Ambio 2016, 45:99-109
DOI 10.1007/5s13280-015-0689-x

KUNGL.
VETENSKAPS:
AKADEMIEN

THE ROYAL SWEDISH ACADEMY OF SCIENCES

=
@ CrossMark

REPORT

Human-mediated dispersal of aquatic invertebrates

with waterproof footwear

Luis Valls, Andreu Castillo-Escriva, Francesc Mesquita-Joanes,

Xavier Armengol

Received: 22 March 2015 /Revised: 25 June 2015/ Accepted: 11 July 2015/Published online: 28 July 2015

Abstract Human-mediated dispersal has rarely been
considered in wetland conservation strategies at regional
scales, yet high concern exists about this aspect for
(inter-)national management considering invasive species
in other aquatic systems. In this context, we aim at
understanding the role of human-mediated dispersal by
footwear in protected wetlands with high conservation
value. Zooplankton and zoobenthos were sampled in 13
shallow lakes in central Spain and, at the same time, mud
attached to waders was collected and later cultured in
deionized water under laboratory conditions for 4 weeks.
Two-hundred and four individuals belonging to 19
invertebrate taxa were recovered after hatching;
Ostracoda (84 %), Cladocera (53 %), Copepoda (30 %),
Anostraca (30 %), and Notostraca (7 %) were the most
frequent groups among the hatched crustaceans. NMDS
and PERMANOVA analyses showed significant
differences between the dispersed (via footwear) and the
source active metacommunity, suggesting different
dispersal abilities among the species found. Human
vectors facilitate dispersal among protected lakes, which
could eventuality lead to biotic homogenization and faster
spread of non-indigenous species. Preservation strategies
and education campaigns associated to target humans in
close contact with water bodies should be imperative in
conservation management of protected lakes.
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INTRODUCTION

Historically, human populations have been crossing seas
and oceans for millennia (e.g., Strasser 1999; Derricourt
2005). Besides domesticated animals and plants, other
organisms associated with human watercraft, boots, and
clothes can be unintentionally transported making the first
potential events of long-distance dispersal by non-natural
mechanisms (Carlton 1999). Over the past two centuries,
transport movements increased exponentially, being more
international and faster than ever. These human-mediated
dispersal events have resulted in a global problem of alien
species invasions of great international concern (Auffret
et al. 2014).

Thousands of tourists but also many scientists come
from near and far to visit protected areas, a human activity
commonly permitted even encouraged in conservation
management (Worboys et al. 2005). In these cases, visitors
could act as unintentional vectors introducing organisms in
the protected area or dispersing local species elsewhere
(Pickering and Mount 2010). In addition, they may repre-
sent a new dispersal mechanism in the metacommunity
dynamics for patched zones or for a set of isolated habitats
in the same protected area (Auffret et al. 2014). In both
cases, human-mediated dispersal can represent a significant
problem to the preservation of the pristine conditions in
areas with high conservation value (Pickering et al. 2011).
Examples of documented invasions in inland waters
include the case of North American Great Lakes (Mills
et al. 1994) but also others by crustaceans such as Daphnia
lumholtzi G.O. Sars 1885 (Havel et al. 1995), Daphnia
pulex Leydig, 1860 (Mergeay et al. 2005), and Artemia

franciscana (Kellog 1906) (Amat et al. 2005).

In the last decades, research on the role of humans as
dispersers has notably risen (Auffret et al. 2014). Alien
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plants and invertebrates are among the main target groups
of research on human-mediated dispersal (e.g., Griffiths
et al. 1991; Ansong and Pickering 2014). The majority of
these studies focused on commercial transport (of goods
such as seeds, soil, aquaria, and machinery) and on
organisms attached to boats or in ship ballast waters (e.g.,
Carlton 1999; Reichard and White 2001; Escriva et al.
2012). This is mainly due to the rise of dispersal events
with the increase of international commerce, now further
expanded through the use of internet (Lenda et al. 2014);
e-commerce delivers, over new and traditionally routes,
different species to far away places producing an increase
of long-distance dispersal events. However, few studies
focused specifically on the impact of clothes and footwear
usage as unintentional dispersal vectors. A representative
example is the study by Pickering et al. (2011), who
investigated the impact of tourism as a dispersal vector of
plants in a protected area of Australia. Similar experiments
support the importance of clothes and car wheels in seed
dispersal (Pickering and Mount 2010). But analogous
studies involving other groups, such as aquatic inverte-
brates, are still scarce.

