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Primary production, food web structure, and fish yields in constructed
and natural wetlands in the floodplain of an African river
Andrew T. Jackson, Alphonse Adite, Katherine A. Roach, and Kirk O. Winemiller

Abstract: In the Ouémé River, Africa, whedo (artificial pond) aquaculture on the floodplain is an important method of fishery
production. We surveyed fishes in whedos and adjacent main-channel and floodplain habitats during the receding-water period
(December 2010 – January 2011) and analyzed carbon (�13C) and nitrogen (�15N) stable isotope ratios of fish and primary producer
tissue samples to investigate food web structure. We alsomeasured instream respiration, net primary production, algal biomass
(chlorophyll a), and nutrient concentrations in the habitats. Floodplain habitats weremore nutrient-rich than the river channel,
and whedos were net heterotrophic (net primary production < 0). Phytomicrobenthos and C3macrophytes accounted for a large
fraction of fish biomass in whedos and the natural floodplain depression, while the river channel was mainly supported by
seston and C3 macrophytes. Whedo food webs were dominated by piscivorous fishes and had fewer trophic transfers compared
with the food web of the river channel. Our results suggest that control of aquatic macrophyte growth in whedos may yield
greater algal production and consumer biomass, including harvestable fish stocks.

Résumé : L'aquaculture en whedos (étangs artificiels) dans la plaine inondable du fleuve Ouémé, en Afrique, constitue une
importanteméthode de production halieutique. Nous avons recensé des poissons dans des whedos et dans des habitats attenants
du chenal principal et de la plaine inondable en période de décrue (de décembre 2010 à janvier 2011) et analysé les rapports
d'isotopes stables de carbone (�13C) et d'azote (�15N) d'échantillons de tissus de poissons et de producteurs primaires afin d'étudier
la structure du réseau trophique. Nous avons également mesuré la respiration dans le cours d'eau, la production primaire nette,
la biomasse algale (chlorophylle a) et les concentrations de nutriments dans les différents habitats. Les habitats de plaine
inondable étaient plus riches en nutriments que ceux du chenal du fleuve, et les whedos étaient caractérisés par une hétérotro-
phie nette (la production primaire nette < 0). Le phytomicrobenthos et lesmacrophytes C3 expliquaient la présence d'une grande
partie de la biomasse de poissons dans les whedos et les dépressions naturelles de la plaine inondable alors que, dans le chenal
principal du fleuve, la biomasse de poissons était principalement supportée par le seston et les macrophytes C3. Les réseaux
trophiques des whedos étaient dominés par des poissons piscivores et présentaient moins de transferts trophiques que le réseau
trophique du chenal du fleuve. Nos résultats portent à croire qu'un contrôle de la croissance des macrophytes aquatiques dans
les whedos pourrait permettre d'accroître la production algale et de biomasse de consommateurs, y compris des stocks de
poissons exploitables. [Traduit par la Rédaction]

Introduction
Tropical lowland rivers with intact floodplains and seasonal

precipitation patterns are the most productive river systems in
the world (Welcomme 1979). The importance of the seasonal flood
pulse to secondary consumer biomass in lowland rivers was rec-
ognized by Junk et al. (1989), who proposed the flood pulse con-
cept, which states that aquatic consumers are largely supported
by macrophyte and invertebrate production (allochthonous food
resources) on floodplains that becomes available during flood
pulses. Fisheries production of tropical floodplain rivers provides
a reliable source of protein to millions of low-income people,
mostly in rural communities of developing countries (Laurenti
2002; Kura et al. 2004; Allan et al. 2005). If tropical floodplain
fisheries are to be sustainably managed in the face of changing
hydrology (climate change and anthropogenic influences), it is
necessary to gain a better understanding of the functional dynam-
ics that contribute to the productivity of these systems.

Many studies involving stable isotope analysis have stressed the
importance of algal production sources to floodplain river food
webs (e.g., Hamilton et al. 1992; Forsberg et al. 1993; Thorp and

Delong 1998; Benedito-Cecilio et al. 2000; Leite et al. 2002; Bunn
et al. 2003; Herwig et al. 2004; Jepsen andWinemiller 2007). In the
revised riverine productivity model, Thorp and Delong (2002) re-
viewed stable isotope data from tropical, temperate, and Arctic
rivers, revealing this phenomenon to be true even in hetero-
trophic floodplain river habitats (production/respiration < 1).
They hypothesized that, because the direct nutritional value of
algae for metazoan consumers is greater than that of most terres-
trial plants, carbon and nitrogen from algae should be the most
important production source for food chains in rivers. They ob-
served that algae-derived organic material tends to be important
even when rivers are net heterotrophic, because, whereas both
allochthonous (terrestrial) and autochthonous (algal) carbon fuel
the microbial loop, the algae-grazer pathway usually supports
secondary consumers. Thorp and Delong (1994) also recognized
that locally produced organic matter from riparian zones might
support consumers in some rivers. Most research using stable
isotope analysis indicates that C4 grasses are not an important
production source supporting invertebrates and fishes in streams
and rivers, presumably because of their low nutritional value
(Thorp and Delong 1998; Clapcott and Bunn 2003; Herwig et al.
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2004; Jepsen and Winemiller 2007; Zeug and Winemiller 2008).
However, in some rivers, C3 plants originating from riparian
zones can become important in supporting consumers in the up-
per foodweb (e.g., Huryn et al. 2001;Winemiller 1996; Hoeinghaus
et al. 2007; Zeug and Winemiller 2008). Light limitation seems to
be a key process responsible for C3 plants assuming greater im-
portance than algae in supporting secondary consumer biomass
in lotic ecosystems. For example, in heavily shaded heterotrophic
streams, consumer biomass is frequently derived from terrestrial-
based production sources such as leaf litter (Wallace et al. 1999;
Hall et al. 2000). A recent review revealed that, in rivers carrying
high loads of suspended sediment, aquatic consumers assimilate
large fractions of material derived from C3 plants, presumably
because turbidity limits rates of instream primary production
during periods of high flow (Roach 2013).

