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Abstract Prochilodus lineatus  (Valenciennes,
1837) is one of 270 fish species in the Rio Parani
system yet it comprises>50% of the fish biomass
and is the only fish species in the system known to
feed entirely on flocculent benthic biofilm. We stud-
ied the feeding behavior and diet of P. lineatus, and
the composition of benthic biofilm in river channels,
the moving littoral, and in isolated floodplain lakes at
different stages of the Rio Parana hydrological cycle.
Prochilodus lineatus selectively ingests hydrolysis-
labile-organic-matter rich in amino acids while selec-
tively rejecting mineral matter and refractory organic
matter. Assessed in terms of g AA assimilated - kJ~!
energy assimilated, the quality of food ingested by
P. lineatus ranges from a maintenance level of 5 to
12 mg AA - kI™!, a level expected to produce near
maximum growth. The level of amino acids in ben-
thic biofilm is highest in shallow waters during the
advancing flood (the moving littoral), and P. lineatus
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have been observed to feed in littoral areas so shallow
that their dorsal fins and backs are exposed. Feeding
intensity increases with river height as the moving lit-
toral expands. Feeding site selection, selective inges-
tion, and conditional feeding intensity each increase
amino acid assimilation and together constitute a
trophic strategy that allows P. lineatus to dominate
the fish community of the Rio Parana.
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Introduction

Biofilm is ubiquitous and abundant in freshwater,
estuarine, and marine environments. It is a struc-
tured aggregation of microorganisms, the extracel-
lular polymeric secretions (EPS) they produce, ad-
and absorbed dissolved organic matter (DOM), and
often a variety of organic and mineral debris par-
ticles entrapped in the aggregate. Of these compo-
nents, the microorganisms typically comprise < 10%
of the organic mass with the EPS making up most
of the rest (Flemming et al. 2016b). Biofilm var-
ies in the degree of its attachment to solid surfaces.
It occurs firmly attached to stones, submerged wood,
and plants in flowing or turbulent waters; it is less
firmly attached to surface sediments; and it exists as
a loosely attached or unattached flocculent layer lying
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on sediments and other surfaces and is also present as
suspended particles.

Biofilm is an important food resource for a host
of invertebrates (Hobbie and Lee 1980; Simon et al.
2003), but the vertebrates believed to depend on it
for food comprise a relatively small set of shorebirds
(Jiménez et al. 2015; Lourenco et al. 2017), larval
amphibians (Ocock et al. 2018), and fishes (Bowen
et al. 2006). Although few in species, the fishes that
derive their nutrition from benthic biofilm (also
known as ilyophagus or mud-eating fishes) are often
inordinately successful in establishing large popu-
lations that dominate the system fish biomass. For
example, Prochilodus lineatus is one of 270 fish spe-
cies described from the Rio Parana system but makes
up>50% of the fish biomass (Bonetto and Castello
1985; Bonetto 1986). A goal of this study was to
determine how P. lineatus is so successful utilizing
benthic biofilm as its food resource.

A great deal of productive research in the last three
decades has focused on biofilm formation, structure,
internal dynamics, and interaction with the dissolved
milieu (Flemming et al. 2016a; Lawrence et al. 2016;
Decho and Gutierrez 2017). Less has been learned
about environmental conditions that influence the
abundance and nutritional quality of biofilm for con-
sumers and attributes that consumers may have that
enable them to use this food resource that is appar-
ently not useful to most vertebrate species. In the
work reported here, several characteristics of floccu-
lent benthic biofilm and its use as a food resource by
P. lineatus in the Rio Parana floodplain in the vicin-
ity of Corrientes, Argentina, were studied at various
stages of the hydrological cycle to evaluate two broad
hypotheses. First, that the food quality (capacity to
support growth) of biofilm differs by habitat and river
height. Second, that P. lineatus locates and selectively
ingests biofilm of superior food quality and avoids or
rejects lower quality biofilm.

Methods

Study sites

This study was conducted in the Rio Parana basin in
the vicinity of Corrientes, Argentina, immediately

downriver from the confluence of the Rio Parana and
the Rio Paraguay (Fig. 1). Based on access and the
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knowledge of local field personnel with experience
in collection of P. lineatus, three sampling sites were
chosen and three habitats were distinguished within
sites. The habitats were river channels, discrete flood-
plain lakes, and river littoral zones (sensu Junk et al.
(1989)). In the sense used here, river littoral zones
are flooded areas of the flood plain that cover large
areas at high water levels but are much reduced in
area at low water levels yet maintain connections to
river channels such that fish may move between the
two habitats. Floodplain lakes are isolated, in some
cases for years, and become connected to other waters
of the floodplain only during floods. The extent of
the littoral depends on the combined effects of river
height and local rainfall. River height was recorded
daily by the Argentine Directorate of Waterways rela-
tive to a datum set at the city of Corrientes (Fig. 2).
The areal extent of floodplain lakes is substantially
affected by local rainfall. P. lineatus is found primar-
ily in the littoral zone, in tributary channels, and in
lakes but uses the main channel of the Rio Parani
to move among floodplain habitats and for seasonal
spawning migrations during which it does not feed
(Bayley 1973; Junk et al. 1989; Agostinho et al. 1993;
Sverlij et al. 1993; Pesoa and Schulz 2010).

The Riachuelo study site is a tributary of the Rio
Parana with a central channel and an extensive littoral
zone at high water levels but without discrete flood-
plain lakes in the study reach (Fig. 1). The Madre-
jon del Puente and Colonia Tacuari sites are discrete
floodplain lakes at median water levels but become
connected to the Rio Parana at high water levels and
thus function as part of the littoral zone under those
conditions. In addition to these three sites, the main
channel of the Rio Parana was successfully sampled
on two occasions. Field collections were made on 36
dates during five sampling periods ranging from 7 to
26 days in duration (Table 1).

Field collections

During period 1, sampling was limited to the river
channel and the littoral at the Riachuelo site (Fig. 1).
During period 2, the Rio Paran4 was high enough that
all three sites were classified as littoral (Fig. 2). For
periods 2 through 5, initial efforts to collect P. linea-
tus included all sites and habitats but subsequent sam-
pling was concentrated where P. lineatus was found
to be present.
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Fig. 1 Map of the Rio Parana in the vicinity of Corrientes, Argentina, and the three sites used in this study
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Table 1 Numbers of P. lineatus collected by habitat and sam-
pling period. Percentages are of numbers across habitats. Dur-
ing sampling period 1, sampling was limited to the Riachuelo

site which did not include lakes in the study reach. During
flood conditions of sampling period 2, all sites were part of the
moving littoral

Sampling period Moving littoral River channels Floodplain lakes Total
1 (Aug. 6-25, 1987) 37 (30%) 87 (70%) 124
2 (Nov. 25-Dec. 2, 1987) 46 (100%) 46

3 (Nov. 15-23, 1988) 49 (54%) 23 (26%) 18 (20%) 90

4 (Jun. 3-12, 1989) 7 (20%) 24 (69%) 4 (14%) 35

5 (Nov. 21-Dec. 17, 1991) 68 (63%) 15 (14%) 24 (22%) 107
Total 202 (50%) 149 37%) 51 (13%) 402

Fish were captured using a trammel net with an
inside panel mesh of 8 cm stretched measure. Tram-
mel nets are preferred to gill nets or seines in envi-
ronments where submerged logs may snag the net
and they result in minimal delay between capture and
examination of fish. The net was set across a point
at which a littoral area or river channel narrowed,
or perpendicular to shore in floodplain lakes. A boat
with an outboard motor swept back and forth across
the partially enclosed area to drive fish into the net
and then the net was recovered and the fish removed.
Additionally, in the Parana and Riachuelo river chan-
nels, the net was laid across the flow and allowed
to drift for approximately 15 min. Most collections
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were made during morning or midafternoon to allow
time for subsequent sample processing in the labo-
ratory, but two samples were collected after dark:
one at 2 and one at 4 h after sunset. All P. lineatus
captured were examined except for one large catch
of 21 from which 12 were examined and the others
returned alive to the water. Immediately following
capture each fish was euthanized by cervical disloca-
tion, standard length and weight were measured, and
the digestive tract was removed, placed in numbered
plastic bag, and stored on ice pending processing in
the laboratory.

Benthic biofilm was collected between 5
and 120 cm depth at intervals along transects
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perpendicular to shore using a 5.7-cm inside diam-
eter coring device made from a transparent acrylic
tube. The layer of flocculent benthic biofilm, typi-
cally about 5 mm thick, was siphoned from the
undisturbed core surface into a plastic bottle using a
3-mm inside diameter glass tube and stored on ice.