Aquatic invertebrates, and crustaceans in particular, are
represented by a high number of species in shallow lakes.
Many zooplanktonic and zoobenthic species produce dor-
mant eggs to survive periods of unfavorable conditions
(Alekseev et al. 2007). These eggs accumulate at the bot-
tom of lakes, building the so-called dormant egg bank
(Hairston et al. 1995). Nevertheless, only the first few
centimeters of the sediment, where eggs may hatch with
stimuli (salinity, temperature, light, etc.) constitute the
active egg bank (Caceres and Hairston Jr. 1998). Human
activities around water bodies (tourism, research, and
recreational activities) interact with this sediment (Fig. 1).
Dormant eggs could therefore be dispersed by humans,
which can then affect the dispersal dynamics of freshwater
invertebrates (Munoz 2010; Auffret et al. 2014). Although
there are many reports of human footwear as dispersers of
seeds in plants (Pickering and Mount 2010), only a few
studies have dealt with aquatic invertebrates being dis-
persed by humans walking on egg-filled lacustrine
sediments.

A recent approach to the study of human-mediated
dispersal by waterproof boots estimated, for the first time,
the potential of this mechanism to disperse aquatic inver-
tebrates and the implications for aquatic metacommunities
(Waterkeyn et al. 2010a). Anostraca, Ostracoda, and
Cladocera were the groups that hatched in higher propor-
tions of individuals, but the Protozoa (88 %) and Ostracoda
(40 %) were the most prevalent in the analyzed samples.
Waterkeyn et al. (2010a) found all of these groups to be
present in the egg bank of water bodies in the study area,
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and demonstrated that invertebrate propagules were trans-
ported by the sediment attached to footwear. This non-
standard vector may be an important mechanism connect-
ing biogeographic islands and affecting metacommunity
dynamics.

Besides the potential dispersal offered by footwear, this
might be notably enhanced by a superimposed transport
vector to cover larger distances (car, plane, ship, etc.). This
entails the possibility of long-distance dispersal (Water-
keyn et al. 2010a) and a potential invasion of alien species
in a new territory. In this way, a recent study demonstrated
how scientific activities can be a successful source for the
dispersal of alien species by footwear; Candona furtosae
Teeter 1980, a species only distributed in Florida, hatched
in Spain from the sediment accumulated in boots that had
been used by participants in an International Biogeography
Society meeting (Valls et al. 2014a).

Human-mediated dispersal is often overlooked in man-
agement strategies of continental water bodies. The studies
above and the high presence of human activities in aquatic
environments highlight human-mediated dispersal by
footwear as a mechanism to be taken into consideration in
invasion biology and conservation management. Under-
standing the role of this vector in aquatic communities is
essential for their preservation (Mufioz 2010). In this
framework, we provide a quantification of human-mediated
dispersal by footwear in a protected wetland area. We
focused our work on the potential dispersal of aquatic
invertebrates (mainly on microcrustaceans) via human
visitors, in order to understand their impact on the alter-
ation of dispersal routes in lake metacommunities.

