, see Appendix

S3 in Supporting Information.

RESULTS

Hemispheric-scale SDR models

Low flow Q was the best individual predictor of native fish

richness in simple SDRs (P < 0.001), with the highest R2 and

lowest AICc values for both OLS and SAutoR models

(Fig. 2). However, the mean annual Q and high flow Q

models (simple, hemispheric-scale SDRs) were also signifi-

cant (P < 0.001). And the estimated Q coefficients (‘z’ values

for linear model slopes using log10-transformed Q and rich-

ness data), as well as the SDR constants (‘c’ values for linear

model intercepts), were generally similar for mean annual Q,

low flow Q and high flow Q models; overlapping 95% confi-

dence intervals (CIs; calculated as � 1.96 standard errors; see

Table 1) indicated no significant differences among the

mean, low, and high flow Q models.

Each of the simple SAutoR models performed better than

its respective simple OLS model. R2 values increased by a

large margin for each of the simple SDRs when OLS and

SAutoR results were compared (for the same flow measure)

and AICc values decreased by approximately one-half

(Fig. 2). Modest decreases in the Q coefficients (z values)

and increases in the SDR constants (c values) of the simple

SAutoR models were also observed, relative to the corre-

sponding OLS models. However, overlapping 95% CIs indi-

cated that the differences were not significant, suggesting

that spatial autocorrelation did not unduly bias the

hemispheric-scale SDR models.

Absolute latitude was a significant predictor of fish rich-

ness when combined with Q in multiple regression models

(P ≤ 0.020 for the absolute latitude term). This was true of
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all hemispheric-scale OLS and SAutoR models, regardless of

Q measure (Table 1). Multiple regression also confirmed that

the latitudinal effect is mediated through an interaction with

Q; when Q 9 latitude interactions were added to the SDR

models, they were consistently significant but the indepen-

dent latitude terms lost their significance (P > 0.050). This

multiplicative interaction between Q and absolute latitude

showed that the functional form of the SDR differs between

low and high latitude rivers and further justified the decon-

struction analyses.

Deconstructed SDR models

Residuals from the simple, hemispheric-scale OLS regression

models for mean annual Q, low flow Q and high flow Q

were all negatively correlated with absolute latitude. But the

residuals were also clustered with disproportionate numbers

of positive residuals at low latitudes and negative residuals at

high latitudes (see Fig. S2.3 in Supporting Information).

Moving window ANOVA tests confirmed that the differences

between low, mid and high latitude residuals were all signifi-

cant when optimal latitudinal boundaries of 23.5° and 40.0°
(see Table S2.4 in Supporting Information) were used to sep-

arate tropical rivers from subtropical rivers, and subtropical

rivers from temperate rivers respectively.

When deconstructed into tropical, subtropical, and tem-

perate groups, most of the SDR models retained their overall

significance (P < 0.010; see Table S2.5 in Supporting Infor-

mation). The only exceptions were the temperate mean

annual Q and high flow Q SAutoR models that included

absolute latitude (overall P > 0.050). Notably, deconstruction

eliminated the significance of the latitude and Q 9 latitude

interaction terms in all of the temperate SDR models (see

‘Lat. P’ and ‘Int. P’ columns in Table S2.5) and in all but

one of the tropical SDR models (the Dis. + Lat. + Int. model

for low flow Q). The latitude and Q 9 latitude interaction

terms were also insignificant in all of the SAutoR models for

subtropical rivers (P > 0.800), but remained significant in

several of the subtropical OLS models. Moran’s I values for

model residuals within the first distance class (573 km)

decreased by large margins for the deconstructed tropical

and temperate SDRs (e.g. Moran’s I = 0.554 vs. 0.100 for

simple hemispheric-scale and deconstructed tropical OLS

models), but not for subtropical SDRs (compare ‘Ires’ col-

umns in Table 1 and Table S2.5). Hence, deconstruction

minimized the residual effect of latitude on the SDR in

tropical and temperate rivers, while the effect in subtropical

rivers was equivocal.