Laboratory processing of samples

The digestive tract of P. lineatus is comprised
of five distinct sections. In order, they are a short
esophagus, a cardiac stomach that functions as a
holding organ, a muscular pyloric stomach that
grinds the food to a small particle size, a pyloric
chamber that receives ground food and the common
bile duct, and a lengthy intestine (Angelescu and
Gneri 1949). The contents of the cardiac stomach
were taken to represent the diet with the caveats dis-
cussed below.

Immediately upon return from the field, the con-
tents of the cardiac stomach and samples of benthic
biofilm were transferred to individual aluminum pans
and dried to constant weight at 105 °C. Dried samples
were pulverized in a mortar and pestle and stored in
sealed glass vials pending chemical analyses. For 80
samples, a small subsample was preserved with for-
malin and stored in glass vials for microscopy.

Chemical analyses

Samples of cardiac stomach contents and benthic
biofilm were analyzed for components found in pre-
vious research to be useful indicators of food quality
for ilyophagus fishes (Bowen et al. 2006; Bowen and
Yap 2018). Ash-free dry mass (AFDM) is a measure
of total organic matter and was determined as mass
loss on ignition at 550 °C. AFDM was divided into
hydrolysis-resistant and hydrolysis labile fractions.
Hydrolysis-resistant organic matter (HROM) is a
measure of indigestible organic matter including cel-
lulose and chitin and was determined as described by
Buddington (1980) with the exception that toluene
was substituted for benzene in washing the digested
residue. Hydrolysis labile organic matter (HLOM)
is the organic fraction removed in this procedure
and is material that fish may be able to digest. Total
amino acids (AA) were determined by the ninhydrin
reaction following alkaline hydrolysis (Makkar et al.

1988) (see supplemental information). This measure
is preferred to total nitrogen, much of which may be
immobilized in refractory compounds and thus una-
vailable to the consumer, or total protein which often
significantly underestimates the presence of nutri-
tionally valuable amino acids (Bowen 1980). Energy
density of the contents of the pyloric chamber was
determined for five fish using a Phillipson micro-
bomb calorimeter standardized against benzoic acid
(Bowen 1996). In contrast to contents of the cardiac
and pyloric stomachs, contents of the pyloric chamber
had>0.22 ¢ AFDM - g~! DM and thus burned com-
pletely in the calorimeter to yield accurate measure-
ments (Getachew et al. 2000).

Microscopy

Both fresh and preserved samples were stained with
alcian blue, examined under a light microscope at
160 x and 400 X magnification, and descriptions were
recorded. Alcian blue stains the acidic mucopoly-
saccharide portion of extracellular polymeric secre-
tions (EPS) produced by microorganisms which are
a major component of organic flocs (Alldredge et al.
1993; Passow and Alldredge 1995; Bar-Zeev et al.
2012).

The proportion of cardiac stomach AFDM that
was algae was determined for six arbitrarily selected
fish by quantitative microscopy. Algal cells, predomi-
nately diatoms, were counted and measured using a
drop transect method (Edmondson 1974) and cell
volumes were calculated as the volume of a similarly
shaped geometric solid (Ahlgren and Bowen 1992).
Dry mass of algae was then estimated with the con-
version factor of 1 mm?® fresh algae=0.1 mg dry
mass. This conversion varies among taxa but is accu-
rate enough for present purposes (Kaushik and Hynes
1968) . Coefficients of variation for two sets of three
replicates were 15 and 16%.

Selective ingestion experiments

Selective ingestion was assessed in aquarium experi-
ments. Approximately 40L of conditioned water
from a large tank holding a variety of fish species
was added to a 60-L aquarium and sand and benthic
biofilm from the Riachuelo littoral were added and
allowed to settle overnight. A sample of the benthic
biofilm was collected from the aquarium and then
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five small P. lineatus (9.5 to 10.0 cm SL) were added
at 1000 h. After 24 h, the fish were euthanized and
the contents of their cardiac stomachs were pooled
and dried at 105 °C pending chemical analyses. The
experiment was repeated once.

Most statistical analyses were conducted using
SigmaPlot 13 (Systat Software, Inc., San Jose, CA,
USA). Parametric methods were used unless the data
failed a test for normality or homogeneity of variance
in which case nonparametric alternatives were used
as indicated. Confidence intervals for medians were
calculated with the bootstrapping procedure in SPSS
26 (IBM, Armonk, NY, USA).

Results
Field collections of fish

During the five sampling periods, river height ranged
from 2.1 to 4.7 m (Fig. 2). Under high-water condi-
tions of sampling period 2, all three sites were con-
nected to the Rio Parand main channel and thus
classified as littoral habitats. During other sam-
pling periods, the Colonia Tacuari and Madrejon
del Puente sites were classified as floodplain lakes.
The Riachuelo site was classified as all littoral habi-
tat during sampling period 2 when its river channel
could not be distinguished from the extensive litto-
ral, but during the other sampling periods this site
contained both river channel and littoral habitats.
Compared to sampling period 2, littoral areas were
substantially reduced in area and depth during other
sampling periods. At the lowest water levels (sam-
pling periods 3 and 5), much of the aquatic veg-
etation that had been in littoral areas and lakes was
stranded on land leaving exposed areas of unveg-
etated sand and mud.

Forty-one of 84 net hauls captured one or more P.
lineatus for a total of 402 individuals collected. There
were twenty successful hauls in littoral areas, seven
in floodplain lakes, and fourteen in river channels.
The habitats in which P. lineatus were found varied
among sampling periods (Table 1) Catch-per-effort
as a proxy for fish density was not calculated because
capture efficiency is likely to have differed with water
depth and habitat. Standard lengths averaged 36.1 cm
(range 27.0-47.0 cm) and live weight averaged
1.257 kg (range 0.475-2.470 kg).
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Evidence of feeding activity

Of the 393 specimens examined, food was found
in the cardiac stomachs of 260 (66%). The percent-
age with food did not differ across sites (ANOVA
p=0.780) but habitats were significantly different
with the percentage in river channels (48.6%) less
than in littoral areas (76.5%) and floodplain lakes
(76.2%) (ANOVA p=0.025). During sampling period
1 when sampling was limited to the Riachuelo site,
27.6% of the fish from the channel had been feeding
compared to 73.0% from the adjacent littoral zone.
For this group of samples, there were no significant
differences in AFDM or AA values for cardiac stom-
ach contents for fish from the two habitats (ANOVA
p=0.677, 0.835 respectively).

Feeding intensity did not show a clear diel perio-
dicity. Although P. lineatus were collected between
0800 and 2230 h, the percentage of each catch with
food in the cardiac stomach bore no apparent relation-
ship to the hour of day. Feeding intensity did vary
with river height. For the set of samples collected
from the littoral and floodplain lakes, the average per-
centage with food in the cardiac stomach per net haul
for a sampling period generally increased with the
increase in mean river height for that sampling period
(ANOVA of regression statistics p=0.049, adjusted
R*=0.698) (Fig. 3).

Makeup of cardiac stomach contents

Examined by the unaided eye, the cardiac stomach
(seg. 1) contained clusters of aggregated particles,
sand, and plant fibers and fragments. Seen under the
microscope, sand grains and translucent amorphous
material made up most of the volume. The amor-
phous material stained thoroughly with alcian blue
indicating the presence of acidic mucopolysaccha-
rides that are abundant in biofilms (Passow and All-
dredge 1995). Vascular plant debris distinguished by
conspicuous remnants of cell walls was often present
but was not a large fraction of either stomach contents
or benthic biofilm.

The chemical composition of cardiac stomachs
contents differed by habitat and by sampling period
(Table 2). Fish from the littoral and from lakes con-
tained material that was higher in ¢ AFDM - g~! DM
and g AA - g~! AFDM, and lower in g HROM - g~!
AFDM than fish from either river channel habitat.
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Fish from littoral areas had the highest values for g
AA - g7! HLOM and fish from floodplain lakes had
the highest values for g HLOM - g~! DW. The great-
est difference was found for fish from the Parani
channel: these had substantially lower values for each
of the beneficial variables and substantially higher
values for the non-nutritive variable (g HROM - g™
AFDM). Compared across sampling periods, the
greatest effect was for the high-water conditions of
sampling period 2 when medians for g AFDM - g~!
DM, g AA - g7 AFDM, g AA - g”! HLOM, and g
HLOM - g~! DW were highest and HROM - g~!
AFDM was the lowest.