MATERIALS AND METHODS
Study site

The shallow saline lakes of the Biosphere Reserve of “La
Mancha Himeda,” located on the southern sub-plateau of
the Iberian Peninsula, are unique ecosystems in the
Palearctic (Armengol et al. 1975; Florin and Montes 1999).
It is the largest steppic wetland area of Western Europe,
encompassing 30 000 ha and including 12 protected areas
(e.g., Tablas de Daimiel and Ruidera lakes). Seasonal,
intermittent, and semi-permanent lakes with a rich biodi-
versity and fragile conservation status are the focus of
conservation management. Nevertheless, some of them
have a hydrological regime disturbed by human activities.
Urban waste water spilled into the lakes from near locali-
ties and the reduction of groundwater level through aqui-
fers overexploitation by agriculture are leading problems
for their preservation (Florin and Montes 1999).
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Fig. 1 Picture taken at a saline lake (Pefiahueca) of “La Mancha Himeda” Biosphere Reserve illustrating foot tracks done during sampling
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Sampling, experimental design, and sample
processing

In December 2012, two kinds of samples were surveyed in 13
lakes (Fig. 2), some of them with a temporary hydrological
regime. Zooplankton and zoobenthos samples were collected
from the different microhabitats at the center of the lake
(reached by foot with waders) using hand nets. For zoo-
plankton, we used a 20-cm-diameter and 65-pm mesh size net,
filtering a total volume of approximately 0.6 m>. Zoobenthos
was collected using a rectangular (25 x 20 cm) hand net, with
a 250-pum mesh, swept over all different substrates observed
(up to an approximate substrate area of 2 m?). Samples were
immediately fixed with 4 % formaldehyde.

In order to perform a hatching experiment, after sam-
pling zooplankton and getting out of the lake (Fig. 1),
mud samples were collected with spatulas from the soles
of waders used by one person (#43, European size). Each
sample was stored separately in a plastic bag. Then, the
rest of the mud attached to the waterproof boots was
cleaned with spatulas and distilled water to reduce the
risk of contamination to the next lake. After being dried
at room temperature and stored for a 6-month resting
period in dry, cool (4 °C), and dark conditions, sediment
from each sample was placed in a Petri dish inside an
aquarium filled with 1L of deionized water. The

experiment ran for 24 days. The amount of sediment
obtained was not the same for all samples; when the (wet)
sediment obtained for each pair of boots weighed more
than 50 g, 3 replicated aquaria were set. In these cases,
the sediment was fractioned in 3 proportional parts. For
the remaining samples, we prepared only one aquarium
with all of the mud obtained from the boots. As a control
treatment, we cultured 3 aquaria without sediment.
Aquaria were placed in a culture chamber at a constant
temperature of 20°C and 10 h light: 14 h dark photope-
riod. Periodically, the content of each aquarium was fil-
tered through nylon nets with mesh size of 100 um and
the observed living organisms were extracted and counted
under a stereomicroscope. All the aquaria were sampled 6
times over 4 weeks (days 1, 4, 8, 12, 16, and 23 since the
onset of the experiment). Juveniles captured that could
not be identified (mostly Ostracoda) were cultured in
separate  100-mL microaquaria at the same culturing
conditions and grew up to obtain adults for a correct
identification (unless they died prior to attaining adult-
hood). These individuals were fed on mixed food fol-
lowing Schmit et al. (2007). Conductivity, oxygen content
(at day and night), and pH were measured on three
occasions (days 2, 13, 24) in each aquaria. Specimens
collected were identified to species level according to
Dussart (1967), Alonso (1996), and Meisch (2000).
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Fig. 2 Map of the study region and geographical locations of lakes sampled (dots). Light gray zones show water bodies included in “La Mancha
Himeda” Biosphere Reserve. Two close areas with high conservation value are also indicated: Tablas de Daimiel National Park and Ruidera

lakes Natural Park
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Statistical analyses

Multivariate statistics were used to compare the crustacean
community composition obtained in the field with the com-
position resulting from hatching experiments. Two non-
metric multidimensional scaling (NMDS) analyses were
carried out to assess the main patterns in the invertebrate
assemblages: one using the data matrix at the species level,
but excluding information on unidentified juveniles from the
dataset, and other including data on these juveniles but
pooling together taxa at the family level or above to be able to
compare the whole dataset although at a lower taxonomic
resolution. In NMDS, Hellinger distances were calculated
from the biological matrices based on presence—absence
data.

