Chapter 33
Invasions of Estuaries vs the Adjacent Open
Coast: A Global Perspective

Rikke K. Preisler, Kerstin Wasson, Wim J. Wolff, and Megan C. Tyrrell

33.1 Habitat Differences in Marine Invasion Rates

Invasions by alien species have been reported from every marine habitat where
surveys have been conducted for them. Conspicuous examples from around the
globe include the brown alga Sargassum mangarevense in tropical coral reef sys-
tems (Andréfouét et al. 2004), the bivalve Mytilus galloprovincialis along temperate
rocky shores (Steffani and Branch 2003), and the reef-building polychaete,
Ficopomatus enigmaticus in estuaries (Schwindt et al. 2004). Despite numerous
examples of marine invaders from a variety of habitats, little is known about how
invasion rates of entire assemblages of organisms compare between different
marine habitat types. And indeed most marine habitats have not been thoroughly
surveyed — the majority of our understanding of marine invasions comes from
shallow near-shore environments.

Some studies have attempted to quantify habitat differences in marine invasions,
examining assemblages (both natives and aliens) at different scales. Within estua-
rine ecosystems, focus has been on comparisons between different salinities and
substrates. (In this chapter an estuary is considered to be a ‘partly enclosed body of
water by the coast in which sea water and fresh water mix*‘ (Little 2000).) Wolff
(1973) examined the benthic macroinvertebrates of four major estuaries in the
Netherlands. He found that in the high salinity parts of these estuaries about 2% of
the species were alien, in the brackish part about 20%, and in the tidal freshwater
part about 8%. In non-tidal brackish waters the share of alien species was about
28%. Wolff (1999) re-analyzed these data and included three more estuaries in the
northern Netherlands and Germany. He found that tidal and stagnant low salinity
habitats of seven Dutch and German estuaries harbored a higher proportion of alien
species (about 20%) than estuarine high salinity habitats (about 6%). This pattern
was not clearly related to propagule pressure (harbors and aquaculture were not
focused in the middle salinity). Lee et al. (2003) found that patterns of invasion
varied along an estuarine gradient in San Francisco Bay; soft-bottom benthic com-
munities at estuarine salinities were more invaded than communities at either
brackish or marine salinities. Wasson et al. (2005) found hard substrates to be more
invaded than soft substrates, and a site near the mouth of an estuary to be less
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invaded than a site nearer the head of an estuary in Central California, despite the
harbors in this estuary being closer to the mouth.

Few studies have made comparisons between habitats within versus outside of
estuaries. Reise et al. (1999) examined benthic macroinvertebrates on the North Sea
coast, and found that 6% of species were alien in coastal habitats as well as in high
salinity estuarine habitats, while 20% of species in the brackish parts of estuaries
were alien species. Wasson et al. (2005) found that while about 11% of the inverte-
brate species within a Californian estuary were alien, only 1.5% of those on the
adjacent open coast were.

Understanding habitat differences in invasion rates is critical for development
and implementation of management strategies (see also Chap. 7, Johnston et al.;
Chap. 8, Miller and Ruiz; Chap. 12, Olyarnik et al.). As a first step, identifying those
habitats that appear to be most vulnerable to establishment of alien species, and
those most susceptible to major impacts from invasions is valuable for focusing pre-
vention efforts. Second, unraveling the mechanisms behind invasion success vs fail-
ure in different habitats is critical for developing control strategies. Here we attempt
to provide a global perspective on differences in invasion rates between estuaries vs
adjacent open coast habitats in temperate zones, as one of many possible explora-
tions of habitat differences in invasion rates at a broad geographic scale.

33.2 An Estuarine Emphasis to Marine Invasion Research

Traditionally, marine invasion research has been focused especially intensely on
estuarine habitats. Pioneering studies were conducted in estuarine habitats, for
instance by Dolgikh (1969) in the Tiligul Estuary, Ukraine and Carlton (1979) in
San Francisco Bay, California. Most comprehensive recent syntheses of alien
marine diversity (e.g., Cohen and Carlton 1995; Hewitt et al. 1999; Ruiz et al.
2000) focus on estuaries.