In addition to variance in the quality and availability of basal
production sources, vertical trophic structure (food-chain length)
influences fisheries production. Food-chain length denotes the
number of energy transfers from the basal production source to
the apex predator in an ecosystem and is thought to be a function
of available energy (Elton 1927; Hutchinson 1959), ecosystem size
(Schoener 1989; Post et al. 2000), and ecosystem type (Vander
Zanden and Fetzer 2007). In the Upper Paraná River Basin in Bra-
zil, Hoeinghaus et al. (2008) found that food-chain length differed
significantly among aquatic ecosystem types (i.e., high-gradient
rivers, low-gradient rivers, reservoirs, and reaches below reser-
voirs). They suggest this is a result of size-based interactions
within food webs with different basal production sources
and with different environmental regimes. For example,
phytoplankton-based food chains in reservoirs were longer be-
cause their primary consumers (zooplankton) had smaller body
sizes, and owing to size-dependent foraging, more trophic trans-
fers were involved for energy to reach large apex predators
(Hoeinghaus et al. 2008). In contrast, detritus-based systems may
experience fewer energy transfers to reach apex predators be-
cause detritivores can be relatively large invertebrates and fishes,
and large predators can therefore be supported by short food
chains (Layman et al. 2005).

Here, we investigated relationships among in situ nutrient con-
centrations, algal primary production, and food web structure in
natural and modified floodplain habitats of the Ouémé River, a
lowland river in Benin, Africa, to infer how anthropogenicmanip-
ulations to floodplain habitat might influence fishery production.
During the annual flood pulse, the Ouémé River breaches its
banks, and aquatic habitats of the floodplain are colonized by
fishes from the river channel. Artificial ponds constructed in the
Ouémé River floodplain (whedos) enhance floodplain fisheries for
rural communities. When floodwaters recede, fishes become iso-
lated in whedos and remain there until harvested by people near
the end of the dry season. We estimated vertical trophic structure
and basal production sources supporting fish assemblages in
aquatic floodplain habitats (i.e., whedos and a natural floodplain
depression) and a river channel habitat at the beginning of the dry
season when aquatic floodplain habitats first become isolated
from the main channel.

We hypothesized that fishes from the natural floodplain de-
pression and river channel would mainly assimilate material de-
rived from algae. Although algae may be less abundant in
floodplains than detritus derived from terrestrial plants, algae are
more nutritious, have higher energy densities, and contain more
labile organic molecules than terrestrial primary producers, and
therefore they should be disproportionately assimilated into con-
sumer biomass (Thorp and Delong 2002). However, we hypothe-
sized that fishes in whedos would mainly assimilate material
derived from C3 macrophytes. Early in the dry season, whedos
become densely covered by aquatic macrophytes that limit algal
growth through shading. Furthermore, concentrations of inor-
ganic nutrients are very low in many tropical rivers owing to

strongly leached soils and high levels of precipitation (e.g., Cotner
et al. 2006). We predicted that the combination of low light and
low concentrations of inorganic nutrients in whedos might limit
rates of water-column and benthic primary production. However,
we also recognized the possibility that algaemight support whedo
consumers, particularly in whedos with less vegetation cover.
Aquatic floodplain habitats of West Africa are similar to the bill-
abongs of Australia studied by Bunn and Boon (1993) in that they
are shallow isolated water bodies with abundant macrophyte
growth. Although stable isotope analysis was unable to identify
the specific basal production source supporting consumer bio-
mass in billabongs, the depleted 13C signatures of secondary con-
sumers indicated that macrophyte contributions were small.
Because some of the direct consumers of algae and detritus in
floodplain habitats are large-bodied grazing fishes, it is likely that
much of the primary production reaches apex predators in a few
trophic transfers and that whedo food webs may be shorter than
the food web in the river channel (Hoeinghaus et al. 2008).

To test these hypotheses, stable isotope ratios (13C/12C, 15N/14N)
of tissue samples were analyzed to estimate basal production
sources assimilated by consumer taxa and to estimate their
trophic positions. As a plant grows, it assimilates carbon in a
characteristic ratio of 13C/12C and nitrogen in a characteristic ratio
of 15N/14N depending on the photosynthetic pathway it uses and
its environmental conditions. As carbon pools are assimilated
into consumer tissue, their isotopic ratios undergo little change
and thus can be used to estimate the relative proportions of alter-
native pools contributing to the tissue mass. Nitrogen isotopic
ratios are not as conserved. As N is assimilated into tissues of
consumers during transformation between trophic levels, the ra-
tio of 15N/14N becomes slightly more enriched with 15N (the pro-
cess of trophic fractionation), and thus the N isotopic ratio is
useful for estimating the trophic position of consumers (Post
2002). A meta-analysis of stable isotope studies in aquatic systems
revealed that trophic fractionation of 15N/14N averages 2.5‰ per
trophic level, but there is variation among tissues, species, and
trophic levels (Vander Zanden and Rasmussen 2001; Caut et al.
2009). By accounting for fractionation, 15N/14N ratios can also be
used in conjunction with isotope ratios of carbon and other ele-
ments to estimate basal production sources supporting consum-
ers at various trophic levels. Basal production sources can be
estimated if production sources are sufficiently and consistently
divergent in their 13C/12C and 15N/14N ratios. If this is the case, a
stable isotope mixing model can be used to estimate probabilities
of production sources assimilated by consumers. We also mea-
sured instream respiration (R), net primary production (NPP), al-
gal biomass (chlorophyll a), and nutrient concentrations in each
of the habitats to understand factors that might reduce algal bio-
mass, causing a food web to be supported by terrestrial C3

macrophytes.