Energy density of cardiac stomach contents from
five P. lineatus collected from the Colonia Tacuari
and Riachuelo littoral sites during sampling period 2
averaged 18.9 kI - g=! AFDM (n=5, range=15.9 to
22.3).

Chemical composition of benthic biofilm

The chemical composition of benthic biofilm differed
by both habitat and sampling period (Table 3). In
general, benthic biofilm from littoral areas was high-
est in g AA - g~! AFDM whereas that from flood-
plain lakes was highest in g AFDM - g~! DM and g
HLOM - g~! DM. Material from the river channels

was lowest in g HLOM - g~! DM. Compared across
sampling periods, the most prominent results are
the high values for g AA - g~! AFDM and g AA -
g-1 HLOM for the flood conditions during sampling
period 2.

The relationship of benthic biofilm chemical
composition to water depth was examined for each
site with significant relationships found only for g
AA - g7 AFDM and g AA - g~! HLOM at the Ria-
chuelo site (Fig. 4). During periods 1 and 3, g AA
- g7 HLOM decreased significantly with increas-
ing depth (linear regression p < 0.05). The relation-
ship for period 4 was nearly significant (p =0.073).
During period 5, benthic biofilm g AA - g HLOM ™!
in the Riachuelo backwater did not show a rela-
tionship to depth but was related to a sudden>1 m
increase in water level due in part to the rising
height of the Rio Parana (Fig. 2) but more signifi-
cantly to heavy rainfall in the Riachuelo water-
shed on November 24 and 25. During this period,
benthic biofilm was collected at 5, 30, and 60 cm
depths along two transects at the same location on
each of 7 dates. The rise in water level was accom-
panied by a highly significant increase in g AA -
¢! HLOM in benthic biofilm between Novem-
ber 26 and December 12, 1991 (linear regression
p=0.006, adjR>=0.773) (Fig. 5).
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Table 2 Cardiac stomach contents compared across habitats and sampling periods in terms of five measures of food quality. Medi-
ans (95% confidence intervals) sharing superscripts are not significantly different at p>0.05

gAFDM-g'DM gAA-g"' AFDM gHROM - g~! AFDM

gAA-g'HLOM gHLOM:-g~! DM

Habitat

Moving littoral 0.164% 0.101¢
(0.150-0.178) (0.082-0.111)

Floodplain lakes 0.170° 0.071%4
(0.158-0.226) (0.060-0.102)

Riachuelo channel 0.138 0.053b¢
(0.110-0.159) (0.049-0.064)

Parané channel 0.056 0.035°
(0.053-0.069) (0.016-0.056)

Sampling period

1 0.098" 0.076™
(0.083-0.168) (0.065-0.090)

2 0.190 0.141
(0.176-0.203) (0.129-0.155)

3 0.092! 0.059m
(0.059-0.150) (0.049-0.071)

4 0.139' 0.055!
(0.115-0.164) (0.049-0.061)

5 0.160% 0.067m

(0.152-0.164) (0.055-0.078)

(0.624-0.738)

(0.344-0.403)

0.340° 0.1748 0.101"
(0.314-0.408) (0.151-0.189) (0.087-0.113)
0.358° 0.111f 0.114"
(0.348-0.380) (0.095-0.160) (0.104-0.150)
0.492 0.122f 0.069
(0.473-0.526) (0.099-0.134) (0.054-0.078)
0.667 0.119%¢ 0.019

(0.066-0.152) (0.015-0.024)

0.427" 0.132° 0.0559*
(0.347-0.408) (0.108-0.161) (0.034-0.103)
0.285 0.205 0.138
(0.267-0.308) (0.184-0.213) (0.115-0.148)
0.577° 0.136 0.040°
(0.509-0.652) (0.104—0.161) (0.021-0.056)
0.518° 0.122° 0.0684
(0.482-0.579) (0.096-0.149) (0.055-0.078)
0.361" 0.115° 0.101"

(0.087-0.138) (0.086-0.112)

Selective ingestion

Aquarium experiments and field data gave quali-
tatively similar but quantitatively different results
(Table 4). Both approaches found that the fish selec-
tively ingested AFDM and a fraction of AFDM that
is relatively rich in AA, and selectively rejected Ash
and HROM. In quantitative terms, the aquarium
experiments showed a higher degree of selection than
did the field data with respect to AFDM, HROM,
AA, and HLOM. The selection factors that are most
similar for the two approaches are those for g HROM
g7 AFDM and g AA - g~ HLOM.

Discussion
Components of the diet

Organic matter in the diet of P. lineatus and benthic
biofilm examined in this study was predominately an
aggregation of amorphous, translucent, non-living
particulate organic matter and associated microorgan-
isms termed biofilm sensu Flemming et al. (2016b).
It is now well established that 90% or more of this
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organic material is derived from extracellular poly-
meric secretions (EPS) of microorganisms, transpar-
ent exopolymer particles (TEP) formed abiotically
from dissolved organic matter (DOM), and DOM that
may be incorporated through microbial absorption or
abiotically through adsorption to the biofilm matrix
(Cisternas-Novoa et al. 2015; Hongyue Dang 2016;
Tansel 2018). Microorganisms typically comprise
less than 5% of biofilm organic matter in natural envi-
ronments (Bowen 1987; Tansel 2018) although they
may represent a larger fraction in intensive aquacul-
ture and sewage processing facilities (2-20%, Samo-
cha (2019)). Bacteria make up the smallest fraction of
microbial mass, typically < 1% of the AFDM (Geesey
et al. 1978; Sutton and Bowen 1994). The fraction
of cardiac stomach AFDM that was algae in the pre-
sent study (mean=4.73%) is higher than that found
in an earlier study of P. lineatus at the Riachuelo site
(1.1%) (Bowen et al. 1984) but is consistent with the
range of values cited above.

Selective ingestion

The very high degree of correlation between stomach
contents and benthic biofilm in field data at regular
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Table 3 Benthic biofilm compared across habitats and sampling periods in terms of five measures of food quality. Medians (95%

confidence intervals) sharing superscripts are not significantly different at p > 0.05

gAFDM-g'DM gAA-g"' AFDM gHROM - g~! AFDM

g AA - g7 HLOM

g HLOM - g~! DM

Habitat

Moving littoral 0.094 0.057¢
(0.086-0.101) (0.051-0.062)

Floodplain lakes 0.179° 0.0425¢
(0.151-0.202) (0.033-0.054)

Riachuelo channel 0.131* 0.045b¢
(0.104-0.167) (0.030-0.052)

Parané channel 0.028 0.036°

(0.027-0.032)

(0.030-0.038)

Sampling period

1 0.1128 0.0573
(0.097-0.118) (0.050-0.060)

2 0.119h 0.086
(0.098-0.162) (0.082-0.099)

3 0.079 0.0541
(0.075-0.085) (0.042-0.061)

4 0.1758h 0.041%
(0.131-0.220) (0.029-0.047)

5 0.1128h 0.032!

(0.098-0.157)

(0.028-0.040)

0.540¢ 0.120° 0.042f
(0.479-0.568) (0.099-0.134) (0.037-0.048)
0.434 0.081¢ 0.111
(0.398-0.456) (0.061-0.101) (0.090-0.118)
0.554¢ 0.102° 0.057"
(0.542-0.612) (0.046-0.125) (0.045-0.073)
0.843 0.229 0.005

(0.741-0.928)

(0.137-0.514)

(0.002-0.008)

0.385% 0.096™ 0.068P
(0.372-0.459) (0.085-0.110) (0.054-0.073)
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time intervals during sampling period 5 provides
assurance that the fish were feeding on the benthic
biofilm that was sampled (Fig. 5) (Pearson correlation
coefficient=0.944, p=0.001). Both the aquarium
experiments and field data comparisons show that P.
lineatus selectively ingests fractions of benthic bio-
film of greater nutritional value (HLOM and AA) and
selectively rejects fractions of little or no direct nutri-
tional value (Ash, HROM) (Table 4). Similar selec-
tive ingestion for AFDM and AA or total nitrogen
and against mineral matter has been demonstrated
for other fishes feeding on biofilm, specifically for
Mugil cephalus (Odum 1968), Catostomus commer-
soni (Ahlgren 1996), Ichthyomyzon fossor (Yap and
Bowen 2003), and Dorosoma cepedianum (Mundahl
and Wissing 1988).

The higher degree of selection found in aquarium
experiments may be an artifact of the experimental
procedure. Movement by the fish in the aquarium
partially suspended and may have fractionated the
biofilm and thus facilitated selection to a degree that
does not normally occur in an undisturbed, natural
environment (Odum 1968; Heidman et al. 2012).

