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Abstract We explored the strength of connectedness
among hierarchical system components associated with
oxbow lakes in the alluvial valley of the Lower Mississippi
River. Specifically, we examined the degree of canonical
correlation between land use (agriculture and forests), lake
morphometry (depth and size), nutrients (total nitrogen and
total phosphorus), primary production (chlorophyll-a), and
various fish assemblage descriptors. Watershed (p < 0.01)
and riparian (p = 0.02) land use, and lake depth (p = 0.05)
but not size (p = 0.28), were associated with nutrient
concentrations. In turn, nutrients were associated with
primary production (p < 0.01), and primary production
was associated with sunfish (Centrarchidae) assemblages
(p < 0.01) and fish biodiversity (p = 0.08), but not with
those of other taxa and functional guilds. Multiple chemi-
cal and biological components of oxbow lake ecosystems
are connected to landscape characteristics such as land use
and lake depth. Therefore, a top-down hierarchical
approach can be useful in developing management and
conservation plans for oxbow lakes in a region impacted by
widespread landscape changes due to agriculture.
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Introduction

A predominant paradigm in aquatic ecology is the con-
nectedness among ecosystem components (Ward 1998;
Wiens 2002). Briefly, the paradigm instructs that aquatic
systems are linked to their watersheds through nutrient
inputs, that nutrients determine algal composition and
biomass, and that algal biomass affects the structure and
function of aquatic invertebrate and vertebrate communi-
ties. The paradigm considers fluvial landscapes as multi-
scaled nested hierarchies of interactive terrestrial and
aquatic elements (Frissell et al. 1986; Townsend 1996).
Hence, changes in terrestrial landscapes can cascade
through aquatic ecosystems. However, intensity of the
resonance will likely depend on local factors such as a
system’s assimilative capacity (e.g., lake size and depth)
and interactions with local features (e.g., landscape pecu-
liarities, human populations, management interventions).
Algae are a major biotic component directly affected by
increases in nutrients. The primary nutrients exported from
the watershed that determine algal composition and bio-
mass are phosphorus and nitrogen (Frost et al. 2009). The
importance of N and P in regulating algal growth varies
geographically, seasonally, and among types of aquatic
systems (Elser et al. 1990). Algal density and activity can
influence key water physicochemical features such as
temperature and dissolved oxygen (Wetzel 2001). Also, as
a primary producer, algae support secondary and tertiary
production, including zooplankton, macroinvertebrates,
and fish (Rader and Richardson 1992; Vadeboncoeur et al.
2001). Chlorophyl-a has been linked to fish yield in lakes
and reservoirs, and the relationship between fish and
chlorophyll-a is reportedly stronger than that between fish
and nutrients (Jones and Hoyer 1982). Thus, the connect-
edness paradigm specifies that system components can
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serve both as response variables and as causal factors (e.g.,
nutrients respond to watersheds, and more nutrients
increase algal biomass).

On the basis of this paradigm, various options are
available as response variables to monitor the health of
aquatic systems (Jgrgensen et al. 2005). Accordingly,
researchers have used responses such as nutrient levels,
algal biomass, macroinvertebrate assemblages, and fish
assemblages to monitor status of rivers, lakes, and reser-
voirs (Niemi et al. 1990). Choice of the response variable
can be made based on sensitivity to change, ease or cost of
measurement and analysis, relevance to human use, and the
strength of the connectedness between successive stages in
the cascade.

We explored the strength of the relationships among
hierarchical system components in response to the need to
establish nutrient criteria, and to establish their relevance to
the functioning of oxbow lake ecosystems in the alluvial
valley of the Lower Mississippi River. Specifically, we
examined the connectedness between large-scale environ-
mental features and nutrients, nutrients and chlorophyll-a,
and chlorophyll-a and fish assemblage descriptors across a
range of oxbow lakes in the alluvial valley of the Missis-
sippi River in Mississippi and Arkansas. Large-scale
features considered in our study included land use and lake
morphology; nutrients included phosphorus and nitrogen;
and fish descriptors included various representations of
biodiversity, taxonomic structure, and fish function. The
specific objectives of this study were to estimate the rela-
tive importance of large-scale features on nutrients, the
strength of the relationship between nutrients and primary
productivity, and expose aspects of the fish assemblage
best related to primary productivity. Because our focus was
on nutrients, we did not consider potentially strong links
such as depth and fish assemblage. We hypothesized that
both landcover and lake morphometry would account for
much of the variation in nutrients, that nutrients would be
strongly related to algal density, and that algal density
would be strongly related to various aspects of fish
assemblages.

