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ABSTRACT ARTICLE HISTORY
Some fish are important dispersal vectors of aquatic plants (i.e. Received 25 August 2017
ichthyochory), yet few examples have been documented outside of the Accepted 31 December 2017
Neotropics. Although highly modified and degraded, the upper lllinois KEYWORDS

River Waterway supports common carp (Cyprinus carpio) populations and Invasive species; dispersal;
abundant aquatic vegetation. As common carp have been previously aquatic vegetation; seed
documented to consume aquatic vegetation seeds, we assessed diets to selection

determine the potential for common carp to function as dispersal vectors

for aquatic vegetation seeds that may be important for restoration of

rivers and floodplain wetlands. Whole seeds occurred at a high frequency

and 42 seed taxa were discovered in the digestive system of common

carp. Electivity analysis indicated that most seeds present were

incidentally ingested; however, common carp diets contained seeds of

wild celery (Vallisneria americana) at rates greater than expected by

random chance. Our study indicates common carp may fill a similar

functional role of seed dispersal for aquatic plant communities in

temperate large river systems as they do for fruiting plants in the

Neotropics. Our results highlight an understudied aspect of temperate

freshwater ecology - fish as a potential influence on plant dynamics and

resources in rivers. Fish-mediated seed dispersal has important but poorly

understood implications and should be further explored.

Introduction

Plant community dynamics in large rivers and their floodplains are reliant on many features of a
natural hydrologic cycle for dispersal and establishment of propagules (Junk et al. 1989; Bayley
1995; Bischoff 2002; Moore et al. 2010; Nilsson et al. 2010). The importance of fish-mediated propa-
gule dispersal (i.e. ichthyochory) has been primarily documented from studies in the Neotropics,
where it is essential for maintaining plant community structure in forested wetlands (Correa et al.
2007). Among the best known examples of ichthyochory are frugivorous fishes such as tambaqui
(Colossoma macropomum) and pacu (Piaractus mesopotamicus) which consume and transport large
quantities of seeds during the Amazon and Paraguay river systems’ seasonal inundation of the flood-
plain (Galetti et al. 2008; Anderson et al. 2009, 2011). Although ichthyochory has been more exten-
sively described as a vital process for seed dispersal in tropical large river systems, evidence of this
process in temperate large river systems is less well documented (Horn et al. 2011). One example
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comes from the Mississippi River basin, where seeds of red mulberry (Morus rubra) and swamp
privet (Forestiera acuminate) consumed by channel catfish (Ictalurus punctatus) from the Missis-
sippi River basin of North America germinated at a higher rate than undigested seeds (Chick et al.
2003; Adams et al. 2007). Thus, ichthyochory may contribute to plant community dynamics in tem-
perate river systems, although to what extent and importance is presently unclear (Horn et al. 2011).

Invasive species exacerbate the degradation of river systems (e.g. Solomon et al. 2016, DeBoer
et al. in revision), especially modified river systems like those of the central USA (e.g. damming,
channel dredging, floodplain wetland drainage; Nilsson and Berggren 2000; Delong 2005; Nilsson
et al. 2005). Invasive species can benefit from frequent and high-magnitude flooding, which
increases disturbance levels, reduces diversity and abundance of native macrophytes, and facilitates
dispersal of individuals or propagules through the connected aquatic systems (Planty-Tabacchi et al.
1996; Nilsson and Berggren 2000). The Illinois River Waterway (IRW) is a river system highly mod-
ified for navigation and to facilitate agriculture within the former floodplains, and is a conduit for
the movement of invasive species between the Mississippi River watershed and the Laurentian Great
Lakes (Delong 2005; McClelland et al. 2012; Figure 1).

Common carp (Cyprinus carpio) is one of the most globally invasive fish species (Lowe et al.
2000), and was introduced throughout the United States in the late 1800s for aquaculture (Smiley
1886; Orban and Wu 2008; Bajer et al. 2009). After both intentional release and escapement,
common carp have had a multitude of negative effects throughout the Mississippi, Illinois, and
other large river systems (Bajer et al. 2009; Weber and Brown 2009; Bajer and Sorensen 2010;
Weber et al. 2010; Gibson-Reinemer et al. 2017a). Common carp cause ecosystem modification
through roiling (i.e. rooting in sediments while foraging, expulsion of siphoned sediments/detri-
tus). Roiling activities increase water turbidity and subsequently affect plant community dynam-
ics (Bajer et al. 2009; Weber and Brown 2009; Bajer et al. 2016). Increased water turbidity reduces
light penetration, which can reduce photosynthesis or eliminate submersed aquatic plants alto-
gether. Roiling by common carp can reduce sediment compaction, which may also negatively
affect aquatic plants.

