Downloaded from rspb.royalsocietypublishing.org on June 27, 2012

PROCEEDINGS

—OF Proc. R. Soc. B (2012) 279, 2990-2997
THE ROYAL doi:10.1098/rspb.2011.2671
SOCIETY C\r?fSS%%rk Published online 28 March 2012

Relationship between propagule pressure
and colonization pressure in invasion
ecology: a test with ships’ ballast

Elizabeta Briskil:*, Sarah A. Bailey!, Oscar Casas-Monroy?,
Claudio DiBacco?, Irena Kaczmarska?, Colin Levings>:°, Michael
L. MacGillivary?, Christopher W. McKindsey’, Leslie E. Nasmith?,
Marie Parenteau?, Grace E. Piercey’, André Rochon?, Suzanne Roy?,
Nathalie Simard’, Maria C. Villac*, Andréa M. Weise’
and Hugh J. Maclsaac?

Y\Grear Lakes Laboratory for Fisheries and Aquatic Sciences, Fisheries and Oceans Canada, Burlington,
Ontario, Canada L7R 4A6
2Institut des sciences de la mer de Rimouski, Université du Québec a Rimouski, Rimouski, Québec,
Canada G5L 3A1
3 Bedford Institute of Oceanography, Fisheries and Oceans Canada, Dartmouth, Nova Scotia, Canada B2Y 4A2
*Department of Biology, Mount Allison University, Sackville, New Brunswick, Canada E4L 1G7
>Centre for Aquaculture and Environmental Research, Fisheries and Oceans Canada, West Vancouver,
British Columbia, Canada V7V 1N6
S Institute for Resources, Environment and Sustainability, University of British Columbia, Vancouver,
British Columbia, Canada V6T 174
7 Institut Maurice-Lamontagne, Fisheries and Oceans Canada, Mont-Foli, Québec, Canada G5H 324
8Great Lakes Institute for Environmental Research, University of Windsor, Windsor, Ontario, Canada N9B 3P4

Increasing empirical evidence indicates the number of released individuals (i.e. propagule pressure) and
number of released species (i.e. colonization pressure) are key determinants of the number of species that
successfully invade new habitats. In view of these relationships, and the possibility that ships transport
whole communities of organisms, we collected 333 ballast water and sediment samples to investigate
the relationship between propagule and colonization pressure for a variety of diverse taxonomic groups
(diatoms, dinoflagellates and invertebrates). We also reviewed the scientific literature to compare the
number of species transported by ships to those reported in nature. Here, we show that even though
ships transport nearly entire local communities, a strong relationship between propagule and colonization
pressure exists only for dinoflagellates. Our study provides evidence that colonization pressure of invert-
ebrates and diatoms may fluctuate widely irrespective of propagule pressure. We suggest that the lack
of correspondence is explained by reduced uptake of invertebrates into the transport vector and the
sensitivity of invertebrates and diatoms to selective pressures during transportation. Selection during
transportation is initially evident through decreases in propagule pressure, followed by decreased
colonization pressure in the most sensitive taxa.
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1. INTRODUCTION

Biological invasions by non-indigenous species (NIS) are
pervasive and considered by many researchers as a leading
threat to biodiversity [1]. While early studies sought to
relate invasion success mainly to species traits and/or
biotic and abiotic characteristics of the recipient habitat,
recent empirical and statistical evidence suggests that pro-
pagule pressure (PP; i.e. number of individuals released)
is of paramount importance [2—5]. The number of NIS
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in an ecosystem may, more generally, simply reflect the
number of species introduced [4,6].