Methods
Study area

The alluvial valley of the Lower Mississippi River
extends from near Cairo, Illinois south to the confluence
of the Mississippi and Atchafalaya rivers in east-central
Louisiana. Because of the rich alluvial soils, this region
has been highly modified to develop and protect agri-
cultural interests. The valley was once dominated by
bottomland hardwood forests in the 19th century, but
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about 80 % of the forests were subsequently harvested
and converted to agriculture (Forsythe 1985). The valley
includes hundreds of oxbow lakes created by the mean-
dering of prehistoric river systems, the Mississippi River,
and various other smaller rivers that flow through the
valley and join the Mississippi River (Baker et al. 1991).
In addition to forest clearing, major modifications have
been made to the valley’s hydrology through the con-
struction of an extensive levee system associated with the
Mississippi River and tributaries, and the construction of
several large reservoirs that control the timing of water
discharged into the valley from adjacent highlands.
Oxbow lakes in the floodplain accumulated sediments
and nutrients introduced over centuries by natural flood-
ing, but accumulation rates have been exacerbated in the
last century largely by runoff originating from sur-
rounding agricultural lands (Ritchie et al. 1979; McHenry
et al. 1982).

In all, 23 oxbow lakes selected from tributaries to the
Mississippi  River in Mississippi and Arkansas were
investigated in 2007-2011 (Fig. 1). Lakes were selected
based on accessibility and diverse representation of land-
cover and morphometry. In particular, efforts were made to
select lakes along gradients of depth, surface area, and
watershed composition. The features considered in lake
selection have been identified as key driving forces for
many processes in lentic systems (e.g., Magnuson et al.
1998; Tejerina-Garro et al. 1998).

Landcover

Land-use composition surrounding each lake was calcu-
lated using spatial analyst tools in the ArcGIS version 10
software (ESRI, Redlands, CA). Aerial images for lakes
were obtained from websites of the Arkansas Geographic
Information Office (AGIO; www.gis.state.ar.us, accessed 3
April 2012) and the Mississippi Automated Resource
Information (MARIS; www.maris.state.ms.us, accessed 3
April 2012). Individual lake watersheds could not be
defined due to the lack of sufficient topographic relief in
the region (Baker et al. 1991). Instead, concentric bands
(50 m for the riparian zone; 1,000 m for the watershed)
were drawn around each lake. Percentages of land use in
forests and agriculture available from the AGIO and
MARIS databases were calculated within each band. Thus,
two variables described the watershed and two variables
described the riparian zone. Agriculture in this region
consists primarily of row crops (corn Zea mays, soybeans
Glycine max, cotton Gossypium hirsutum, and rice Oryza
sativa) with limited conservation tillage. Forests consist
primarily of bottomland hardwoods that encompass
streams and wetlands as forests usually remain in areas too
moist to farm.


http://www.gis.state.ar.us
http://www.maris.state.ms.us
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Fig. 1 Map of the alluvial valley region of Lower Mississippi River
of Mississippi and Arkansas, with locations of 23 floodplain lakes
included in our study. The inset identifies the location of the study
region in the southeastern United States

Lake morphometry

We considered depth and size as key morphometry
descriptors in oxbow lakes. Maximum depth was defined as
the deepest point detected by depth soundings taken from a
boat traveling in a zig-zag pattern along the former thalweg
between the two ends of each lake. Depth soundings were
made with a handheld depth finder (DF2200PX, NorCross
Marine, Orlando, FL). Maximum depth was selected as
opposed to mean depth because it was easier to measure
and it better characterizes the cross-sectional morphology
of abandoned river channels than mean depth, although
these two depth descriptors are correlated. Lake size was
defined with four descriptors including surface area, length,
width, and length-to-width ratio. Area, length, and width
were estimated with spatial analyst tools in ArcGIS using
aerial images obtained from the AGIO and MARIS
databases.