Common carp are omnivorous and readily ingest detritus, vegetation, algae, crustaceans, mol-
lusks, seeds, invertebrates, and inorganic materials (Garcia-Berthou 2001; Pollux et al. 2006). Com-
mon carp frequently ingest seeds (Crivelli 1981; Balon 1995; Hossain et al. 2001), but most previous
research assumes seeds are unintentionally consumed by temperate fishes (Horn et al. 2011). Due to
their prevalence and foraging behavior, common carp are likely among the most important fish spe-
cies in temperate regions for seed dispersal, and the importance of ichthyochory by this species is
likely underestimated (Horn et al. 2011).

If common carp frequently ingest seeds, they may act as dispersal vectors for aquatic plants in
temperate large river systems. Furthermore, if common carp ingest certain species of seeds at rates
greater than are proportionally available to them in the environment (i.e. selection), then common
carp have the potential to significantly alter plant community dynamics by altering the quantity of
seeds available to germinate and establish. Thus, our goals are to determine: (1) the frequency of
occurrence of seeds in common carp diets, and (2) if seed species occur at greater relative abundan-
ces in common carp diets than expected from seed abundance in the environment. We hypothesize
that common carp (1) ingest seeds of aquatic plants incidentally while foraging randomly in sedi-
ments and, (2) do not perceptively select for seed taxa, thus occurrence of seeds in diets will be simi-
lar to availability in the environment.

Methods
Study location

The IRW is a historically productive large river system (Alvord and Burdick 1915). The upper IRW
(specifically the lower Des Plaines River and its confluence with the Kankakee River) supports an
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Figure 1. Map of the lllinois River Waterway (IRW; inset, top right) and randomly selected sampling sites (large map, bottom) used
to collect benthic sediment cores in the upper IRW during autumn 2013 and autumn 2014. Common carp were collected through-
out the extent of the reach. Big Basin Marina included for reference. Mississippi River watershed (dark gray) and Laurentian Great
Lakes watershed (light gray) included at top left for reference.

abundance of aquatic macrophytes and sportfish (Sparks et al. 1986; Tazik 1988; Lerczak et al. 1995;
McClelland et al. 2012). However, because of its close proximity to highly developed urban areas
(i.e. Chicago, IL) and its role as a principal conduit for inland shipping, hydrology in the IRW is
highly altered and it may be susceptible to invasive and non-native species introductions (Bellrose
et al. 1983; Mills et al. 1993; Rixon et al. 2005).
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Fish collection

We sampled common carp using both AC and pulsed-DC boat-mounted electrofishing following a
set of standardized fish monitoring protocols (McClelland et al. 2012; Ratcliff et al. 2014; Fritts et al.
2017). We conducted electrofishing and collection of common carp throughout the Upper IRW
(Figure 1) and focused efforts near plant communities and other shallow areas where common carp
were likely to be present. We sampled fish twice in autumn of 2013 (20 September and 17 October),
once in spring 2014 (8 April), and twice in autumn 2014 (18 September and 16 October). We eutha-
nized all common carp immediately by cerebral percussion and placed them on ice until the diges-
tive tracts could be removed (approximately 3 hours; Institutional Animal Care and Use Committee
Protocol #14023). Subsequently in a laboratory, we removed the entire digestive tract (i.e. mouth-
anus) and preserved with 10% formalin until processing could occur (Garcia-Berthou 2001). We
dissected digestive tracts and rinsed contents through a 500-um aperture sieve to separate seeds
from other materials. We preserved the sieve contents in 10% formalin until they could be identified
by microscopy to lowest practical taxa (Martin and Barkley 1961; Merritt and Cummins 1996; Bry-
son and DeFelice 2010) or item. After identification, we dried diet items at 70 °C for 24 h, and
weighed them to the nearest 0.1 mg (Colle et al. 1978).