Significant increases in the Q coefficients (SDR slopes or z

values) were observed for all tropical SDRs, relative to hemi-

spheric-scale models (non-overlapping 95% CIs; compare

‘Dis’ columns in Table 1 and Table S2.5). Q coefficients for

the temperate SDRs consistently decreased, but deviations

from the hemispheric-scale models were not significant and

no consistent differences were observed among Q coefficients

for subtropical and hemispheric-scale SDRs. Thus, our initial
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Figure 2 Hemispheric-scale species–discharge relationships
(SDRs) for native freshwater fishes of the Western Hemisphere.
Results are shown for (a) mean annual discharge (Q),

(b) annual low flow Q and (c) annual high flow Q models,

when discharge was used as the sole predictor variable (‘simple’
models), using both ordinary least squares (OLS) and

simultaneous autoregressive (SAutoR) methods. All discharge
and fish richness data (n = 107) were log-transformed prior to

analysis. Regression model constants (c), slopes (z), coefficients
of determination (R2) and small-sample size corrected Akaike

information criterion values (AICc) are shown for each SDR
model. Best-fit lines are shown for both OLS models (solid

lines) and SAutoR models (dashed lines). All OLS and SAutoR
models are significant at P < 0.001.
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prediction that hemispheric-scale SDRs will underestimate

fish richness in tropical rivers and overestimate richness in

temperate rivers was confirmed.

To illustrate the importance of the differing Q coeffi-

cients and SDR constants, we converted the simple SDRs

from log-transformed, linear models (log10 y = c + z[log10

Table 1 Ordinary least squares (OLS) and simultaneous autoregressive (SAutoR) results for each of the four hemispheric-scale, species–
discharge relationship (SDR) models: discharge only (Dis.); discharge + absolute latitude (Dis. + Lat.); discharge + absolute latitude +
interaction of discharge and absolute latitude (Dis. + Lat. + Int.); and discharge + interaction (Dis. + Int.). Results are listed for each of

the three discharge (Q) measures (mean annual Q, annual low flow Q and annual high flow Q). Estimated coefficients are shown for
the model constants (Con.), discharge (Dis.), absolute latitude (Lat.) and Dis. 9 Lat. interaction terms (Int.), with standard errors (� 1

SE) shown in parentheses for each coefficient.

SDR model Con. Dis. Lat. Int. R2 AICc Iest Ires Ierr

Mean annual Q

OLS

Dis. 0.589 (0.122)** 0.333 (0.040)** 0.399 121.906 0.195 0.554 n/a

Dis. + Lat. 0.945 (0.116)** 0.346 (0.034)** �0.012 (0.002)** 0.575 86.012 0.306 0.425 n/a

Dis. + Lat. + Int. 0.316 (0.203) 0.559 (0.066)** 0.010 (0.006) �0.008 (0.002)** 0.620 75.054 0.328 0.427 n/a

Dis. + Int. 0.602 (0.098)** 0.471 (0.037)** �0.004 (< 0.001)** 0.614 75.494 0.333 0.430 n/a

SAutoR

Dis. 0.706 (0.187)** 0.286 (0.046)** 0.650 67.260 0.373 0.575 0.097

Dis. + Lat. 1.171 (0.253)** 0.291 (0.046)** �0.014 (0.005)* 0.797 11.089 0.480 0.471 0.008

Dis. + Lat. + Int. 0.492 (0.388) 0.523 (0.103)** 0.010 (0.011) �0.008 (0.003)* 0.853 �21.048 0.462 0.458 0.010

Dis. + Int. 0.809 (0.208)** 0.449 (0.069)** �0.005 (0.002)** 0.861 �29.103 0.482 0.467 < 0.001

Annual low flow Q

OLS

Dis. 0.892 (0.078)** 0.289 (0.030)** 0.467 108.936 0.291 0.376 n/a

Dis. + Lat. 1.247 (0.088)** 0.287 (0.026)** �0.011 (0.002)** 0.607 77.508 0.387 0.225 n/a

Dis. + Lat. + Int. 0.717 (0.144)** 0.508 (0.055)** 0.006 (0.004) �0.007 (0.002)** 0.667 60.907 0.394 0.215 n/a

Dis. + Int. 0.912 (0.062)** 0.439 (0.031)** �0.005 (< 0.001)** 0.663 60.999 0.409 0.219 n/a