Methods

Study area
The Ouémé River, located in Benin, West Africa, flows from the

Atacora Mountains to Lake Nokoue, an estuary emptying into the
Gulf of Guinea (Fig. 1). The hydrologic regime is seasonal, with a
mean daily discharge of 170 m3·s–1. A total of 116 fish species have
been documented in the Ouémé Basin (Lévêque et al. 1990, 1992).
At our study site near the city of Adjohoun, small-scale farming
and whedo aquaculture are practiced on the floodplain. Whedos
are long, narrow ponds an average of 1 m deep, 5.5 m wide, and
from 40 to 1000m long. During themajor wet season, fromMarch
to July, andminor wet season, from September tomid-November,
floodwaters inundate the floodplain, and the whedos are colo-
nized by fishes migrating from the river channel. Little rainfall
occurs during other months (Adite et al. 2005). As the floodwaters
recede, fishes are trapped in the whedos, where they are har-

544 Can. J. Fish. Aquat. Sci. Vol. 70, 2013

Published by NRC Research Press

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
T

ex
as

 A
&

M
 U

ni
ve

rs
ity

 o
n 

06
/2

5/
13

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



vested biannually, at the end of the two dry seasons. During the
dry season, most whedos are >90% covered by aquatic vegetation.
The dominant aquatic macrophyte species include Leersia hexan-
dra, Polygonum salicifolium, Ipomea aquatica, and Aeschynomene
afraspera. Natural floodplain habitats also contain floating and
emergent macrophytes, but vegetation cover is not as dense as
that of the whedos. The invasive macrophyte Impomea aquatica is
also present in slackwater habitats of the Ouémé Rivermain chan-
nel. An additional type of aquaculture, akadjavi, is practiced in
the main channel. Once floodwaters recede, rectangular plots are
fenced along the banks with sticks or palm fronds lodged in the
sediment. Terrestrial vegetation is placed inside the plots to at-
tract and provide habitat for fishes. Akadjavis are harvested be-
fore the onset of the wet season.

Sample collections for stable isotope analysis
Samples of fishes and primary producers were collected from 11

whedos plus one natural floodplain depression and one site in the
Ouémé River main channel during the receding-water period
from December 2010 to January 2011. Fish collections in the whe-
dos were carried out by first isolating a 20 m reach with a 2 cm
mesh barrier net, removing the aquatic vegetation from within
that section, and seining (net 2 m × 6 m, 0.5 cm mesh) five times
before surrounding the area with the barrier net in a purse-seine
manner to capture the remaining fishes.We also collected aquatic
macroinvertebrates (e.g., adult water beetles, decapod crusta-
ceans) that were captured in the seine net. A section (21 m × 29 m
× 1 m) of a natural floodplain depression was surveyed using a
seine (2 m × 6 m, 0.5 cm mesh). To collect fish species present in
structurally complex habitats along the shoreline of the river
channel, an akadjavi (10 m × 6 m × 1 m) was encircled with a net
(2 cm mesh), all sticks and vegetation were removed from within
the net, and the net was pulled from the water in a purse-seine
fashion. To collect fish species present in open-water areas of the

main channel, a 2 m cast net (1 cm mesh) was cast 58 times in
water approximately 1 m deep. Catch per unit effort (CPUE) was
calculated for floodplain habitats based on transect length, width,
and thalweg depth. River channel CPUE was calculated based on
the area and water depth of the akadjavi and the volume sampled
by the cast net (diameter × depth summed for all throws). Al-
though sampling effort was the same among whedos and the
natural floodplain depression, gear bias could have contributed to
differences in CPUE between floodplain habitats and the river
channel. Captured fishes were anesthetized using tricaine meth-
anesulfonate (MS-222) following Texas A&M Animal Use Protocol
2005-117 and preserved in formalin after removal of a tissue sam-
ple for isotopic analysis. Samples of muscle tissue from the dorso-
lateral region of fishes and whole bodies of macroinvertebrates
were preserved in salt for subsequent stable isotope analysis, a
technique that has negligible influence on stable isotope signa-
tures (Arrington and Winemiller 2002). Fishes were identified us-
ing taxonomic keys in Lévêque et al. (1990, 1992) and counted.
Voucher specimenswere cataloged in the Texas CooperativeWild-
life Collection at Texas A&M University.

Production sources were collected by hand from each habitat,
including C3 macrophytes, C4 grasses, seston, and phytomicrob-
enthos. Macrophyte leaf and grass samples were collected from
the dominant species of plants from the riparian zone. Phytomi-
crobenthos samples from whedos were scraped with a spatula
from the surfaces of leaves and roots of submerged aquatic mac-
rophytes. Phytomicrobenthos samples from the natural flood-
plain depression and river channel were scraped from the
surfaces of macrophytes and rocks near the water surface. This
sampling technique was unlikely to produce a pure sample of
benthic algae, and thus phytomicrobenthos samples were likely
composed of a combination of periphyton, fine particulate or-
ganic matter, and associated microorganisms. Seston samples
from all sites were collected by filtering water through a pre-
combusted Whatman GF/F filter. Seston samples were likely com-
posed of a combination of phytoplankton, suspended organic
matter, and bacteria. All primary producer samples were pre-
served in salt for stable isotope analysis.