Nutrients and algal levels

Water samples were collected from the study lakes during
July—August. This period was selected because it includes
the warmest months of the year in the study region, with
high primary production and limited rainfall. Collections
were made between 1,100 and 1,330 h to ensure similar
light conditions. Composite surface (<0.5 m) grab samples
included ten 1-L subsamples collected over the deepest part
of each lake. A 3-L water sample was taken from the
composite, stored in polyethylene bottles, and preserved in
ice for transport to a laboratory for nutrient analyses.
Approximately 150 mL of the composite sample was fil-
tered through a 0.45-um glass-fiber filter paper to remove
algae cells. The filter paper containing the residual was
folded in half twice, wrapped in aluminum foil, placed
within a sealed plastic bag and preserved in ice for trans-
port to laboratory facilities. At the laboratory, the 3-L water
sample and the filter were frozen at —20 °C until analysis.

Water samples were analyzed for total phosphorus and
total nitrogen after micro-Kjehldahl digestion with hydro-
fluoric acid and hydrogen peroxide (APHA (American
Public Health Association) 1998), on a FIA8500 Lachat
(HACH, Loveland, CO). Detection ranges were
0.001-10 mg L™" at 880 nm for phosphorus, and
0.005-10 mg L™" at 530 nm for nitrogen, in a 50 mm flow
cell.

Algal levels were indexed with chlorophyll-a concen-
trations estimated with spectrophotometric analysis. The
glass-fiber filter paper used to collect algae in the field was
soaked in 90 % buffered acetone overnight. The following
morning samples were vortexed, filters were pressed to the
bottom of the tube with a stainless steel spatula, and spun
down in a centrifuge for 5 min to remove cellular debris.
Chlorophyll-a concentration was measured on a HACH
DR5000 using standard, tricolormetric methods (APHA
(American Public Health Association) 1998).

Fish collections

Fish were collected during daytime hours by a boat elec-
trofisher equipped with a GPP 7.5 Smith-Root™ pulsator
unit (Smith-Root, Vancouver, WA). Pulsed DC electricity
was cycled at 60 Hz with voltage output adjusted accord-
ing to the specific conductance of each lake to maintain a
constant output of 6-8 A. Individual samples consisted of
0.25 h of continuous electrofishing along indiscriminate
shoreline areas, and 4-8 samples were collected and
composited depending on lake area. Fish were netted from
the bow of the boat by two netters equipped with 2.7-m
(handle length) dip nets with 0.4-cm bar mesh. Fish were
identified to species and counted before release near the
site of capture. Those species too difficult to identify in the
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field were preserved in a 10 % formalin solution and
transported to the laboratory for identification with taxo-
nomic keys (Ross 2001).

Fish assemblage descriptors

We examined fish biodiversity, taxonomic guilds, and
functional guilds. Ten biodiversity metrics descriptive of
species richness, evenness, diversity, and dominance
were estimated using diversity modules available in the
PAST™ software (Hammer et al. 2001). Taxonomic
guilds represent species characteristic of oxbow lake
ecosystems in the Lower Mississippi River including
sunfishes (i.e., Centrarchidae; 12 species), buffalos (i.e.,
Ictiobus; 3 species), gars (i.e., Lepisosteus; 3 species),
and catfishes (i.e., Ictaluridae; 5 species). Functional
guilds included spawning (4 classes; Balon 1990) and
feeding (9 classes; Goldstein and Simon 1999) guilds.
Guild structure was defined in terms of percentage
composition of its components (i.e., species, classes) and
estimated from counts given by the combined electro-
fishing samples.

Analyses

Relationships among sets of variables were examined using
canonical analysis of principal coordinates (CAP; Ander-
son and Willis 2003). The CAP procedure is a multivariate
data reduction technique that identifies axes running
through a cloud of data points, represented by a similarity
matrix, that have the strongest correlation with a set of
external variables (Anderson and Robinson 2003). Because
CAP analysis essentially ordinates one data matrix in
consideration of another, it is a constrained analysis that
uses an a priori hypothesis about variable dependency to
construct correlations between sets of variables. The CAP
approach to constrained ordination is similar to a canonical
correlation analysis based on a matrix of explanatory
variables. In our analyses, watershed (2 variables), riparian
zone (2 variables), lake size (4 variables), and depth (1
variable) each separately represented a causal set of
external variables analyzed against the nutrients similarity
matrix (2 variables). Conversely, the nutrient variables
were then made the causal external variables when ana-
lyzed against the chlorophyll-a (1 variable) similarity
matrix. Similarly, chlorophyll-a was considered the causal
external variable when analyzed against the biodiversity
similarity matrix, the four taxonomic guild similarity
matrices, and the two functional guild similarity matrices.