The focus on estuaries presumably stems from qualitative observations of their
comparatively high invasion rates. Estuaries are often the sites of intensive human
activities such as shipping and aquaculture, especially of oysters. These two human
activities are considered responsible for the majority of marine introductions (Carlton
1989; Cohen et al. 1995; Carlton 1996; Ruiz et al. 1997; Reise et al. 1999; Emmett et
al. 2000; Wolff 2005). Additionally, alien species may have a particularly good
opportunity to become established in estuaries because low native species richness
may render competition with natives weak (Elton 1958; Lodge 1993; Wolff 1973,
1999), because human alterations such as pollution and diking result in natives not
being well adapted to current conditions (e.g., Byers 2002; Kennish 2002; Chap. 14,
Byers), or because the semi-closed circulation of larvae allows for retention of small
populations (Wasson et al. 2005). Despite these multiple explanations for high estua-
rine invasion rates, there has been no broad scale assessment of whether estuaries are
in fact more invaded than adjacent coastal habitats. We therefore provide such an
evaluation as a means to explore the above hypotheses in greater depth.
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33.3 A Synthesis of Global Temperate Invertebrate Data
on Invasions

33.3.1 Estuarine vs Open Coast Invasions

In order to broadly characterize estuarine vs coastal invasion rates globally, we
solicited invertebrate datasets from researchers around the world. We requested
data from surveys with comparable search effort in adjacent estuarine vs open coast
habitats. We obtained four comprehensive invertebrate datasets (native, alien, and
in some cases, cryptogenic species) and four additional datasets for only alien spe-
cies, all for temperate zones (Fig. 33.1, Table 33.1). The datasets were collected for
various purposes, with different sampling effort, taxonomic focus, and substrate
types between regions. It would have been more desirable, of course, to have a sin-
gle team consistently collect and identify specimens from all sites, using an identi-
cal protocol everywhere; such an investigation would yield sound, comprehensive
results. Until such an investigation is undertaken, analysis and synthesis of data sets
collected by different teams is useful for suggesting interesting preliminary trends
in global invasion rates of estuaries vs coasts.

While search effort differed between coasts, search effort between estuaries vs
adjacent coasts was broadly similar for each regional pairing. For the most part,
similar substrate types (e.g., hard vs soft; vegetated vs unvegetated areas) and
depths were searched in each regional pairing (Table 33.2). Hence, the comparisons
of invasions between estuaries and open coasts appear robust. Comparisons

Fig. 33.1 Eight regions used for global comparison of estuarine vs coastal invertebrate invasion
rates. Numbering corresponds to Table 33.1
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between regions in proportions of alien/native species are also likely sound, but
comparisons of absolute numbers of alien species between regions are weaker,
since search methods and effort differed. We report on trends between regions but
emphasize that further studies, with consistent methods across regions, are needed
for more rigorous assessments. We omitted species that are known to occur only in
harbors in either habitat, thus our analysis pertains only to alien species that have
established outside harbors. Finally, only established aliens were included in all
databases; species that were only ever seen once, or were anecdotally reported as
alien species were not included in the data sets.

For the four comprehensive datasets, we found that the percent of all inverte-
brates that were alien was higher, but not significantly (paired ¢-test, df=3, p<0.203),
for estuaries (11.9%) vs coasts (7.9%) (Table 33.3). However, for three out of four
of these regions, estuaries had a noticeably higher percentage of alien species than
coasts (Fig. 33.2).

For all eight datasets of alien species, we found that on average 86.9% of the
total number of alien species in a region occurred in estuaries whereas as only
33.2% occurred on the open coast. This result was highly significant (paired #-test,
df=7, p<0.006). In six of the eight regions, there were clearly more alien species
in the estuaries than on the open coasts (Fig. 33.3). For most regions, the majority
of recorded alien invertebrates occurred only in estuaries, with only a few present
on the coast or in both estuary and coast (Table 33.4).

Overall, our global dataset includes 198 alien invertebrates (Table 33.5). Of
these, nine are found only in coastal habitats around the world, while the rest occur
in estuaries (solely, or both in estuaries and on the open coast). This result provides
a striking contrast. Patterns for the four major taxa included in most surveys are similar
to the combined data for all taxa, but a few patterns are noteworthy. It appears that

Table 33.2 Surveyed habitats for four regions®

Northeast Northwest Southwest Northeast

Habitat Depth Substrate Pacific Atlantic Atlantic Atlantic
Coast Intertidal Soft No No Yes Yes
Hard Yes Yes Yes Yes
Vegetation No Yes Yes Yes
Subtidal Soft No No Yes Yes
Hard No No Yes Yes
Vegetation No No Yes Yes
Estuary Intertidal Soft Yes No Yes Yes
Hard Yes Yes Yes Yes
Vegetation No Yes Yes Yes
Subtidal Soft No No Yes Yes
Hard No No Yes Yes
Vegetation No No Yes Yes