SAutoR

Dis. 0.924 (0.170)** 0.241 (0.041)** 0.690 54.022 0.461 0.431 0.031

Dis. + Lat. 1.370 (0.262)** 0.243 (0.043)** �0.013 (0.005)* 0.838 �13.411 0.535 0.300 �0.029

Dis. + Lat. + Int. 0.823 (0.332)* 0.473 (0.092)** 0.005 (0.008) �0.007 (0.003)* 0.867 �32.192 0.490 0.274 �0.018

Dis. + Int. 0.990 (0.190)** 0.437 (0.070)** �0.006 (0.002)** 0.880 �45.311 0.507 0.289 �0.027

Annual high flow Q

OLS

Dis. 0.483 (0.147)** 0.331 (0.044)** 0.352 129.839 0.188 0.576 n/a

Dis. + Lat. 0.820 (0.133)** 0.354 (0.037)** �0.013 (0.002)** 0.547 92.808 0.302 0.449 n/a

Dis. + Lat. + Int. 0.110 (0.244) 0.569 (0.072)** 0.013 (0.008) �0.008 (0.002)** 0.589 83.536 0.322 0.450 n/a

Dis. + Int. 0.468 (0.118)** 0.468 (0.039)** �0.004 (< 0.001)** 0.582 84.227 0.326 0.452 n/a

SAutoR

Dis. 0.613 (0.204)* 0.286 (0.048)** 0.627 73.862 0.355 0.589 0.113

Dis. + Lat. 1.082 (0.258)** 0.293 (0.047)** �0.014 (0.005)* 0.767 25.710 0.466 0.490 0.027

Dis. + Lat. + Int. 0.297 (0.431) 0.530 (0.108)** 0.015 (0.013) �0.008 (0.003)* 0.838 �10.967 0.460 0.477 0.013

Dis. + Int. 0.721 (0.220)** 0.434 (0.067)** �0.005 (0.001)** 0.839 �13.792 0.479 0.485 0.008

Significance levels for individual predictor variables are indicated by superscripts: *P ≤ 0.050; **P ≤ 0.001. Multiple correlation coefficients (R2)

and small-sample corrected Akaike information criterion values (AICc) are also shown for each model, as are first distance class (573 km) Mor-

an’s I values for model estimates (Iest), model residuals (Ires), and model spatial errors (Ierr; shown for SAutoR models only). Each of the com-

plete SDR models was significant at P < 0.001.

Figure 3 Comparison of the deconstructed tropical (n = 37), subtropical (n = 35), and temperate (n = 35) species–discharge
relationships (SDRs; shown as dot-dash, solid, and dashed lines respectively; see upper left panel for labels). Separate panels are shown
for mean annual discharge (Q; first row), mean annual low flow Q (second row), and mean annual high flow Q (third row) SDR

models, and for ordinary least squares (OLS; left column) and simultaneous autoregressive (SAutoR; right column) models. SDR results

are also shown in the main panels for untransformed data on arithmetic axes (large plots displaying power-law models) and as insets
for log-transformed data (linear models at upper right). Tropical (‘Trop.’), subtropical (‘Subtrop.’) and temperate (‘Temp.’) model

coefficients (c and z), as well as R2 and AICc values, are listed beneath their respective plots for simple SDRs (i.e. discharge as the sole
predictor variable). Each of the SDR models extends along the x-axis to the largest empirical discharge value within the respective data

set (mean annual Q, low flow Q or high flow Q). For ease of comparison, all plots are shown on common axes and insets can be
compared directly with hemispheric-scale SDR models in Fig. 2.
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x], where x = Q and y = fish richness) to arithmetic,

power-law models (y = 10cxz). Plots of the mean annual

Q, low flow Q, and high flow Q models rose steeply in

tropical rivers with no clear sign of an asymptote (Fig. 3;

see also Table S2.5). However, the subtropical and temper-

ate SDRs quickly became asymptotic. These differences

were observed for both OLS and SAutoR models, and

for each Q measure, confirming that the functional

form of the fish SDR is fundamentally different in tropi-

cal, subtropical, and temperate rivers of the Western

Hemisphere.