All resemblance matrices of species or functional
composition were constructed with the Bray-Curtis simi-
larity coefficient after transforming (log. x + 1) to reduce
skewness. All other resemblance matrices were constructed
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with the Euclidean similarity coefficient after each variable
was normalized to zero mean and one standard deviation.
As needed, variables were transformed (log. x + 1) to
reduce skewness before normalizing. The CAP analyses
were performed using the PERMANOVA -+ add-on for the
PRIMER software (Clarke and Gorley 2006; Anderson
et al. 2008).

To further dissect the data, we examined scatter plots
and Spearman correlations (r;) between the canonical
coordinate scores produced by CAP, and the values of
individual dependent variables. The objective of these
analyses was to determine the direction of relationships.
These analyses were conducted only if canonical correla-
tions (R) among sets of variables estimated by the CAP
procedure had a p < 0.20.

Results

Our efforts to select lakes along broad gradients of size,
depth, and encircling landcover resulted in a dataset with
a broad range of nutrient levels. Surface area ranged from
10 to 532 ha, maximum depth from 0.5 to 8.6 m, and
riparian and watershed landcover from primarily agri-
culture to primarily bottomland hardwood forests
(Table 1). Wetlands represented the next largest land
cover class in the 50-m (median = 0 %, max = 38 %)
and 1,000-m (median = 0.4 %, max = 23 %) bands, but
were not considered in the analyses because in most lakes
they represented only a small component. Total phos-
phorus ranged from 0.116 to 0.306 mg L™', and total
nitrogen from 0.634 mg to 2.580 mg L~'. Nutrients
showed various strengths of correlations with lake
physical descriptors (Fig. 2). There was a strong canon-
ical correlation between nutrients and watershed land use
(R = 0.68; p < 0.01), riparian zone land use (R = 0.59;
p = 0.02), and between nutrients and maximum depth
(R = 0.60; p = 0.05). There was no statistically signifi-
cant correlation between nutrients and lake size
(R = 0.42; p = 0.28).

Analysis of canonical coordinate scores revealed several
multivariate relationships between nutrients and environ-
mental features. For the watershed, as percentage of
agriculture land use (min-max = 0—76) increased, and as
forests (1-100) decreased, both total nitrogen and total
phosphorus increased. The relationship between nutrients
and land use was stronger for total nitrogen (ry = 0.91;
p < 0.01) than for total phosphorus (r; = 0.48; p = 0.03)
as suggested by their correlation with the canonical coor-
dinate scores. For the riparian zone, as percentage of
agriculture (0-51) increased, and as forests (0-100)
decreased, both total nitrogen and total phosphorus
increased. The relationship between nutrients and land use



Watershed—oxbow lake connectivity

45

Table 1 Characteristics of 23 oxbow lakes in the alluvial valley of the Lower
Mississippi River included in this study

