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Abstract This study determined if a spatial hierar-

chy existed with respect to reach-scale habitat,

subwatershed-scale, and watershed-scale geomor-

phology and land use stressors on fish assemblages

in southeastern U.S. coastal plain streams. During

May–October 2009–2012, fishes were sampled by

seine, and habitat was assessed at 50 reaches in the

Lake Pontchartrain Basin (USA). Using partial redun-

dancy analysis (pRDA) a variance decomposition

procedure was used to partial out influences of

confounding covariables at each spatial scale.

Reach-scale habitat had the strongest association with

the assemblage. Stream width, depth, aquatic vegeta-

tion and human debris cover, rapid habitat assessment

score, and large woody debris volume were the most

important variables. At subwatershed and watershed

scales, natural and anthropogenic characteristics were

important, including elevation, gradient, watershed

area, wetland cover, stream density, road, dam and oil/

gas well densities. Six species were associated most

strongly with the watershed variables, compared to

reach- and subwatershed-scale variables. These spe-

cies had more ‘‘r-selected’’ life-history strategies (e.g.,

smaller eggs, shorter life spans, multiple broods,

longer spawning season, and trophic generalists). In

contrast, most species that were associated strongest

with reach-scale variables exhibited more ‘‘k-

selected’’ life-history traits (e.g., larger eggs, longer

life spans, shorter spawning season, single brood, and

trophic specialists).

Keywords Landscape � Spatial hierarchy � Variance

decomposition � Redundancy analysis � Coastal plain �
Life history

Introduction

Biological assemblages in stream ecosystems are

structured hierarchically through space and time

(Hynes, 1970; Frissell et al., 1986; Geheber & Piller,

2012). Diversity, functional traits, and composition of

species at a particular stream location are constrained

by nested hierarchies formed by environmental filters

operating at vast spatial and temporal scales (Imhof

et al., 1996; Poff et al., 1997; Taylor & Warren, 2001;

Pease et al., 2012). According to stream hierarchy

theory, the variety of physical and chemical attributes

available to fishes as habitat in the stream channel,

such as spawning substrate or temperature regime, are
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dependent upon the climatic, geological, and anthro-

pogenic dynamics that occur at larger spatial and

temporal scales (Frissell et al., 1986; Frissell & Nawa,

1992; Roth et al., 1996; Hitt & Roberts, 2012).

Subsequently, the magnitude and variation of avail-

able habitat at any point in space and time for biota

(i.e., the disturbance regime, sensu Poff & Ward,

1990) are constrained ultimately by regional templates

that have evolved over millennia.

Ecological studies that address influences of multiple

spatial scales often find that biotic assemblages and their

instream habitats exhibit strong relationships with land

use and land cover (LULC) characteristics in the

streams’ respective watersheds, river basins, or perhaps

ecoregions (Strayer et al., 2003; Brazner et al., 2004;

Schweizer & Matlack, 2005; Kaller et al., 2013; Marzin

et al., 2013; Matono et al., 2013). Nonetheless, some

biomass or species occurrence models rely only on

environmental variables that reflect the smallest spatial

scale (i.e., the stream channel), because it contains the

physical and chemical components of habitat that have

direct impact on their daily physiology and health; and it

is at this scale that observers can directly monitor and

manage the interaction between habitat condition and

fishes (Frissell & Nawa, 1992; Roni et al., 2002;

Talmage et al., 2002; Thompson, 2006; Cooperman

et al., 2007; Bernhardt & Palmer, 2011).

Physicochemical stressors derived from anthropo-

genic causes can adversely affect fish assemblages,

whether at small or large spatial scales (Allan, 2004;

Sawyer et al., 2004; Wang et al., 2006; Zorn & Wiley,

2006; Rowe et al., 2009). Fish assemblages may be

impacted at small scales by point-source pollution

(e.g., toxins or fecal coliforms) or habitat degradation

(e.g., sedimentation, channelization). At large spatial

scales, non-point source pollution (e.g., excessive run-

off from impervious surfaces or agricultural land-

scapes) and indirect impacts from water withdrawals

(e.g., for industry or agriculture) can degrade fish

habitat in stream channels. Aside from anthropogenic

factors, natural disturbances from climate-related

phenomena (e.g., extreme drought or floods) can

cause temporary shifts in stream fish assemblages

(Poff et al., 1997; Infante & Allan, 2010). However,

assemblages that have evolved in environments where

these natural types of events occur tend to be resistant

or resilient to these events in the long term (Poff &

Ward, 1990; Taylor & Warren, 2001; Hershkovitz &

Gasith. 2013; Jones & Petreman, 2013).

In southeastern U.S. coastal plain streams, such as

in the Lake Pontchartrain Basin of Mississippi and

Louisiana (USA), multi-scale threats to habitat have

been identified (Lopez, 2009; Martinez & Penland,

2009). However, assessments of these threats have not

been made to guide conservation of stream fishes in

this region. Hypothesized threats are mostly at the

landscape scale and include excessive road densities,

timber and agricultural practices, urbanization, and

gravel/sand mining, but channelization and bank

stabilization are small-scale actions that are thought

to degrade fish habitat in these systems (Lopez, 2009;

Martinez & Penland, 2009).

The objectives of this study were to (1) determine if a

spatial hierarchy exists with respect to habitat and

environmental stressors on wadeable stream fish assem-

blages in the LPB and (2) determine the most appro-

priate spatial scale for future conservation of stream

fishes in the LPB. If fish assemblages in the LPB

conform to stream hierarchy theory, it is predicted that

watershed-scale environmental variables will explain

more variation in fish assemblage structure than

subwatershed-scale variables, followed by reach-scale

variables. Furthermore, it is predicted that stressors and

habitat condition within stream reaches will be

impacted directly by variation at the watershed and/or

subwatershed scale. Thus, fish assemblage structure at

the reach-scale will be indirectly influenced by variation

in watershed and/or subwatershed land use and

geomorphology.

