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Whether fish mediate plant dispersal in temperate freshwaters is largely unknown. A
prerequisite for successful dispersal is ingestion and surviving the journey in the intestinal
tract. This study asks whether plant propagules are being ingested under field conditions
and what factors shape dispersal potential, focusing on differences across plant species
and propagule form (seed or fragment), seasonal differences and plant and fish traits
that facilitate dispersal. We focused on three common fish species reported to differ in
foraging strategy. Fish were caught monthly over a 1-year period in a Dutch lowland
stream. Before they were returned to the stream, fish were kept in water for 26 h and
their feces were collected, resulting in 150 fecal samples. Excreted animal remains and
plant propagules were identified and enumerated. Plant propagules were tested for
viability. In total, 88,579 vegetative fragments of vascular plants, 316 of mosses and
14 of charophytes were identified. Viability was low (< <1%) except for mosses (53.5%).
Roach (Rutilis rutilis) and Rudd (Scardinius erythrophthalmus) displayed a preference for
filamentous algae and certain plant species (i.e., Elodea nuttalli and Lemna sp.), likely
because they were more palatable. Of the 1,787 generative propagules of vascular plants
that were identified, 120 germinated (6.7%), representing 15 species. Betula pendula,
Juncus effusus, and Poa trivialis were most abundant. Tench (Tinca tinca) egested most
seeds, despite being the least herbivorous species. Particularly, germination was high
for seeds that were light (<1.07 mg) and that floated for a long time. Our results show
that fish do ingest plant propagules under field conditions and that fish can contribute
to vegetative dispersal of vascular plants and several aquatic and riparian moss species.
Ingestion of propagules is affected by water temperature and season, their availability in
the propagule bank, and their palatability. Both seed traits (related to buoyancy, size and

Frontiers in Ecology and Evolution | www.frontiersin.org 1

March 2019 | Volume 7 | Article 54


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2019.00054
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2019.00054&domain=pdf&date_stamp=2019-03-13
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles
https://creativecommons.org/licenses/by/4.0/
mailto:g.boedeltje@science.ru.nl
https://doi.org/10.3389/fevo.2019.00054
https://www.frontiersin.org/articles/10.3389/fevo.2019.00054/full
http://loop.frontiersin.org/people/544595/overview
http://loop.frontiersin.org/people/635400/overview
http://loop.frontiersin.org/people/635479/overview
http://loop.frontiersin.org/people/634928/overview
http://loop.frontiersin.org/people/635488/overview
http://loop.frontiersin.org/people/634930/overview
http://loop.frontiersin.org/people/87460/overview

Boedeltje et al.

Plant Dispersal by Roach, Rudd, and Tench

hardness) and fish traits (related to size and identity) were important. Despite substantial
dietary overlap, the three fish species displayed subtle differences in their diet, and
together can act as vectors for the dispersal of a range of plant and moss species of

freshwater systems.

Keywords: bryophyte, endozoochory, ichthyochory, seed dispersal, Rutilus rutilus, Scardinius erythrophthalmus,

Tinca tinca, vegetative dispersal

INTRODUCTION

Streams are important vectors for plant propagules facilitating
dispersal between habitats, communities, and populations
(Honnay et al., 2010; Nilsson et al., 2010; Fraaije et al., 2017).
Many plant species have evolved seeds or vegetative propagules
that are well equipped to “go with the flow” and thus achieve
long-distance dispersal via hydrochory (Boedeltje et al., 2003,
2004; Sarneel, 2012; Favre-Bac et al., 2017). However, hydrochory
in flowing waters is only in one direction, and going against the
flow requires different vectors such as ducks or fish (Wubs et al.,
2016). Fish may be particularly important vectors for upstream
dispersal (Horn et al., 2011).

Knowledge of ichthyochory, i.e., seed dispersal by fish, is
largely derived from Neotropical studies (Kubitzki and Ziburski,
1994; Galetti et al., 2008; Anderson et al., 2011; Correa et al.,
2015, 2016), but a few studies also addressed the role of fish-
mediated plant dispersal in temperate freshwater systems (Chick
etal., 2003; VonBank et al., 2018). Experiments under controlled
conditions have shown that seeds of several plant species from
temperate regions are capable of germination following ingestion
and egestion by fish (Pollux et al., 2006a, 2007; Sumoski and
Orth, 2012; Boedeltje et al., 2015, 2016). However, to ensure
seed ingestion in these experiments, fish were offered pellets of
fish food in which plant seeds were enclosed. It is therefore not
clear whether native fish of temperate fresh waters actually ingest
seeds under natural conditions (but see Chick et al., 2003), and
which factors influence seed consumption. Horn et al. (2011)
have suggested that temperate fish ingest seeds unintentionally
when foraging in the sediment. Seed availability in the sediment
seed bank might therefore be a determining factor for seed
ingestion. In addition, the availability of macro-invertebrates as
an alternative food source may also play a role (Garvey and
Chipps, 2012). The availability and need for macro-invertebrates
or plants as food sources may vary throughout the year, with
the possible consequence that fish-mediated dispersal may be
determined by seasonal diet shifts of the fish as well as dietary
differences across fish species.

Plant propagule uptake, egestion and dispersal may also
depend on plant traits such as seed size (Pollux et al., 2007), seed
hardness and seed shape (Boedeltje et al., 2015). However, the
abundance of plant species in the local vegetation might also be
important, as was demonstrated for hydrochorous plant dispersal
(Boedeltje et al., 2003, 2019).

This study addressed the potential for plant dispersal in a
temperate lowland stream by three native fish species: Roach
(Rutilis rutilis), Rudd (Scardinius erythrophthalmus) and Tench
(Tinca tinca). Tench is reported to primarily feed on benthos

(Perrow et al, 1996). Roach and Rudd additionally forage
throughout the water column, with Rudd being best adapted to
feeding on prey at the water surface (Kennedy and Fitzmaurice,
1974; Garcia-Berthou and Moreno-Amich, 2000). Their feeding
behavior may vary in relation to temperature and according
to the seasonal and spatial availability of food (e.g., Brabrand,
1985; Jamet, 1994; Michel and Oberdorff, 1995; Guinan et al.,
2015). Roach and especially Rudd are considered to be the most
herbivorous native fish in the European region (Prejs, 1984;
Dorenbosch and Bakker, 2012), but Tench may also occasionally
consume vegetation (Michel and Oberdorft, 1995), making them
all potential plant dispersers.