Based on random sampling theory [7], where larger
sample sizes increase the probability of inclusion of rare
species, a recent study used log series modelling to simulate
the relationship between colonization pressure (CP; i.e.
number of species released) and PP for situations when
individuals are randomly entrained in and released from a
transport vector [4]. When only a small proportion of indi-
viduals were released, no relationship was observed
between the parameters; however, as the proportion of
the total community released increased, both PP and CP
increased, the former by a wider margin. Consequently,
larger inocula result in a higher probability of establishment
of NIS through a combination of higher CP and higher
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PP [4]. If supported by empirical data, this model could
have important implications for management of NIS inva-
sions. For example, managers could identify high-risk,
species-rich events within a transport vector by measuring
the total number of individuals rather than conducting dif-
ficult and time-consuming taxonomic surveys. While
several studies have explored the relationship between
abundance and species richness for different taxa in
nature, results have been mixed [8—12]. To our knowledge,
no similar studies exist for any transport vector, although
the modelling study used a ballast water scenario when
developing their conceptual model [4]. In theory, natural
patchiness exhibited by plankton [13,14] could produce
results counter to the model predictions [4] if uptake of
biota into the transport vector was non-random. Further,
even if a transport vector entrains species randomly, differ-
ential mortality or reproduction during transportation
could skew the diversity and/or abundance of organisms
released [15-17].

The shipping industry transports over 90 per cent of
world trade [18] and represents a leading mechanism
for spread of aquatic NIS globally [19-21]. Ballast
water typically contains abundant and diverse aquatic
life, including viable resting stages of many species
within ballast tank sediment [15,16,22—25]. Over the
past two decades, Canada and numerous additional
countries around the world have implemented ballast
water regulations to reduce the risk of new NIS introduc-
tions, though efficacy of these policies is mixed [23-33].

We tested the relationship between CP and PP by col-
lecting and analysing ballast water and sediment samples
for invertebrates, dinoflagellates and diatoms in ships vis-
iting ports in Canada and the USA. We tested three
hypotheses: (i) CP of a particular taxon is positively
related to PP of that same taxon; (ii) non-indigenous PP
and CP of a particular taxon is related to indigenous PP
and CP of that same taxon; and (iii) PP and CP of any
one taxon is related to the PP and the CP of other taxa.
Additionally, we tested the model’s assumption that taxa
are entrained into and survive in ballast tanks randomly
[4] by conducting a literature survey of the number of
species reported in nature, and analysing natural water
samples collected in European and Asian ports, and bal-
last water samples collected immediately after ballast was
loaded at European or Asian ports into tanks of ships des-
tined for Canada. We used these data to determine
whether CP associated with ballast water of commercial
ships is equivalent to that of natural communities.

While PP and CP are properly defined as measures of
NIS released in a particular location, we use PP and CP
to denote total abundance and species richness transported
in ships’ tanks, and NIS PP and NIS CP to denote abun-
dance and richness of non-indigenous taxa discharged
into recipient ports. This distinction was made to take
into account the fact that shipping networks are truly
global, while the designation of species as non-indigenous
to the recipient habitat is trip-specific, enabling examin-
ation of patterns independent of ballast discharge location.

2. MATERIAL AND METHODS

(a) Sampling, density counts and identification
Three hundred and thirty-three ballast water and ballast
sediment samples were collected between May 2007 and
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August 2009 inclusive, from ships arriving at Pacific and
Atlantic ports in Canada, and Laurentian Great Lakes’ ports.
Ships sampled serviced both international and domestic
routes, with some ships having performed mid-ocean ballast
water exchange (hereafter referred to as exchanged ships) and
others not (hereafter, unexchanged ships). Unexchanged
ships arrived from American or Canadian ports north of
Cape Blanco, Oregon, on the Pacific coast and north of Cape
Cod, MA, USA on the Atlantic coast, while exchanged ships
arrived from any other global port, in accordance with local
laws [32,33].

We collected 62 exchanged and 24 unexchanged ballast
water samples in the Pacific region, 46 exchanged and 21
unexchanged samples in the Atlantic region, and 21
exchanged samples in the Great Lakes (electronic sup-
plementary material, appendix S1). Sample sizes for ballast
sediment were 52 exchanged and 21 unexchanged in the
Pacific region, 46 exchanged and 21 unexchanged in
the Atlantic region, and 19 exchanged in the Great Lakes
region (electronic supplementary material, appendix S1).
We attempted to collect a single ballast water or ballast sedi-
ment sample from each ship to ensure independence of
samples. On 32 occasions, samples were collected from two
tanks on the same ship which had different ballast histories,
thus, sample independence was maintained. Additionally,
nine natural water samples were collected in European and
Asian ports and 12 ballast water samples were collected
immediately after ballast was loaded at European or Asian
ports into tanks of ships destined for Canada; the European
and Asian ports sampled were the ports of origin for most
ships sampled at arrival in Canada and/or the Great Lakes.