Methods

Study area

The Lake Pontchartrain Basin has an area of

24,080 km2. It drains 11 parishes in southeastern

Louisiana and five counties in southwest Mississippi

(Fig. 1). The basin supports a diversity of aquatic

habitats, including cypress-tupelo swamps (Taxodi-

um-Nyssa spp.), backwater sloughs, spring-fed creeks

and slow-moving bayous, as well as the oligohaline

Lake Pontchartrain (Lopez, 2009; Martinez & Pen-

land, 2009). Although landscapes surrounding these

water bodies were historically composed of vast

upland forests, swamps, and marsh, the advance of

humans has altered the make-up of watershed land

cover in the Basin. Land use practices include
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agriculture, silviculture, sand/gravel mining, and

livestock grazing. Demand for municipal and indus-

trial surface water and groundwater resources in the

basin have steadily increased since 1960, especially

since Louisiana’s two largest metropolitan areas, New

Orleans and Baton Rouge, lie within its boundaries

(Martinez & Penland, 2009). Because this area is

prone to damage inflicted by tropical storms and

hurricanes, greater urbanization has led to channeli-

zation and snagging of streams (i.e., clearing of woody

debris and riparian buffers) for flood control and more

efficient storm water drainage (Lopez, 2009).

This study was conducted in four of the five major

sub-basins that drain into Lake Pontchartrain: the Amite

River, Tickfaw River, Tangipahoa River, and Tche-

functe River sub-basins (Fig. 1). The Blind River sub-

basin was not sampled, because streams there are either

non-wadeable (e.g., deep bayous or swamps) or have

conditions not suitable for seining. In wadeable portions

of the sub-basins, 50 reaches were selected (Fig. 1): 14

in the Amite River, 13 from the Tangipahoa River, 14

from the Tchefuncte River, and 9 reaches from the

Tickfaw River sub-basin.

Fish sampling

Sampling of fishes and reach-scale habitat occurred at

low-flow during May–October 2009–2012. At all

sites, a reach length was calculated as 409 the average

wetted width, with a minimum reach length of 150 m.

Seines were used to sample the length of the 50

reaches. The netting was made of nylon with 6.4-mm

bar mesh. At the smaller, headwater reaches

3.0 9 1.8 m seines were used, whereas at wider

reaches 6.0 9 1.8 m seines were deployed. At each

site, an attempt was made to conduct 30 seine hauls

over sand/gravel runs or kick-sets at woody debris

piles or riffle areas, where haul or kick-set duration

was approximately 15 s. Habitat types such as woody

debris, undercut banks, gravel riffles, pools, and glides

were sampled in proportion to their availability in the

channel throughout the entire reach area. For

Fig. 1 A map showing the sub-basins (in colors) that are nested within the Lake Pontchartrain Basin in Louisiana and Mississippi

(inset on the right). Subwatersheds are outlined in black, and are nested within the sub-basins
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statistical analyses, catch per unit effort (CPUE) was

calculated as fish/seine haul.

To help determine if the sampling scheme was

adequate to describe the fish assemblage of LPB

streams, a sample-based rarefaction curve was gener-

ated using the nonparametric Chao2 estimator of species

richness (Chao, 1987; Colwell & Coddington, 1994;

Gotelli & Colwell, 2011). The expected richness was

calculated from the species’ presence–absence data in

PC-Ord version 6. The observed species richness was

56, whereas the bias-corrected Chao2 estimate was 62

(upper 95% confidence limit = 70). Based on these

results, it was concluded that seining with a sample size

of 50 sites was a reasonably adequate sampling method

for capturing most of the expected species in LPB

wadeable streams. However, it must be noted that other

techniques, such as electrofishing and the use of block

nets, may have produced different results from this

study, because seines and lack of block nets tend to bias

against larger-bodied and highly mobile fishes.

Reach habitat sampling

Prior to fish sampling, the upstream or downstream end

of a reach was chosen at random, and then physiochem-

ical data were collected from the bottom and middle of

the channel with an YSI 650 water quality sonde

(Yellow Springs Instruments, Inc., Yellow Springs, OH,

USA). Water quality measures included dissolved

oxygen (mg/l), temperature (�C), pH, specific conduc-

tance (lS/cm), turbidity (NTU), and salinity (ppt). Five

equidistant transects were marked off to the other end of

the reach, and physical habitat, stream channel and

riparian zone characteristics were assessed at each

transect. At each transect, wetted widths were measured

with a surveyor’s tape or hip chain, followed by water

depths with a ruler at five equidistant points across the

width of the wetted channel.

Fish cover metrics were assessed from a 10 9 10 m

‘‘box’’ visualized by the observer at each transect. From

this box, the observer visually quantified the percentage

area (0–100%) covered by several habitat types: aquatic

vegetation, rock/gravel, woody debris, undercut banks,

overhanging vegetation, exposed rootwads, and human

debris (e.g., trash). Then, riparian canopy cover

(0–100%) was measured using a forester’s densiometer

at the left bank, center channel and right bank. One

riparian legacy tree was identified at each transect by the

observer. The legacy tree was an indicator of riparian

zone age or disturbance (Barbour et al., 1999). It was

identified as the thickest and tallest tree that could be

seen from the channel edge to 30 m into the riparian

zone. The tree was classified to species, if possible, and

the diameter-at-breast height (DBH), distance from the

channel edge, and height category (\15 m, 15–30 m,

[30 m) were estimated.

Substrate size was assessed qualitatively by picking

a handful of stream bed material at five equidistant

points across the channel width following methods in

Wolman (1954) and Barbour et al. (1999). The

majority of sediments sampled were classified and

coded by size-class. These categories were hardpan

clay (1), silt (2: \0.6 mm), sand (3: 0.6–2 mm), fine

gravel (4: 3–16 mm), coarse gravel (5: 17–64 mm),

and rubble/woody debris (6). Large woody debris

(LWD) units were counted along the entire reach

length, and diameter at the broadest end and length

were visually estimated by the observer. Total LWD

(m3) and mean LWD volume were calculated follow-

ing methods in Fausch & Northcote (1992), as well as

percentage of the channel area filled by LWD. After

fishes and physical habitat were sampled, a rapid

habitat assessment (RHA) was conducted for the entire

reach (Barbour et al., 1999). The RHA is a qualitative

score that is rated by the observer, but it is based on a

standardized scoring system developed and tested over

many years for the U.S. EPA Environmental Moni-

toring and Assessment and Program (EMAP; see

Barbour et al. (1999) for details on scoring criteria).

Subwatershed and watershed data

Subwatersheds were defined as the smallest hydro-

logical drainage unit in which the reach was included.

These subwatersheds were the HUC-12 stream seg-

ments from the U.S. Geological Survey’s (U.S.G.S.)