Royston’s multivariate normality tests were used to check
the biological matrix, which showed a non-normal distri-
bution. Consequently, we ran the ‘adonis’ function in R (see
below) to do a permutational multivariate analysis of vari-
ance (PERMANOVA) which was carried out on Hellinger
distances applied to presence—absence data from the bio-
logical matrix (including juveniles and at family level or
above) to compare the taxonomic composition between the
metacommunity hatched from boots mud (e.g., the set of
dispersed communities) and that sampled directly from the
lakes (the set of active communities). In addition, for both
datasets, i.e., using or not juveniles, two similarity percent-
age analyses (SIMPER) were carried out to examine which
species contributed most to the differences between dis-
persed and source active metacommunities. To check for
differences in oxygen content in the experiment between day
and night, a pairwise ¢ test was used. We also calculated the
Spearman correlation between the lake environmental
parameters (conductivity, oxygen content, and pH) and the

Hellinger distance calculated between dispersed and their
respective source active communities.

In the hatching experiment, we estimated the index for
timing of hatching (ITH), calculated as the median number
of days (incubation period) needed by a specific taxon to
hatch (Vandekerkhove et al. 2004) and the median velocity
of hatching (MVH), as the median number of individuals
hatched in each aquarium divided by the total experimental
time (number of days).

All statistical tests and ordination analyses were per-
formed in R ver. 2.12 (R Development Core Team 2013)
using libraries vegan (Oksanen et al. 2015), stats (R
Development Core Team 2013), MVN (Korkmaz et al.
2014), and labdsv (Roberts 2013).

RESULTS

No individuals hatched in the control samples. Electrical
conductivity (Table 1) increased throughout the experiment
and aquaria ended with a wide range of values
(0.26-4.86 mS cm™'). No significant differences were
determined in the oxygen measures between day and night
(p > 0.05). A total of 204 individuals and 19 invertebrate
taxa hatched during the experiment (Table 2). Invertebrate
hatchlings included mainly Ostracoda (84 %), Cladocera
(53 %), Copepoda (30 %), Anostraca (30 %), and Notostraca
(7 %). The species Dunhevedia crassa King 1853, Alona
salina Alonso 1996, and Leydigia acanthocercoides (S.
Fischer 1854) were collected from the experimental aquaria
but not directly from the lakes (Supplementary material S1).
Hence, 15 % of the hatched taxa were found only in the
experimental setting. On the other hand, 34 invertebrate
species were detected in the lake active communities, but in

Table 1 Physicochemical and hatching parameters measured from the experimental aquaria. Density individuals hatched per gram of wet
sediment attached to waders, MVH median velocity of hatching, Lake cond. conductivity in the lake, Cond. electrical conductivity in the aquaria

Lake Codes Density (Ind. g=') MVH (Ind. day™") Cond. (mS cm™") Lake cond. (mS cm™") pH 0, range (% Sat.)
Pueblo PED 2.39 6.33 03 +0.15 5.2 7.6+09 55-83
Alcahozo ALC 1.04 2.16 1.3 +0.78 217 75409 63-77
La Veguilla LVE 0.14 2.33 0.3 + 0.07 26 77410 60-85
Mermejuela MER 0.19 0.33 1.5 +0.58 115.1 73+£09 66-90
Nava Grande NGR 0.04 0.33 0.4 £0.19 22 7.6 £08 65-88
El Pardillo EPA  0.05 1 0.1 + 0.06 0.0 8.0+ 06 69-80
Larga Villacafias LAV~ 0.22 0.16 1.2 4+ 0.68 235 7.6+ 0.7 638-81
Manjavacas MAN 1.07 5.5 0.3 +0.17 9.7 78+ 0.8 67-135
Pozuelo POZ 0.12 0.66 1.1 + 0.67 11.9 7.6+ 0.8 63-83
Quero QUE 0.02 0.33 3.1+ 158 87.5 75408 42-80
Salicor SLC 332 19 1.7 £ 1.06 62.8 74 +£06 57-80
Yeguas YEG 0.00 0 3.6 + 1.66 106.2 784+ 04 23-80
Zahurdones ZAH 0.16 4 0.2 +0.12 0.4 8.3+ 0.2 63-80
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Table 2 Number of individuals and prevalence (percentage of samples) for species and higher level taxonomic groups hatched from mud
samples collected from boots. Symbol + indicates that taxa could not be reliably quantified. ITH index for timing of hatching (after Vandek-

erkhove et al. 2004)