Quantitative comparisons of cardiac stomach con-
tents with benthic biofilm are complicated not only by

selective ingestion but also by food processing in the car-
diac stomach. As food passes through the digestive tract,
some Ash including sand and some HROM including
plant fibers are retained in both the cardiac and pyloric
stomachs (the first two digestive tract segments) while
other components are passed on to the pyloric chamber
(the third segment). Median values for Ash and HROM
are much higher in both stomachs than in the pyloric
chamber (Bowen 2021). This means that the benthic
biofilm ingested was lower in Ash and HROM than the
contents of the cardiac stomach and thus the degree of
selection will be underestimated for each of the vari-
ables in Table 4 that include Ash or HROM. This limita-
tion does not apply to the variable g AA - g~! HLOM.
It does not contain either Ash or HROM and, unlike
variables including Ash or HROM, medians for samples
from the cardiac stomach, the pyloric stomach, and the
pyloric chamber are not significantly different (ANOVA
on ranks p=0.709). Thus, the conclusions that can
be drawn are that selective ingestion by P. lineatus (1)
increased g HLOM - g~! DM in the diet by at least a fac-
tor of two, (2) increased the g AA - g=' DM in the diet
by at least a factor of four, and (3) the fish selectively
ingested a fraction of the HLOM with higher AA values,
nearly doubling the g AA - g~ HLOM.
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Fig. 4 The relationship

between g AA - g~! HLOM
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Dimensions of food quality
A fundamental concept in animal nutrition is that con-

sumers must obtain two macronutrients from their
diets: energy and protein (Harper 1976). The food
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Days After November 21

quality of a given diet can be described in terms of the
extent to which it provides these two macronutrients.
Energy intake is regulated by hunger and depends on
how much food is eaten and how much energy the food
yields. There is no nutrient-specific hunger for protein
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:all))lelf! Selective ingestion ¢ AFDM - g HROM - gAA-g'DM gHLOM. gAA
y P. lineatus. ]?ata for ¢~ DM ¢~ AFDM ¢! DM g
aquarium experiments are HLOM
for samples pooled for
al.l fish in the experiment. Experiment 1
pheld daw - means for Cardiac stomachs 0.189 0.571 0.0208 0.081 0.256
benthic biofilm samples) Benthic biofilm 0.075 0.648 0.0044 0.026 0.168
from the Riachuelo littoral Selection factor 2.52 0.88 4.70 3.071 1.53
collected during sampling Experiment 2
period 3 Cardiac stomachs 0.178 0.438 0.100
Benthic biofilm 0.066 0.761 0.059 0.016
Selection factor 2.7 0.58 6.342
Mean selection factor  2.61 0.73 4.70 4.71 1.53
Field data
Cardiac stomachs 0.183 0.448 0.016 0.100 0.165
Benthic biofilm 0.116 0.575 0.006 0.052 0.107
Mean selection factor 1.60 0.79 3.88 2.03 1.91

or amino acids, so the intake of protein depends on
the ratio of assimilable protein to assimilable energy.
That is to say, the quantity of protein an animal assimi-
lates depends on the quantity “that comes along with”
the assimilable energy in the diet the animal selects.
Within a specific range, the amount of assimilable
protein per assimilable energy in the diet determines
animal growth rate and growth rate is a major factor in
ecological fitness. For a more detailed review of these
concepts and their application to ilyophagus fishes, see
Bowen (1984) and Bowen et al. (1995).

Protein must be digested before it can be assimi-
lated as mono- and dipeptides, so the measure used
in the present study, total amino acids, is nutrition-
ally equivalent to dietary protein. Consumers’ needs
for specific essential amino acids are typically met
for wild animals by their natural diets so the protein
dimension of food quality is determined by the total
amount of amino acid assimilated (Bowen 1980;
Bowen et al. 1984; Ekasari et al. 2014).

In the present study, the energy quality of the food
ingested was assessed as kJ assimilated - g~! DM and
calculated as:

QO = (gHLOM - g_lDM)cs “AEyom - ED

where (g HLOM - g~ DM)q is the g HLOM - g~! DM
in the cardiac stomach, AEy; oy 1S the assimilation
efficiency for HLOM (0.667) (Bowen 2021), and ED
is the energy density of the diet (18.9 kJ - g~! HLOM).

Since the rate of food ingestion is unknown, this value
serves as an index by which the relative energy quality
of different cardiac stomach samples can be compared.
The amino acid quality of the food, mg AA assimilated
- kJ~! assimilated, was calculated as:

Q.4 = (mgAA - g7'DM) g - AE,, - QE™"

where (mg AA - g7' DM)qg is the mg AA - ¢~! DM
in the cardiac stomach and AE,, is the assimilation
efficiency for amino acids (0.735) (Bowen 2021).

Amino acid assimilation as the growth-limiting food
quality variable

The ranges of values for amino acid and energy
dimensions of food quality in the diet are compared
by habitat and sampling period in Fig. 6. Blé and
Arfi (2009), working with another ilyophagus fish,
Citharinus citharus, in a shallow lake in the River
Niger floodplain, Mali, found similar values for both
dimensions (2.9 kJ assimilated - g~! DM, 10.4 g AA
assimilated - kJ~! assimilated).

Fish require about 4 mg assimilated AA - kJ!
assimilated energy for maintenance (Bowen 1984)
and median values for each habitat and sampling
period exceed that requirement. Under aquaculture
conditions, most fish achieve maximum growth rate
at>20 mg assimilated AA - kJ™! assimilated but
growth rates approaching 90% of the maximum can
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Fig. 6 The diet of P.
lineatus in terms of two
dimensions of food quality.
Points are medians for the
contents of cardiac stom-
achs (seg. 1). Samples were
collected in three habitats
over five sampling periods
as denoted by numerals.
Symbols labeled E and L
are early (Nov. 26 to Nov.
30) and late (Dec. 2 to Dec.
12) in sampling period 5.
The symbol labeled P is

for fish collected during
sampling period 3 along the
margin of the main course
of the Rio Parana. The other
river channel samples are
from the Riachuelo site

10 A

River

mg Amino Acid Assimilated - kJ" Assimilated
(o]
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’L
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be achieved in the range of 11 to 15 mg assimilated
AA - kKJ7! assimilated (Bowen 1981, 1984; Bowen
et al. 1995). Within the range of values found in the
present study, we would expect Q,, to be growth
limiting, i.e., growth to be proportional to mg AA
assimilated - kJ~! assimilated with rapid growth at the
higher levels found in this study.

The energy dimension of food quality, Qg, is not
likely to be growth limiting. Fish collected during
each sampling period contained large mesenteric fat
bodies implying energy assimilation well in excess
of needs for metabolism and growth. Additionally,
because the proportion of the population that is feed-
ing at any one time ranged from to 59 to 91%, the fish
would have the capacity to increase ingestion if their
energy needs were not being met. Thus, the available
evidence indicates that the AA dimension of food
quality is the critical factor determining growth.

Food quality by habitat and water level

Both habitat and sampling period had significant
effects on Q,, and Qp (two-way ANOVA on ranks,
all p<0.007). During each sampling period, the
median Q,, was highest in the littoral. When sam-
pling periods are compared, Q4 Was highest during
period 2 under flood conditions when all sites were
classified as littoral and during rising water conditions

@ Springer
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kJ Assimilated - g'1 Diet Dry Mass

during the latter half of period 5. When lake habitat
could be distinguished, O was consistently highest in
floodplain lakes.

Habitat characteristics affect both formation and
retention of benthic biofilm. Floodplain lakes are
relatively stable environments where benthic bio-
film would be expected to accumulate although wave
action may suspend biofilm in very shallow water and
cause it to settle in deeper areas. In the moving litto-
ral, biofilm in shallow water is periodically desiccated
and fundamentally altered as waters recede (Keitel
et al. 2016). In river channels, periods of high flow
would be expected to sweep away flocculent material.
Values for g AFDM - g~! DM in lake benthic biofilm
were 1.4 to 6.3 times higher than in littoral areas and
river channels (Table 3). HROM in lake samples is a
significantly larger fraction of the AFDM and this is
consistent with greater age of the biofilm as micro-
bial metabolism breaks down labile components
leaving refractory components to accumulate. Sam-
ples of benthic biofilm and fish stomachs from flood-
plain lakes in sampling period 4 have much higher
values for ¢ AFDM - g~! DM and HLOM - g~! DM
than other habitat/sampling period combinations and
thus those fish had the highest values for Qp (Fig. 6).
These samples were collected in June during the cool
season when some aquatic macrophyte and ripar-
ian vegetation was senescent and may have released
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organic matter that contributed to the production of
benthic biofilm.