National Hydrography Dataset (NHD-plus). A geo-

database was created and processed in ArcMap v. 10

(Environmental Systems Research Institute, Inc.,

Redlands, CA) (Fig. 1). Watersheds were defined as

a combination of nested subwatersheds that drain a

reach. These two spatial scales were chosen to assess

potential influences of landscape effects from human

impacts or natural geomorphic characteristics at two

nested, hierarchical scales of resolution. Landscape

coverages (e.g., impervious land use, forest cover, and

dam density) were then assessed at the two scales of

resolution using the statistics editor in ArcMap or by
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simply calculating densities of point sources (e.g.,

dams/km2 of watershed area).

To calculate percentage land cover or densities of

particular human impacts, two methods of calculating

watershed size were used. Perennial and intermittent

stream segment data were first downloaded from the

NHD into the geodatabase. Then, area and total stream

length were calculated in ArcMap for the reach

subwatersheds and watersheds. These represent two

different but related indicators of watershed sizes. As

land area increases, stream length may also increase.

However, stream length may influence habitat avail-

ability or quality in stream channels differently than

land area, because pollutants (e.g., sediments or

chemicals) may be delivered to stream channels at

different rates. For example, two watersheds that have

the same land area may have different stream lengths,

which would yield differences in pollutant loadings to

stream channels.

Elevation at the upstream and downstream transects

of a reach were obtained from Digital Elevation

Models (DEM) and downloaded to the ArcMap

geodatabase. Using the difference in elevation divided

by the reach length, stream gradient (or slope) was

calculated for the reach. Geographic coordinates of

dams were obtained from National Inventory of Dams

(NID) database maintained by the U.S. Army Corps of

Engineers. Coordinates for groundwater wells and

active oil/natural gas wells were obtained from the

Louisiana Department of Natural Resources (LDNR)

and Mississippi Department of Environmental Quality

(MDEQ) and coordinates for point sources of permit-

ted effluent were obtained from the U.S. Environmen-

tal Protection Agency’s (EPA) National Pollutant

Discharge Elimination System database (NPDES).

Densities of these human-related impacts were calcu-

lated as number/km2 of watershed area and number/

km of streams. Road polyline data were downloaded

from the 2010 TIGER road database from the U.S.

Census Bureau. Road lengths were summarized for

each subwatershed and watershed. Then, road densi-

ties were calculated as km of road/km of watershed or

km of road/km of stream. Remotely sensed LULC

raster data were downloaded from the 2006 National

Land Cover Dataset compiled by the U.S.G.S. Per-

centage cover of each LULC type was then calculated

in ArcMap as the percentage (km2) of the cover type

divide by the watershed area. The LULC categories

used for this study were forest (combination of

hardwood, coniferous, and mixed upland forest),

wetland (emergent and forested wetlands, i.e., swamps

and marshes), herbaceous vegetation (fallow fields

and natural grasses/forbes), row-crop agriculture,

pasture (hay field or livestock pasture), developed

land (urban landscapes), surface water (lakes,

impoundments, streams), and impervious surfaces

(asphalt, concrete, roof tops, etc. that prevent infiltra-

tion of water into soil).

Statistical analysis

Prior to analyses, fish abundance data were trans-

formed using ln(x ? 1). Environmental data were

transformed in the same manner, except for percent-

age data, which were transformed using the arcsine-

square root of the proportional values. Interannual

variability in habitat and fish assemblage structure

was considered to be negligible, because flows and

other environmental factors (e.g., land use) were

similar among these years. In August 2012, Hurri-

cane Isaac created a large amount of precipitation in

the region. However, only two sites were sampled

after the hurricane, but they were not sampled until

base flows returned to normal. Habitat conditions and

fish species present were the same as those from

previous sampling events for an unrelated study, and

no fish kills were observed or reported in these

systems following the storm. In addition, 10% of the

sites were resampled to ensure that the species

richness, presence–absence, and habitats/stressors

were similar in other years. Prior to analyses, fish

abundance data were transformed using ln(x ? 1).

Environmental data were transformed in the same

manner, except for percentage data, which were

transformed using the arcsine-square root of the

proportional values.

Forward selection of environmental variables

Partial redundancy analysis (pRDA) was used to

assess the relative influence among environmental

(reach habitat, subwatershed, and watershed) and

space (geographic variation) on the wadeable stream

fish assemblage of the LPB. Partial RDA was chosen

instead of canonical correspondence analysis or detr-

ended correspondence analyses (DCA), because the

lengths of the species–habitat axes from an initial,

exploratory DCA were short (i.e., maximum gradient
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length\4.0 SDs). Subsequently, ter Braak & Smilauer

(1998) suggest that a linear model is more suitable

form of direct gradient analysis (ter Braak & Smilauer,

1998). Also, because scatterplots and fit (using

Pearson-r statistic) between the transformed fish

abundances and the transformed environmental vari-

ables were almost entirely linear, with a few excep-

tions that showed a dome-shaped, nonlinear

relationship. Thus, pRDA was considered a more

suitable model than pCCA (Borcard et al., 1992).

An RDA uses a linear model, which assumes a

Gaussian distribution of errors between environmental

variables and species abundances. To reduce the size

of the environmental matrices and minimize multi-

collinearity among explanatory variables, a forward

selection procedure was run in CANOCO� version

4.5. This procedure was chosen to determine the

variables that fit species abundance matrix the best,

while also imparting the least amount of multicollin-

earity among each other (variance inflation factors

(VIF) B4.0). Only the best six environmental variables

from each hierarchical scale were selected for inter-

pretation and further variance decomposition

(Table 1). Six variables were chosen because models

with 7 or more variables contained highly collinear

explanatory variables, thus artificially inflating vari-

ance. Models with fewer than six variables tended to

have poor fit and/or were statistically insignificant

(P \ 0.05 for first two axes).

Species–habitat relationships using variance

decomposition

Several sets of pRDA analyses were run to estimate

the amount of variance in the fish assemblage

explained by each set of scale-specific explanatory

variables, after partialling out confounding effects of

spatial position and the other scale-specific explana-

tory variables. Partial RDA was used as a method of

factoring out the total inertia (analogous to a coeffi-

cient of determination, R2) from the covariables from

the explanatory variables (i.e., the scale-specific

environmental variables). The pRDA progressions

and equations used to decompose the scale-specific

variation in fish assemblage data followed the proce-

dures in Borcard et al. (1992), Anderson & Gribble

(1998), and Grand & Cushman (2003).