Taxa Number of hatchlings Prevalence (%) ITH (days)
Anostraca
Artemia parthenogenetica 2 8.3 8
Anostraca sp. juveniles 21 25 11
Notostraca
Triops cancriformis 4 8.3 13
Cladocera
Daphnia mediterranea 1 8.3 23
Daphnia magna 3 16.6 19
Daphnia sp. juveniles 6 16.6 18
Leydigia acanthocercoides 1 8.3 18
Alona salina 6 16.6 18
Dunhevedia crassa 3 16.6 18
Pleuroxus letourneuxi 12 25 22
Eurycercidae sp. juveniles 7 333 21
Ostracoda
Eucypris virens 9 25 21
Heterocypris barbara 9 8.3 23
Heterocypris incongruens 2 8.3 18
Sarscypridopsis aculeata 1 8.3 23
Cyprididae sp. juveniles 103 75 16
Copepoda
Calanoida sp. 1 8.3 23
Cyclops sp. 1 8.3 23
Cyclopoida sp. juveniles 5 25 17
Oligochaeta sp. 16 25 -
Nematoda sp. 15 41.6 —
Rotifera sp. + 41.6 —
Acarina Sp. 4 16.6 —
Ciliata sp. + 16.6 —

contrast only 12 species were identified to species level in the
experimental hatchlings (Table 2). Taking into account the
wide range of amount of sediment collected from waders
(6.79-84.75 g), the number of individuals that hatched in the
experiment is here presented as values standardized per gram
of sediment, in order to determine the propagule pressure
(Table 1). The estimated velocity of hatching (MVH) is also
shown in Table 1. These variables give an idea of the
potential magnitude of egg banks in such lakes.

Results on the hatching pattern, as indicated by ITH,
showed that Artemia parthenogenetica Bowen and Sterling
1978, appeared mainly at day 8 followed by the rest of
large branchiopods (anostracans and notostracans)
(Table 2). One week later, we found ostracods, cyclopid
copepods, and most cladoceran species. Daphnia mediter-
ranea Alonso 1985, Heterocypris barbara (Gauthier and
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Brehm 1928), calanoids, and Cyclops sp. were the taxa that
needed longer incubation time at these conditions for
hatching.

Figure 3 shows a huge variability in the hatching pattern
for all taxa among samples. Nevertheless, a pattern close to
a unimodal distribution is observed for some taxonomic
groups through time during the first two weeks; Ostracoda,
Anostraca, and Cladocera hatched sequentially in a similar
pattern up to day 16 (Fig. 3). Copepoda and Notostraca,
present in lower abundances, did not show such distribu-
tion pattern through time. Despite this initial temporal
pattern, ostracods, cladocerans, and copepods increased to
the highest abundances later on day 23; notably pushing
ITH to higher values (Table 2).

Cumulative taxa richness increased throughout the
experiment, notably after day 12 (Fig.3). This day

© Royal Swedish Academy of Sciences 2015
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Fig. 4 NMDS ordination of crustaceans hatched in the experiment
using the data in the (coarse resolution) taxonomic range of juveniles.
Dot symbols represent active communities sampled directly in the
lake and triangles communities hatched in aquaria from boots mud.
Dashed arrows connect each boot sample with its respective lake
sample. Significant taxonomic groups (p < 0.05) are represented with
arrows in the plot. See text for further explanation

corresponds to a hatching maximum of cladoceran species.
Eventually, 14 taxonomic groups were recovered, but this
is probably an underestimation considering that many
juveniles could not be identified to species level. Indeed,
Ciliata, Oligochaeta, Nematoda, Rotifera, and Acarina
were not identified to species and were not properly sam-
pled due to the mesh size, but they could notably increase
the total species richness obtained in the experiment.