Seed availability

In autumn 2013 (12 October) and autumn 2014 (7 October), we collected sediment samples using a
benthic core sampler (28-cm” area; 10-cm depth) at 30 randomly generated locations per year
within the upper IRW using an ArcMap toolbox application (ArcMap version 10.2.2, ESRI,
Redlands, California, USA; Ringelman et al. 2015). We did not collect benthic sediment samples
during spring because annual seed availability is at its lowest during spring due to over-winter
degradation, and annually produced seeds have not developed and subsequently dispersed yet. We
collected three replicate benthic core samples within 5 m of each random location, homogenized
replicates in separate 500-um mesh sieve buckets (Wildco, Yulee, Florida, USA), rinsed samples
with water to remove excess soil, placed them in labeled plastic bags, transported them back to the
laboratory, and froze them at —20 °C.

Later in the laboratory, we thawed and rinsed all benthic core samples through 500-um aperture
screens and air dried samples to facilitate removal of seeds from soil and detritus. We sub-sampled
sediment core samples > 10 g by 25% to reduce processing time (Hagy et al. 2011; Stafford et al.
2011). We did not sub-sample sediment core samples < 10 g to increase the probability of detecting
uncommon seeds. We removed seeds from samples with forceps, identified them by microscopy to
species or the lowest practical taxonomical unit (Martin and Barkley 1961; Bryson and DeFelice
2010; Schummer et al. 2011), dried them at 80 °C for 24 hours, and weighed them to the nearest
0.1 mg. We corrected the number of seeds per core for processing and recovery bias using size-spe-
cific correction factors (Hagy et al. 2011), extrapolated the number of seeds counted to density
(number/m?), and estimated total seed availability across all samples.

Statistical analysis

We determined frequency of occurrence of diet item categories by sampling season. We partitioned diet
items into one of six categories: vegetation, invertebrates, seeds, mollusks, unidentifiable material, and
other (e.g. sediment, feathers). We calculated percentage of total diets (mass: g) by diet item categories
for each individual. We used a factorial multivariate analysis of variance (MANOVA; PROC GLM in
SAS, v. 9.3, SAS Institute 2012) to test for differences in dry mass of individual recovered diet items
among the six categories between seasonal collection periods (i.e. autumns and spring). We reviewed
residual distribution plots and log transformed data to normalize distributions, although parametric
multivariate analysis is robust to normality violations (Johnson 1995; Stafford et al. 2010).
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We used Vanderploeg and Scavia’s Relativized Electivity Index (E;") to compare seed presence in
common carp diets to seed availability in benthic core samples (Vanderploeg and Scavia 1979;
Lechowicz 1982). Electivity was calculated only for common carp diets collected during autumn
(n = 63) to match the temporal collection of sediment cores (n = 59) to quantify seed selection by
common carp. There are several common indices used in electivity analyses, yet the indications of
selection and avoidance inevitably vary with each, and interpretation of results similarly varies
(Lechowicz 1982; Tokeshi and Daud 2011). We chose Vanderploeg and Scavia’s E;* index because it
takes into account the predator’s perception of diet item value based on abundance of a food item
relative to the abundance of other food items (i.e. selection), and interpretability of a normalized
scale in which 0 is equivalent to random feeding, —1 to avoidance, and 1 to preference of diet items
(Lechowicz 1982). Because electivity analyses are based on the proportion of a diet item consumed
compared to the proportion available in the environment, we censored seeds that were present in
only core samples but not present in diets. Additionally, we censored all seed species that appeared
limited within diets (i.e. present in only one diet, when only one seed was present in diets, or when
only one seed was discovered in one diet) to minimize the potential for sampling error which occurs
when potential prey items presence in the environmental greatly exceeds presence of those items
within diets (Lechowitcz 1982). We assumed diets containing these limited species were incidentally
ingested, as indicated by our hypothesis of random foraging. Therefore, when possible, we combined
seeds by genus to minimize the number of seed species that needed to be removed.