Twelve separate RDA analyses were required to

partial out the seven components of an environmental

dataset containing three subsets of variables (see

Table 2). The analysis used three additional calcula-

tions since it involved a two-tier decomposition

strategy. In the first level of decomposition, the spatial

variables were partialled out of the analysis to

determine the relative effect of space (geographic

coordinates) versus environment (reach, subwater-

shed, and watershed variables combined) on the

variance in the species data. In the second tier of

variance decomposition, the environmental variables

were partitioned into three scale-specific subsets,

which included the six explanatory variables from

the forward selection procedure mentioned above for

each of the three environmental scales. In this second

tier of decomposition, the explanatory (i.e., environ-

mental) variables from each of the three subsets were

partialled out sequentially to isolate the effect of each

scale-specific subset independently of the other two

scales. The combination of spatial variables (geo-

graphic coordinates) and the environmental variables

from the remaining two environmental subsets were

always considered covariables to remove their effects

from a particular scale of interest. For each sequential

analysis, the sum of canonical eigenvalues resulting

from the pRDA was divided by the total variation (i.e.,

total inertia) in the fish assemblage data. This was

done to calculate the percentage of the total variation

in the species abundance matrix explained by each

subset of environmental variables at each sequential

step. An estimate of statistical significance (P value)

was generated from 499 randomized Monte Carlo

permutations of the pRDA axes (ter Braak & Smilauer,

1998).

Biplots were made of the conditional reach model

(geographic position, subwatershed, and watershed as

covariables), the conditional subwatershed model

(geographic position, reach, and watershed as covari-

ables), and the conditional watershed model (geo-

graphic position, reach, and subwatershed as

covariables) to interpret the individual species

responses to each set of environmental variables.

These models are conditional because they are the

RDA results after partialling out potential confound-

ing effects from the covariables. Finally, the cumula-

tive fit of each species was compared relative to the

conditional reach, conditional subwatershed, and

conditional watershed models. Cumulative fit is a

measure of how well the data represent each species

and can be used to assess the degree to which the
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species were associated with the four canonical axes

calculated for the scale-specific explanatory subsets

(ter Braak & Smilauer, 1998; Grand & Cushman,

2003). It is analogous to a coefficient of determination

and can be calculated in CANOCO v. 4.5 in the

CANODraw package. For this study, only those

species that had a sample SD of abundance[0.5 were

considered to be relatively strong enough to be

interpreted. The value of 0.5 was arbitrarily chosen

based on the based on the range of SDs (SD 0.1–2.0,

see Table 2) in the ln(x ? 1)-transformed species

abundances.

Results

Selection of environmental variables

At the reach-scale, the six variables (Table 1) that

explained the most amount of variation in species

composition (Axes 1 and 2; 61% variation explained;

F = 3.19; P = 0.002) were mean wetted width

(MWWDTH), mean depth (MDEPTH), RHA score,

human debris cover (HUMDEB), aquatic vegetation

cover (AQVEG), and percentage of the channel

volume filled with LWD (%CHFILL). These variables

were minimally correlated with each other (VIF B2.4).

At the subwatershed scale, the six variables (Table 1)

that explained the most amount of variation in species

composition (Axes 1 and 2; 75% variation explained;

F = 3.70; P = 0.002) were elevation (ELEVA-

TION), gradient (GRADIENT), stream density

(STDNS), oil and gas well density (OG_SL), road

density (RD_A), and wetland land cover (WETL).

These variables were minimally correlated with each

other (VIF B1.8). At the watershed scale, the six

Table 1 The six environmental variables associated with

stream fish assemblages in the Lake Pontchartrain (2009–2012)

that provided the greatest fit with the least amount of collin-

earity (variance inflation factors \2)

Environmental

variable

Code Mean Min–max

Reach

Mean water depth

(cm)

MDEPTH 30.8 7.3–63.8

Mean wetted

width (m)

MWWIDTH 8.9 2.6–38.3

Rapid habitat

assessment score

(0–200)

RHA 136.4 65–189

Aquatic

vegetation cover

(% of reach)

AQVEG 9.2 0–59

Human debris

cover (% of reach)

HUMDEB 3.4 0–37

LWD volume (%

of wetted channel

filled)

%CHFILL 3.5 0–23.9

Subwatershed

Elevation above

mean sea level

(m)

ELEV 12.0 1.1–92.0

Stream gradient

(km/km)

GRADIENT 0.0027 0.0–0.0125

Stream density

(total stream km/

km2 of watershed)

STDNS 1.78 0.3–2.97

Oil/gas well

density (number/

stream km)

OG_SL 0.08 0.0–0.63

Road density

(total road km/

km2 of watershed)

RD_A 4.24 1.97–11.52

Wetland land

cover (% of

watershed area)

WETL 27.0 8.6–58.3

Watershed

Elevation above

mean sea level

(m)

ELEV 12.0 1.1–92.0

Area (km2) AREA 252.6 57.1–1,386.9

Stream density

(total stream km/

km2 of watershed)

STDNS 1.82 0.3–3.22

Dam density

(number/km2 of

watershed)

DD_A 0.01 0.0–0.7

Road density

(total road km/

km2 of watershed)

RD_A 3.89 1.88–11.52

Table 1 continued

Environmental

variable

Code Mean Min–max

Wetland land

cover (% of

watershed area)

WETL 23.8 7.3–58.3

A stepwise redundancy analysis was run on a matrix of species

abundances using a forward selection procedure to select the

environmental variables. Means and range of the raw data are

provided. These variables were subsequently used in the

variance decomposition procedure to determine the relative

influence of each spatial scale
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Table 2 First and second tier variance decomposition results