Over a 1-year period, in this study we quantified each month
the amount and viability of generative and vegetative plant parts
as well as macro-invertebrate remains in the feces of the three
fish species in a vegetated lowland stream. We first related
the diet of the three fish species to season and temperature
and the abundance of plant species in the vegetation and in
the propagule bank. We next addressed the question whether
these factors, in addition to plant specific traits, affected the
probability of being successfully dispersed (i.e., viably egested) by
the fish.

MATERIALS AND METHODS

Study Area

The study was conducted in the Groenlose Slinge (52°116' N,
6°494' E), a channelized lowland stream in the eastern part
of the Netherlands (Figure S1). The stream is a tributary of
the small river Berkel, which in turn flows into the river IJssel,
one of the lower reaches of the river Rhine. Thanks to fish
passages (Figure S1), fish can move freely from the IJssel to the
upstream areas of the tributaries and vice versa. The Groenlose
Slinge is c. 25km long and its slope at the research stretch is
~0.4 m/km. Its width ranges from 1m in the upper course up
to 10 m downstream. At the research stretch, discharge varies
from 16 m®.s~! at yearly peak discharges to 0.8 m>.s~! at
base flow, with a corresponding flow velocity of ~0.04 m.s~.
Fish were caught in a downstream stretch of 1.9km length.
The east bank of this stretch is steep with a narrow zone of
helophytes bordering the water, whereas the west bank consists
of 3m wide, shallow zone (Figure S1). This is overgrown with
helophytes of which Glyceria maxima is the most abundant
plant species (Table S4). The higher parts of the west bank are
forested (Figure S1) with Alnus glutinosa and willows (Salix
spec.) as the dominant species. The eutrophic water is densely
vegetated with submerged vascular plants, filamentous algae,
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mosses, and charophytes. Duckweeds (Lemna spec.) and floating-
leaved species such as Nuphar lutea frequently occur (Table S4).
To ensure unimpeded water discharge, the floating, submerged,
and emergent vegetation is cut in mid-June and September. The
riparian helophyte vegetation is not mown.

Measuring Plant Abundance in the

Vegetation

In July 2017, when vegetation was at its peak of development,
the presence of vascular plant species, filamentous algae, and
charophytes was investigated. The 1.9 km research stretch was
divided into sections of 100 m, each comprising the aquatic and
bank zone. An aquatic plot included the entire stream width;
a bank plot covered the 1-4m wide helophyte zone of the
bank, assuming that diaspores of species from this area could
potentially reach the water. In addition, riparian species outside
this helophyte zone were included if their height was such that
seeds were likely to be able to reach the water. Species were
recorded within the plots whilst wading through the water.
The abundance was estimated using a scale of nine classes:
1 =1-4,2 = 5-20, 3 = 20-100, 4 = >100 individual(s) or
tiller(s) in a plot and covering <5%; 5 = covering 5-12.5%,
6 = 12.5-25%, 7 = 25-50%, 8 = 50-75%, 9 = 75-100%. As
mosses occurred on solid substrates (mostly stones) only, moss
diversity was recorded separately in July 2018. Moss abundance
was established in 8 sampling plots of 0.25 m? (0.5 x 0.5m),
from 20 cm below to 30 cm above mean water level using the
scale mentioned above. Nomenclature of vascular plants and
mosses is, respectively according to van der Meijden (1996) and
Siebel and During (2006).

Sampling the Propagule Bank

Propagule bank samples were taken in March 2017,
assuming that natural stratification of seeds had occurred
during the previous winter. In eight 4 m2-plots, evenly
distributed over the research stretch, a sample was taken
from the surface sediment, comprising eight cores each,
using a transparent PVC-tube (@ 6cm). Four cores were
taken in the shallow bank zone and four in the bordering
aquatic zone. Sampling was restricted to the upper layer
(5cm) of the sediment, assuming that only this (organic)
material might be foraged by fish. The cores of a plot
were pooled and mixed, transferred to the laboratory and
processed immediately.

The samples were treated according to the seedling emergence
technique of Boedeltje et al. (2002). First, they were sieved (mesh
width 200 um) to remove fine soil material and dead organic
parts. Potentially viable vegetative parts however, were kept
in the samples. The remaining seeds and vegetative fragments
of each sample were spread out in a thin layer (<5mm)
in one or more trays filled with a mixture of equal parts
of sterilized sand and potting soil and set to germinate in
a greenhouse under submerged conditions (water level 2cm
above soil surface) for 2 weeks and next under waterlogged
conditions (water level 4 cm below soil surface) for 10 weeks
(Figure S3). Air temperature in the greenhouse was at least 22°C
between 06:00 and 21:00 h and 15°C between 21:00 and 06:00 h.

A photoperiod between 06:00 and 21:00h was maintained
throughout the germination period. Seedlings and regenerated
vegetative propagules were identified, counted, and removed
from the trays.

Sampling and Housing the Fish

Between August 2016 to July 2017, the three fish species were
captured monthly using a control box “TENCH 20” electro-
fishing unit (Fishtronics.nl), connected to a standard gasoline
generating set (230 V), mounted on a drift boat (Figure S1).
The box was adjusted exactly so that the direct current of
3,000 W at 10 A in the water was strong enough to bring about
a forced swimming movement to the anode-net, and causing
minimum cramping of the fish. While actively electrofishing,
a close proximity to the riparian vegetation was maintained,
enabling fishing in both the aquatic and riparian vegetation. Both
sides of the stream were sampled. Sampling continued until the
end of the research section or until the minimum number of
each species (50 individuals monthly) was reached. All fish were
quickly put in an aerated tank on board and transported to the
field station within half an hour after being caught. The field
station was located 15 m away from the stream (Figure S1). For
capture and subsequent release of fish, ethical approval was not
required as per the local legislation.