Results
Diet composition

We collected 92 common carp and identified vascular tissue of six aquatic vegetation taxa, 21 inver-
tebrate taxa, 43 seed taxa, mollusks, a variety of ‘other’ food items, and unidentifiable materials in
digestive tracts across seasons. In general, individual common carp regularly ingested multiple types
of food from all diet categories (Tables 1 and 2). Total biomass in each diet category did not differ
by season (i.e. autumn and spring; Wilks” A g = 0.99; P = 0.89, Figure 2). Common carp collected
in autumn 2013 (n = 37) most frequently ingested invertebrates (97%), followed by mollusks (92%),
seeds (86%), and vegetation (73%; Table 1). Common carp collected in spring 2014 (n = 29) also
most frequently ingested invertebrates (93%), followed by mollusks (83%) and vegetation (83%),
and seeds (79%; Table 1). Common carp collected in autumn 2014 (n = 26) most frequently ingested
vegetation (92%), invertebrates (75%), mollusks (62%), and seeds (54%; Table 1). Mollusks contrib-
uted most to diet biomass in all sampling periods and composed 73%-86% of total diet biomass.
Seeds comprised 0.4%-2.4% of total diet biomass (Table 2), and despite finding over 40 seed taxa in
diets, seeds were only the third- or fourth-most frequently eaten item among all seasons sampled
(Table 1). Unidentifiable material was present in 100% of common carp diets collected and consti-
tuted 37%-61% of total diet biomass.

Autumn seed selection
We identified 33 seed taxa in autumn fish diets (Table 3) and 131 seed taxa in core samples, includ-

ing 105 seed taxa in core samples that were not present in diets. In common carp diets, the number

Table 1. Frequency of occurrence of diet items by season and year collected from common carp (Cyprinus carpio) in the Upper
lllinois River Waterway, 2013-2014.

Year Season n Vegetation Invertebrates Seeds Mollusca Other
2013 Autumn 37 73.0 973 86.5 91.7 89.0
2014 Spring 29 82.8 93.1 79.3 82.8 100.0

2014 Autumn 26 923 84.6 53.8 62.0 100.0
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Table 2. Common carp (Cyprinus carpio; n = 92) common diet items frequency of occurrence (%)
and % biomass of diet items relative to total diet biomass, excluding items with < 5% occurrence
and unidentifiable item categories. Fish were collected from the upper lllinois River Waterway dur-
ing autumn 2013, spring 2014, and autumn 2014.

Diet item % Occurrence % Biomass
Vegetation
Unidentifiable vegetation 70.7 7.84
Lemna sp. 239 1.83
Vallisneria americana 13.0 0.42
Myriophyllum spicatum 33 0.01
Invertebrates
Chironomidae 70.7 0.30
Invertebrate fragment’ 68.5 1.15
Nematoda 68.5 0.13
Amphipoda 26.1 0.08
Oligochaeta 217 0.14
Ceratopogonidae 12.0 < 0.01
Seeds
Seed fragment! 62.0 0.76
Vallisneria americana 435 0.39
Eichhornia crassipes 14.1 0.04
Polygonum spp. 12.0 0.04
Cyperus spp. 8.7 < 0.01
Scirpus spp. 6.5 < 0.01
Fragaria vesca 54 < 0.01
Mollusca
Fragment’ 77.2 75.37
Whole 239 444
Other material
Scales 794 1.87
Rocks 75.0 3.62
Fish eggs 22.8 0.98
Feathers 8.7 < 0.01

'Identifiable portions of items which were not whole.

of seeds per species varied widely (1-892 individual seeds) and frequency of occurrence of individual
seed taxa in diets varied between 1%-51% per seed taxa during autumn (Tables 3 and 4). Both water
hyacinth (Eichhornia crassipes; invasive, non-native in IRW) and water stargrass (Heteranthera
dubia; native in IRW) seeds were positively identified in diet samples, but we were unable to

100 A
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o =3 Other
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Figure 2. Percentage of the total biomass composed by each diet category for common carp (Cyprinus carpio), by sample date and
excluding unidentifiable materials. Fish were collected from the upper lllinois River Waterway during autumn 2013 (n = 37), spring
2014 (n = 29), and autumn 2014 (n = 26).
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Table 3. A complete list of all identified seed taxa encountered in common carp (Cyprinus carpio) digestive tracts during autumn
2013 (n = 37) and autumn 2014 (n = 26) in the upper lllinois River Waterway, including a count of each taxa (n) and the frequency
of occurrence in fish diets (#). Number of individuals includes whole items only, and excludes fragments. Taxa are separated by
indicator category (USDA, NRCS 2016).