to determine the relative influence of multi-scale environmen-

tal variables and spatial covariables on fish assemblage

structure in wadeable streams draining the Lake Pontchartrain

Basin in Mississippi and Louisiana, USA

Step Analysis description % Variance explained P value

First tier decomposition

1 All environmental variables explanatory; no covariables 51.9 0.002

2 All environmental variables explanatory; space covariables 49.2 0.002

3 Spatial variables explanatory; all environmental covariables 5.0 0.004

Second tier decomposition

4 Reach variables explanatory; space covariables 27.8 0.002

5 Subwatershed variables explanatory; space covariables 16.9 0.026

6 Watershed variables explanatory; space covariables 24.1 0.002

7 Reach variables explanatory; subwatershed and space covariables 19.2 0.002

8 Reach variables explanatory; watershed and space covariables 16.0 0.002

9 Reach variables explanatory; subwatershed, watershed, and space covariables 13.5 0.002

10 Subwatershed variables explanatory; reach and space covariables 8.2 0.668

11 Subwatershed variables explanatory; watershed and space covariables 10.1 0.068

12 Subwatershed variables explanatory; reach, watershed and space covariables 9.2 0.238

13 Watershed variables explanatory; reach and space covariables 12.3 0.018

14 Watershed variables explanatory; subwatershed and space covariables 20.4 0.002

15 Watershed variables explanatory; reach, subwatershed, and space covariables 12.8 0.006

Step Description Equation % Variance explained

First tier decomposition

A Variation due to environmental variables [2] 49.2

B Variation due to spatial variables [3] 5.0

C Variation jointly explainable by environmental and

spatial variables

[1] - [2] 2.7

Second tier decomposition

D Variation due to reach variables, independent of

subwatershed, watershed, and space

[9] 13.5

E Variation due to subwatershed variables, independent

of reach, watershed, and space

[12] 9.2

F Variation due to watershed variables independent of

subwatershed, reach, and space

[15] 12.8

G Variation jointly explainable by reach, subwatershed,

and watershed variables, independent of space

[15] ? ([6] - [14]) ?

([6] - [13]) - [6]

4.2

H Variation jointly explainable by reach and

subwatershed variables, independent of watershed

and space

[4] - [7] - [G] 4.4

I Variation jointly explainable by watershed and

subwatershed variables, independent of reach and

space

[5] - [11] - [G] 2.6

J Variation jointly explainable by reach and watershed

variables, independent of subwatershed

[4] - [8] - [G] 7.6

See Borcard et al. (1992), Anderson & Gribble (1998), and Grand & Cushman (2003) for detailed explanations of the derivation of

each step and equation for calculating % variance and associated P values. For each equation (lower part of table), numbers and

letters in brackets correspond to the steps under the first and second tier decomposition of variance
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variables (Table 1) that explained the most amount of

variation in species composition (Axes 1 and 2; 68%

variation explained; F = 3.07; P = 0.002) were ele-

vation, area (AREA), stream density, dam density

(DD_A), road density (RD_SL), and wetland land

cover. These variables were minimally correlated with

each other (VIF B3.0).

Relative influence of environment and spatial

structure

Variance decomposition of the environmental and

spatial (i.e., geographic) variables on the fish assem-

blage revealed that nearly half (49.2%) of the variation

in assemblage structure could be explained by the

reach, subwatershed and watershed variables com-

bined after partialling out the effects of space covari-

ables (Table 2). Spatial structure, which can also

indirectly account for biotic (e.g., seasonal aggrega-

tions for spawning or feeding) or stochastic relation-

ships, explained only 5.0% of the fish assemblage

structure (Table 2).

The second tier decomposition of fish assemblage

variation showed that, independent of space and effects

of the remaining environmental variables, reach-scale

variables explained slightly more variation alone

(13.5%) than the watershed (12.8%) or subwatershed

(9.2%) variables (Table 2). However, the partial RDA

of the subwatershed data was not statistically significant

(F = 1.19; P = 0.28). All joint environmental variable

models (e.g., reach ? subwatershed) explained smaller

amounts of variation (2.6–7.6%) in the fish assemblage

matrix than each of the environmental scales alone.

From the conditional reach pRDA plot (Fig. 2;

13.5% variation explained; P = 0.002) the species

that were associated most strongly with wider stream

channels with minimal coverage of aquatic vegetation

and human debris were Cyprinella venusta, Notropis

longirostris, Micropterus punctulatus, and Labides-

thes sicculus. The Broadstripe topminnow (Fundulus

euryzonus), a rare endemic to the LPB, was associated

strongly with narrower stream channels, and increas-

ing amounts of aquatic vegetation and human debris

cover. Species associated with large volumes of LWD

and mean depths included Opsopoeodus emiliae,

Erimyzon tenuis, and another rare species of conser-

vation concern, the Flagfin shiner (Pteronotropis

signipinnis). Abundances of Moxostoma poecilurum

and Fundulus notatus were positively associated with

habitat quality (i.e., RHA) and low amounts of aquatic

vegetation and human debris, while species associated

with shallow depths, low habitat quality, and little or

no LWD were Gambusia affinis, Lepomis macrochi-

rus, and Aphredoderus sayanus.

The conditional pRDA for the subwatershed scale

was not statistically significant (9.2% variation

explained; P = 0.24), so it will not be interpreted

(Fig. 3). The conditional watershed pRDA for the

watershed scale (Fig. 4; 12.8% variation explained

P = 0.006) suggested that species associated with

increasing road density and wetland land cover, as well

as smaller watershed size and dam density were

Lythrurus roseipinnis, Pomoxis nigromaculatus, and

A. sayanus. In contrast, C. venusta, Pimephales vigilax,

and Ammocrypta beani were associated with greater

watershed area and dam density, as well as lower

amounts of wetland land cover and roads. Stream

density and watershed size was associated positively

with F. notatus, whereas Luxilus chrysocephalus and

Percina nigrofasciata were associated mostly with low

stream densities and smaller watersheds.

Cumulative fit of species–habitat relationships

After removing effects of subwatershed and watershed

variables and spatial covariables, conditional reach-

scale environmental variables explained a relatively

large amount (i.e., SD C0.5) of variation in individual

species abundances for 16 species (Table 3). These

included five minnows (Luxilus chrysocephalus, Opso-

poeodus emiliae, Pimephales vigilax, Notropis longi-

rostris, and N. volucellus), one darter (Etheostoma

stigmaeum), two sucker species (Moxostoma poecilu-

rum, Erimyzon tenuis), three topminnows (Fundulus

euryzonus, F. olivaceus, and F. notatus), three sunfish

species (Micropterus punctulatus, Lepomis macrochi-

rus, and L. megalotis), and the western mosquitofish

(Gambusia affinis). In contrast, conditional subwater-

shed variables explained significant amount of varia-

tion for just one minnow species (Notemigonus

crysoleucas), but the pRDA was not statistically

significant. Conditional watershed variables were most

important for six species. These included two darters

(Percina nigrofasciata and Ammocrypta beani), three

minnow species (Cyprinella venusta, Lythrurus rosei-

pinnis, and Notropis texanus), and one silverside

(Labidesthes sicculus).