In the field station, fish were sorted by species and size
(estimated in “small” <15cm and “large™ >15cm) so that
conspecifics with similar size ended up in the same aerated
100L tank. The (visually) estimated mean size of fish in each
tank was recorded to be used as a covariate in statistical
analysis. We choose not to measure fish more precisely as this
might have caused too much stress and physical damage. To
prevent propagules from being inadvertedly introduced into
the tanks where fish were kept for defecation, the fish were
rinsed in a bucket of tap water before being introduced to the
tank. In addition, these tanks contained stream water that was
filtered over a 200-pum sieve to prevent potential input of plant
propagules from the stream. To prevent fish from leaping out,
tanks were covered with fine-meshed nets (Figure S2). For each
species we used five tanks, each containing small or large fishes.
The actual number of fish per tank depended on the catch
success and varied from 1 to 20 individuals (mean 10, median
10; Table S3). Fishes were then left undisturbed for 26h, at
which time they were transferred to the stream and released. The
temperature in the field station was approximately equal to the
ambient temperature and varied from 5°C in winter to 24°C in
summer. No mortality was observed in response to electrofishing
and housing the fish in aerated tanks.

Over the research year, 150 samples were taken, in which 1,467
fish individuals were caught: 41 samples (with 330 individuals) of
Roach, 50 (461 individuals) of Rudd, and 59 (676 individuals) of
Tench (Table 1). Roach and Tench could be caught every month,
Rudd in 11 months (no catches in May).

Water temperature data were obtained from data collected at a
gauge station, 500 m downstream from the study site. From these
measurements, we selected the temperature data coinciding with
the time we caught fish.
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TABLE 1 | Frequency and abundance of plant species in the vegetation and propagule bank, the number of generative (gen.) and vegetative (veg.) propagules found in

the feces and the number of propagules found that proved to be viable (germinated or regenerated) for each of the three fish species.

Fish species Roach Rudd Tench
Total number of fish 333 461 673
Vegetation Propagule bank Found Viable Found Viable Found Viable
Freq. Abund. Freq. Abund. No. No. No. No. No. No.
VASCULAR PLANTS (gen.)
Betula pendula 0.26 3.80 0.75 6.83 298 5 172 7 169 6
Callitriche obtusangula 0.95 3.67 0.88 3.00 19 0 16 0 49 0
Carex acuta 0.11 1.50 0.00 0.00 0 0 1 1 0 0
Epilobium hirsutum 0.84 3.81 0.38 2.00 2 2 0 0 1 1
Epilobium tetragonum 0.21 1.00 0.38 5.33 2 2 2 2 2
Juncus effusus 0.79 2.73 1.00 123.25 16 5 18 5 105 30
Mentha aquatica 0.89 4.24 0.88 2.29 0 0 0 0 0
Myosotis scorpioides 0.79 3.20 0.38 3.00 0 0 0 0 0
Plantago major 0.00 0.00 0.25 1.50 0 0 0 0 1 1
Poaceae (all seeds) 185 2 38 5 656 9
Agrostis stolonifera 0.79 3.07 0.63 1.20 0 0 0 0 0 0
Glyceria maxima 0.95 5.28 0.75 2.83 0 0 0 0 2 2
Phalaris arundinacea 0.89 4.24 0.50 6.00 0 0 3 1 0 0
Poa trivialis 0.53 3.00 0.75 2.00 2 2 4 4 7 7
Sagittaria sagittifolia 0.74 4.79 0.38 1.33 0 0 0 0 0 0
Salix cinerea 0.58 2.36 0.88 1.86 1 1 0 0 0 0
Salix fragilis 0.47 1.78 0.88 1.29 3 3 3 3 5 5
Scirpus sylvaticus 0.74 3.36 0.25 1.50 1 1 0 0 3 3
Sparganium emersum 0.68 4.38 0.63 4.80 0 0 0 0 0 0
Sparganium erectum 0.79 4.47 0.63 1.60 0 0 0 0 0 0
Stachys palustris 0.79 4.00 0.00 0.00 0 0 6 6 1Al 11
Urtica dioica 0.63 3.25 0.88 3.71 1 1 0 0 0 0
Typha latifolia 0.58 3.45 0.25 1.00 0 0 1 1 0 0
Veronica catenata 0.05 1.00 0.50 4.50 0 0 0 0 0 0
VASCULAR PLANTS (veg.)
Callitriche obtusangula 0.95 3.67 0.88 3.00 4 0 8 0 5 0
Ceratophyllum 0.53 3.10 0.00 0.00 1 0 0
demersum
Elodea nuttallii 0.89 6.65 0.00 0.00 10163 0 68628 2 1615 0
Lemna minor + L. 0.89 3.88 0.75 2.83 1037 1 7065 8 27 1
minuta
Lemna trisulca 0.84 3.88 0.13 1.00 2 0
Spirodela polyrhiza 0.63 3.33 0.00 0.00 1 0
MOSSES (veg.)
All fragments 76 40 122 55 118 74
Brachythecium 0.38 4.00 0.00 0.00 0 0 0 0 0 0
rutabulum
Bryum argenteum 0.13 4.00 0.38 2.00 27 27 32 32 50 50
Bryum barnesii 0.13 4.00 0.13 2.00 0 0 5 4 4
Bryum dichotomum 0.00 0.00 0.38 2.33 6 6 10 10 9 9
Bryum gemmiferum 0.00 0.00 0.00 0.00 0 0 1 1
Bryum 0.25 4.00 0.00 0.00 0 0 0 0 0 0
pseudotriquetrum
Ceratodon purpureus 0.13 4.00 0.00 0.00 4 4 0 0 2 2
Fissidens fontanus 0.00 0.00 0.00 0.00 1 1
Hypnum cupressiforme 0.25 4.50 0.00 0.00 1 1 3 3 4
(Continued)
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TABLE 1 | Continued

Fish species Roach Rudd Tench
Total number of fish 333 461 673
Vegetation Propagule bank Found Viable Found Viable Found Viable

Freq. Abund. Freq. Abund. No. No. No. No. No. No.