The amino acid dimension of food quality is also
related to habitat characteristics. Compared across
habitats, in each sampling period, Q,, was high-
est for fish collected in littoral areas. The littoral is
the shallowest of the three habitats and g AA - g
HLOM values were found to be inversely propor-
tional to depth at some littoral sites. Compared across
sampling periods, flood conditions during sampling
period 2 greatly increased the area of shallow water
at all three study sites and the highest values for g AA
- g"!' HLOM and g HLOM - g~! DM in both benthic
biofilm and P. lineatus cardiac stomachs were found
under these conditions. The relationship between
depth and the amino acid dimension of food quality
is complicated by the continuously changing water
depth at any specific littoral location. During sam-
pling period 5, not depth per se but rising water level
was coincident with significant increases in g AA -
g~ HLOM in benthic biofilm and g AA assimilated -
kJ~! assimilated by fish.

Sites where biofilm is most recently formed appear
to provide food of the highest food quality. In ear-
lier research on feeding by ilyophagus fishes, it was
inferred that the amino acid dimension of food qual-
ity is a function of biofilm age (Bowen 1979a, b; Yap
and Bowen 2003). Details of biofilm formation sug-
gest why this may be expected. Early in its formation,
biofilm appears to be relatively high in amino acids.
Orvain et al. (2014) found that on tidal flats during the
summer, freshly produced EPS contained 0.10 g pro-
tein - g~! AFDM and as discussed above, EPS makes
up>90% of biofilm AFDM. In the present study,
an even higher value (0.144 g protein - g~! AFDM)
was found for benthic biofilm in newly flooded litto-
ral areas during the conditions of sampling period 2.
Immediately following formation, biofilm may absorb
and adsorb additional dissolved amino acids (Decho
2000), but later, both amino acids and HLOM are
mineralized by microbes relative to refractory com-
ponents of the biofilm. Domozych and Domozych
(2008) found that protein in biofilm allowed to
develop on Plexiglas sheets in a temperate wetland for
90 days first increased to a maximum of 6.5% of dry
mass (approximately 9.6% of AFDM) after 30 days
but declined thereafter. Dauda et al. (2018) found that
newly formed biofilm in aquaculture tanks lost 30%
of its total nitrogen in 3 weeks. Diagenetic processes

have been shown to convert at least part of the amino
acid fraction to humified or otherwise immobilized
nitrogen of no nutritional value (Odum et al. 1979;
Rice 1982; Decho and Gutierrez 2017). Thus, the
available data indicate that newly formed biofilm may
initially increase in amino acids but as it ages some
of the amino acid is mineralized and another fraction
becomes unavailable thereby reducing its value to
consumers.

Shallow littoral waters have characteristics that
make them well suited for biofilm formation. They
have the greatest light intensity and highest tempera-
tures to drive photosynthesis of benthic algae. The
proportion of photosynthate lost from and/or released
as EPS by photosynthesizing microorganisms
increases with both temperature and light intensity
so these conditions favor increased biofilm formation
(Claquin et al. 2008; Pisani et al. 2011; Decho and
Gutierrez 2017). During the advancing flood, ben-
thic biofilm in the shallowest waters will be the most
recently formed. Older biofilm in shallow waters will
be transported down slope by wave action and wind-
driven currents until it settles in deeper water with a
lower probability of resuspension (Bowen 1979a, b).
In consequence, we would expect biofilm in the shal-
lowest water to be relatively recently formed.

On a longer timescale, receding waters expose lit-
toral sediments which are then dry for days, weeks, or
months. The effect of desiccation on benthic biofilm
has not been studied directly, but it is reasonable to
expect that at a minimum the biofilm would be sub-
stantially altered. In contrast, rising waters support
new biofilm formation in shallow backwaters. Rewet-
ted sediments and plant debris release phosphorus
and nitrogen that stimulate algal growth and dissolved
organic carbon that directly stimulates the produc-
tion of biofilm (Schonbrunner et al. 2012; Keitel et al.
2016; Lu et al. 2017; Tansel 2018). Later in sampling
period 5, littoral benthic biofilm and fish samples
were collected from sites that had been dry earlier in
the sampling period (Fig. 5). Nutrients and dissolved
organic matter released from re-wetted sediments
could account for the increasing amino acid levels
in both benthic biofilm and fish diets as the waters
rose. This scenario fits with the available informa-
tion but the processes of benthic biofilm formation in
shallow freshwaters and the effect of age on biofilm
nutritional value have not yet been studied in a sys-
tematic and comprehensive way that would provide
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confirmation of the interconnections of these process
as inferred here.

Whatever the reason, shallow littoral waters con-
tain benthic biofilm of superior nutritional value and
P. lineatus takes advantage of it. Artisanal fishermen
in the Parand basin consistently say that P. lineatus
feed in very shallow water, occasionally in water so
shallow that their dorsal fins and backs are exposed.
They are the first fish to enter newly flooded back-
waters and the last to leave as waters recede. As the
river level rises, the extent of littoral areas increases
as does the percentage of P. lineatus feeding. Higher
in the Parani drainage in the Pantanal do Miranda-
Aquidauana, Brazil, Lescano de Almeida et al. (1993)
found just half of P. lineatus had food in their cardiac
stomachs during low water levels compared to 100%
when the lowlands were flooded. A similar preference
for benthic biofilm in shallow water was found for
juvenile Sarotherodon mossambicus that make daily
migrations to the shallowest waters of sand terraces
along the shores of Lake Sibaya, S. Africa to feed on
amino acid rich benthic biofilm (Bowen 1979b).

The success of P. lineatus in exploitation of flocculent
benthic biofilm

The findings of this study support both hypotheses set
out in the “Introduction.” The food quality (capacity
to support growth) of biofilm does differ by habitat
and flood condition and P. lineatus does locate and
selectively ingest biofilm of superior food quality
while avoiding and/or rejecting lower quality biofilm.
Thus, there appear to be three elements of its feed-
ing strategy that allow P. lineatus to support such a
large population by exploiting a food resource unused
by most other fishes. The first is behavioral. They
feed preferentially in areas where and at times when
the biofilm is of high nutritional value. The second
may involve both behavior and buccal morphology as
they selectively ingest higher quality biofilm within
their immediate environment. Third is the behavioral
response of increased feeding intensity as waters rise
and food quality increases. Each element increases
both the amino acid dimension and the energy dimen-
sion of food quality, but in each case the greatest ben-
efits are to the amino acid dimension. Together, these
constitute an integrated trophic strategy that is highly
effective in supporting a large population biomass.
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The flood pulse concept illustrated

The flood pulse concept can be distilled to two princi-
pal elements (Junk et al. 1989). First, that river/flood-
plain community production and structure results not
from materials imported from upstream but rather
from primary production stimulated by the release
of nutrients from floodplain soils and vegetation as
the flood pulse advances. Second, that in systems in
which the flood pulse is regular and of significant
duration, consumers will adapt to exploit this produc-
tivity. The feeding ecology of P. lineatus described in
this report illustrates both of these.

The advancing flood across the Parana floodplain
stimulates production of new biofilm on previously
dry benthic substratum. The nutritional quality of
benthic biofilm in the study area is adequate to sup-
port the rapid growth of P. lineatus only during the
flood pulse and in waters close to the aquatic-ter-
restrial transition zone. In its digestive morphology
(Bowen 2021) and behavior, P. lineatus is highly
adapted to the use of benthic biofilm as its food
resource. Its dependence on the flood pulse is such
that P. lineatus year class strength in the Rio Uru-
guay (Gonzélez-Bergonzoni et al. 2019) and year
class strength and condition factors (mass per length)
in the Rio Parani (Gomes and Agostinho 1997) have
been found to be directly proportional to the extent
of annual flooding. Its ability to utilize benthic bio-
film as its food resource allows P. lineatus to make
up more than half the fish biomass in the Rio Parana
and to significantly contribute to the structure of the
river/floodplain community as the primary prey of
most piscivores. Other prochilodontids with essen-
tially identical digestive tract morphology appear to
play similar roles in the other major neotropical river/
floodplain systems (Taylor et al. 2006): P. mariae
in the Orinoco River (Saldana and Venables 1983;
Lasso et al. 2016) and P. nigricans in the Amazon
River (Yossa and Araujo-Lima 1998; Silva and Stew-
art 2017; Bayley et al. 2018).