Units ~ Minimum Mean Maximum

Watershed

Agriculture % 0 385 76

Forests % 354 100
Riparian zone

Agriculture %o 16.6 51

Forests % 0 452 100
Size

Area ha 10 745 532

Length km 0.3 46 305

Width m 60 1232 310

Length-width ratio Ratio 2 43 309
Depth

Maximum depth m 0.5 32 86
Nutrients

Total phosphorus mgL™" 0.116 0.170 0.306

Total nitrogen mg L™ 0.634 1.390 2.580
Primary production

Chlorophyll-a pgL™' 58 46.7 139.6
Fish biodiversity

Raw richness Count 17 26 41

Margalef richness Ratio 2.49 4.08 6.27

Menbhinick richness Ratio  0.69 123 2.03

Brillouin diversity Ratio 1.51 1.93 249

Shannon diversity Ratio 1.56 2.02 257

Fisher’s o diversity Ratio 3.24 6.10 10.67

Simpson dominance Ratio 0.61 0.76 0.88

Berger-Parker dominance Ratio 0.22 040 0.61

Buzas-Gibson evenness Ratio 0.20 031 0.45

Pielou eveness Ratio 0.51 0.63 0.75
Sunfishes

Dollar sunfish Lepomis marginatus % 0.0 0.1 0.2

Green sunfish L. cyanellus % 0.0 0.7 4.2

Longear sunfish L. megalotis % 0.0 143 481

Orangespotted sunfish L. humilis % 0.7 11.8 644

Redspotted sunfish L. miniatus % 0.0 0.6 5.0

Bluegill L. macrochirus % 17.0 484 764

Redear sunfish L. microlophus % 0.0 1.3 4.7

Warmouth L. gulosus % 0.0 4.7 17.8

Spotted bass Micropterus % 0.0 1.1 10.1

punctulatus
Largemouth bass M. salmoides %o 12 103 235
Black crappie Pomoxis % 0.0 1.2 54
nigromaculatus

White crappie P. annularis % 0.2 5.7 50.0
Catfishes

Black bullhead Ameiurus melas % 0.0 7.1 50.0

Yellow bullhead A. natalis % 0.0 323 100.0

Blue catfish Ictalurus furcatus % 0.0 53 54.6

Channel catfish I. punctatus % 0.0 41.1  100.0

Flathead catfish Pylodictis olivaris % 0.0 143 842
Buffalos

Smallmouth buffalo Ictiobus % 15.8 64.9 100.0

bubalus

Table 1 continued

Units ~ Minimum Mean Maximum
Bigmouth buffalo 1. cyprinella % 0.0 32.1 842
Black buffalo 1. niger %o 0.0 3.0 276
Gars
Longnose gar Lepisosteus osseus % 0.0 11.0 492
Shortnose gar L. platostomus %o 0.0 42 229
Spotted gar L. oculatus % 50.8 84.8 100.0
Spawning
Pelagophilic (eggs in open water) % 0.2 2.1 6.6
Phytophilic (eggs on plants) % 39 243 643
Lithophilic (eggs on hard surfaces) % 34.4 724 95.1
Speleophilic (eggs in cavities) % 0.0 1.2 6.5
Feeding
Detritivorous % 0.0 2.0 6.8
Planktivorous % 0.0 0.5 4.6
Carnivorous % 0.4 5.1 25.7
Invertivorous % 25.3 59.0 78.1
Invertivorous-carnivorous % 75 18.2 50.2
Invertivorous-herbivorous % 2.1 9.4 312
Invertivorous-planktivorous % 0.0 5.0 42.4
Invertivorous-detritivorous % 0.0 06 22
Planktivorous-detritivorous % 0.0 0.2 1.5

sunfishes
12 species

buffalos ¥ {020 ¢
3 species A A :
/G

spawning
4 groups

watershed
2 variables

A 4

chlorophyll-a

1 variable

riparian
2 variables

Il r:oos

[] oos>p<o.20
PN p>0.20

Ld

catfishes
Neeee, " 5 species
: 0.00 :

gars
3 species
feeding
9 groups

HOYTR

biodiversity
10 metrics

Fig. 2 Canonical correlations suggestive of the connectedness among
land use, nutrients, algae, and fish assemblages in oxbow lakes of the
alluvial valley of the Lower Mississippi River

and their canonical coordinate scores were strong for total
nitrogen (r; = 0.93; p < 0.01) and for total phosphorus
(ry = 0.84; p < 0.01). As maximum depth increased, both
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total nitrogen and total phosphorus decreased, with the
relationship being equally strong for total nitrogen (rs =
—0.92; p < 0.01) and for total phosphorus (r, = —0.91;
p < 0.01).

The study lakes displayed a broad range of chlorophyll-
a values ranging from 5.8 to 139.6 pug L™'. Chlorophyll-
a levels were strongly correlated with the set of nutrient
variables (R = 0.71; p < 0.01). Analysis of canonical
coordinate scores indicated direct relations between chlo-
rophyll-a and total phosphorus (ry = 0.71; p < 0.01), and
total nitrogen (rs = 0.69; p < 0.01).

Chlorophyll-a was correlated with some aspects of the
fish assemblage. Chlorophyll-a showed a strong canonical
correlation with sunfish composition (R = 0.66; p = 0.01),
and a marginally significant canonical correlation with fish
species biodiversity (R = 0.38; p = 0.08). There was no
significant canonical correlation between chlorophyll-a and
catfish, gar, or buffalo taxa guilds, or between chlorophyll-
a and the spawning and feeding guilds.