As a part of the Canadian Aquatic Invasive Species
Network, samples collected during this study were divided
and processed simultaneously by multiple academic and
government laboratories, each with taxon-specific expertise.
Methods for sample collection, enumeration and identification
may be found in the scientific literature [15,16,23-25,34,35].
Port samples were collected and processed following the same
methods as for ballast water.

(b) Literature review

We used Thomson Reuters’ Web of Knowledge 5.3 Scientific
Citation Index Expanded (SCI-EXPANDED), in July 2011,
to search for reports of plankton species richness at single
sampling stations from any region in the world published
between 1965 and 2011. We used the search terms ‘species’,
‘richness’ and ‘diversity’ singly and combined with ‘plankton’,
‘zooplankton’, ‘phytoplankton’, ‘invertebrates’, ‘dinoflagel-
lates’ and ‘diatoms’. Search results were then refined by
subject area, retaining only field topics broadly relevant to
ecology, including ecology, biodiversity conservation, environ-
mental sciences, marine freshwater biology, oceanography,
freshwater biology, biology and zoology. Recovered publi-
cations were reviewed for location-specific data on species
richness. As we were interested in species richness of local
communities (e.g. a specific port or bay) which may interact
with ships’ ballasting operations, publications reporting total
species diversity for large geographical areas (e.g. entire lake,
sea or river) were excluded.

(c) Statistical analysis

Based on previous research, data for CP:PP relationship
analyses were grouped into three categories: exchanged
water samples, unexchanged water samples and sediment
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Figure 1. Scatterplots and fitted regression lines with propagule pressure (PP) as the independent variable and colonization
pressure (CP) as the dependent variable for (a) invertebrates, (b) dinoflagellates and (¢) diatoms in exchanged and
unexchanged water, and sediment samples. All data are log-transformed. Asterisks denote significance at 0.05.

[15,23-25]. Abundance and species richness data for each
taxonomic group were log-transformed (log(x + 1)) to meet
assumptions of parametric tests, allowing for comparisons
between taxa. Samples containing zero individuals were
excluded from analysis since no relationship between CP
and PP is expected when a low proportion of individuals
are released [4]. A series of model II regression analyses
were conducted for every taxon with PP as the predictor vari-
able to determine if CP is related to PP. Regression slopes
and intercepts of significant relationships were compared
statistically [36]. Ten pairwise comparisons were conducted
to discriminate differences in regression estimates among
different ship categories, and among different taxa. Further,
we used model II regression analyses to test whether NIS PP
and CP were related to comparable values for indigenous
species for each taxon. Finally, we conducted model II
regression analyses to determine whether PP and CP for
one taxon could be used to predict results of another.
Literature reports of species richness in nature and results
from our port samples were grouped together for analysis of
natural local community richness. Natural local community
richness was compared with that from ships’ samples using
analyses of variance (ANOVA) and the ztest. Data for each
taxonomic group were log-transformed (log(x + 1)) to meet
assumptions of parametric tests. Two different ANOVAs
were applied to compare natural local species richness of
two taxa (invertebrates and diatoms) to that of ballast
water samples collected at the beginning of voyages and to

Proc. R. Soc. B (2012)

that of ballast water samples collected at the end of voyages.
Furthermore, a t-test was applied to compare richness of
dinoflagellates from ballast water to that of natural local com-
munities. All statistical analyses were conducted using
SYSTAT v. 11 (SYSTAT Software Inc., 2004). Significance
levels for statistical comparisons were adjusted for multiple
pairwise comparisons by Bonferroni-type correction with a
family-wise error rate of 0.05.