In addition to ilyophagus fishes, benthic biofilm
is an important food source for larval amphibians
(Ocock et al. 2018), at least a few shorebirds (Jimé-
nez et al. 2015; Lourengo et al. 2017), and fresh-
water and marine benthic invertebrates (Hobbie and
Lee 1980; Simon et al. 2003). In the past, biologists
trained to identify plants and animals have pro-
duced extensive tables to describe stomach contents
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in taxonomic terms but tended to dismiss the non-
living components of benthic biofilm as incidental.
It has become increasingly apparent that in many
cases the plant and animal constituents of benthic
biofilm are incidental and the non-living component
is the source of nutrition. More specific knowledge
of where and how animals feed on benthic biofilm
is likely to clarify the results of work intended to
identify ecosystem-scale energy flow and material
cycling using stable isotopes (Dodds et al. 2014;
Marchese et al. 2014; Arantes et al. 2019). Even
more fundamentally, the processes that produce
benthic biofilm in a wide range of environments and
determine its nutritional value for diverse consum-
ers will be interesting and potentially important top-
ics for future research.

Acknowledgements M.O. Ahlgren participated in planning the
study, participated in three of the five sampling periods, planned
and conducted many of the laboratory analyses, and would have
participated in preparation of the manuscript had she not died
tragically while serving as a first responder in a marine rescue
event. This work was supported by the Conservation, Food, and
Health Foundation of Boston, MA, USA, and by generous in-
kind support from the Centro de Ecologia Aplicada del Litoral
(CECOAL), Corrientes, Argentina, a division of CONICET.
Director Juan Jose Neift’s broad understanding of the Parana eco-
system and the local knowledge and skill of CECOAL field per-
sonnel Sr. Nicholas T. Roberto and Sr. Luis L Benetti were essen-
tial to the project’s success. P. Bayley and T. Sutton provided
helpful critical reviews of an early draft of this report. Megan
Slemons, Emory University GIS Librarian, prepared Fig. 1.

Funding This work was supported by the Conservation,
Food, and Health Foundation of Boston, MA, USA, and by in-
kind support from the Centro de Ecologia Aplicada del Litoral
(CECOAL), Corrientes, Argentina, a division of CONICET.

Data availability Data on which this manuscript is based are
archived in the Emory University open-access archive Data-
verse. Reviewers may access them at https://dataverse.unc.edu/
privateurl.xhtml?token=b28d5fa9-0ba2-4946-8506-¢5793
Sebe2el

Code availability Does not apply.

Declarations

Ethics approval No approval was required or sought when
this research was conducted. All aspects of the research were
conducted in compliance with Argentinian law 14346 Article 3
concerning ethical research using vertebrate animals.

Conflict of interest The authors declare no competing inter-
ests.

References

Agostinho AA, Vazzoler AEAM, Gomes LC, Okada EK
(1993) Estratificacion espacial y comportamiento de
Prochilodus scrofa en distintas fases del ciclo de vida, en
la planicie de inundacién del alto rio Parand y embalse de
Itaipu, Paran4, Brasil. Rev Hydrobiol Trop 26: 79-90

Ahlgren MO (1996) Selective ingestion of detritus by a
north temperate omnivorous fish, the juvenile white
sucker Catostomus Commersoni. Environ Biol Fish
46(4):375-381

Ahlgren MO, Bowen SH (1992) Comparison of quantitative
light microscopy techniques used in diet studies of detri-
tus-consuming omnivores. Hydrobiologia 239(2):79-83.
https://doi.org/10.1007/BF00012573

Alldredge AL, Passow U, Logan BE (1993) The abundance
and significance of a class of large, transparent organic
particles in the ocean. Deep Sea Res Part 1 40(6):1131-
1140. https://doi.org/10.1016/0967-0637(93)90129-Q

Angelescu V, Gneri FS (1949) Adaptaciones del aparato deges-
tivo al regimen alimenticio en algunos peces del rio Uru-
guay y del rio de La Plata. I. tipo omnivoro e iliofago en
representantes de las familias loricariidae y anostomidea.
Rev Inst Nac Invest Cienc Naturales 1: 161-281

Arantes CC, Winemiller KO, Petrere M, Freitas CEC (2019)
Spatial variation in aquatic food webs in the Amazon
River floodplain. Freshw Sci 38(1):213-228. https://doi.
org/10.1086/701841

Bar-Zeev E, Berman-Frank I, Girshevitz O, Berman T (2012)
Revised paradigm of aquatic biofilm formation facilitated
by microgel transparent exopolymer particles. Proc Natl
Acad Sci 109(23):9119-9124. https://doi.org/10.1073/
pnas.1203708109

Bayley PB (1973) Studies on the migratory characin, Prochilo-
dus platensis Holmberg 1889, (Pisces, Characoidei) in the
River Pilcomayo, South America. J Fish Biol 5(1):25-40.
https://doi.org/10.1111/j.1095-8649.1973.tb04428.x

Bayley PB, Castello L, Batista VS, Fabré NN (2018) Response
of Prochilodus nigricans to flood pulse variation in the
central Amazon. Royal Society Open Science 5(6):1-15.
https://doi.org/10.1098/rso0s.172232

B1é MC, Arfi R (2009) Seasonal effects on the nutritive value
of the natural food of three omnivorous fish (Oreochromis
niloticus, Sarotherodon galilaeus, Citharinus citharus) in
Batamani Pond (Mali, West Africa)

Bonetto AA (1986) Fish of the Parana system. In: Daves BR,
Walker KF (eds) The ecology of river systems. Dr W.
Junk Publishers, Dordrecht, pp 573-588

Bonetto AA, Castello HP (1985) Pesca y Piscicultura en Aquas
Continentales de America Latina, vol 31. Secretaria Gen-
eral de la Organizacién de los Estados Americanos, Wash-
ington, D.C

Bowen S, Yap MR (2018) Crowding reduces feeding rate,
effectiveness of diet selection, and efficiency of digestion
by Northern Brook Lamprey ammocetes (Ichthyomyzon
fossor). Environ Biol Fishes 101(9):1385-1394. https:/
doi.org/10.1007/s10641-018-0785-4

Bowen SH (1979a) Determinants of the chemical composi-
tion of periphytic detrital aggregate in a tropical lake

@ Springer


https://dataverse.unc.edu/privateurl.xhtml?token=b28d5fa9-0ba2-4946-8506-e57935ebe2e1
https://dataverse.unc.edu/privateurl.xhtml?token=b28d5fa9-0ba2-4946-8506-e57935ebe2e1
https://dataverse.unc.edu/privateurl.xhtml?token=b28d5fa9-0ba2-4946-8506-e57935ebe2e1
https://doi.org/10.1007/BF00012573
https://doi.org/10.1016/0967-0637(93)90129-Q
https://doi.org/10.1086/701841
https://doi.org/10.1086/701841
https://doi.org/10.1073/pnas.1203708109
https://doi.org/10.1073/pnas.1203708109
https://doi.org/10.1111/j.1095-8649.1973.tb04428.x
https://doi.org/10.1098/rsos.172232
https://doi.org/10.1007/s10641-018-0785-4
https://doi.org/10.1007/s10641-018-0785-4

228

Environ Biol Fish (2022) 105:213-230

(Lake Valencia, Venezuela). Archiv for Hydrobiology
87:166-177

Bowen SH (1979b) A nutritional constraint in detritivory
by fishes: the stunted population of Sarotherodon mos-
sambicus in Lake Sibaya, South Africa. Ecol Monogr
49:17-31

Bowen SH (1980) Detrital nonprotein amino acids are the key
to rapid growth of tilapia in Lake Valencia, Venezuela.
Science 207:1216-1218

Bowen SH (1981) Digestion and assimilation of periphytic
detrital aggregate by Tilapia mossambica. Trans Am
Fish Soc 110(2):239-245. https://doi.org/10.1577/1548-
8659(1981)110%3¢239:Daaopd%3e2.0.Co;2

Bowen SH (1984) Detrital amino acids and the growth of
Sarotherodon mossambicus — a reply to DABROWSKI.
Acta Hydrochim Hydrobiol 12(1):55-59. https://doi.org/
10.1002/aheh.19840120110

Bowen SH (1987) Composition and nutritional value of
detritus. In: Moriarty DJW, Pullin RSV (eds) Detri-
tus and microbial ecology in aquaculture ICLARM
Conference Proceedings. vol 14. International Center
for Living Aquatic Resources Management, Manila, p
192-216