n # n #
Obligate wetland Facultative/facultative upland
Vallisneria americana 892 32 Verbena spp. 4 3
Scirpus spp. 6 2 Portulaca oleracea 4 3
Sagittaria sp. 4 3 Digitaria spp. 4 2
Najas guadalupensis 2 1 Poa sp. 4 2
Zannichellia palustris 2 2 Aster sp. 3 1
Eleocharis spp. 1 1 Amaranthus spp. 2 2
Eragrostis hypnoides 1 1 Amaranthus blitoides 1 1
Ludwigia peploides 1 1 Brassica spp. 1 1
Potamogeton spp. 1 1 Physalis sp. 1 1
Sinapis arvensis 1 1
Facultative wetland Taraxacum officinale 1 1
Polygonum spp. 13 4 Vitis aestivalis 1 1
Polygonum lapathifolium 3 2
Chenopodium album 3 2 Invasive (Aquatic)
Cyperus odoratus 3 1 Eichhornia crassipes 156 13
Cyperus erythrorhizos 2 1
Panicum spp. 2 1
Cyperus spp. 1 1
Cyperus esculentus 1 1
Cyperus ferruginescens 1 1
Cyperus strigosus 1 1
Polygonum persicaria 1 1

unequivocally quantify the abundance of each separate species in core samples due to morphological
similarities, and these species were combined for analyses and reporting. We conducted the electiv-
ity analyses on the abundance of 12 seed taxa frequently found in diets and the density (#/m?) of the
same species recovered from sediment core samples. All seed taxa had a negative electivity value
(range: —0.99 - —0.60) except wild celery (Vallisneria americana, electivity = 0.84), which was the
only taxa found in greater occurrence in diets than in core samples (Figure 3).

Discussion

Common carp diets in the upper IRW included the whole seeds of both terrestrial and aquatic plant
species. Common carp also exhibited selection for wild celery seeds, and thus may be an important
dispersal vector of aquatic seeds in temperate large river systems. Although occurrence of seeds of
aquatic vegetation in common carp diets was high, vascular vegetative biomass was low, indicating
that common carp in the upper IRW forage more frequently on other items. Our data suggest that
common carp could serve as a dispersal vector for seeds of native aquatic vegetation, which may be
important during floodplain restoration. However, common carp may also disperse invasive and

Table 4. The four most-frequently occurring seeds in common carp (Cyprinus carpio) diets (n = 63) compared to availability (pro-
portional occurrence) in the seed bank. Seed availability was determined at randomly selected locations in the upper lllinois River
Waterway during autumn 2013 and autumn 2014. Fish were collected from the upper lllinois River Waterway during autumn 2013
(n = 37) and autumn 2014 (n = 26).

Seed taxa Consumption (%) Availability (%)
Vallisneria americana 50.8 18.6
Eichhornia crassipes 20.6 339
Polygonum spp. 6.3 475

Sagittaria spp. 4.7 373
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Figure 3. Vanderploeg and Scavia’s relativized electivity index (E") of 12 seed taxa commonly found in diets of common carp
(Cyprinus carpio) collected from the upper lllinois River Waterway during autumn 2013 (n = 37) and autumn 2014 (n = 26).

undesirable aquatic plants which may outcompete native species in the highly modified IRW, where
disturbances are common and obligate aquatic vegetation seldom persists in wetlands and flood-
plains connected to the main river channel (Moore et al. 2010).