Leptodictyum riparium 0.88 6.86 0.63 1.60 1 1 0 0 0 0

Oxyrrhynchium 0.00 0.00 0.00 0.00 0 0 0 0 1 1

speciosum

Pohlia wahlenbergii 0.00 0.00 0.50 3.00 0 0 0 0 0 0

Schistidium crassipilum 0.00 0.00 0.00 0.00 1 1 1 1 1 1

Tortula muralis 0.13 2.00 0.00 0.00 0 0 3 3 2 2

FILAMENTOUS ALGAE

All fragments 0.83 6.00 ND ND 210710 ND 78720 ND 6751 ND

CHAROPHYTA

Nitella mucronata (gen.) 0.1 4.00 0.00 0.00 0 0

Nitella mucronata (veg.) 0.1 4.00 0.00 0.00 10 0

Sorting and Testing the Viability of Plant

Parts

After the 26th hour of fish captivity, feces were collected by
filtering the water of each tank over a 200-pm sieve (Figure S2),
and next stored in tap water in 250 mL vials. By using a
dissecting microscope, potentially viable seeds and vegetative
plant parts were sorted out, identified and counted. The amount
of vegetative filamentous algae and Characeae was determined
by counting the number of fragments. When their quantities
were large, the amount was estimated by counting fragments
in 1/8 part of the microscope image field and then multiplying
the number by 8. Since fragments differed in length, this is a
proxy of their presence in the feces samples. Viability of algal
fragments was not determined. Seeds were identified at least to
the genus level using the Digital Seed Atlas of Cappers et al.
(2006). Animal remains were transferred into alcohol (30%) and
stored until identification. To test whether feces contained viable
seeds and vegetative propagules, samples were next transferred
to the greenhouse and handled according to the propagule
bank protocol.

Seeds separated and identified were set to germinate in petri
dishes (@ 9 cm) on a double layer of Whatman No. 1 filter paper
(Figure S2). The paper was kept water-saturated with tap water,
as earlier experiments (Boedeltje et al., 2002, 2003) indicated that
this was the optimal hydrological condition for both aquatic and
riparian species. For 60 days, the dishes were placed in a climate-
controlled room over 15-h light at 24°C and a night temperature
of 15°C. Seedling emergence was assessed weekly.

After the germination and regeneration period, the non-
germinated, but viable seeds in petri dishes and trays were placed
water-saturated and waterlogged, respectively, in a dark room
at 5°C for 10 weeks to promote loss of dormancy (Baskin and
Baskin, 2014). After this cold treatment, petri dishes and trays
were set to germinate again, as above.

Wet filter papers in petri dishes also were used as regeneration
substrate for vegetative parts of bryophytes (Boedeltje et al., 2019;

Figure S3). The closed dishes were exposed to natural day light
conditions (without direct sunlight) in an unheated room (mean
temperature 18°C) and watered with tap water when necessary.
After 6 weeks, regeneration was recorded under a dissecting
microscope and fragments were considered viable when they had
produced rhizoids, shoots or green leaves (Figure S3). Hereafter,
the term “viability” for a propagule is used for generative plant
parts i.e., seeds or oospores that germinated or vegetative parts
that grew into a new plant.

Aquatic Macroinvertebrate Identification
Remains of invertebrates were identified at least to the family
level and, if possible, to the genus level using the literature cited
in Bijkerk (2010). Hard chitinous remains allowed identification
of trichopterans, chironomids, coleopterans, and heteropterans
(e.g., elytra, hemielytra, abdominal claws, frotoclypeus, labium,
and pronotum). Molluscs were identified from their shell
remains. Taxa with less sclerotized body parts or with softer
exoskeletons (e.g., Malacostraca and Ephemeroptera) could
still be identified, but could not be accurately enumerated.
Cladocerans were also counted, but not further identified.

Data Analyses

To visualize patterns of taxa (hereafter “species”) abundance
(plants and invertebrates) in the feces samples across the 12
months surveyed, principal coordinate analysis (PCoA) was
applied using Canoco 5 (ter Braak and Smilauer, 2012). We
focused on assessing differences in diet, and therefore centered
and standardized by plant and animal species represented in the
diet. Abundance of plant parts and invertebrates was calculated
by dividing the number of items per taxon over the number of fish
per tank. Redundancy analysis (RDA) was applied to determine
the significance of the variables fish species, fish size, number
of fish in a sample, and month of feces collection in explaining
differences in the abundance of plant and animal species in the
samples. To rank the explanatory variables, forward selection of
the variables was performed (ter Braak and Smilauer, 2012). To
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meet the assumptions of PCoA and RDA, species abundances
were logjp - transformed. We also used PCoA to visualize
differences in plant species abundance between the vegetation
and the propagule bank. We also summed the total number of
plant parts found in the feces of each fish species and included
these as additional samples to illustrate how the vegetable diet
of the fish compared to the plant species abundances of the
vegetation and the propagule bank.

To relate abundance of plant propagules and faunal remains
in each of the fish species to time of year and temperature,
we summed the abundance for each of six food categories: (1)
aquatic invertebrate remains; (2) Bryophyta; (3) Characeae; (4)
filamentous algae; (5) seeds of vascular plants, and (6) vegetative
parts of vascular plants. This resulted in 6 observations for
each of the 150 samples. Next, we ran a linear model with
log(x+1)-transformed abundance as the dependent variable,
and fish species, the number of fish in the tank and fish size
as the independent factors. As water temperature and month
covaried, we ran two separate models including either a 2nd
order polynomial for temperature or the 3rd order polynomial
for month. Polynomials were used to account for non-linearity
and models with polynomials had much improved model fits
(lower AIC values) compared to linear models. Next, we also
included food category and the interaction between fish species,
food category, and either temperature or month. The model
summaries for each of the two models are given in Tables S1,S2.

To test whether the three fish species foraged in different
microhabitats, we tested for difference in the habitat preference
of egested invertebrates. Substrate preference of the prey groups
is derived from information in Verdonschot (1990) on habitat
and mode of locomotion and checked with information in
Verberk et al. (2012). We first summed the abundance of
invertebrates for each of three habitat preference categories: (1)
sediment; (2) open water, and (3) plants. For taxa which fell into
two habitat preference categories, their abundance was equally
divided among both categories. Next, we ran three separate
linear models, one for each category, with log(x+1)-transformed
abundance as the dependent variable and fish species as the
independent variable. In these comparisons a significance level of
0.05/3 = 0.0167 was used to account for multiple comparisons.