Analysis of individual sunfish species identified inverse,
direct, and no correlations with chlorophyll-a, depending
on species. Spearman correlations between chlorophyll-
a and spotted bass, largemouth bass, redspotted sunfish,

longear sunfish, and redear sunfish percentage composition
in the sunfish assemblages were —0.80, —0.68, —0.75,
—0.68, and —0.62, respectively (all p < 0.01). Conversely,
correlations for white crappies (primarily small adults
<15 cm) and orangespotted sunfish were 0.74 (p < 0.01)
and 0.52 (p = 0.03), respectively. Whereas bluegill, green
sunfish, and black crappie showed neither a direct nor
inverse correlation with chlorophyll-a, a scatter plot sug-
gested possible arch-shaped relationship, with intermediate
levels of chlorophyll-a supporting the highest representa-
tions of these species in the sunfish assemblage (Fig. 3).
Additionally, scatterplots of species composition relative to
chlorophyll-a were generally wedge-shaped, suggesting
that chlorophyll-a may be a factor limiting species com-
position, but within a given level of chlorophyll-a, other
unmeasured factors are also at work (Cade et al. 1999).
Analysis of canonical coordinate scores for biodiversity
metrics indicated inverse relations between chlorophyll-
a and species richness, diversity, and evenness, but direct
relations with dominance metrics. Spearman correlations
between the canonical coordinate scores and species rich-
ness metrics were —0.70, —0.69, and —0.54 for Margalef,
Menhinick, and raw richness, respectively. For diversity

Fig. 3 Scatterplots of selected 25 50 1o
sunfish species composition ° largemouth bass o longear sunfish
(percentage of sunfishes) 204° 40 +
relative to chlorophyll- o ©® .
a. Relationships were often 15 1 d 30 1 o
wedge- or envelope-shaped, b e °* ° ®
. 10 e f) 20 A °
suggesting that chlorophyll- o ° ° o
a may be a factor limiting 5 4 e ° N 10 oo e ®
composition, but within a given ° . e o ..
level of chlorophyll-a, other 0 T T o 0 +o an, - e
unmeasured factors are also at 0 50 100 150 0 50 100 150
work 80 25
—_ orangespotted white crappie
& sunfish . 20 - °
~ 60 - [ ]
c
o 15 1
= 40 [ ]
2 . . 10 -
g 20| ° . -
) [ ] o ° 51e Y [ ] o
o pose o o°%e $3°° oo
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metrics, correlations were —0.98, —0.96, and —0.74 for
Shannon, Brillouin, and Fisher diversities, respectively. For
evenness metrics, correlations were —0.81 and —0.63 for
Pielou and Buzas-Gibson evenness, respectively. For
dominance, correlations were 0.96 and 0.93 for Simpson
and Berger-Parker dominance metrics, respectively. All
correlations were statistically significant (p < 0.02).

Discussion

Our results generally support the connectedness paradigm
in oxbow lakes of the Lower Mississippi River. Watershed
and riparian zone land use, and lake depth but not size,
were associated with nutrient concentrations. In turn,
nutrients were associated with chlorophyll-a levels, and
chlorophyll-a was associated with fish assemblages. Nev-
ertheless, several aspects of the fish assemblages were
marginally associated or not associated with chlorophyll-a.

Elongated bodies of water such as oxbow lakes tend to
have strong ties to terrestrial landscapes because of long
shorelines that allow more inputs of nutrients and inorganic
and organic matter. There was a strong connectedness
between land use and nutrients. In general, a shift in land
use from forest to agriculture in the watershed was better
associated with total nitrogen than with total phosphorus,
but both nutrients were equally relevant in relation to the
riparian zone. It is possible that the high correlations
between lake nitrogen concentrations and agricultural land
in the vicinity of lakes may be linked to recent agriculture
shifts. The alluvial valley of the Lower Mississippi River in
Mississippi and Arkansas is highly productive agricultural
land, with large portions of the landscape in row crops
including soybeans, cotton, and corn. Recently there has
been a shift in crops driven by legislation. The 2007
Renewable Fuel Standard program requires that transpor-
tation fuel sold in the United States contains a minimum
volume of renewable fuel. Because corn is used to make
ethanol, this government program has resulted in a 47 %
decrease in cotton area and a concomitant 288 % increase
in corn area across Arkansas and Mississippi (Welch et al.
2010). This shift in agricultural use has the potential to
increase nitrogen exports into lakes and waterways as corn
in the region has a 200-250 kg ha™' nitrogen fertilizer
prescription, nearly double that of cotton. Thus, the strong
relationship between agriculture land cover and nitrogen
may be a function of agricultural practices and may shift
depending on crop-specific amount and timing of fertilizer
applications.