© Royal Swedish Academy of Sciences 2015
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Fig. 5 NMDS ordination of crustaceans hatched in the experiment
using data at species taxonomic level (i.e., excluding undetermined
juveniles). Dot symbols represent active communities sampled
directly in the lake and triangles communities hatched in aquaria
from boots mud. Dashed arrows connect each boot sample with its
respective lake sample. Significant taxonomic groups (p < 0.05) are
represented with arrows in the plot. See text for further explanation

The PERMANOVA analysis revealed significant dif-
ferences (p <0.05, F value 3.91, R? 0.15) between the
dispersed and active metacommunities. The ordination of
high level taxa shown by the NMDS that included juveniles
(Fig. 4), together with SIMPER results, showed that the
taxonomic groups that contributed most to differences
between the two sets of samples were Cyprididae
(10.42 %), Daphniidae (9.86 %), Anostraca (9.05 %), and
Calanoida (8.96 %). Cyprididae, the most abundant taxa
hatched in the lab, was the only group with significant
higher representation in the boots sediment samples hat-
ched in the lab, and Daphniidae was the taxa encountered
more frequently in field lake samples (mainly at low con-
ductivities). Hellinger distances between lake source active
communities and the corresponding dispersed communities
(Fig. 4) showed a negative correlation with the conduc-
tivity of lakes (p < 0.05, r = —0.79). Therefore, lakes with
high conductivity, which also present low species richness,
showed the lowest distance values between their active and
dispersed metacommunities.

Focusing on a higher taxonomic resolution but exclud-
ing juveniles, the NMDS obtained using species level
identifications (Fig. 5) presented two species that signifi-
cantly differed in relative abundance comparing active lake
samples and their corresponding experimental communities
hatched from boots mud: Daphnia magna Straus 1820,
which predominated in field samples from the active
metacommunity and Eucypris virens (Jurine 1820), mainly
dominant in the dispersed communities hatched in the lab
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from boots sediment. These two cosmopolitan and eury-
topic species contributed together to 15 % of community
differentiation according to SIMPER analysis. Other spe-
cies differing in importance between both groups of sam-
ples were Macrothrix hirsuticornis Norman and Brady
1867, Pleuroxus letourneuxi (Richard 1888), and
A. parthenogenetica. Lakes with high conductivity and
presence of anostracans, either found in the active com-
munities or in the experiments, ordered to the right of the
NMDS graph (Fig. 4). The rest of samples presented a wide
range of conductivities and communities mainly dominated
by cladocerans and ostracods.

DISCUSSION

Tourism, scientific research, and recreational activities are
considered major vectors for human-mediated dispersal in
protected lands (Pickering and Mount 2010). In the present
survey, we demonstrate the effective potential of such kind
of vectors in connecting wetland habitats. Nineteen inver-
tebrate taxa hatched from mud attached to waders used in a
set of protected lakes (Table 2), and probably a higher
number of species might be expected taking into account
the juveniles not identified to species level. In addition,
propagules that did not hatch from the sediment during the
duration of the experiment might also increment the
propagule pressure related to these vectors.