To unravel the relative impact of plant traits, fish-related traits
and abiotic factors on the egestion of viable seeds we used a
General Linear Mixed Model (GLMM) approach. As response
variable we used the presence or absence of a plant species” seed
in the feces. For each sample, i.e., each unique combination of
fish species, month of sampling and replicate, a plant species
was considered present if one or more viable seeds of that
species were found. Note that for most samples there was either
no viable seed or only one seed of a particular plant species.
Therefore, rather than analyzing abundance, a response variable
in terms of presence/absence was deemed more appropriate and
this was analyzed using GLMM with a binomial distribution.
Initially we also tried to model number of viable seeds with
either negative binomial or poisson distribution, including zero-
inflated versions, but all these models failed to converge. Only
plant species with at least one viable seed in either combination
of fish species, month and replicate were included in this analysis.
Thirteen plant species met this criterium.

The plant species-specific traits included were seed mass and
floating capacity (buoyancy), obtained from the D3 (Hintze
et al, 2013) and LEDA trait base (Kleyer et al., 2008). In
addition to these functional traits, we included species abundance
in the standing vegetation (mean value of the abundance
measure in each trajectory) and abundance in the sediment
propagule bank (mean number of propagules in the nine
samples) as explanatory variables. Fish-related “traits” were
number, estimated size and species-identity of the fish in each
sample. Water temperature was included as environmental
parameter. A check on multicollinearity by visual inspection of
plots and calculated correlation coeflicients (<0.5 considered
as acceptable) indicated no objections against this selection of
variables. Prior to analyses, mean abundance in the propagule
bank was log (x+1)-transformed. All continuous explanatory
variables were standardized to zero mean and unit variance prior
to analysis.

In our GLMM, we followed the approach of Jamil et al. (2013).
In this approach, significance of trait-environment relationships
is addressed while simultaneously including plant species and
samples as random factors to avoid the problem of pseudo
replication and heteroscedastic variance. In model selection, we
followed the tiered forward selection procedure as recommended
by Jamil et al. (2013). We started with a simple model that only
included a fixed intercept and random intercepts for species
and sample (i.e., a unique combination of replicate, fish species
and sampling date); we subsequently added a new term, as a
main term and in interaction with fish species. Interaction of
size-class and number of fish with fish species could not be
included since these were non-orthogonal. Before a new term
was added, we removed the non-significant terms, but kept a
non-significant main term in the model if its interaction was
significant. Significance of an additional term was assessed by
a likelihood ratio test and difference in Akaikes Information
Criterium. Models were run and compared with the package
Ime4 (Bates et al., 2015) in the open source statistical software
R (R Development Core Team, 2017).

RESULTS
Dietary Composition of Fish

Based on the fecal samples, fish consumed filamentous algae,
vegetative parts of vascular plants, mosses and Characeae,
generative parts of vascular plants and Characeae, and
invertebrates (Figure 1, Table S3, Figure S2). Filamentous
algae were found in large numbers. Fragments of vascular plants
and mosses comprised 7 and 11 species, respectively; leaves
and stems of Elodea nuttallii were most abundant (Figure S2).
Seeds were found from 16 vascular plant species (Table 1).
In total, 108 taxa of invertebrates were detected of which
planktonic crustaceans (Daphnia and Cyclops species), larvae of
midges (Chironomidae), and caddisflies (Trichoptera), amphipod
crustaceans (Gammarus sp.) and Mollusca occurred in high
numbers (Table S3).

Redundancy analysis revealed that month (5%, F = 7.7,
P = 0.008), fish species (4.5%, F = 7.1, P = 0.008), and fish size
(1.4%, F = 2.9, P = 0.048) were the most significant variables to
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explain variation in dominance of egested species across our 150
fecal samples.

Vegetative plant parts were mainly eaten from July to October,
seeds of grasses (Poaceae) in summer, larvae of Chironomidae in
May and June, and Gammarus sp. and planktonic crustaceans in
early spring (Figure 1B).

Numbers of egested items for the different food categories
showed seasonal differences that were distinct for the three
fish species (Figure 2A, Table S1). Invertebrates were egested
most in spring and early summer, especially by Tench. In
summer and autumn, vegetable food categories were eaten

most, especially filamentous algae, but also plant seeds. Toward
winter, consumption and egestion was generally lower. When
plotting the same data against temperature (Figure2B), fish
generally started egesting more food items with increasing water
temperature, although this varied both with fish species and
species-group being consumed (Tables S1, $2). Rudd and Roach
were clearly the two most herbivorous species, with Rudd
becoming more herbivorous with increasing water temperature,
egesting many vegetative parts of vascular plants. For Tench and
Rudd, a higher consumption of invertebrates was accompanied
by an increase of seed uptake, but no such relationship was

A Tench

Roach Rudd

® Mosses
* Characeae

* Filamentous algae

o invertebrates

® Vascular plants (generative)
® Vascular plants (vegetative)

4
1

Log,, (number of plant parts and animal remains +1)

Temperature

of the three fish species.
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FIGURE 2 | Variation in the number of plant parts and animal remains of taxonomic groups throughout the year (A), and in relation to water temperature (B) for each
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apparent for Roach (Figure2). Characeae appeared to be
low in abundance, irrespective of water temperature or fish
species, whereas Bryophyta were egested less with increasing
water temperature.

Relation Between Vegetable Items and
Their Abundance in the Vegetation,

Propagule Bank and Fish Feces

Plant species that were egested by fish, originated both from the
standing vegetation and from the sediment propagule bank. The
vegetation comprised 111 vascular plant species, 1 Charophyte
and 12 mosses; the propagule bank comprised propagules from
37 vascular plants and 5 mosses (Table $4).

In total, 22 vascular plant species, 1 Charophyte and 12
mosses were retrieved and identified from the fish feces
(Table 1, TableS3). All vascular plant species and the
charophyte Nitella mucronata found were present in the
vegetation, whereas four moss species (Bryum gemmiferum,
Fissidens fontanus, Oxyrrhynchium speciosum, and Schistidium
crassipilum) were found in the feces, but were not detected in the
vegetation (Table 1).