Hydrobiologia (2014) 738:129–146 137

123



Discussion

To fulfill basic life functions, stream fishes require

access to quality habitat in their most immediate

environment, the stream channel. Attributes of the

reach-scale condition necessary for this to occur

include flow regime, appropriate sediment size and

distribution, depth, temperature, oxygen, and refugia

from predation and competition (Poff et al., 1997;

Ross, 2013). Fish habitat availability and condition in

coastal plain, wadeable streams are tightly linked to the

riparian and watershed characteristics that drain the

landscape (Fausch et al., 2002; Wiens, 2002; Allan,

2004). Watershed hydrology, geomorphology, and

LULC ultimately define the flow and sediment regimes

that regulate fish habitat availability at the reach-scale

(Vannote et al., 1980; Poff et al., 1997; Durance &

Ormerod, 2006). Regardless of spatial scale, it is clear

that a mixture of natural geomorphic (e.g., elevation,

watershed size, and channel size) and human land use

stressors (e.g., watershed road and dam densities,

human debris, instream habitat quality) explain much

of the variation in LPB stream fish assemblage

structure. A similar pattern has been found in stream

fish assemblages from other physiographic and cli-

matic regions, including the Midwestern U.S. (Zorn &

Wiley, 2006, Infante & Allan, 2010), Western U.S.

(Nelson et al., 1992), and Mid-Atlantic U.S. (Utz et al.,

2010). Thus, efforts to remediate anthropogenic

impairment to stream fish assemblages must be
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Fig. 2 A partial

redundancy analysis

showing the six reach-scale

habitat variables that had the

best fit and least amount of

collinearity (variance

inflation factors\2.0) with

stream fish species

abundances from 50 reaches

in the Lake Pontchartrain

Basin (May–October

2009–2012). Length and

direction of arrows

represent the relative

strength and direction

(positive/negative) of the

environmental variable

correlation with the axes.

Arrow heads farther from

the centroid have greater

influence on the fish

assemblage structure.

Abbreviations are defined in

Tables 1 (environmental)

and 3 (fish)
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tempered by understanding the natural constraints

imposed by regional landscapes and climatic processes

(Sawyer et al., 2004; Bernhardt & Palmer, 2011).

Some reach-scale ‘‘natural’’ habitat types may

actually become ‘‘stressors’’ caused by landscape

changes. For example, aquatic vegetation and LWD

are the primary natural cover types available to fishes

in sandy bottom, coastal plain streams. However, these

natural habitat conditions can transition to stressor

conditions if excess amounts saturate the stream

channel, for example, as a consequence of riparian

tree clearing. Likewise, if the canopy cover opens up in

a small headwater stream due to road building, and a

dam is built to impound water, then aquatic vegetation

may become too dense for many stream fishes. This is

the case in the LPB, where fishes tolerant of lentic

conditions and relatively heavy amounts of aquatic

vegetation persist (e.g., G. affinis, A. sayanus, and E.

niger) in shallow, open canopy stream reaches with

poor habitat quality (low RHA score). Likewise, if too

much LWD is transported into the channel due to

riparian clearing, then it could create excessive sedi-

mentation, thus filling in deeper pool habitats preferred

by larger-bodied fishes (e.g., M. punctulatus).

Lack of spatial hierarchy for LPB stream fishes

Studies that assess the relative importance of multiple

spatial scales have found that landscape characteristics

can have indirect, top-down effects on stream fish

assemblages (Roth et al. 1996; Talmage et al., 2002;

Gido et al., 2006; Wang et al., 2006; Zorn & Wiley,

2006) as well as densities of salmonids (Lanka et al.,

1987), centrarchid sunfishes (Sowa & Rabeni, 1995;
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Fig. 3 A partial

redundancy analysis

showing the six

subwatershed-scale

environmental variables that

had the best fit and least

amount of collinearity

(variance inflation factors

\2.0) with stream fish

species abundances from 50

reaches in the Lake

Pontchartrain Basin (May–

October 2009–2012).

Length and direction of

arrows represent the relative

strength and direction

(positive/negative) of the

environmental variable

correlation with the axes.

Arrow heads farther from

the centroid have greater

influence on the fish

assemblage structure.

Abbreviations are defined in

Tables 1 (environmental)

and 3 (fish)
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Peterson & Kwak, 1999; Alford & Jackson, 2010), and

ictalurid catfishes (Jackson & Ye, 2000; Shephard &

Jackson, 2006). However, in coastal plain streams,

landscape features may not be as important to

explaining fish assemblage structure as reach-scale

instream habitat (Sawyer et al., 2004; Smiley &

Dibble, 2005; Rowe et al., 2009; McCargo & Peterson,

2010; Utz et al., 2010). In this study, reach-scale

habitat and stressors explained slightly more of the

variation in stream fish assemblage structure in the

LPB than watershed or subwatershed attributes. Thus,

there is no evidence to suggest that a strict top-down,

spatial hierarchy structures fish assemblages in the

LPB or other southeastern U.S. coastal plain streams.

In comparison, Sawyer et al. (2004) found that water

chemistry and instream habitat (e.g., width, depth,

LWD, % cover of sand substrate, and canopy cover)

explained slightly more variation than watershed land

use for fish assemblages in streams of the Chocta-

whatchee–Pea River basin in Alabama. Also, Smiley

& Dibble (2005) showed that reach-scale habitat (e.g.,

width, velocity, and substrate type) tended to have

greater influence on the fish assemblage from a

Tombigbee River tributary in Mississippi and Ala-

bama than larger-scale land cover features. Keck et al.

(2014) also found that riparian zone land cover was a

more influential correlate with fish functional trait

assemblages in southern Appalachian streams (USA)

compared to watershed land cover.

Regardless of the greater correlation of reach-scale

habitat to fish assemblages in the LPB, watershed

characteristics explained nearly the same amount of

variation. However, it must be noted that the geomor-

phic watershed variables (e.g., area, stream density,

elevation, and gradient) have a direct influence on the

reach-scale, channel dimension variables that were

important in explaining variation in fish assemblage

structure, such as wetted width and depth. Even the

important anthropogenic watershed variables such as

dam and road density can cause expansion of wetted
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Fig. 4 A partial

redundancy analysis

showing the five watershed-

scale environmental

variables that had the best fit

and least amount of

collinearity (variance

inflation factors\2.0) with

stream fish species

abundances from 50 reaches

in the Lake Pontchartrain

Basin (May–October

2009–2012). Length and

direction of arrows

represent the relative

strength and direction

(positive/negative) of the

environmental variable

correlation with the axes.