Structural equation modelling

The simple SEM indicated that low flow Q, river basin area

and latitude each have a significant, direct effect on fish rich-

ness, and that basin area has a significant effect on low flow

Q (Fig. 4a). The overall fit of the simple model was, how-

ever, poor (v2 P < 0.001). Model fit improved considerably

(v2 P = 0.240; note that larger P-values indicate better model

fit; Grace, 2006) when latitude was replaced with mean

annual air temperature and mean annual precipitation

(Fig. 4b). This model revealed a significant effect of air

temperature on precipitation, low flow Q and fish richness.

A third model replaced low flow Q with a latent ‘Hydrology’

variable, using low flow Q and high flow Q as indicators,

and replaced river basin area with a latent ‘Physical habitat’

variable, using basin area, stream network length and the CV

of basin surface slope as indicators (Fig. 4c). This third

model was also consistent with the data (v2 P > 0.05) and

although the overall fit decreased relative to the second

model (Fig. 4b), it provided a more general framework for

evaluating the inter-related roles of hydrology, physical

habitat, and climate on fish richness.

DISCUSSION

This study adds to the growing recognition that Q, as an

indicator of the space or habitat available to aquatic organ-

isms, is a key predictor of freshwater community structure

and biodiversity (e.g. Oberdorff et al., 1995; Poff & Allan,

1995; Gu�egan et al., 1998; Iwasaki et al., 2012; McGarvey,

2014). Our hemispheric-scale SDR results were remarkably

similar to the global-scale SDR models of Oberdorff et al.

(1995; c = 0.84, z = 0.33, n = 166, R2 = 0.52) and Xenopou-

los et al. (2005; c = 0.62, z = 0.40, n = 237, R2 = 0.57) when

equivalent methods were used (OLS regression of log10-trans-

formed mean annual Q and richness data; see Fig. 2a). And

the SDR coefficients (c and z) from simple OLS models were

robust to spatial autocorrelation; the SDR coefficients chan-

ged by small, non-significant margins for SAutoR models

(Fig. 2; Table 1). This overall congruence in the functional

forms of the Western Hemisphere and global-scale models

further establishes the SDR as a fundamental pattern in

freshwater biogeography. It also suggests that our Western

Hemisphere SDR results, which are a random sample of the

global population, may be applicable to Eastern Hemisphere

rivers.

Latitudinal variation in the SDR for Western

Hemisphere fishes

A core objective of this study was to determine whether the

SDR is itself a function of latitude in Western Hemisphere

rivers. This was not an effort to characterize the latitudinal

diversity gradient itself; it is already well established that

freshwater fishes conform to the basic latitudinal pattern

(e.g. Oberdorff et al., 1995; L�evêque et al., 2008). Rather, we

tested the hypothesis that the functional form of the SDR

changes between low and high latitudes.

Multiple regression verified that Q and latitude are both

significant, non-redundant predictors of fish richness in Wes-

tern Hemisphere rivers. It also showed that the effect of Q is

not independent of latitude. Rather, it is realized through a

multiplicative interaction with latitude; this interaction was

observed for all three of the Q measures (Table 1). Thus, we

confirmed that the functional form of the hemispheric-scale

SDR is dependent on latitude.

The interaction between Q and latitude can be managed

in a couple of ways. If one seeks to identify covariates of the

latitudinal diversity gradient without focusing on any partic-

ular latitudinal range, then using the Q 9 latitude interac-

tion as a continuous predictor may be the better approach

(Willig et al., 2003; Hillebrand, 2004). However, the categori-

cal, deconstruction approach may be preferable when study-

ing how independent events have influenced freshwater

biodiversity at low and high latitudes. For example, ice cover

during the Last Glacial Maximum had disproportionate

effects on temperate rivers in North- and South America

(McPhail & Lindsey, 1986; Ruzzante et al., 2008) and decon-

struction provides a simple framework to account for these

differing historical events. The deconstructed SDRs also pro-

vide intuitive visualizations of the major differences in fish

richness between tropical, subtropical and temperate rivers

(see Fig. 3). Deconstruction is intended to generate new

understanding of large-scale patterns in biogeography (Mar-

quet et al., 2004; Gerstner et al., 2014) and it clearly did so

for our SDR results.