Bowen SH (1996) Quantitative description of the diet. In: Mur-
phy BR, Willis DW (eds) Fisheries techniques, 2nd edn.
American Fisheries Society, Bethesda, pp 513-532

Bowen SH (2021) Digestion and assimilation of benthic bio-
film by the Sabalo, Prochilodus lineatus. J Fish Biol:
1-10. https://doi.org/10.1111/jtb.14924

Bowen SH, Bonetto AA, Ahlgren MO (1984) Microorganisms
and detritus in the diet of a typical neotropical riverine
detritivore, Prochilodus platensis (Pisces: Prochilodonti-
dae). Limnol Oceanogr 29(5):1120-1122. https://doi.org/
10.4319/10.1984.29.5.1120

Bowen SH, Gu B, Huang Z (2006) Diet and digestion in Chi-
nese mud carp Cirrhinus molitorella compared with other
ilyophagous fishes. Trans Am Fish Soc 135(5):1383—
1388. https://doi.org/10.1577/T05-158.1

Bowen SH, Lutz EV, Ahlgren MO (1995) Dietary protein and
energy as determinants of food quality: trophic strategies
compared. Ecology 76:899-907

Buddington RK (1980) Hydrolysis-resistant organic matter as
a reference for measurement of fish digestive efficiency.
Trans Am Fish Soc 109:653-655

Cisternas-Novoa C, Lee C, Engel A (2015) Transparent exopol-
ymer particles (TEP) and Coomassie stainable particles
(CSP): differences between their origin and vertical dis-
tributions in the ocean. Mar Chem 175:56-71. https://doi.
org/10.1016/j.marchem.2015.03.009

Claquin P, Probert I, Lefebvre S, Veron B (2008) Effects of
temperature on photosynthetic parameters and TEP pro-
duction in eight species of marine microalgae. Aquat
Microb Ecol 51(1):1-11

Dauda AB, Romano N, Chen WW, Natrah I, Kamarudin MS
(2018) Differences in feeding habits influence the growth
performance and feeding efficiencies of African catfish
(Clarias gariepinus) and lemon fin barb hybrid (Hypsibar-
bus wetmorei 3 x Barboides gonionotus Q) in a glycerol-
based biofloc technology system versus a recirculating

@ Springer

system. Aquacult Eng 82:31-37. https://doi.org/10.1016/].
aquaeng.2018.06.005

Decho AW (2000) Microbial biofilms in intertidal systems: an
overview. Cont Shelf Res 20(10-11):1257-1273

Decho AW, Gutierrez T (2017) Microbial extracellular poly-
meric substances (EPSs) in ocean systems. Front Micro-
biol 8(922). https://doi.org/10.3389/fmicb.2017.00922

Dodds WK et al (2014) You are not always what we think you
eat: selective assimilation across multiple whole-stream
isotopic tracer studies. Ecology 95(10):2757-2767.
https://doi.org/10.1890/13-2276.1

Domozych DS, Domozych CR (2008) Desmids and biofilms
of freshwater wetlands: development and microarchitec-
ture. Microb Ecol 55(1):81-93. https://doi.org/10.1007/
$00248-007-9253-y

Edmondson WT (1974) A simplified method for counting
phytplankton. In: Vollenweider RA (ed) A manual on
methods for measuring primary production in aquatic
environments. IBP Handbook, 2nd edn. Blackwell Scien-
tific Publications, Oxford

Ekasari J et al (2014) The size of biofloc determines the nutri-
tional composition and the nitrogen recovery by aquacul-
ture animals. Aquaculture 426—427:105-111. https://doi.
org/10.1016/j.aquaculture.2014.01.023

Flemming H-C, Neu TR, Wingender J (2016a) The perfect
slime: microbial extracellular polymeric substances
(EPS). IWA Publishing

Flemming H-C, Wingender J, Szewzyk U, Steinberg P, Rice
SA, Kjelleberg S (2016b) Biofilms: an emergent form of
bacterial life. Nat Rev Microbiol 14(9):563-575. https://
doi.org/10.1038/nrmicro.2016.94

Geesey GG, Mutch R, Costerton JW, Green RB (1978) Ses-
sile bacteria: an important component of the microbial
population in small mountain streams 1. Limnol Oceanogr
23(6):1214-1223. https://doi.org/10.4319/10.1978.23.6.
1214

Getachew T, Bowen SH, Eyualem A, Zenebe T (2000) Sea-
sonal variations determine diet quality for Oreochromis
niloticus L. (Pisces: Cichlidae) in Lake Tana, Ethiopian.
SINET: Ethiop J Sci 23(1):13-23

Gomes LC, Agostinho AA (1997) Influence of the flooding
regime on the nutritional state and juvenile recruitment of
the curimba, Prochilodus scrofa, Steindachner, in upper
Parana River, Brazil. Fish Manage Ecol 4:263-274

Gonzalez-Bergonzoni I et al (2019) Origin of fish biomass
in a diverse subtropical river: an allochthonic-sup-
ported biomass increase following flood pulses. Eco-
systems 22(8):1736-1753. https://doi.org/10.1007/
$10021-019-00370-0

Harper A (1976) Protein and amino acids in the regulation of
food intake. In: Novin D, Wyricka W, Bray G (eds) Hun-
ger: basic mechanisms and clinical implications. Raven
Press, New York, pp 103-113

Heidman MK, Holley LL, Chambers RM, Sanderson SL
(2012) Selective feeding on nutrient-rich particles by
gizzard shad Dorosoma cepedianum does not involve
mechanical sorting. Aquat Biol 17(2):129-139

Hobbie JE, Lee C (1980) Microbial production of extracellu-
lar material: importance in benthic ecology. In: Tenore


https://doi.org/10.1577/1548-8659(1981)110%3c239:Daaopd%3e2.0.Co;2
https://doi.org/10.1577/1548-8659(1981)110%3c239:Daaopd%3e2.0.Co;2
https://doi.org/10.1002/aheh.19840120110
https://doi.org/10.1002/aheh.19840120110
https://doi.org/10.1111/jfb.14924
https://doi.org/10.4319/lo.1984.29.5.1120
https://doi.org/10.4319/lo.1984.29.5.1120
https://doi.org/10.1577/T05-158.1
https://doi.org/10.1016/j.marchem.2015.03.009
https://doi.org/10.1016/j.marchem.2015.03.009
https://doi.org/10.1016/j.aquaeng.2018.06.005
https://doi.org/10.1016/j.aquaeng.2018.06.005
https://doi.org/10.3389/fmicb.2017.00922
https://doi.org/10.1890/13-2276.1
https://doi.org/10.1007/s00248-007-9253-y
https://doi.org/10.1007/s00248-007-9253-y
https://doi.org/10.1016/j.aquaculture.2014.01.023
https://doi.org/10.1016/j.aquaculture.2014.01.023
https://doi.org/10.1038/nrmicro.2016.94
https://doi.org/10.1038/nrmicro.2016.94
https://doi.org/10.4319/lo.1978.23.6.1214
https://doi.org/10.4319/lo.1978.23.6.1214
https://doi.org/10.1007/s10021-019-00370-0
https://doi.org/10.1007/s10021-019-00370-0

Environ Biol Fish (2022) 105:213-230

229

KR, and Coull, B.C. Tue (ed) Marine benthic dynamics.
Conference: 11. Bell W. Baruch symposium in marine sci-
ence, Georgetown, SC, USA, Apr 1979. U.S Office of Sci-
entific and Technical Information, p 341-346

Hongyue Dang CRL (2016) Microbial surface colonization and
biofilm development in marine environments. Microbiol
Mol Biol Rev 80(1):91-138

Jiménez A, Elner RW, Favaro C, Rickards K, Ydenberg RC
(2015) Intertidal biofilm distribution underpins differ-
ential tide-following behavior of two sandpiper species
(Calidris mauri and Calidris alpina) during northward
migration. Estuar Coast Shelf Sci 155:8-16. https://doi.
org/10.1016/j.ecss.2014.12.038

Junk WJ, Bayley PB, Sparks RE (1989) The flood pulse con-
cept in river-floodplain systems. In: Dodge DP (ed) Pro-
ceedings of the International Large River Symposium Can
Spec Publ Fish Aquat Sci. vol 106. Can Spec Publ Fish
Aquat Sci, p 110-127

Kaushik NK, Hynes HBN (1968) Experimental study on the
role of autumn-shed leaves in aquatic environments. J
Ecol 56:229-243

Keitel J, Zak D, Hupfer M (2016) Water level fluctuations in a
tropical reservoir: the impact of sediment drying, aquatic
macrophyte dieback, and oxygen availability on phos-
phorus mobilization. Environ Sci Pollut Res 23(7):6883—
6894. https://doi.org/10.1007/s11356-015-5915-3