Arrow heads farther from

the centroid have greater

influence on the fish

assemblage structure.

Abbreviations are defined in

Tables 1 (environmental)

and 3 (fish)
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Table 3 Cumulative fit statistics for fish species with respect to how well their abundances respond to environmental variables in

each of the reach, subwatershed, and watershed conditional pRDA plots

Species Code Reach Subwatershed Watershed SD

Ambloplites ariommus Aario 9.4 13.3 6.6 0.4

Ammocrypta beani Abeani 7.3 6.7 10.3 0.6

Aphredoderus sayanus Asaya 13.1 7.8 2.3 0.2

Centrarchus macropterus Cmacr 12.6 16.8 1.0 0.2

Cyprinella venusta Cvenu 14.0 8.4 15.8 2.0

Erimyzon oblongus Eoblo 10.8 6.6 3.2 0.2

Erimyzon tenuis Etenu 21.3 11.0 5.2 0.6

Esox niger Enige 2.4 35.5 3.6 0.3

Etheostoma chlorosoma Echlor 12.6 16.5 3.4 0.1

Etheostoma stigmaeum Estig 14.1 7.1 9.9 0.5

Etheostoma swaini Eswai 3.3 6.1 4.5 0.4

Fundulus euryzonus Feury 14.7 4.3 4.2 0.9

Fundulus notatus Fnota 11.9 6.7 7.1 1.2

Fundulus olivaceus Foliv 13.6 11.2 8.6 1.1

Gambusia affinis Gaffi 14.0 6.8 5.3 1.4

Hypentelium nigricans Hnigr 14.6 11.0 5.0 0.4

Labidesthes sicculus Lsicc 12.8 7.9 22.0 1.4

Lepomis cyanellus Lcyan 11.1 17.3 3.5 0.3

Lepomis macrochirus Lmacr 24.2 1.4 6.1 0.9

Lepomis megalotis Lmega 6.7 6.0 6.1 1.1

Lepomis microlophis Lmicro 5.2 14.7 20.3 0.2

Lepomis punctatus Lpunc 2.6 18.5 5.0 0.3

Luxilus chrysocephalus Lchry 13.9 12.0 13.7 0.7

Lythrurus roseipinnis Lrose 4.9 3.7 12.9 1.9

Micropterus punctulatus Mpunc 23.7 1.5 1.0 0.9

Micropterus salmoides Msalm 14.6 12.0 11.9 0.2

Moxostoma poecilurum Mpoec 28.3 2.8 5.5 0.5

Notemigonus crysoleucas Ncrys 4.4 13.3 11.8 1.1

Notropis longirostris Nlong 29.3 20.1 5.6 1.4

Notropis texanus Ntexa 7.8 17.3 24.1 1.4

Notropis volucellus Nvolu 11.1 7.9 5.1 0.5

Noturus leptacanthus Nlept 15.8 9.0 7.4 0.2

Noturus miurus Nmiur 15.4 6.6 13.1 0.3

Noturus nocturnus Nnoct 5.4 9.8 2.5 0.3

Opsopoeodus emiliae Oemil 24.8 13.6 14.5 0.6

Percina nigrofasciata Pnigr 13.3 21.6 31.7 0.6

Percina sciera Pscie 12.6 11.8 16.4 0.4

Percina suttkusi Psutt 6.7 9.1 17.3 0.2

Percina vigil Pvigi 6.4 7.7 5.1 0.2

Pimephales vigilax Pvigilax 20.5 6.1 6.2 0.6

Pomoxis nigromaculatus Pnigroma 18.9 11.6 22.5 0.4

Pteronotropis signipinnis Psign 32.7 3.0 3.4 0.6

Trinectes maculatus Tmac 4.1 23.7 23.1 0.2

Cumulative fit is a measure of how well each species is represented by the competing models. Species in bold are those that exhibited a

relatively strong response to the canonical axes (i.e., SD C0.5)
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width and depth (e.g., from dams) in a reach.

Likewise, road construction may cause channel inci-

sion and subsequent aggradation of the stream bed due

to elevated runoff.

Subwatershed characteristics did not show any

statistically significant relationship to assemblage

structure. This difference in the two landscape extents

is likely due to cumulative effects of stressors and the

geomorphology of watersheds compared to subwater-

sheds. Stressors at multiple locations within a stream’s

watershed (e.g., road densities, point-source effluents)

can have greater impact, simply by being more

numerous at this scale, than those located only in the

stream’s most proximate subwatershed. Likewise,

larger spatial extents of geomorphic attributes (e.g.,

drainage area, stream density) in watersheds will have

greater influence on the natural hydrology and energy

flow associated with a stream reach than in its

subwatershed. Although they seem small, the amount

of variation explained by the conditional pRDA for

each environmental spatial scale was similar to results

obtained from other studies on fish assemblages that

used this same variance decomposition procedure (see

Anderson & Gribble, 1998; Pires et al., 1999; Godinho

& Ferreira, 2000; Stewart-Koster et al., 2007).

In coastal plain river basins that are exposed to

tropical storm activity, stream channels are ‘‘cleaned’’

by means of riparian clearing, snagging (i.e., removal of

woody debris), channelization, and bank armoring or

flattening (Lopez, 2009). The purpose of this activity is

to drain water off of the landscape as quickly as

possible, such that damage to landowner property,

roads, agricultural fields, and urban infrastructure is

minimized during floods (Lopez, 2009; Martinez &

Penland, 2009). In general, enough of the riparian zone

is cleared on either side of the bank, as much as 10 m, to

allow heavy machinery to traverse along the stream side

to carry out this ‘‘cleaning.’’ Consequently, these

riparian zones which are often in suburban areas may

still be classified by remote sensing technology as

forested, because most of the buffer used to create these

raster data would still consist of trees. However, these

open corridors in the riparian canopy, along with the

bank armoring and snagging of the channel, degrade or

outright remove habitat for many stream fishes, espe-

cially aquatic vegetation and LWD. The stream condi-

tion transforms from a clear water, sandy bottom,

sinuous channel strewn with woody debris, some

aquatic vegetation and glide-pool sequences with

visible flow, to a straightened, lentic water body,

resembling a limpid blackwater bayou or a muddy

canal. So, even in a watershed that incurs relatively

small amounts of land use change, ‘‘stream cleaning’’ of

fish habitat and riparian vegetation at the reach-scale

alters the assemblage structure of coastal plain stream

fishes toward an assemblage that is more tolerant of

lake-like conditions. The assemblage shifts from a

variable mix of Percidae, Cyprinidae, Ictaluridae

(Noturus spp.), Catostomidae, Centrarchidae, and Fun-

dulidae to a system dominated by G. affinis, Esox spp. A.