One caveat in our deconstruction analysis was the selec-

tion of optimal latitudinal boundaries. Moving window

ANOVA tests identified six (of 171 possible) combinations

of fully significant latitudinal boundaries (all post hoc, pair-

wise comparisons were significant for each of the three Q

measures; see Appendix S2 and Table S2.4). However, the

decision to use the 23.5° and 40.0° boundaries was based on

their proximity to the traditional tropical-subtropical (23.5°)
and subtropical-temperate (35.0°) boundaries and was there-

fore partially subjective. A more objective solution would be

possible with complete species lists for each river. Multivari-

ate ordination or clustering techniques could then be used to

identify distinct latitudinal transition zones (e.g. McGarvey &

Ward, 2008). But in the absence of this information, we
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emphasize that the overall improved fits of the deconstructed

SDR models (increased R2 and decreased AICc values),

decreased significance of the latitude and Q 9 latitude

interaction terms, and reduced spatial autocorrelation in the

SDR residuals (decreased Moran’s Ires), relative to the hemi-

spheric-scale SDRs (compare Table 1 and Table S2.5), all

indicate that our deconstruction procedure was successful in

minimizing the effect of latitude on the SDRs.

Importance of low flow discharge

A recent study of rivers in the U.S. Pacific Northwest found

that native fish richness is more strongly associated with low

flow Q than with mean annual Q or high flow Q (McGarvey,

2014). We observed a similar result in our more extensive

study of Western Hemisphere rivers. Low flow Q was the

strongest correlate of fish richness in all hemispheric-scale

SDR models (Fig. 2; Table 1) and in most of the decon-

structed SDRs; the only exceptions were the OLS models for

tropical rivers, where the R2 and AICc differences between

low flow Q, mean annual Q and high flow Q models were

negligible (Fig. 3; Table S2.5).

Strong associations between low flow Q and aquatic diver-

sity are intriguing because low flow Q is expected to have

mechanistic influences on fishes and other aquatic biota

(Rolls et al., 2012). At local scales, low flow Q limits the
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Figure 4 Structural equation modelling results. A simple model built upon the species–discharge relationship for annual low flow

discharge (Q), but linking latitude and basin area directly to low flow Q and to native fish richness, is shown in panel (a). In panel (b),
latitude is replaced by mean annual air temperature and mean annual precipitation, each of which is significantly correlated with

absolute latitude. In panel (c), annual low flow Q is replaced by the latent variable ‘hydrology’, using annual low flow Q and annual
high flow Q as indicators, and basin area is replaced by the latent variable ‘physical habitat’, using basin area, stream network length

and the coefficient of variation (CV) of surface slope throughout the drainage as indicators. In panels (a–c), exogenous variables are
shown in white and endogenous variables are shown in black. Latent variables are shown as ovals with their associated indicator

variables in grey. Solid arrows indicate paths that were significant at P ≤ 0.05; dashed arrows indicate paths that were included but not
significant. Numbers shown adjacent to paths are standardized path coefficients. Coefficients of determination (R2) are shown for each

endogenous variable and v2 P-values are shown in bold text at upper right, with larger values indicating better overall model fit; v2 P-
values greater than 0.05 indicate a model that is consistent with the empirical data. Panel (d) depicts a conceptual model using the same

basic symbols as panels (a–c). The dark grey oval and arrows for speciation/extinction indicate hypothesized relationships. The double-
headed arrow between speciation/extinction and aquatic biodiversity emphasizes the potential for reciprocal interactions between the

two.
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space available to aquatic organisms and has predictable,

mostly negative effects on physicochemical habitat quality.

For instance, reduced Q tends to increase water temperature

and conductivity while decreasing dissolved oxygen. These

influences can diminish total habitat quantity and quality,

and may limit the number of locally co-existing species. At

regional scales, low flow Q can reduce longitudinal connec-

tivity within river networks, thereby constraining dispersal

and metacommunity structure. Lateral connections with

riparian and floodplain habitats may also be severed, along

with the energetic subsidies that these habitats often provide.

A more complete understanding of the links between fish

richness and low flow Q may now require daily or hourly

time series of Q data. We used relatively coarse monthly

averages to model the hemispheric-scale SDR because daily

records were not available for many of our study rivers. But

the enhanced precision of daily or hourly records would

allow us to refine the SDR patterns and begin testing mecha-

nistic hypotheses. For example, Iwasaki et al. (2012) showed

that inter-annual variability in the frequency of low flow Q

events is a particularly strong correlate of global fish richness,

while McGarvey (2014) found that discrete periods of low

flow Q (7-day minimum Q) are more closely associated with

fish richness in temperate rivers than mean annual low flow

Q. We therefore suggest that Q analyses at finer temporal

scales may be a productive area for future research.