Nutrient concentrations and algal primary production
Nutrient concentrations (mg·L–1) were measured in the field by

filtering water through a pre-combustedWhatman GF/F filter and
measuring soluble reactive phosphorus (SRP), NH4

+, NO2
–, and

NO3
– in the filtrate using colorimetric kits and a Hach DR 2800

spectrophotometer. We report values for dissolved inorganic ni-
trogen (DIN), the sum of NH4

+, NO2
−, and NO3

−.
Chlorophyll a of the water column and benthos was measured

at each site by taking triplicate samples of approximately 500 mL
of water in polyethylene bottles for the water column and approx-
imately 13 cm3 of sediment in a Petri dish for the benthos. The
water was filtered through a Whatman GF/C filter, and the filter
and sediment were immediately placed into individual dark vials
for 24 h extraction using 90% ethanol. Chlorophyll a was then
measured using a Hach DR 2800 spectrophotometer (666 and
750 nm) and corrected for phaeophytin by subtracting absor-
bances after addition of 0.1 mol·L–1 HCl (Wetzel and Likens 1991).

Light and dark chambers were used to estimate R, NPP, and
gross primary production (GPP) of the water column and benthos.
Water-column measurements followed Wetzel and Likens (1991),
and benthic measurements followed Cotner et al. (2006). We per-
formed 10 water-column incubations (5 light and 5 dark bottles)
and 2 benthic incubations (1 light and 1 dark chamber) at each site
near midday. For water-column metabolism, 300 mL biological
oxygen demand (BOD) bottles were filled with water and incu-
bated at approximately 0.5 m depth. Changes in DO concentra-
tions were then measured using a YSI model 85 DO probe. For
benthic measurements, two circular Plexiglass benthic chambers
were pressed into the sediment to enclose the substrate and ap-

Fig. 1. Map of study site in Ouémé River Basin, Benin, Africa. Benin
is located in western Africa and is bordered by Togo in the west,
Burkina Faso and Niger in the north, and Nigeria in the east.
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proximately 8 L of water. DO concentrations weremeasured every
10 min with an internally logging Hydrolab MiniSonde. Light
chamber measurements were taken for 3 h, and dark chamber
measurements were taken for 1.5 h so that DO concentrations did
not decrease below ambient levels. A respiratory quotient of 0.8
and a photosynthetic quotient of 1.2 were used when converting
data from O2 to C. The methods in Dollar et al. (1991) were used to
calculate benthic flux measurements. Water-column fluxes in DO
were subtracted from the total benthic chamber flux, resulting in
sediment-only fluxes. Water-column and benthic R, NPP, and GPP
were estimated by multiplying by 24 (R) or 12 (NPP and GPP).

Stable isotope analysis
In the laboratory at Texas A&M University, samples of primary

producers, fishes, and macroinvertebrates were rinsed and then
soaked in distilled water for 4 h, then rinsed again to remove salt.
All samples were then dried for 48 h at 60 °C and ground to a fine
powder using a mortar and pestle. Subsamples (1.5–3.0 mg) were
weighed into Ultra-Pure tin capsules (Costech Analytical, Valen-
cia, California, USA) and sent to the University of Georgia's Ana-
lytical Chemistry Laboratory for analysis of carbon and nitrogen
stable isotope ratios using a Delta V isotope ratio mass spectrom-
eter coupled to an NA1500 CHN Carlo Erba combustion analyzer
via a Thermo Conflo III Interface. Isotopic ratios are reported in �
notation, and standards were Pee Dee Belemnite limestone and
atmospheric nitrogen for �13C and �15N, respectively. For fish
muscle tissues having a C/N ratio > 3.5, �13C values were corrected
for the effect of lipids using the equation �13Cnormalized =
�13Cuntreated – 3.32 + 0.99 (C:N) (Post et al. 2007).

The MixSIR model was used to estimate contributions of basal
production sources to fish biomass in each whedo, the natural
floodplain depression, and the main channel (Moore and
Semmens 2008; Jackson et al. 2009; Semmens et al. 2009). This
Bayesian model uses stable isotope data to estimate feasible
ranges of source contributions, taking into account variation in
consumer and primary producer stable isotope signatures and
trophic fractionation (TF) of isotopic ratios. We used the equation
TF = 2.5‰ × (mean trophic position – 1) and a standard deviation of
2.5 from a meta-analysis (Vander Zanden and Rasmussen 2001) as
model input for trophic fractionation. Here, mean trophic posi-
tion was calculated using the equation discussed below, where
�15Nreference was the mean �15N of all potential basal production
sources for a site. In the whedos, potential basal production
sources included C3 macrophytes, C4 grasses, phytomicroben-
thos, and seston. We did not include samples of seston as a source
in whedos where water-column net primary production values
were low (<0.05 mg C·m–3·day–1). Means and standard deviations
of �13C and �15N from in situ samples of C3 macrophytes, C4
grasses, phytomicrobenthos, and seston were used as MixSIR in-
puts for whedos. For a fewwhedos in which C3macrophyte and C4
grass (n = 3), phytomicrobenthos (n = 2), or seston (n = 2) samples
were not obtained, we used the grand means and standard devia-
tions of all whedo C3 macrophytes, C4 grasses, phytomicroben-
thos, or seston as MixSir model inputs. In the natural floodplain
depression and main channel, potential basal production sources
included C3 macrophytes, C4 grasses, phytomicrobenthos, and
seston. For these sites, in situ means and standard deviations of
potential basal production sources were used as inputs for the
MixSIR model.

Trophic position estimates were based on fractionation of
�15N between fishes and basal production sources. Trophic
position of each individual was calculated using the equation
Trophic position = [(�15Nconsumer � �15Nreference)/2.54] � 1 from
Zeug and Winemiller (2008), where �15Nreference was the mean of
the two primary producer �15N means that the MixSIR model
indicated were most important to a consumer species in its re-
spective site, and 2.54‰was themean trophic fractionation value
from a meta-analysis (Vanderklift and Ponsard 2003). Again, for

the fewwhedoswhere C3macrophyte or phytomicrobenthos sam-
ples were not taken, we used the grand means of all whedo C3

macrophytes or phytomicrobenthos as the �15N means for calcu-
lation of �15Nreference for those sites.