3. RESULTS

(a) Relationship between propagule and
colonization pressure

CP was positively related to PP for all three taxa examined in
water of exchanged ships, though there was no such relation-
ship for invertebrates in water of unexchanged ships or for
diatoms in sediment (figure 1). The relationship between
CP and PP was strongest for dinoflagellates in both
exchanged and unexchanged water samples (figure 1). The
regression line slope for the CP : PP relationship was signifi-
cantly steeper for dinoflagellates than for invertebrates or
diatoms in all cases, suggesting that incremental additions
of new individuals to ballast tanks preferentially favours
inclusion of new dinoflagellate species, or that they were
less sensitive to biotic and abiotic conditions during transport
(table 1 and figure 1). The CP:PP slope did not differ
between invertebrates and diatoms in exchanged water
samples, although the intercept was higher for the former
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Table 1. Results of z-tests comparing the estimated regression coefficients (slope and intercept) of analyses where propagule
pressure (PP) was a predictor variable for colonization pressure (CP). (Tests were conducted between different taxa
(invertebrates, dinoflagellates and diatoms) for different ship categories (exchanged water, unexchanged water and sediment
samples), and between different ship categories for different taxa. Significant p-values are presented in bold.)

slope intercept
comparison d.f. t P d.f. t p
ship category
exchanged water invertebrates—dinoflagellates 144 17.29 <0.001 145 6.07 <0.001
invertebrates—diatoms 179 0.73 0.466 180 12.03 <0.001
dinoflagellates—diatoms 179 16.57 <0.001 180 5.08 <0.001
unexchanged water dinoflagellates—diatoms 52 11.55 <0.001 53 1.16 0.25
sediment invertebrates—dinoflagellates 199 25.55 <0.001 200 11.53 <0.001
taxa
invertebrates exchanged water—sediment 183 0.00 1.00 184 11.93 <0.001
dinoflagellates exchanged water—unexchanged water 97 0.74 0.46 98 3.41 <0.001
exchanged water—sediment 199 8.11 <0.001 200 3.97 <0.001
unexchanged water—sediment 154 5.14 <0.001 155 0.37 0.71
diatoms exchanged water—unexchanged water 99 3.76 <0.001 100 1.27 0.20

group (table 1 and figure 1). There was no significant differ-
ence in the CP : PP slope for invertebrates in samples from
exchanged water or sediment samples, although the intercept
was higher for the former (table 1 and figure 1). For dinofla-
gellates, CP : PP slopes for both exchanged and unexchanged
water samples differed from that of sediment, although the
former two did not differ from each other. Estimated
intercepts for dinoflagellates were significantly different
between all three ship categories (table 1 and figure 1). The
significantly higher intercept for exchanged when compared
with unexchanged water samples, while having the same
CP : PP slope, indicates that additional species of dinoflagel-
lates were probably taken into tanks during mid-ocean ballast
water exchange (table 1 and figure 1). Diatoms in exchanged
water exhibited a significantly steeper CP: PP slope than
those in unexchanged water, though their intercepts were
similar (table 1 and figure 1), suggesting that mid-ocean
ballast water exchange reduces PP but not CP of diatoms.

(b) Relationship between indigenous and non-
indigenous species propagule and colonization
pressures

All significant relationships between indigenous and NIS
PP were negative (figure 2), indicating that ships trans-
porting a higher abundance of indigenous species have
lower abundance of NIS, and vice versa. The strongest
relationships were observed for invertebrates and diatoms
in unexchanged water samples and for dinoflagellates in
sediment (figure 2). All significant relationships between
indigenous and NIS CP were also negative (figure 3),
suggesting that ships transporting higher species richness
of indigenous species have lower species richness of NIS,
and vice versa. The relationship between indigenous and
NIS CP was strongest for diatoms in unexchanged water
and invertebrates in exchanged water samples (figure 3).

(c) Relationships between different taxa

PP of invertebrates, dinoflagellates and diatoms were
significantly, though weakly, related to each other in water
of exchanged ships (r* between 0.04 and 0.10) although
there was no relationship in unexchanged ships or in
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sediment. There also was no relationship of CP, NIS PP or
NIS CP between any of the taxa examined.