Combined effects of discharge, latitude and river

basin area on fish diversity

Many different mechanisms have been proposed to explain

the latitudinal diversity gradient, with energy (energetic or

trophic resources are most abundant in the tropics), differen-

tial rates of speciation (‘cradle of diversity’ hypothesis) and

extinction (‘museum’ hypothesis) and habitat availability (to-

tal habitat size and/or complexity increase near the tropics)

among the most frequently cited (Willig et al., 2003; Mittel-

bach et al., 2007; Heino, 2011; Belmaker & Jetz, 2015). Our

study adds a new dimension to the mix: to fully understand

the latitudinal diversity gradient in freshwater systems, it

may be necessary to account for Q. But this does not require

a net increase the complexity of biogeographical theory.

Rather, we emphasize that Q can help to clarify and integrate

the effects of other factors.

Our SEM analysis suggests that the latitudinal gradient of

freshwater fish diversity is influenced by the interaction of

air temperature, precipitation and Q. Predictably, mean

annual precipitation was shown to have a direct, positive

effect on low flow Q (Fig. 4b). However, the effect of mean

annual air temperature was more complex; air temperature

was negatively correlated with Q, likely due to increased

evapotranspiration, but it also had a positive secondary effect

that was mediated through a direct, positive effect on precip-

itation. This suggests that the latitudinal fish diversity gradi-

ent may, in part, be driven by the SDR because mean annual

precipitation and air temperature are each inversely

correlated with absolute latitude (data not shown). However,

the SEM also revealed direct, positive effects of air tempera-

ture and precipitation on fish richness that were independent

of Q. These separate air temperature and precipitation effects

may reflect a species-energy dynamic where warm tempera-

tures and abundant precipitation drive increased primary

production, which could in turn support greater consumer

biomass and higher species richness (Hawkins et al., 2003;

Gillman et al., 2015).

SEM analysis also indicated that river basin area may have

a direct effect on native fish richness that is independent of

Q, in addition to a direct effect on low flow Q (Fig. 4b).

Notably, the effects of basin area on Q and on fish richness

were strong (see path coefficients in Fig. 4b), suggesting that

area plays a key role in regulating freshwater fish diversity.

We suspect, however, that basin area may itself be an indica-

tor of a more general link between fish richness and physical

habitat availability. When basin area was replaced in the

SEM with a latent variable representing physical habitat,

using basin area, stream network length, and the CV of basin

slope (used as a proxy for landscape complexity) as indica-

tors (Fig. 4c), the fundamental importance of physical habi-

tat was highlighted, relative to the importance of basin area

per se. This observation can create a context for further

hypothesis testing. For instance, the positive link between

physical habitat and fish richness could reflect a sequence of

effects where total habitat availability drives habitat diversity

and habitat diversity drives species richness.

Similarly, when low flow Q was replaced with a latent

variable representing hydrology, using low flow Q and high

flow Q as indicators (Fig. 4c), the model became a more

flexible representation of the potential drivers of fish rich-

ness. This particular SEM (Fig. 4c) indicated that climate

(represented by air temperature and precipitation), physical

habitat and hydrology may each have a significant influence

on fish diversity. But the model also revealed interconnec-

tions among these factors that are not often recognized.

Accordingly, we believe the SEM results can provide a novel

starting point for prioritizing and testing mechanistic

hypotheses, then placing the results within an explicit,

system-level framework.

Such a framework might look like the conceptual model

shown in Fig. 4d. Here, climate and physical habitat are pre-

sented as master exogenous variables that govern the endoge-

nous variables hydrology, energy and aquatic biodiversity.

Notably, aquatic biodiversity is presented as a latent variable

with fish richness as one potential indicator; other dimen-

sions of biodiversity, such as evenness and phylogenetic simi-

larity, could be incorporated. Speciation and extinction can

also be accommodated by this framework; these important

processes (see Mittelbach et al., 2007; Smith et al., 2010;

L�opez-Fern�andez & Albert, 2011) are predicted to covary

with many of the other variables shown in Fig. 4d (e.g.