Plant species composition and abundances differed between
the vegetation and the propagule bank (Figure3) and this
difference was captured by the 2nd ordination axis. The three
fish species were also differentiated along this 2nd ordination
axis, and Tench showed the highest similarity between egested
generative propagules (i.e., seeds of vascular plants) and species
abundances in the benthic propagule bank, whereas Rudd
showed the highest similarity between egested vegetative plant
parts and species abundances in the vegetation (Table 3). The
main difference (i.e., the 1st ordination axis) reflected that
only a small subset of the plant, algae and moss species that
were egested by fish had propagules present in feces in large
numbers (Figure 3).

Leaves of E. nuttallii and threads of filamentous algae growing
in the water column dominated the fecal samples, especially for
Roach and Rudd (Figure 3). Other common species growing in
the water column such as Callitriche obtusangula, Ceratophyllum
demersum, and Sagittaria sagittifolia, were absent or occurred
less frequently in the feces (Table 1, Figure 3). Free floating
duckweeds (Lemna minor and L. minuta) were egested most
by Rudd and Roach (Figure 3). Other common floating plants
such as Lemna trisulca and Spirodela polyrhiza were found only
infrequently (Table 1, Table S3).

In the sediment layer, the propagule bank is dominated by
seeds of Juncus effusus, Betula pendula, several grasses (Phalaris
arundinacea and G. maxima), Urtica dioica and Sparganium
emersum. Seeds of Veronica catenata were also frequently present
(Figure 3, Table S4, Figure S3). Reflecting their high abundance
in the propagule bank, seeds of . effusus, B. pendula, and grasses
were most frequently retrieved from the feces of the fish (Table 1,
Table S3). Significantly more seeds from J. effusus and grasses
were retrieved from the feces of Tench than those of Rudd
(Figure 3; ANOVA, P < 0.05).
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FIGURE 3 | PCoA-diagram for the first two axes, showing the relative positions
of vegetation (green) and propagule bank (yellow) samples, of the main plant
species (arrows) and of the samples with total number of plant parts found in
feces of each fish species (squares). Eigenvalues and explained variation of
axis 1 and 2 are 0.357 and 35.7%, and 19.5 and 19.5%, respectively.
Abbreviations of species names: first three letters of the genus name, followed
by the first three letters of the species name (for full names see Table S2).

Viable Plant Parts Found

In total, 88,579 vegetative fragments of vascular plants, 316
fragments of mosses and 14 fragments of Charophytes were
identified of which <<I1, 53.5, and 0% remained viable,
respectively (Table 1). Viability of filamentous algae was not
established. Thirteen vascular plant fragments, representing
4 species (E. nuttallii- Figure S5, Lemna minor, L. trisulca,
S. polyrhiza) regenerated from the feces of Rudd, whereas in
Roach and Tench only a single vegetative propagule appeared
viable. For mosses, 52.6% fragments, representing 6 species,
regenerated from feces of Roach, 45.1% fragments (7 species)
from feces of Rudd, and 62.7% (9 species) from feces of Tench
(Figure S3). Bryum argenteum was the most common moss
species and constituted 85% of the viable moss fragments in fish
feces (Table 1).

In total, 1,787 generative propagules of vascular plants were
identified of which 6.7% germinated, representing 15 species
(Table 1). For Roach, these numbers were 528 (identified),
4.2% (germinated), and 9 (species), respectively; for Rudd: 257
(identified), 11.7% (germinated) and 9 (species); for Tench:
1003 (identified), 6.8% (germinated), 10 (species). Seeds of
J. effusus germinated in highest numbers. From the Charophyte
N. mucronata viable oospores were found in feces of Roach and
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Rudd (Table 1). We detected seasonal patterns in egestion of
grasses, J. effusus and B. pendula, but not of Bryophyta (Figure 4).

Factors Related to Egestion of Viable
Seeds

Plant species were more likely to be dispersed, or at least egested
as viable seeds, if fish were bigger and water temperature was
higher (Table 2). The temperature effect was similar for all three
species, i.e., we found no significant fish-water temperature
interaction. Plant specific factors that increased the probability
of fish-mediated dispersal were abundance in the seed bank and
buoyancy of seeds. The beneficial effect of seed buoyancy was
fish species-dependent (Table 2). As indicated by the coefficients
of the interaction terms, seeds that float for a longer time
had a higher change of being dispersed in case of Rudd, but
buoyancy seemed to have no such beneficial effect with either
Roach or Tench as seed vectors. However, mean probability of
being dispersed was rather low, with modeled estimates never
exceeding a 10% probability (Table 2).

Compared to the regional species pool, i.e., all the different
plant species present in either the water or shoreline vegetation
(Table S4), ichthyochory seemed to be prevalent for a subset only,
comprising especially plant species with seeds that have both a
relatively high buoyancy and a relatively small size (Figure 5).
As indicated by high similarity in trait distribution between the
benthic seed bank and fish feces (Figure 5), traits that facilitate
incorporation in the seed bank may also facilitate dispersal by
the fish.

DISCUSSION

Successful dispersal of plants requires that seeds are ingested and
survive their journey in the intestinal tract before being egested.

In our previous work (Boedeltje et al., 2015), we addressed how
seeds differ in their ability to survive the process of ingestion,
mastication and digestion, showing that survival depended both
on traits of the plant seed (e.g., related to size and seed hardness)
and traits of the fish (e.g., related to mechanical or chemical
digestion). Since most studies employ pellets of fish food in
which plant seeds were enclosed, an open question is whether
fish actually ingest seeds under natural conditions in temperate
waters. Here, we have demonstrated that a range of generative
and vegetative propagules are being consumed under natural
conditions by temperate freshwater fish (Table 1). The quantity
and type of propagules consumed differs seasonally and may
partly depend on their availability in the field and the temperature
of the stream water. Moreover, there were differences across the
three fish species with respect to the strata in which they foraged
(water layer, sediment or vegetation) and with respect to their
preference for either plants or invertebrates (Figures1, 2). A
caveat of the current method is that diet is inferred from egested
plant and animal remains. The food items digested beyond
recognition were, therefore, missed in our counts, especially in
the case of prey without bones or chitin (Garvey and Chipps,
2012). While flushing of the stomach could have given a more
complete view of what food items are being ingested by the
fish, we opted for fecal collection as this provides unambiguous
evidence for the ability of plant propagules to survive ingestion
and digestion.