(d) Species richness in nature and at initial uptake
versus after transportation

Colonization pressure of dinoflagellates and diatoms
associated with ballast water of commercial ships were
equivalent to that of natural communities (table 2). How-
ever, in the case of invertebrates during initial uptake of
ballast, but also during the voyage, some selection
occurred resulting in reduced CP in ballast water com-
pared with natural communities (table 2). Collectively,
species richness of invertebrates in water was significantly
higher in nature than at the beginning of a voyage, and
both values were significantly higher than that recovered
at the end of a voyage (I'2,190 = 82.2, p < 0.001). Conver-
sely, there was no difference in the number of
dinoflagellate or diatom species reported in natural habi-
tats when compared with ships’ water samples (r= —1.1,
p»=0.25; F; 161 = 2.8, p = 0.059, respectively). Zero, 10
and 1 per cent of ships’ water samples and 21, 2 and 50
per cent of ships’ sediment samples did not contain any
species of invertebrates, dinoflagellates and diatoms,
respectively. The absence of taxa may be owing to season-
ality of plankton [27], but also owing to sample volume,
very low abundances may not be detected.

4. DISCUSSION

In situations where species introductions can be viewed as
the result of a random sampling process, the number of
species introduced should be positively related to the
number of individuals introduced [4,7]. Using a large
empirical dataset for the ballast transport vector, we
found such a relationship between CP and PP for dinofla-
gellates, but a very weak to non-existent relationship for
two additional taxa (invertebrates and diatoms). The gen-
erally absent to weak relationship between CP and PP
suggests either that species are not taken up randomly
by the transport vector or that selective pressures such
as harsh environmental conditions [16,17,44,45] and/or
biotic interactions [45,46] obscure the presence of this
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Figure 2. Scatterplots and fitted regression lines with indigenous propagule pressure (PP) as the independent variable and non-
indigenous propagule pressure (NIS PP) as the dependent variable for (a) invertebrates, (b) dinoflagellates and (¢) diatoms in
exchanged and unexchanged water, and sediment samples. All data are log-transformed. Asterisks denotes significance at 0.05.

relationship. By comparing species richness in natural
local communities to CP at initial uptake, or in the case
of dinoflagellates at discharge, it appears likely that
ships randomly entrain almost entire local communities
of dinoflagellates and diatoms, but not invertebrates,
into ballast tanks. Differences in uptake of phytoplankton
and zooplankton may be owing to active avoidance by
zooplankton, particularly for bigger species. Selection
during ballast uptake and transport appear to be impor-
tant factors in determining the pool of species available
to colonize new areas.

Most of the CP : PP relationships in this study exhibit
a relatively large range for CP and much narrower range
for PP, indicating that selective pressures during trans-
port mostly reduced PP. This finding is supported by
the similarity between species richness of native local
communities and CP before and after transport for
diatoms and CP after transport for dinoflagellates.
A previous study also showed reduction in PP and no
reduction in CP for diatoms [17]. For diatoms, the rela-
tively high decrease in PP, particularly for ships with
relatively high CP, led to weakening of the CP:PP
relationship. The opposite was observed for dinoflagel-
lates, where the CP:PP relationship was very strong,
suggesting little or no influence of transport on either
CP or PP in water, although small reductions in PP
were observed for sediment. The CP:PP relationship
for invertebrates was more complicated. As, on average,
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less than 50 per cent of species in nature were taken
into the transport vector, and we observed a significant
decrease in CP after transport, we assume that PP also
must have decreased. Collectively, the results for different
taxa indicate that selection during transport initially
reduces PP, followed by loss of CP for more sensitive
taxonomic groups. While this is, to our knowledge, the
first study to examine the role of environmental factors
on the relationship between density and species richness
in a transport vector, the CP : PP relationship was depen-
dent on water depth for aquatic gastropods and
nematodes [8,10]. A strong environmental influence on
the community composition of lizard species was also
documented with higher temperatures creating more
species-rich communities without changes in abundance
of individuals, and weakening the relationship between
abundance and species richness [11,12].