Lasso CA, Machado-Allison A, Taphorn DC (2016) Fishes and
aquatic habitats of the Orinoco River Basin: diversity and
conservation. J Fish Biol 89(1):174-191. https://doi.org/
10.1111/jfb.13010

Lawrence JR, Neu TR, Paule A, Korber DR, Wolfaardt GM
(2016) Aquatic biofilms: development, cultivation, analy-
ses, and applications manual of environmental microbiol-
ogy, 4 th edition. American Society of Microbiology

Lescano de Almeida VL, Kawakami de Resende E, de Sousa
Lima M, Ferreira CJA (1993) Dieta e atividade alimen-
tar de Prochilodus lineatus (characiformes, prochilo-
dontidae) no Pantanal do Miranda-Aquidauana, Matto
Grosso do Sul, Brasil. Revista Unimar, Maringa 15
(Supplement): 125-141

Lourenco PM, Catry T, Lopes RJ, Piersma T, Granadeiro JP
(2017) Invisible trophic links? Quantifying the impor-
tance of non-standard food sources for key intertidal
avian predators in the Eastern Atlantic. Mar Ecol Prog Ser
563:219-232

Lu J, Faggotter SJ, Bunn SE, Burford MA (2017) Macrophyte
beds in a subtropical reservoir shifted from a nutrient
sink to a source after drying then rewetting. Freshw Biol
62(5):854-867. https://doi.org/10.1111/fwb.12904

Makkar P, Dawra R, Singh B (1988) Determination of both
tannin and protein in a tannin-protein complex. J Agric
Food Chem 36(3):523-525. https://doi.org/10.1021/jf000
812600

Marchese MR et al (2014) Food webs of the Parana River
floodplain: assessing basal sources using stable carbon
and nitrogen isotopes. Limnologica 46:22-30. https://doi.
org/10.1016/j.1imno.2013.11.004

Mundahl ND, Wissing TE (1988) Selection and diges-
tive efficiencies of gizzard shad feeding on natural

detritus and two laboratory diets. Trans Am Fish Soc
117:480-487

Ocock JF, Brandis KJ, Wolfenden BJ, Jenkins KM, Wassens
S (2018) Gut content and stable isotope analysis of tad-
poles in floodplain wetlands. Aust J Zool 66(4):261-271.
https://doi.org/10.1071/2018043

Odum WE (1968) The ecological significance of fine particle
selection by the striped mullet Mugil cephalus. Limnol
Oceanogr 13:92-98

Odum WE, Kirk PW, Zieman JC (1979) Non-protein nitrogen
compounds associated with particles of vascular plant
detritus. Oikos 32(3):363-367. https://doi.org/10.2307/
3544746

Orvain F et al (2014) Tidal and seasonal effects on the short-
term temporal patterns of bacteria, microphytobenthos
and exopolymers in natural intertidal biofilms (Brouage,
France). J Sea Res 92:6-18. https://doi.org/10.1016/j.
seares.2014.02.018

Passow U, Alldredge AL (1995) A dye-binding assay for the
spectrophotometric measurement of transparent exopoly-
mer particles (TEP). Limnol Oceanogr 40(7):1326-1335.
https://doi.org/10.4319/10.1995.40.7.1326

Pesoa N, Schulz U (2010) Diel and seasonal movements of
grumatd Prochilodus lineatus (Valenciennes 1836) (Char-
aciformes: Prochilodontidae) in the Sinos River, Southern
Brazil. Braz J Biol 70:1169-1177

Pisani O, Yamashita Y, Jaffé R (2011) Photo-dissolution of
flocculent, detrital material in aquatic environments: con-
tributions to the dissolved organic matter pool. Water Res
45(13):3836-3844. https://doi.org/10.1016/j.watres.2011.
04.035

Rice DL (1982) The detritus nitrogen problem: new observa-
tions and perspectives from organic geochemistry. Mar
Ecol Prog Ser 9(2):153-162

Saldana J, Venables B (1983) Energy compartmentalization in
a migratory fish, Prochilodus mariae (Prochilodontidae),
of the Orinoco River. Copeia 3:617-623

Samocha TM (2019) Biofloc. In: Samocha TM (ed) Sustainable
biofloc systems for marine shrimp. Academic Press, p 29-36

Schonbrunner IM, Preiner S, Hein T (2012) Impact of dry-
ing and re-flooding of sediment on phosphorus dynam-
ics of river-floodplain systems. Sci Total Environ
432(10):329-337.  https://doi.org/10.1016/j.scitotenv.
2012.06.025

Silva EA, Stewart DJ (2017) Reproduction, feeding and migra-
tion patterns of Prochilodus nigricans (Characiformes:
Prochilodontidae) in northeastern Ecuador. Neotropical
Ichthyol 15

Simon KS, Benfield EF, Macko SA (2003) Food web structure
and the role of epilithic biofilms in cave streams. Ecology
84(9):2395-2406. https://doi.org/10.1890/02-334

Sutton TM, Bowen SH (1994) Significance of organic detritus
in the diet of larval lampreys in the Great Lakes basin.
Can J Fish Aquat Sci 51:2380-2387

Sverlij SB, Espinach Ros A, Orti G (1993) Sinopsis de los
datos biolégicos y pesqueros del sabalo, Prochilodus lin-
eatus (Valenciennes, 1847) FAO Sinopsis sobre la pesca
154, vol 154. Food and Agriculture Organization of the
United Nations, Rome

@ Springer


https://doi.org/10.1016/j.ecss.2014.12.038
https://doi.org/10.1016/j.ecss.2014.12.038
https://doi.org/10.1007/s11356-015-5915-3
https://doi.org/10.1111/jfb.13010
https://doi.org/10.1111/jfb.13010
https://doi.org/10.1111/fwb.12904
https://doi.org/10.1021/jf00081a600
https://doi.org/10.1021/jf00081a600
https://doi.org/10.1016/j.limno.2013.11.004
https://doi.org/10.1016/j.limno.2013.11.004
https://doi.org/10.1071/ZO18043
https://doi.org/10.2307/3544746
https://doi.org/10.2307/3544746
https://doi.org/10.1016/j.seares.2014.02.018
https://doi.org/10.1016/j.seares.2014.02.018
https://doi.org/10.4319/lo.1995.40.7.1326
https://doi.org/10.1016/j.watres.2011.04.035
https://doi.org/10.1016/j.watres.2011.04.035
https://doi.org/10.1016/j.scitotenv.2012.06.025
https://doi.org/10.1016/j.scitotenv.2012.06.025
https://doi.org/10.1890/02-334

230

Environ Biol Fish (2022) 105:213-230

Tansel B (2018) Morphology, composition and aggregation
mechanisms of soft bioflocs in marine snow and activated
sludge: a comparative review. J Environ Manage 205:231—
243. https://doi.org/10.1016/j.jenvman.2017.09.082

Taylor BW, Flecker AS, Hall RO Jr (2006) Loss of a harvested
fish species disrupts carbon flow in a diverse tropical
river. Science 313:833-836

Yap MR, Bowen SH (2003) Feeding by Northern Brook Lam-
prey (Ichthyomyzon fossor) on Sestonic biofilm fragments:
habitat selection results in ingestion of a higher quality
diet. J Great Lakes Res 29(Supplement 1):15-25

@ Springer

Yossa MI, Araujo-Lima CARM (1998) Detritivory in two
Amazonian fish species. J Fish Biol 52(6):1141-1153.
https://doi.org/10.1111/j.1095-8649.1998.tb00961.x

Publisher’s note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.


https://doi.org/10.1016/j.jenvman.2017.09.082
https://doi.org/10.1111/j.1095-8649.1998.tb00961.x

	The river flood pulse, benthic biofilm, and the nutrition of Prochilodus lineatus
	Abstract 
	Introduction
	Methods
	Study sites
	Field collections
	Laboratory processing of samples
	Chemical analyses
	Microscopy
	Selective ingestion experiments

	Results
	Field collections of fish
	Evidence of feeding activity
	Makeup of cardiac stomach contents
	Chemical composition of benthic biofilm
	Selective ingestion

	Discussion
	Components of the diet
	Selective ingestion
	Dimensions of food quality
	Amino acid assimilation as the growth-limiting food quality variable
	Food quality by habitat and water level
	The success of P. lineatus in exploitation of flocculent benthic biofilm
	The flood pulse concept illustrated

	Acknowledgements 
	References