For Rudd and to a lesser extent for Roach and Tench,
vegetative and generative plant parts were mainly retrieved from
July to October, whereas in winter and spring the feces were
dominated by animal remains. This indicates that fish shifted
their feeding strategy from being mostly carnivorous to being
mostly herbivorous in a seasonal basis, corroborating previous
observations in both Roach (Brabrand, 1985) and Rudd (Guinan
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FIGURE 4 | Monthly mean number of seeds and bryophyte fragments per fish for Roach, Rudd, and Tench. The proportions of germinated seeds or regenerated
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research year).
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TABLE 2 | Coefficients and their significance of the binomial GLMM-model best
explaining the presence of plant species (as a viable seed) in feces of Rudd,
Roach, and Tench.

EFFECT

Random Variance SD
(1]sample) 0.16 0.40
(Water temperature | plant species)-intercept 0.55 0.75
(Water temperature | plant species)-slope 0.03 0.16
Fixed Estimate SE
Intercept 417 0.39"*
Water temperature 0.51 0.20*
Number of fish n.i.

Fish size 0.26 0.11*
Abundance in the sediment seed bank 0.58 0.22*
Abundance in the vegetation n.i.

Seed mass (Mg) n.i.

Seed buoyancy (days) -0.17 0.43
Fish species-Rudd 0.14 0.36
Fish species-Tench 0.48 0.33
Seed buoyancy * Fish species-Rudd 1.00 0.42*
Seed buoyancy * Fish species-Tench 0.73 0.417

All random and fixed main effects included in the model selection with tiered forward
selection are indicated. For fixed effects, estimates refer to estimated regression
coefficients, their standard error and significance. Except size and number of fish, all the
other main terms were also tested in interaction with fish species, but only coefficients
for significant interaction terms, and their constituent main terms, are indicated here.
Main and interaction terms for Rudd and Tench are relative to Roach, therefore no
separate coefficients for Roach are indicated. Coefficients for mean abundance in the seed
bank are based on natural log-transformed values. All the tested models included “plant
species” and “samples” as random intercepts. Total variance explained by this model (R?-
conditional) was 36 %. Levels of significance: f—margina//y significant P < 0.10, *P < 0.05,
**P < 0.01, P < 0.001; n.i., not included in the optimal model due to lack of significance.

et al., 2015). Even Tench, the fish which was least herbivorous,
consumed more food items of plant origin during the warm
summer and autumn months. Increasing water temperature and
more abundant growth of aquatic plants (Figure2) are the
likely mechanisms underlying this transition to herbivory (cf.
Guinan et al.,, 2015). As Cyprinidae, including Rudd, Roach,
and Tench, lack organs for the fermentation of cellulose by
microorganisms, herbivory may only be energetically beneficial
at elevated water temperatures when cellulolytic activity is higher
in aquatic ecosystems (Niederholzer and Hofer, 1979; Behrens
and Lafferty, 2007; Guinan et al.,, 2015). Plants also differ from
each other in stoichiometry, having different carbon to nitrogen
ratios. Stoichiometric considerations would predict that the
higher energetic requirements in warmer water allows for use
of food sources that are low in metabolizable nitrogen content
relative to carbon-rich compounds like fat or carbohydrates
which can be metabolized to generate energy (see Klaassen and
Nolet, 2008). It would therefore be interesting to consider plant
stoichiometry in future dispersal studies.

Our results indicate that all three fish species may contribute
to plant dispersal, but may differ in their dispersal propensity
across plant species. Differences in the consumption of either
vegetative or generative propagules could be partly related to
differences in foraging strategy. We could broadly confirm

the different foraging strategies reported in the literature:
Tench foraged most on benthos, consuming more animals that
preferred the sediment (Figure 2, Figure S6) and showing a
greater propensity to eat seeds present in the propagule bank
(Figure 3, Tables 1, 3), although the propagule bank was sampled
in March when Tench fed most on animal prey. Roach and
Rudd foraged most in the water column, consuming mainly
vegetative plant parts and Rudd appeared to forage more on
the water surface, eating more floating seeds (Table2) and
free-floating duckweeds. Still, there appears to be substantial
overlap in diet across fish species, especially when all seasons are
considered, suggesting that they are rather opportunistic feeders
and therefore all three of them can contribute to dispersal of a
broad range of plant species.

With regards to vegetative parts, E. nuttallii and filamentous
algae were dominant in the feces of Roach and Rudd while
other plant species such as C. demersum and L. trisulca were
largely absent from their feces, despite being common in the
vegetation. The absence of these latter plants from the feces could,
in theory, be explained by being fully digested. However, it is
more likely that certain plant species are more palatable and
therefore preferentially consumed. As experiments with Rudd
(Lake et al., 2002; Kapuscinski et al., 2014) and generalist snail
herbivores (Grutters et al., 2017) have shown, the consumption
rate of aquatic plants (e.g., Ceratophyllum demersum) with high
chemical defense (e.g., phenolic content) and low nutritional
quality is much lower than those of plant species with low
defense and high nutritional quality (e.g., Nitella flexilis, Elodea
canadensis, E. nuttallii). This implies that plant palatability
increases the probability of being vegetatively dispersed, provided
that propagules remain viable after gut passage. In our study,
the survival of vegetative vascular plant parts after gut passage
was extremely low (<<1%). We observed the regeneration
(regrowth into viable parts) from two stem fragments of E.
nuttallii (Figure S4), whereas regeneration from leaves of this
species (which were by far the dominant organs in the samples)
did not occur. Furthermore, only 11 duckweed plants with roots,
stems and leaves, present in 5 samples with a total of 46 fish,
were found to be viably egested. Although regeneration of egested
vascular plant fragments was very low, certain palatable vascular
plants were eaten frequently and could therefore be dispersed
via ichthyochory.