We discovered no differences in diet composition between autumn and spring collection periods or
between years. Several diet items composed the majority of abundance and biomass, but common
carp diets were generalist and omnivorous, consisting of items that are prevalent throughout North
American aquatic systems. Powles et al. (1983) also found common carp to be benthic omnivores
with no differences in food item categories (e.g. mollusks, vegetation) or biomass of foods ingested
between seasons (autumn and winter). In our study, seeds were neither dominant in diets nor as bio-
energetically important as other diet items (e.g. mollusks), yet seeds were a consistent component of
common carp diets. Many studies have shown that common carp ingest seeds at high frequency but
similarly noted that seeds comprise a small numerical percentage and biomass of foods items in diets
(Crivelli 1981; Michel and Oberdorft 1995; Garcia-Berthou 2001). Our electivity analysis indicates
that most seeds present in diets were selected against (negative electivity) with the exception of wild
celery seeds which dominated in both abundance and frequency. Thus, we interpreted the negative
electivity as indicating these were incidentally consumed while foraging and represent a neutral selec-
tion tendency instead of a negative one. The foraging strategy of common carp (i.e. slow siphoning of
sediment and cross-filtration of food and non-food items; Callan and Sanderson 2003) means that
unintentional consumption of material readily occurs, as evidenced by the presence of sediment in
diet samples, and could likely be the basis for seed diet similarity between years and seasons.

The implications of seed ingestion by common carp are important when considering that com-
mon carp are capable of moving up to 238 km annually in large rivers (Jones and Stuart 2009); a dis-
tance which would extend ranges of common carp we captured upriver into Lake Michigan or
downriver to near the confluence of the Illinois and Mississippi rivers. Seed dispersal distance is
dependent on locomotion rates of the fish. For instance, an elevated swimming rate increases reten-
tion time of seeds in common carp, thus allowing seeds to be dispersed farther when common carp
are swimming faster (van Leeuwen et al. 2015). Moreover, there are differences in habitat use by
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adult and sub-adult common carp (Penne and Pierce 2008) that could lead to spatially distinct pat-
terns in ichthyochory, especially if there are differences in movement distances between adult and
sub-adult common carp.

However, in addition to ingestion, successful ichthyochory is also dependent on interacting fac-
tors. Mitigating factors that could be limiting the role of ichthyochory include declining numbers of
common carp, seed digestion and degradation reducing viability, patterns of spatial habitat use by
the fish, and whether minimum conditions needed for successful germination are present after
potential passage of seeds completely through the digestive system and expulsion. After ingestion by
fish, seed viability and germination rely on several seed characteristics, including seed morphology,
seed coat hardness, seed size, fish ingestion strategies, retention time in fish guts, and suitability of
the location of seed passage for subsequent germination (Pollux et al. 2006; Pollux 2011). Spring
and summer floods temporarily connect many backwater lakes and floodplains to the main river
channel in the IRW, potentially allowing common carp to act as dispersal vectors into seasonally
disconnected backwater lakes. However, the germination and growth of rooted aquatic vegetation in
the IRW and associated floodplain lakes and wetlands are also constrained by additional factors
such as accumulation of flocculent sediments and frequent and high-magnitude flooding during the
growing season (Bellrose et al. 1983; Havera 1999; Stafford et al. 2007). Thus, common carp may be
more important as a dispersal vector for aquatic plant species that are less dependent on stable water
levels and consolidated substrates (e.g. water hyacinth).

The upper IRW currently contains abundant emergent and submersed aquatic vegetation
(VonBank et al. 2016), potentially in part because the common carp population in that reach has
decreased dramatically over the last half century (McClelland et al. 2012; Gibson-Reinemer et al.
2017b), and evidence suggests that common carp, while still abundant throughout temperate rivers,
may be exhibiting a sustained population-wide decline, particularly in smaller size classes (Gibson-Rein-
emer et al. 2017a). Combined with age-size specific habitat use patterns, declining populations may also
be a more recent factor influencing seed dispersal patterns. Although our study provides clear evidence
that common carp consume seeds, further research that focuses on the post-ingestion phases of ichthyo-
chory is needed to determine what factors are most influential in seed dispersal potential.