Brown, 2014; Gillman & Wright, 2014; Rolland et al., 2014),

although the direction of the link between speciation/extinc-

tion and aquatic biodiversity is uncertain. Clearly, speciation
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will promote diversity while extinction will diminish it, but

density-dependent dynamics (e.g. community saturation)

may also create feedbacks from biodiversity to speciation/

extinction (Rabosky & Hurlbert, 2015). Resolving this

dynamic will be a significant challenge and we emphasize

that a quantitative, system-level SEM may be an excellent

way to proceed.

For the moment, however, we conclude with a simple rec-

ommendation: Q warrants greater attention in studies of

freshwater biodiversity. In this study, Q was among the

strongest univariate predictors of fish richness, across a wide

range of spatial scales (Figs. 2 and 3). Our SEM analysis also

suggested that Q is an integrative measure of the effects of

climate and physical habitat that may play a central role in

system-level understanding of freshwater biodiversity

(Fig. 4). Furthermore, mechanistic understanding of the links

between Q and individual fish species’ ecologies (Poff &

Allan, 1995), as well as emergent patterns in fish assemblage

structure (McGarvey, 2014), is beginning to accumulate. And

it is now clear that altered Q will be among the greatest

threats posed to aquatic biota by climate change (Olden

et al., 2010; Carlisle et al., 2011).
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Appendix S3 Structural equation modelling.
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CORRIGENDUM

Corrigendum: Using river discharge to model and
deconstruct the latitudinal diversity gradient for fishes of

the Western Hemisphere

CORRIGENDUM

An error in the discharge (Q) data used in

‘Using river discharge to model and

deconstruct the latitudinal diversity gradi-

ent for fishes of the Western Hemisphere’

(McGarvey & Terra, 2016) was recently

brought to our attention: Q values from a

subset of river gauging stations were not

converted to m3 s�1 units. (Thanks to

David Griffiths for the notification.) When

all Q data errors were corrected (see

Table S1 in Corrigendum Supporting

Information), modest changes occurred in

the results, as outlined below.

HEMISPHERIC-SCALE SDR

MODELS

Analysis with the corrected data changed

SDR coefficients (c and z values) slightly.

Importantly, each of the mean annual Q,

annual low flow Q, and annual high flow

Q models remained highly significant

(P < 0.001) with comparable overall model

fits (r2 and AICc values; see Corrigendum

Fig. S2.1 and Table S2.1).

DECONSTRUCTED SDR MODELS

In the corrected analyses, residuals from

the hemispheric-scale SDR models

remained highly correlated with absolute

latitude. However, the corrected relation-

ship displayed a unimodal rather than lin-

ear trend (Corrigendum Fig. S2.2a). The

optimal tropical–subtropical boundary

remained at 23.5° absolute latitude when

moving window ANOVA tests were

repeated for mean annual Q, low flow Q

and high flow Q residuals, but the optimal

subtropical–temperate boundary shifted

from 40.0° to 32.5° absolute latitude (Cor-

rigendum Fig. S2.2b). All deconstructed

SDRs remained significant at P ≤ 0.05 with

differing changes in model coefficients and

fits (see Corrigendum Fig. S2.3 and

Table S2.2). The largest changes were

observed for spatial autoregressive models

of temperate rivers, with dramatically

increased model fits (e.g. r2 = 0.99; see

Corrigendum Fig. S2.3c).

STRUCTURAL

EQUATION MODELS

Structural equation modelling (SEM)

results based on the corrected data were

similar to those in the original analysis,

with one notable change. The direct paths

from annual low flow Q to native fish

richness (Corrigendum Fig. S3.1b) and

from hydrology to native fish richness

(Corrigendum Fig. S3.1c) became insignifi-

cant (P > 0.05). This change provided new

insight to the SDR: the strength of the

empirical correlation between Q and fish

richness is likely driven by the fact that Q

is an integrative measure of climate and

physical habitat effects, rather than a direct

or mechanistic link between Q and rich-

ness per se.

Complete details on all of the adjusted

results, including the corrected raw data

and an expanded discussion of the SEM

results, are provided in the online Sup-

porting Information. We encourage read-

ers to consult this updated information

and we apologize for our mistake.
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