sayanus and L. cyanellus. These taxa are known to be

tolerant of degraded stream conditions that lack flow for

much of the year (Hubbs et al., 1997; Stewart et al.,

2005). Similarly, in a study of long-term faunal change

in eastern Texas stream fishes, Gambusia affinis,

Fundulus notatus, and Menidia berrylina (Inland

silverside) replaced more flow-dependent species

(Noturus nocturnus, Percina sciera, and Ichthyomyzon

gagei) as anthropogenic development of watersheds

and impoundment of stream channels increased in the

region (Hubbs et al., 1997). In the Bogue Chitto River

system, which is adjacent to the LPB, long-term

anthropogenic changes to the stream channel from

incision, sedimentation, and changing flow regime has

led to shifts away from flow-dependent and flow-

specialist species (primarily percids, ictalurids, catosto-

mids, and benthic cyprinids) toward more flow-gener-

alist species like G. affinis and F. olivaceus (Stewart

et al., 2005).

Appropriate scales for conservation of LPB fishes

Stream management conducted at inappropriate scales

creates much uncertainty and leads to unattainable

habitat restoration goals for wadeable stream fishes.

There is little evidence that reach-scale habitat resto-

ration alone improves survival or recruitment of fishes

(Roni et al., 2002; Thompson, 2006; Budy & Schaller,

2007; Cooperman et al., 2007; Bernhardt & Palmer,

2011). Over time, artificial habitat structures may fail

or simply degrade, and stocking juveniles to enhance

recruitment may be negated by environmental vari-

ability (Roni et al., 2002; Bernhardt & Palmer, 2011).

These failures are generally a result of cumulative

effects from upstream tributaries and hydrologic and

geomorphic processes that remain unaddressed such

as uncontrolled sediment inputs and altered flow

regimes in predominately agricultural or urban
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watersheds (Frissell & Nawa, 1992; Rabeni & Jacob-

son, 1993; Shields et al., 2003).

The cumulative fit analysis in this study revealed

that 16 species in the LPB are more strongly associated

with reach-scale habitat, while six species exhibited a

stronger signal to watershed characteristics rather than

reach-scale habitat or subwatershed characteristics.

Only one species was associated most with subwater-

shed metrics, but because the subwatershed condi-

tional RDA was statistically insignificant it won’t be

discussed further. A closer look at these species a

posteriori revealed that species associated more

strongly with a particular spatial scale tended to have

similar life-history and functional traits. For example,

all six of the watershed species (see Table 3) had

longevity \4 years, average mature egg diameter

\2 mm, protracted spawning seasons ([3 months),

multiple broods per year, and opportunistic or gener-

alist foraging modes (Ross, 2001; Boschung &

Mayden, 2004; Hendrickson & Cohen, 2012). There-

fore, one could classify these species as having more

‘‘r-selected’’ or ‘‘opportunistic’’ life-history strategies

(Winemiller & Rose, 1992). Subsequently, they are

likely to exhibit density-independent population reg-

ulation. These species should exhibit population

growth, colonization, and extinction rates that respond

to stochastic environmental variation such as changes

in precipitation, flow regime, or sediment transport

(Winemiller & Rose, 1992; Winemiller, 2005; Ross,

2013). Moreover, this suggests that reach-scale habitat

restoration (e.g., adding spawning habitat) or stocking

to enhance recruitment might not be as beneficial to

these species as will protection and rehabilitation of

watershed land use, hydrology, and sediment loading.

Thus, management of more natural flow regimes is

recommended for future conservation of these species.

In contrast, the species associated primarily with

reach-scale habitat had mixed life histories (Table 3).

Nonetheless, the majority of these (9 out of 16) had

longevity C4 years, average mature egg diameter

C2 mm, short spawning season (\3 months), a single

brood per year, and specialist foraging modes. There-

fore, one could classify these species as having more

‘‘k-selected’’ or ‘‘equilibrium’’ life-history strategies

(Winemiller & Rose, 1992). These species should tend

to exhibit population growth, colonization, and

extinction rates that are regulated by biotic factors

such as predation, survival and recruitment (Winem-

iller & Rose, 1992; Winemiller, 2005; Ross, 2013).

Subsequently, conservation actions that enhance

recruitment to maturation, maximize reproductive

success, and diversify age structure are recommended

for future conservation of these species (Winemiller,

2005). Hoeinghaus et al. (2007) compared multi-scale

influences of environmental variability on Texas

coastal plain stream fishes from taxonomic and

functional trait perspectives. These authors concluded

that multiple spatial scales interact to shape local

stream fish assemblage structure, and that the relative

importance of each spatial scale depends on type of

classification used in the analysis (i.e., taxonomic or

functional trait). Keck et al. (2014) showed that life-

history traits (especially opportunistic and periodic

strategists), were correlated with different levels of

land use and flow regulation in southern U.S. Appa-

lachian streams. Thus, functional traits may provide a

more meaningful avenue of analysis, compared to

taxonomic units, for future tests of stream hierarchy

theory.

In conclusion, there was no evidence of a strict top-

down hierarchy that influences the structure of fish

assemblages in the LPB, with reach-scale habitat

being more strongly correlated to assemblage struc-

ture than subwatershed- or watershed-scale variables.

However, reach- and watershed-scale habitat and

human stressors were nearly equally important.

Although this study analyzed only taxonomic assem-

blage data, species grouped by shared life-history and

trophic traits tended to exhibit scale-dependent asso-

ciations with environmental attributes. Species most

strongly related to watershed-scale variables were

considered opportunistic strategists, whereas most

species classified as equilibrium strategists were most

strongly associated with reach-scale variables. It must

be noted, however, that because this study was

conducted in an exploratory and mostly qualitative

framework, the conclusion regarding multi-scale

functional trait variation in LPB fish assemblages

should be treated as a working hypothesis for future

experimental tests of its validity.
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