In contrast to vascular plants, 53.5% of the vegetative
bryophyte fragments regenerated. Nurminen et al. (2003) has
previously shown bryophytes to be part of the diet of Rudd, but
these authors did not establish viability of egested fragments.
Our study thus presents the first evidence that ichthyochory may
significantly contribute to vegetative dispersal of several aquatic
and riparian moss species, confirming earlier assumptions by
Glime (2017) and complementing dispersal by hydrochory
(Boedeltje et al., 2019). Given the small size (0.2-0.4 mm) of
egested moss fragments, and that they were found throughout
the year, we hypothesize that bryophytes were ingested when
fish were foraging in the soft sediment (including the propagule
bank with moss fragments) or feeding on invertebrates
living in moss cushions on submerged stones in the stream
(cf. Glime, 2017).
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Vegetative dispersal is also likely for filamentous algae.
Although we did not test the viability of egested filamentous
algae, it is likely that at least some algal threads remained
viable. Filamentous algae retained their green color and relatively
firm structure after gut passage, corroborating the assertion that
they are not affected by mechanical or chemical processing
in Cyprinidae (Sibbing, 1991). Vermeij et al. (2013) also
demonstrated that red and green macroalgae remained viable
after gut passage in herbivorous coral reef fishes.

Previous studies have highlighted bird mediated vegetative
dispersal of aquatic ferns and vascular plants (Lovas-Kiss et al.,
2018; Silva et al., 2018) and bryophytes (Wilkinson et al., 2017)
complementing our findings that fish may also be vectors for
vegetative dispersal of aquatic plant species. This suggests that
endozoochory of plant fragments is a widespread but overlooked
dispersal pathway.

With regard to generative propagules (i.e., seeds of vascular
plants), we observed a clear peak in summer for egested
seeds from grass species (mainly Poa trivialis and G. maxima).
This peak can be related to the period of seed shedding and
hydrochorous dispersal of P. trivialis and G. maxima (Boedeltje
et al., 2004). Fish likely have actively foraged on the seeds
of these grasses, as they are rich in nutrients (Hintze et al.,
2013). Moreover, we found that buoyancy positively affected the
probability of occurrence in the feces (Table 2), suggesting that
fish may have preferentially foraged upon seeds floating at the
water surface or in the water column, which seems most likely
for Rudd. Tench likely consumed seeds of grasses and B. pendula

TABLE 3 | Similarity percentages for egested vegetative and generative
propagules and the species pool of the vegetation and propagule bank,
respectively.

Similarity percentages

Vegetation Propagule bank
veg. prop. gen. prop. veg. prop. gen. prop.
Roach 134 30.5 10.2 16.2
Rudd 22.2 30.9 9.5 19.9
Tench 20.1 31.5 1.2 22.9

after they were incorporated into the sediment propagule bank.
This also matches with grass seeds being retrieved early in the
season for Rudd, and later in the season for Tench (Figure 4).

In contrast to the active foraging on grass seeds, seeds of
J. effusus where abundantly present in the sediment propagule
bank and numerous small (0.5mm) seeds of this species were
retrieved from the feces of Tench throughout the year. The
egested seeds germinated to a large extent, indicating that they
were not crushed and digested. Cyprinid fish have pharyngeal
teeth to crush and grind food but lack chemical digestion (Sibbing
and Witte, 2005), making seed hardness an important trait to
survive gut passage (Boedeltje et al., 2015). While seeds of grasses
such as G. maxima are relatively soft and comparable with
those of the soft-seeded Carex pseudocyperus (Boedeltje et al.,
2015), they were likely crushed and digested, but the small and
somewhat harder seeds of J. effusus could have slipped intact
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through the pharyngeal teeth. Germination percentages observed
in this study for J. effusus were comparable to those observed after
gut passage in common carp (Boedeltje et al., 2016).

The probability of finding a viable seed in the feces of fish
was higher in large than in small fishes, indicating that the
potential for effective seed dispersal might increase with body
size. This may reflect ontogenetic differences in diet as small
juvenile cyprinids feed mostly on invertebrates and switch to
a more herbivorous diet as they grow (e.g., Nurminen et al,
2003). This result is in accordance with the findings of Galetti
et al. (2008) and Costa-Pereira et al. (2017) for tropical fish.
However, in temperate streams a larger dispersal potential of
larger fish might apply only to small, relatively hard seeds.
As bite force of Cyprinidae increases with age, dispersal of
large, relatively soft seeds becomes increasingly unlikely in larger
fish (Boedeltje et al., 2015).

Whether fish are effective vectors for long-distance plant
dispersal depends also on the retention time in the digestive
tract of the fish (Pollux et al., 2006a) and the distances it
can travel during that time. Migration in fish may occur at a
range of spatial and temporal scales, from diel migration among
habitats to seasonal migrations on a landscape level (Lucas and
Baras, 2001). All three species studied here have been reported
to migrate seasonally between a tributary to the main river
(Hohausova et al., 2003; Pollux et al., 2006b; Nunn et al., 2010).
During winter, diurnal migration between a floodplain lake
and a connected channel was observed for Roach (Heermann
and Borcherding, 2006). Dispersal by fish may therefore enable
upstream dispersal. This could explain why population genetic
diversity, which is expected to increase downstream as a result of
hydrochorous dispersal without upstream compensation, was not
necessarily smaller upstream in a Belgium river (Honnay et al.,
2010; Wubs et al,, 2016). In addition, larger distances between
stream networks may be mediated by secondary dispersal where
fish and the plant seeds therein are consumed by piscivorous
birds (van Leeuwen et al., 2017).

The first step to successful dispersal is ingestion by fish. Our
results show ingestion is affected by water temperature and
season, palatability of plant vegetative parts, fish species and fish
size, and seed traits such as buoyancy, size, and seed hardness.
Even the most carnivorous species included in our study (Tench)
may contribute to plant dispersal as it forages preferentially on
seeds in the sediment, and seeds are more likely than vegetative
propagules to survive the journey in the intestinal tract of fish.
Despite substantial dietary overlap, three different fish species can
overlap in their roles as vectors for the dispersal of a range of
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