In the present survey, we found higher richness of
invertebrate taxa hatching from boots mud (including
copepod and notostracan species) than in similar studies
(Waterkeyn et al. 2010a), although this variation depends
on the taxonomical resolution attained in the survey. These
authors also found ostracods and cladocerans with high
prevalence in waterproof boots. But why did we find in our
experiments only 26.47 % of the invertebrate species found
in the field samples? According to Waterkeyn et al.
(2010b), lake salinity affects hatching patterns, survival,
reproduction, and development of individuals hatched.
Specific richness in most taxonomic groups is negatively
affected by salinity (e.g., Boix et al. 2008), and this con-
dition has a major effect on cladocerans (e.g., Jeppesen
et al. 1994). In addition, the temporal habitat selection
hypothesis suggests that species can adjust the timing for
hatching depending on the environmental conditions
(Vanoverbeke 2000). Probably, both reasons could explain
the absence or the low hatchlings in mud from lakes with
high salinity (e.g., Yeguas and Quero), also considering
that the field measures of conductivity in these water
bodies were very high (around 100 mS cm™'). Moreover,
the inter- and intra-annual variability of active communi-
ties and their production of resting eggs might also affect
discrepancies between active and egg bank communities,
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together with other environmental factors affecting com-
munity development (Waterkeyn et al. 2010b). In our
study, notostracans and anostracans were the groups that
needed the shortest time to hatch on average, although one
cyclopoid copepod and a few cypridid ostracods also hat-
ched so early in the experiments. These groups of crus-
taceans are typical inhabitants of short-hydroperiod
temporary waters (Alonso 1996; Meisch 2000), and some
have very fast life cycles adapted to grow and lay eggs
before a more complex food web, rich in predating
organisms, develops and drastically affects their population
densities (Anderson et al. 1999; Lahr et al. 1999).

Human activities associated to water bodies are common
in nature conservation areas. Invertebrate dispersal by
human vectors in protected lakes, as reflected in this study,
can have an important role in metacommunity structure
(Waterkeyn et al. 2010a). Pristine conditions could be
disturbed by such propagule pressure and consequently
promote new colonization events, directly affecting the
regional and local species diversity (Mouquet and Loreau
2003). High dispersal rate decrease B-diversity and could
increase, in some lakes, a-diversity. Consequently, the high
number of individuals per gram of sediment that we found,
the high variety of invertebrate taxa dispersed and the
intensive presence of human activities associated with
these protected lakes could be affecting not only local
processes, but also at the regional scale.

In our survey, Eucypris virens and Daphnia magna, two
cosmopolitan species found in a wide range of conditions
(Alonso 1996; Meisch 2000), were the species showing the
highest capacity to be dispersed by footwear. Some cryptic
species of the ostracod E. virens species group can be
considered endemic to Central Spain (Schmit et al. 2013),
but others are known as exotic invasive species in Australia
(Koenders et al. 2012). D. magna was the most abundant
cladoceran and the first crustacean colonizing several
recently restored temporary ponds in dune slacks of Spain
(Olmo et al. 2012). Daphnia lumholtzi, a congeneric of D.
magna from African and Asiatic lakes, is also an exotic
invader in America (Havel et al. 1995), and American
clones of D. pulex have been considered as exotic invaders
in Africa (Mergeay et al. 2005). These examples highlight
the high potential dispersal of the genus Daphnia and
particularly of D. magna. The observation of hatched Tri-
ops cancriformis (Lamarck 1801) in our experiments
demonstrated that it can also be dispersed by human vec-
tors. This species can predate on zooplankton resting eggs
(Waterkeyn et al. 2011), reflecting the negative effects that
it could have if introduced to a new habitat. Indeed, even T.
cancriformis which is native in the Iberian Peninsula, it is
considered invasive in Japan (NIES 2015). Transport of
these organisms may affect other taxonomic groups asso-
ciated to these water bodies so as those in close areas with
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high conservation value (e.g., Tablas de Daimiel and
Ruidera lakes). Indeed, the study area of “La Mancha
Humeda” Biosphere Reserve fulfills an important role as a
refuge and feeding ground for a number of birds in the
migration period (Florin and Montes 1999; Gosalvez et al.
2012). Species composition and abundances shifts in the
invertebrate metacommunities could modify the principal
food resources for many waterbirds. And these, in turn,
may also act as dispersal vectors not only for native and
even endangered species of aquatic invertebrates present in
the area (such as Candelacypris aragonica; see e.g., Roca
et al. 2000), favoring their metapopulation dynamics, but
also for exotic species, some of which are present in some
of the study lakes (see below) (Amezaga et al. 2002).