Lake size was not linked to nutrients, but lake depth
was. The lack of a size effect may be a function of the
morphology of oxbow lakes. Because oxbow lakes are
elongated, the relative size of the transition between land

and water is approximately constant across lake sizes.
Thus, lake area increases linearly with perimeter, unlike
bowl-shaped lakes where lake area increases exponentially
with perimeter. Depth affects abiotic and biotic attributes at
the local lake scale. It is a causal factor that drives many
physical and chemical variables that organize nutrient
storage and processing and contribute to shaping fish
assemblages in floodplain lakes (Miranda 2011). Thus,
correlations between fish and physical (e.g., transparency,
temperature, habitat structure), chemical (e.g., pH, oxy-
gen), and biological (e.g., autotrophs, heterotrophs) factors
may ultimately be totally or partly regulated by depth.
Depth of oxbow lakes is partially determined by lake age,
but depth reductions have been intensified by deforestation
(Wren et al. 2008) and may require manipulation and
management (e.g., dredging, low dams, regulations on
water withdrawals for irrigation). Depth affects the extent
of sediment resuspension by wave action and by bottom
feeders, nutrient releases from sediments, and illumination
of the water column. Studies have suggested that shallower
lakes have lower phosphorus retention and phosphorus
content in the sediments (Noges et al. 2007) and thus the
availability of phosphorus in the water column tends to be
higher. In shallow lakes where sediments are in permanent
contact with the euphotic/trophogenic layer, the same
portion of phosphorus may be recycled and brought back to
the water column several times during a season (NOges
2009) to support higher planktonic photosynthesis (Schef-
fer and van Nes 2007). In deep lakes, less of the bound
phosphorus that settles out becomes available for photo-
synthetic organisms. Due to faster nutrient cycling and
generally higher light availability, shallow lakes have, on
average, higher productivity per unit of area than deep
lakes at comparable total phosphorus and dissolved inor-
ganic nutrient concentrations (Schindler and Scheuerell
2002; Mehner et al. 2005).

The relationship between nutrients and primary pro-
duction has been the focus of many investigations.
Phosphorus and nitrogen are considered limiting factors,
but the importance of these two nutrients may vary
between locations and even seasonally within a location.
Although phosphorus is a limiting factor for most lakes and
reservoirs, in some regions the nutrient paradigm centers
on nitrogen rather than phosphorus (Canfield 1983; Prid-
more et al. 1985). The reason for nitrogen limitation is not
yet understood because of a long-held tenet in limnology
that states that nitrogen fixation will compensate for
shortfalls (Schindler 1977) and that nitrogen limitation is
not a persistent condition. This belief does not seem as
universal as once thought (Knowlton and Jones 1996). In
some regions, nitrogen limitation may be a function of
abundant phosphorus in the geological formation of the
region (Canfield 1983). This may be the case in our study
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lakes. Because the alluvial soils and aquifers are naturally
high in phosphorus, oxbow lakes in the Lower Mississippi
River tend to have high phosphorus levels and may be
nitrogen limited. Recent research in these lakes (J. Mur-
dock, USDA Agricultural Research Service, National
Sedimentation Laboratory, unpublished data) has shown
that phytoplankton growth can be limited by nitrogen when
total nitrogen concentrations were below approximately
2 mg L™" (91 % of the lakes in our sample).
Chlorophyll-a was strongly correlated with sunfish
species composition, marginally correlated with biodiver-
sity, but not correlated with feeding and spawning guilds or
various taxonomic guilds. The sunfish family is native to
North America and likely originated in remnant-channel
lakes in Southeastern floodplain ecosystems (Miller 1959;
Branson and Moore 1962) where they are dominant. Thus,
evolutionarily their ecology is tightly linked to oxbow
lakes and their species composition respond noticeably to
direct changes induced by algal biomass (e.g., water clar-
ity) or to indirect changes (e.g., water quality, food
resources). Fish species biodiversity was weakly linked
with chlorophyll-a, which may be expected considering
species association in these floodplain lakes can be greatly
influenced by immigration and emigration during wet
periods, and this effect varies depending on the degree of
connectivity between the lake and adjacent rivers (Mi-
yazono et al. 2010; Dembkowski and Miranda 2011). Taxa
guilds such as gars, buffalos, and catfishes move in and out
of oxbow lakes to spawn or feed, often to and from adja-
cent rivers or wetlands, and therefore may not adequately
reflect the cascade of events initiated at the watershed
level. We suspect the lack of correlation with spawning
guilds is also related to the ability of fish to move in and
out of most of these oxbow lakes. Moreover, we are not
satisfied that the feeding groups classification we applied,
or any other currently available, is sufficient to adequately
document the complexity of food webs in oxbow lakes.
Our results suggest that because nutrients are merely a
link in a chain of connected events, they can be determined
directly, or gauged indirectly by measuring predictor or
response variables. The choice of variables can be made
based on sensitivity to change, cost of measurement and
analysis, importance of the variable to a certain lake des-
ignated use, and access or availability of data. For example,
in the Lower Mississippi River it has been estimated that
there are nearly 1,500 oxbow lakes (Baker et al. 1991).
Appraisal of this large number of lakes through onsite
visits is virtually impractical, and many of them are inac-
cessible because they are surrounded by private lands.
Nevertheless, predictions about their nutrient status and
fish assemblages are possible through analyses of land-use
data obtained from GIS sources. Estimates of lake depth
are also possible through various imaging and non-imaging
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remote sensing techniques (Gao 2009), and in oxbow lakes
of the Lower Mississippi River Landsat reflectance values
was effectively correlated with empirical determinations of
lake maximum depth made onsite (L.E. Miranda, unpub-
lished data).