For each of the habitat assemblages, we created frequency his-
tograms of 5% and 95% confidence percentiles of each basal pro-
duction source to consumer biomass, as well as frequency
histograms of the mean trophic position of each species. Patterns
in basal production source and trophic position were similar
among all the whedos. MixSIR results indicated that in whedos,
mean 5% confidence percentiles for fish assemblages ranged from
2 to 17 for C3 macrophytes, from 6 to 25 for C4 grasses, and from 2
to 36 for phytomicrobenthos, and 2 for seston in whedos where it
was included as a potential basal production source. Mean 95%
confidence percentiles for fish assemblages ranged from 37 to 77
for C3 macrophytes, from 20 to 32 for C4 grasses, from 50 to 83 for
phytomicrobenthos, and from 40 to 47 for seston. In the whedos,
minimum trophic position of fish species ranged from 1.0 to 2.7,
and maximum trophic position ranged from 2.4 to 3.9. Thus, we
pooled whedo data when creating the frequency histograms.

Results

Nutrients and algal biomass and production
In the whedos, DIN ranged from 0.3 to 1.0 mg·L–1, and SRP

ranged from 0.3 to 4.0 mg·L–1. Mean DIN was higher in whedos
(mean = 0.5 mg·L–1) compared with concentrations measured in
the natural floodplain depression (0.2 mg·L–1) and main channel
(0.3 mg·L–1). Concentrations of SRP were higher in the natural
floodplain depression (1.7 mg·L–1) than themean value for whedos
(1.4 mg·L–1) and concentrations measured in the main channel
(0.5 mg·L–1).

In the whedos, water-column chlorophyll a ranged from 0.9 to
54.3 mg·m–3, and benthic chlorophyll a ranged from 0.4 to 8.2
mg·m–2. Water-column and benthic chlorophyll a concentrations
were higher in the natural floodplain depression (water column =
25.8 mg·m–3, benthic = 5.4 mg·m–2) compared with the mean
value for whedos (water column = 16.6 mg·m–3, benthic =
3.4 mg·m–2) and concentrations measured in the river channel
(water column = 11.6 mg·m–3, benthic = 3.3 mg·m–2). Benthic chlo-
rophyll a concentrations were consistently lower compared with
water-column chlorophyll a concentrations (Fig. 2).

Water-column respiration (R) was similar among habitats
(whedo mean = 63 mg C·m–3·day–1, natural floodplain depression
value = 45 mg C·m–3·day–1, river channel value = 71 mg C·m–3·day–1;
Fig. 3). Benthic R was greater in magnitude than water-column R
and differed among habitats (whedo mean = 211 mg C·m–2·day–1,
natural floodplain depression value = 164 mg C·m–3·day–1, river
channel value = 344 mg C·m–2·day–1). Water-column and benthic
NPP did not reveal a pattern of between-habitat variation similar
to that of chlorophyll a. Water-column NPP was more variable
than water-column R among the habitats, with highest in situ
production occurring in the river channel and the lowest values
occurring in whedos (river channel value = 73 mg C·m–3·day–1,
natural floodplain depression value = 8 mg C·m–3·day–1, whedo
mean = –27 mg C·m–3·day–1). Benthic NPP was highest in the nat-
ural floodplain depression (746 mg C·m–2·day–1). Benthic NPP was
negligible in the river channel (–2 mg C·m–2·day–1), probably be-
cause of the coarse inorganic sediments and low abundance of
benthic algae. Benthic NPP was negative in the whedos (mean =
–120 C·m–2·day–1). Negative total NPP (water column + benthic)
in the whedos indicated that these habitats were strongly
heterotrophic.

Fish abundance
Nine families and 15 species were collected from whedos; sam-

ples contained between 61 and 353 (mean = 166) individuals and
between 6 and 9 (mean = 7.6) species (see online supplementary
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Appendix S11). From the natural floodplain depression, 11 families
and 13 species were collected, and 33 species from 18 families were
collected from the river channel. All whedos contained the spe-
cies Ctenopoma petherici, Parachanna obscura, Polypterus senegalus,

and Clarias agboyiensis, and most whedos contained Brienomyrus
niger (91%), Clarias gariepinus (64%), and Erpetoichthys calibaricus
(55%). CPUE for whedos ranged from 0.7 to 6.1 individuals·m–3;
CPUE was 0.1 individuals·m–3 in the natural floodplain depression
and 1.8 individuals·m–3 in the river channel (Table 1). Total bio-
mass per unit volume ranged from 18 to 172 g·m–3 in the whedos,
and was 1.1 g·m–3 in the natural floodplain depression and
27.6 g·m–3 in the river channel.

Stable isotope analysis of fishes
A total of 398 consumer (whedos = 296, floodplain = 33, main

channel = 69) and 138 autotroph (whedos = 98, floodplain = 25,
main channel = 15) samples were analyzed for stable isotope ra-
tios. Consumer specimens representing 15 common fish species
and 5 macroinvertebrate taxa from whedos were retained for sta-
ble isotope analysis, 13 fish species and 4 macroinvertebrate taxa
were retained from the natural floodplain depression, and 33 fish
species and 1 macroinvertebrate species were retained from the
river channel. Consumer �13C ranged from –14.7‰ to –30.1‰ in
whedos, from –21.0‰ to –30.1‰ in the natural floodplain depres-
sion, and from –19.8‰ to –30.8‰ in the river channel. Consumer
�15N ranged from 2.4‰ to 12.5‰ in the whedos, from 3.7‰ to
11.7‰ in the natural floodplain depression, and from 6.8‰ to
12.8‰ in the river channel. Producer �13C ranged from –10.3‰
to –30.1‰ in the whedos, from –11.7‰ to –31.7‰ in the natural
floodplain depression, and from –13.4‰ to –32.4‰ in the river
channel. Producer �15N ranged from 0.7‰ to 12.2‰ in thewhedos,
from –1.0‰ to 9.5‰ in the natural floodplain depression, and
from –3.2‰ to 7.4‰ in the river channel.