The presence and potential spread of exotic invasive
species is a key factor to take into consideration in con-
servation management. In recent times, the distribution
ranges of alien invertebrates have greatly expanded in
freshwater systems (Ricciardi 2015). Candonocypris
novaezelandiae (Baird 1843) is an exotic ostracod recently
discovered in Spain (Valls et al. 2014b) and in particular in
one of our study systems, lake La Veguilla in La Mancha
Biosphere Reserve (Supplementary material S1), so as in
other European countries (Scharf et al. 2014). Despite this
species did not hatch from any of the analyzed boot sam-
ples, this does not prevent that in the future C. novaeze-
landiae could be further dispersed by human activities.
A higher intensity of these vectors, so as secondary trans-
ports (e.g., car, train, and plane), will increase the possi-
bility of new colonization events. Especially so if we take
into account not only local movements of people, but also
international tourism (for instance, bird watchers), lake
management actions, and scientific activities (Pickering
and Mount 2010; Valls et al. 2014a).

Dispersal has also a significant role in the genetic struc-
ture of metapopulations. Immigration and emigration rates
among lakes affect the intraspecific diversity in a metapop-
ulation structure. Genetic diversity increases the possibilities
of confronting environmental changes, avoiding extinction,
and fuels speciation processes (Bilton et al. 2001). There-
fore, dispersal mechanisms are essential for the structure of
metapopulations and their possibilities to survive in these
unstable systems (e.g., shallow temporary lakes). However,
few studies have been carried out to understand the paper of
human dispersal vectors in these processes. New methods to
measure dispersal have been developed in recent years such
as the use of isotopes or fluorescent nanoparticles as egg
mimics (Carlo et al. 2009; Lard et al. 2010; Tesson and
Edelaar 2013). These new approaches could help under-
standing transport among lakes, retention time of mud
adhered to waterproof footwear when repeatedly used in
different sites, effects of dry and wet conditions for different
species, frequency of dispersal, etc.
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A more predictive understanding of impacts by human-
mediated dispersal in aquatic metacommunities should be
considered in future studies, particularly focusing on wet-
land conservation areas (Muifioz 2010; Cristescu and Boyce
2013). Pollution, urban wastewater, and overexploitation of
aquifers are the principal human activities usually under
control for conservation management in protected wetlands.
Attention must also turn to tourism, scientific, and recre-
ational activities associated with water bodies, because food
webs, dispersal rates, and invasive species distributions
could be modified by human vectors related to those activ-
ities. Cleaning protocols for footwear and clothes after their
use in water bodies should be established and distributed. For
instance, recommendations and protocols reported for mil-
itary equipment and personnel movements to prevent
human-mediated dispersal of invasive species (e.g.,
Cofrancesco et al. 2007) should be taken into consideration
in new conservation management strategies. Education
campaigns for tourists, scientists, governments, and com-
panies associated with activities in protected lakes should
also be planned and implemented. Future strategies should
be started as soon as possible in the light of what is coming
down the line to prevent biotic homogenization.

CONCLUSIONS

Human-mediated dispersal represents a vector with
capacity to disperse a huge range of invertebrate groups.
Aquatic invertebrates with diapausing eggs can be easily
transported passively by footwear and they can later hatch
in a new habitat, as demonstrated in our experimental
work. Some species, such as the pioneer and cosmopolitan
crustaceans Eucypris virens and Daphnia magna seem
specially fitted for such colonization processes. The timing
of hatching patterns under experimental conditions reflec-
ted different strategies between groups, with anostracan
hatchlings concentrated during the first weeks. Human and
other vectors transporting species among close lakes may
induce biotic homogenization in these protected water
bodies, and they might eventually favor larger scale inva-
sion processes. Therefore, controlling human activities
close to water bodies should be considered in conservation
programs of aquatic biodiversity.
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