The abundance and diversity of taxa within a vector ulti-
mately depend on the community composition in the
source region. The inverse relationship observed between
indigenous and NIS supports the intuitive idea that a trans-
port vector taking taxa farther from the point of discharge
will transport a proportionately higher abundance and diver-
sity of NIS and consequently pose a higher invasion risk.
However, the same negative relationship between indigenous
and NIS PP and indigenous and NIS CP was exhibited by the
transport vector operating within a single biogeographic area
(i.e. unexchanged ships). The negative relationship between
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Figure 3. Scatterplots and fitted regression lines with indigenous colonization pressure (CP) as the independent variable and non-
indigenous colonization pressure (NIS CP) as the dependent variable for (a) invertebrates, (b) dinoflagellates and (¢) diatoms in
exchanged and unexchanged water, and sediment samples. All data are log-transformed. Asterisks denotes significance at 0.05.

Table 2. Mean species richness (min—max) from nature, from ballast water sampled at initial uptake (start of voyage), and
from ballast water sampled after transportation (end of voyage). (no., denotes the number of samples.)

nature ships: initial uptake ship: end of voyage
mean species richness mean species mean species
taxa no. (min—max) no. richness (min—max) no. richness (min—max)
invertebrates 38 49.9 (10-59) [37-40] 12 23.5 (12-40) 141 12.1 (0-53)
dinoflagellates 7 15.3 (2-39) [39,41-43] n.a. n.a. 114 10.8 (0-39)
diatoms 16 17.8 (1-64) [39,41-43] 8 12.7 (5-20) 137 11.8 (0-38)

diversity of indigenous and NIS within a biogeographic
region is consistent with, but not proof of, biotic resistance
(sensu [47]). Given that the strongest relationships were
observed for diatoms, for which even native marine biodiver-
sity in Canada is understudied [48], this counterintuitive
finding might also result from numerous undetected
invasions and/or cryptic species (i.e. status as native or NIS
unknown [49,50]). Additionally, it is unlikely that a literature
review will provide an exhaustive description of the full
diversity of any area.

Contrary to the model prediction that increases in PP
should be followed by increases in CP and vice versa [4],
our study provides evidence that CP of invertebrates and
diatoms may fluctuate widely irrespective of PP. This
finding suggests that a decrease in PP during the transpor-
tation phase is not necessarily connected with a decrease
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in CP, leaving open the question if reduced PP, but no
change in CP, through vector management would directly
(linearly) impact invasion risk? The PP model suggests
that the probability of successful invasion is reduced by
reducing the number of inoculation events or by reducing
the number of propagules released per event, owing to
increasing environmental and demographic stochasticity,
respectively [3—5]. Even though our data suggest that
CP may not diminish markedly with a reduction in propa-
gule delivery, the expected increase in demographic
limitations owing to reduced PP is expected to reduce
overall invasion success. To further estimate invasion suc-
cess, abiotic parameters of donor and recipient habitats
should be considered. Although PP and CP may be
high, a species’ success is unlikely if the donor and recipi-
ent habitats are very different in their abiotic parameters;
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marine species probably will not establish in freshwater
bodies even if introduction effort is high. We anticipate
that additional efforts to explore the CP : PP relationship
could greatly increase understanding of the invasion pro-
cess, which may, in turn, be used to reduce risks of new
invasions globally.

The results of this study show that even though some
transport vectors entrain nearly entire local communities,
the relationship between CP and PP is taxon-specific and
strongest for dinoflagellates. We suggest that the CP : PP
relationship is weakened or even lost for some taxa
owing to selective uptake by the transport vector (invert-
ebrates) and/or survival during transport (invertebrates
and diatoms). Selection during transportation is initially
evident through decreases in PP, followed by decreased
CP in the most sensitive taxa. Selective pressures during
uptake and transport of taxa by a vector are important
factors in the invasion process.
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