Basal production sources supporting consumer biomass
Qualitative interpretation of stable isotope ratio biplots showed

that consumer �13C signatures generally lie between those of phy-
tomicrobenthos, C3 macrophytes, and C4 grasses in most flood-
plain habitats, indicating that all these basal production sources
could contribute to consumer biomass (Fig. 4). Most consumer
�15N values were consistently higher than those of basal produc-
tion sources, but there were some exceptions. C3 macrophytes
were variable in their �15N ratios and were more enriched than
consumers in some cases. Aquatic beetles (Coleoptera) had amore
depleted �15N signature than the producers in floodplain habitats,
indicating that one or more primary production sources assimi-
lated might not have been sampled. In general, the plots revealed
a consistent pattern for the 11 whedos in which consumer signa-

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2012-0403.

Fig. 2. Water-column and benthic chlorophyll a collected from
whedo (+1 standard deviation), natural floodplain depression
(floodplain), and river channel habitats.
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Fig. 3. Respiration (R) and net primary production (NPP) of the
water column (upper panel) and benthos (lower panel) in whedo
(+1 standard deviation), natural floodplain depression (floodplain),
and main channel habitats.
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Table 1. Abundance of fishes captured in habitats of the
Ouémé River and floodplain (i.e., natural floodplain
depression).

Habitat

Abundance

No. of individuals·m–3 Biomass (g·m–3)

Whedo 1 1.0 18.0
Whedo 2 1.2 19.5
Whedo 3 5.4 73.1
Whedo 4 0.7 47.3
Whedo 5 2.3 172.0
Whedo 6 0.8 29.2
Whedo 7 1.5 34.6
Whedo 8 4.1 65.9
Whedo 9 6.1 50.5
Whedo 10 6.1 125.8
Whedo 11 1.4 43.3
Floodplain 0.1 1.1
Main channel 1.8 27.6
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Fig. 4. Carbon and nitrogen isotope ratio biplots of the mean values of primary producers (triangles) and consumers (circles) taken from two representative whedos, a natural floodplain
depression (Floodplain), and the Ouémé River channel. Common species of consumer are labeled as follows: Br-nig, Brienomyrus niger; Cl-agb, Clarias agboyiensis; Cl-gar, Clarias gariepinus;
Col, Coleopteran beetle; Ct-pet, Ctenopoma petherici; Er-cal, Erpetoichthys calabaricus; Hem, Hemipteran insect; He-odo, Hepsetus odoe; Or-nil, Oreochromis niloticus; Pa-obs, Parachana obscura;
Po-sen, Polypterus senegalus; and Xe-nig, Xenomystus nigri. Production source types from each site are labeled as follows: C3, C3 macrophyte; C4, C4 grass; Pmb, phytomicrobenthos.
Horizontal and vertical bars represent 1 standard deviation.
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tures were tightly clumped and positioned above phytomicroben-
thos and C3 macrophytes.

MixSIR model estimates indicated that both C3 macrophytes
and phytomicrobenthos accounted for a large fraction of con-
sumer biomass in whedos. Both of these production sources had
high 95% confidence percentiles (Fig. 4). For C3 macrophytes, 53%
of species from whedos had 95% confidence percentiles ≥65. For
phytomicrobenthos, 65% of whedo species had 95% confidence
percentiles ≥65. Species from whedos assimilated smaller frac-
tions of material derived from C4 grasses, but many species had
fairly high 5% confidence percentiles (Fig. 5). In whedos, C4 grasses
had 5% confidence percentiles ≥25 for 10% of consumer species,
indicating its importance in supporting the biomass of at least
some species. In the natural floodplain depression, C3 macro-
phytes seemed to be important contributors to consumer bio-

mass, with 71% of species having 95% confidence percentiles ≥65
for these sources. Phytomicrobenthos and seston also seemed to
contribute to consumer biomass, with 43% and 50% of consumers
having a 95% confidence percentile ≥50 for these sources, respec-
tively. Most fish species of the natural floodplain depression had
95% confidence percentiles <5% for C4 grasses (70% of species),
indicating that this source probably contributed little to fish bio-
mass. Consumers from the river channel apparently had assimi-
lated material from a mixture of sources, with only 32% of
consumer taxa having a 95% confidence percentile ≥50 for any
basal production source. Seston and C3 macrophytes seemed to
contribute the largest fractions to consumer biomass, with 59% of
species having a 95% confidence percentile >50 for these sources.
Phytomicrobenthos had 95% confidence percentiles ≥50 for only
9% of species, and all species had a 95% confidence percentile ≤50

Fig. 5. Frequency histograms of 5% and 95% confidence percentiles of basal production source contributions to fish biomass for whedo,
natural floodplain depression (floodplain), and river channel habitats.
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for terrestrial C4 grasses, indicating minor contributions to con-
sumers.