Our data indicate common carp selected wild celery seeds while foraging, as the frequency of
these seeds in diets was greater than availability in the seed bank. Although common carp may not
be able to target wild celery seeds directly, due to their foraging mechanism, there may be indirect
drivers that influence the places where common carp forage that expose them to abundant wild cel-
ery seeds. For example, selection of wild celery seeds may be influenced by common carp habitat
use, as they may be foraging while using vegetative wild celery beds as refugia from predators
(Dibble et al. 1997), or because of differences in water quality associated with aquatic vegetation
(e.g. pH, dissolved oxygen, turbidity; Dennison et al. 1993; James et al. 2004). Alternatively, wild cel-
ery may grow in sediment that is more conducive to carp foraging, thus increasing the likelihood
that common carp would ingest wild celery seeds. Regardless of mechanism, common carp fre-
quently consumed wild celery seeds and directly removed them from the environment. The upper
IRW is likely the only part of the IRW where wild celery, a native submersed aquatic macrophyte, is
currently present (VonBank et al. 2016). Foraging by carp in wild celery beds could have a substan-
tial ecosystem impact because wild celery seeds and winter buds are a potential food resource for
waterfowl in the IRW. For example, individual canvasback (Aythya valisineria) diets samples have
contained > 6200 seeds and 188 winter buds (Korschgen et al. 1988; Osborn et al. 2016). In the
upper IRW, wild celery seeds are being consumed at high rates by common carp, which may dem-
onstrate competition with waterfowl for a limited food base (VonBank et al. 2016). In addition,
aquatic vegetation, such as wild celery, is used by juvenile native fishes as refuge from predators
(Grenouillet et al. 2002). Although wild celery is abundant in the littoral zone throughout the upper
IRW, continued consumption of wild celery seeds and plants by common carp or extensive roiling
in wild celery beds could lead to substantial decreases in wild celery abundance and reduce habitat
quality for fish and waterfowl.
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Although ichthyochory by common carp may benefit dispersal of native aquatic plant seeds,
common carp may also be acting as a dispersal vector for invasive aquatic plants. For example, water
hyacinth is an invasive aquatic plant whose recent arrival and rapid proliferation in the IRW have
the potential to undermine the progress of ecological recovery in this system (VonBank et al. 2017).
Water hyacinth forms dense beds on the surface of slow-moving waterways and backwaters, where
it can restrict commercial and recreational traffic, outcompete native emergent and submersed
aquatic macrophytes, and affect natural biogeochemical and evapotranspiration cycles (Penfound
and Earle 1948; Rai and Datta Munshi 1979). Water hyacinth also establishes through production of
copious hydrochoric seeds, common in the seed bank of aquatic systems where water hyacinth is
present (Albano Pérez et al. 2011). Additionally, the relatively high percent occurrence of water hya-
cinth seeds is likely influenced by common carp collected near water hyacinth beds, especially in
2014 where common carp (n = 4) contained 137 of 156 total water hyacinth seeds discovered in
autumn-collected common carp diets. Regardless, water hyacinth seeds in the seed bank is a cause
for concern that future infestation in disturbance-prone river systems such as the IRW could be
exacerbated by common carp ichthyochory. The potential for invasive, non-native common carp to
disperse seeds of invasive, non-native aquatic plants is emblematic of the compounding problem
that the presence of multiple invasive species can present. In our study, there were three additional
invasive plant species found in common carp diets from the IRW: oatgrass (Avena sp.), reed canary
grass (Phalaris arundinacea), and common sowthistle (Sonchus oleraceus), albeit in low frequency
and numbers (see Supplemental Materials). Further research should address native and invasive
plant seeds as forage for common carp, specifically related to dispersal, post-ingestion germination,
and the functional role of the removal of seeds by common carp in structuring the aquatic vegeta-
tion community.

The upper IRW has undergone substantial improvement in recent decades; improved water qual-
ity and ample aquatic vegetation habitat are credited with the greatest contributions to the remark-
able rebound in the diversity and abundance of the fish assemblage since the implementation of the
Clean Water Act of 1972 (McClelland et al. 2012; Gibson-Reinemer et al. 2017b). Although com-
mon carp populations in Midwestern river systems have begun to decline from 1960 to 2015
(Gibson-Reinemer et al. 2017a), they are still known to destroy native aquatic plant communities
(Crivelli 1983; Bajer et al. 2009; Bajer et al. 2016), and restoration efforts often require exclusion
cages, fencing, or other methods for reducing negative effects of common carp on reintroduction or
restoration of native aquatic vegetation (Wilcox and Whillans 1999). Further research should be
focused on ingestion duration, gut passage, and post-expulsion germination rates of both invasive
and native seeds, after which the full potential for common carp to alter plant community dynamics
and native fish habitat in riverine environments can be assessed.
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