Our analysis estimated connections over a linear orga-
nization of system components. Nevertheless, interactions
among components likely occur and may account for
unexplained variability in our results. For example, we
hypothesized that depth influenced availability of nutrients,
which affected primary production, and eventually the fish
assemblage. Nevertheless, depth may also influence the fish
assemblage directly by providing vertical diversity in
habitat. Similarly, while chlorophyll-a influences fish
assemblages through trophic dynamics, it also contributes
to the murkiness of the water and thus the cover that small
species may need to escape predation. In the study lakes,
orangespotted sunfish (a small species generally <7 cm
total length) and white crappies (primarily small, possibly
stunted, adults) were correlated with chlorophyll-a, we
suspect partly due to the added shading provided by
chlorophyll-a. Nevertheless, the shading effect of chloro-
phyll-a is difficult to distinguish from that of other
suspended solids. The study lakes are often highly turbid
due to sediment loading, and light does not penetrate far
into the water column. However, phytoplankton appears to
be adapted as they increase cellular chlorophyll under low
light conditions and algae can be near maximum photo-
synthetic rates at low-light levels (J. Murdock, USDA
Agricultural Research Service, National Sedimentation
Laboratory, unpublished data), suggesting phytoplankton
can flourish and provide additional shade in systems with
high suspended sediments.

Ecologists have recognized the importance of hierar-
chical linkages between lotic ecosystems (Frissell et al.
1986; Townsend 1996; Allan and Johnson 1997). These
concepts have mostly been applied as a means of identi-
fying a scale at which to assess a set of dynamics, rather
than to emphasize the connectedness among levels. Rec-
ognition that land use and lake depth influence events that
cascade through oxbow lake ecosystems suggests a top-
down hierarchy basis for developing management and
conservation plans in lentic ecosystems. Resource manag-
ers can use surrounding land-use composition to broadly
characterize lake states and identify where resources need
to be allocated. Looking at surrounding land use may allow
for efficient and effective early-decision making in efforts
to restore and protect oxbow lakes. Land users in the region
are starting to implement best management practices that
are designed to retain sediment (Kroger et al. 2013),
transform and reduce nutrient concentrations and loads
(Kroger et al. 2012), and retain and capture surface runoff
which would result in less water moving downstream
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(Kroger et al. 2008). Holistic landscape management cou-
pled with depth preservation or reclamation can lead to
improved water quality (i.e., a decrease in sediments and
nutrients) running off agricultural landscapes, and ulti-
mately lead to recovered in-lake conditions and fish
community improvements.
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