Trophic position estimates
Qualitative interpretation of stable isotope signature biplots

indicated relatively consistent trophic structure among the whe-
dos, with conspecifics from different sites occupying the same
locations within isotope space. Mean trophic position of con-
sumer taxa ranged from 0.03 (adult water beetle) to 3.9 (Clarias
agboyiensis, Erpetoichthys calabaricus, Parachanna obscura) in the whe-
dos, from 0.7 (adult water beetle) to 3.2 (Hepsetus odoe) in the nat-
ural floodplain depression, and from 2.1 (Brienomyrus niger) to 4.0
(Mormyrops anguilloides) in the river channel. Mean trophic posi-
tion of conspecific Brienomyrus nigerwas similar in whedos and the
river channel and lower in the natural floodplain depression
(Fig. 6). For Ctenopoma petherici, mean trophic position was similar
in whedos and in the natural floodplain habitat and higher in the
river channel. Mean trophic position of Parachanna obscura was
similar in all habitats, but was lowest in the river channel (Fig. 6).
Trophic position distributions of fish assemblages were similar
among habitats. The distribution of trophic positions in the river
channel had a higher mean and seemed to be more left skewed
compared with distributions for floodplain habitats (river chan-
nel mean = 3.1, whedo mean = 2.7, natural floodplain depression
mean = 2.5; Fig. 7). Although fish assemblage trophic position
means were similar between the whedo and natural floodplain
depression habitats, trophic position distributions of the whedo
habitats were slightly more left skewed compared with distribu-
tions for the natural floodplain depression. These findings indi-
cate that fish assemblages of the whedos had a higher relative
abundance of piscivores than the natural floodplain depression.

Discussion
The main objectives of the present study were to investigate

relationships among in situ nutrient concentrations, algal pri-
mary production, and food web structure in natural andmodified
floodplain habitats of the Ouémé River to infer how anthropo-
genicmanipulations to floodplain habitat might influence fishery
production. We originally predicted that fishes from the natural
floodplain depression and river channel would mainly assimilate
material derived from algae. We hypothesized that fishes in whe-
dos would mainly assimilate material derived from C3 macro-
phytes because of limitation of algal growth through shading by
aquatic macrophytes, but we also recognized the possibility that
algae might support whedo consumers, particularly in whedos

with less vegetative cover. Results indicated that biomass from a
combination of basal production sources was assimilated by
fishes inhabiting whedo, natural floodplain depression, and river
channel habitats. Algae contained in seston and phytomicroben-
thos appeared to be the most important basal production source
supporting invertebrates and fishes in habitats of the Ouémé
River channel and natural floodplain depression. Assimilation es-
timates of consumers for seston were higher in these habitats
compared to the whedos. At the time of our sampling, whedos
were covered by dense layers of aquatic macrophytes (mean cov-
erage 94%) that hindered algal production by shading. Though
NPP in whedos was negative, indicating heterotrophy, periphyton
(phytomicrobenthos) was collected from macrophyte leaves and
roots near the water surface. Mixing model estimates indicated
that C3 macrophytes were an important primary production
source for whedo food webs. Despite the high abundance of C4
grasses within or fringing all habitats surveyed, these grasses ap-
parently are not an important production source supporting
fishes in the Ouémé River floodplain ecosystem.

These results agree with other stable isotope studies that have
investigated food web structure of floodplain habitats and basal
production sources contributing to consumer biomass (e.g.,
Hamilton et al. 1992; Thorp and Delong 1998; Bunn et al. 2003;
Herwig et al. 2004). For example, Bunn et al. (2003) found that
within turbid pools in the Cooper Creek floodplain of Australia,
phytomicrobenthos, despite being limited to shallow nearshore
areas, was the most important production source supporting
consumers. In aquatic floodplain habitats of the Orinoco River,
Hamilton et al. (1992) found that, although aquatic macrophytes
were more abundant, algal production provided the foundation
for themajority of fish biomass. Several studies have documented
the importance of C3 macrophytes to floodplain fish assemblages.
Although C4 grasses are frequently available in high abundance as
a potential food source, river studies have revealed little or no
metazoan assimilation of material from C4 grasses, probably ow-
ing to its refractory nature (e.g., Thorp and Delong 1998; Herwig
et al. 2004; Clapcott and Bunn 2003; Jepsen and Winemiller 2007;
Zeug and Winemiller 2008). Apparently, the bulk of organic mat-
ter from C4 grasses is processed by microbes and subsequently
buried in sediments or exported to the atmosphere as CO2,
though a small fraction may enter the upper food web when
consumers eat detritus that has been processed through the mi-
crobial loop (Cole et al. 2011). Jepsen and Winemiller (2007) found
only 2 of 60 fish species sampled from four floodplain rivers in
Venezuela that had high �13C values indicative of assimilation of

Fig. 6. Mean trophic position (+1 standard deviation) of three fish species collected from whedo, natural floodplain depression (floodplain),
and river channel habitats.
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material from C4 grasses — a macrophyte grazer, Schizodon isog-
nathus, and a predator inhabiting shallow littoral habitats,
Hoplerythrinus unitaeniatus.

Although mean DIN in whedos was higher than concentrations
measured in the natural floodplain depression and river channel,
and SRP in the natural floodplain depression and river channel
habitats was within the range of concentrationsmeasured inwhe-
dos, our results indicate that whedos were strongly heterotrophic
(P/R < 1). In contrast, the natural floodplain depression and river
channel were net autotrophic (P/R > 1). Although whedos were net
heterotrophic, mean chlorophyll a values in the whedos were in
between values measured for the natural floodplain depression
and the river channel, indicating that terrestrial vegetative cover
was not dense enough to completely limit growth of benthic al-
gae. Overall, ecosystemmetabolism in whedos appears to be dom-
inated by microbial decomposers that consume dead plant
material, and this trophic pathway was dominant over those orig-
inating from autochthonous aquatic primary production and
linking to invertebrates and fishes.

Trophic position estimates for a few invertebrates placed them
at the level of primary producer, which obviously is inaccurate.
This error could have occurred for several reasons. For example,
the fractionation constant 2.54‰may not have been applicable to
some species, or the reference values for the presumed basal pro-
duction sourcesmay not have been correct in some cases. Another
potential source of error would be if one or more important pro-
duction sources supporting the food webwere not included in the
analysis. Despite these potential sources of error, overall trends of
basal production source contributions and trophic position esti-
mates were fairly consistent. An additional source of bias in inter-
habitat comparisons could have been lack of replication in
sampling river channel and natural floodplain depression habi-
tats. Because of logistical, time, and resource constraints, only one
site within the river channel and one natural floodplain depres-
sion were sampled. Because we collected multiple samples of the
principal basal sources and the most common consumer taxa
within structurally complex habitats as well as adjacent open-
water areas in both the channel and natural floodplain depres-
sion, our descriptions of food web ecology based on stable isotope
analysis should be representative for the region. Given the high
degree of consistency observed for food web structure and esti-
mates of production sources among whedos, isolated habitats
having large potential for divergent species assemblage structure,

it seems unlikely that our interpretations for the other two habi-
tat types were strongly biased by lack of spatial replication.

Comparison of frequency histograms of fish trophic positions
according to habitat indicated that mean trophic position was
higher in the river channel than natural and artificial floodplain
habitats. This finding is consistent with studies that have docu-
mented longer food chains in aquatic ecosystems supported
largely by seston (phytoplankton) comparedwith those supported
mostly by phytomicrobenthos (periphyton) and macrophytes (de-
tritus) (e.g., Layman et al. 2005; Hoeinghaus et al. 2008). Mean
trophic position of whedo fishes was also lower compared with
that of fishes from the natural floodplain depression, and 87% of
fishes captured in whedos are clearly identified as piscivores.
Whedo fish assemblages had highly consistent composition
(Jackson et al. 2013), likely because hypoxic conditions resulting
from aquatic macrophytes covering the surface of shrinking
aquatic habitats select for fishes that possess adaptations for aer-
ial respiration, and the period of habitat isolation results in strong
influence of predation on assemblage structure. For example, the
predatory African lungfish, Protopterus annectens, is an obligatory
air breather. In addition, the species Clarias abgoyiensis, C. gariepi-
nus, Erpetoichthys calabaricus, Parachanna obscura, Parachanna afri-
cana, and Polypterus senegalus are all predatory species that have
accessory organs used for aerial respiration (e.g., Hyrtl 1854;
Purser 1926; Munshi 1962). After the onset of hypoxia, these apex
predators dominated fish species assemblages of whedos (Jackson
et al. 2013).

Findings from whedos are consistent with studies that have
documented high percentages of predatory fishes in isolated
floodplain habitats in the tropics (e.g., Lowe-McConnell 1964;
Winemiller 1990). In studies of small floodplain systems in Vene-
zuela and Costa Rica, relative abundance of piscivores increased
as aquatic habitat shrank during the dry season, and local popu-
lations of herbivorous and invertivorous fishes were reduced by
predation (Winemiller 1990, 1996). The flood pulse concept pre-
dicts that, during floods, fishes colonize productive aquatic habi-
tats of floodplains, consume food resources derived from
terrestrial plant production, and eventually return to the main
channel. This floodplain biomass could be viewed as a spatial food
web subsidy supporting the river channel (Winemiller and Jepsen
2004). The flood pulse concept was partially supported by the
present study. Floodplain fish assemblages of the Ouémé River
floodplain appeared to be partially supported by C3 macrophytes.

Fig. 7. Frequency histograms of trophic positions of fishes constituting species assemblages in whedo, natural floodplain depression
(floodplain), and river channel habitats.
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However, fishes that become isolated in floodplain habitats are
either consumed by predators in situ or are harvested and there-
fore do not subsidize the river channel food web. Furthermore,
fish assemblages in autotrophic natural floodplain and river chan-
nel habitats, as well as heterotrophic whedos, were largely sup-
ported by autochthonous production sources (algae). This finding
supports the riverine productivity model (Thorp and Delong
2002). Microbial respiration in these habitats is probably based
almost entirely on decomposition of macrophyte biomass, with
little material from this pathway entering the upper food web
(Jackson and Eldridge 1992; Gaedke et al. 1996; Thorp and Delong
2002).

Elucidation of the trophic structure in habitats of the floodplain
andmain channel of the Ouémé River has important implications
for management of fisheries resources. Fish biomass in whedos
appears to be supported, at least in part, by algae. Two main
factors associated with aquatic macrophyte biomass likely limit
fishery production in whedos: restriction of algal production by
shading and hypoxia caused by decomposition of and respiration
by aquatic macrophytes that only allows fish species having adap-
tations for aerial respiration to persist (Jackson et al. 2013). Mac-
rophytes have been documented to enhance fisheries production
by providing a refuge from predation (e.g., Gilinsky 1984). In our
study system, because piscivorous fishes already dominate whedo
fish assemblages shortly after whedos become hydrologically dis-
connected from the river channel during the falling-water period
(Jackson et al. 2013), it is unlikely that macrophyte biomass en-
hances fishery production via this mechanism. Because nutrient
concentrations are relatively high in whedo habitats, control of
aquatic macrophyte growth in whedos could result in greater
algal production and consumer biomass that includes harvestable
fish stocks. However, some aquatic macrophyte biomass may be
important as a structural matrix for periphyton growth. A manip-
ulative experimental approach would allow for a better under-
standing of the factors limiting fishery biomass in whedos. Given
the interest that already exists in whedo aquaculture as a means
to increase fishery production and food security for local people in
developing countries (Denny et al. 2006; Hauber et al. 2011), addi-
tional research, includingmanipulative experiments, is needed in
this system to improve our understanding of ecological dynamics
and how they are influenced by biological diversity.
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