*List of habitat types, depth ranges (intertidal, subtidal), and substrate types surveyed in regions
for which both alien and native species information was available



Table 33.3 Comparison of invasion rates across four regions®

Estuary

Coast

Native Cryptogenic Alien Native

Cryptogenic  Alien

North East Pacific (Central California)

Annelids 90% (122) 6.5% (9) 3.5% (5) 99.5% (185) 0.5% (1) 0% (0)

Molluscs 91% (141) 0.5% (1) 8.5% (13) 99% (198)
Crustaceans  87% (134) 1.5% (2) 11.5% (18) 100% (79)
Bryozoans 35% (6) 24% (4) 41% (7) 87.5% (49)

All Taxa 84% (455) 5% (29) 11% (60) 96% (567)
North West Atlantic (New Hampshire)

Annelids 100% (2) 0% (0) 0% (0) 100% (4)
Molluscs 91% (10) 0% (0) 9% (1) 89% (8)
Crustaceans  78% (7) 0% (0) 22% (2) 60% (3)
Bryozoans 333% (1) 333% (1) 33.3% (1) 100% (1)
All Taxa 78% (25) 3% (1) 19% (6) 79% (23)
South West Atlantic (Argentina)

Annelids 83% (5) 0% (0) 17% (1) 100% (10)
Molluscs 100% (5) 0% (0) 0% (0) 100% (11)
Crustaceans  100% (6) 0% (0) 0% (0) 86% (12)
Bryozoans 0% (0) 0% (0) 0% (0) 100% (1)
All Taxa 89% (16) 0% (0) 11% (2) 95% (59)
North East Atlantic (Netherlands) — 1973

Annelids 9% (719) - 1% (1) 98% (51)
Molluscs 89% (56) - 11% (7) 96% (25)

Crustaceans  91% (60) 9% (6) 91% (31)

All Taxa 93% (195) 7% (14) 96% (107)

0.5% (1) 0.5% (1)
0% (0) 0% (0)

7% (4) 5.5% (3)
25%(13)  1.5% (8)

0% (0) 0% (0)
0% (0) 11% (1)
0% (0) 40% (2)
0% (0) 0% (0)
0% (0) 21% (6)
0% (0) 0% (0)
0% (0) 0% (0)
0% (0) 14% (2)
0% (0) 0% (0)
0% (0) 5% (3)
- 2% (1)
- 4% (1)
- 9% (3)
- 4% (5)

“Percent (and absolute number in parentheses) of total invertebrate species that were native,
cryptogenic and alien are shown for adjacent estuarine and open coast habitats, for four taxa

surveyed in most studies and for all taxa combined
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Fig. 33.2 Percent of total documented invertebrate species that were alien, in coastal vs estuarine

habitats in four regions
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Fig. 33.3 Number of alien invertebrate species that were found in coastal vs estuarine habitats in

eight regions

Table 33.4 Comparison of habitat associations of alien species across eight regions?

Taxon Estuary only Estuary & Coast Coast only
Northeast Pacific (Central California)

Annelids 100% (5) 0% (0) 0% (0)
Molluscs 93% (14) 7% (1) 0% (0)
Crustaceans 100% (17) 0% (0) 0% (0)
Bryozoans 63% (5) 37% (3) 0% (0)
All taxa 87% (52) 13% (8) 0% (0)
Northeast Pacific (Southern California, San Diego)

Annelids 100% (11) 0% (0) 0% (0)
Molluscs 56% (5) 33% (3) 11% (1)
Crustaceans 100% (24) 0% (0) 0% (0)
Bryozoans 100% (6) 0% (0) 0% (0)
All Taxa 94% (66) 4% (3) 2% (1)
Southwest Atlantic (South America, Argentina)

Annelids 0% (0) 100% (2) 0% (0)
Molluscs 100% (3) 0% (0) 0% (0)
Crustaceans 67% (4) 0% (0) 33% (2)
Bryozoans 0% (0) 0% (0) 0% (0)
All Taxa 73.3% (11) 13.3% (2) 13.3% (2)
Northwest Atlantic (New Hampshire)

Annelids 0% (0) 0% (0) 0% (0)
Molluscs 0% (0) 100% (1) 0% (0)
Crustaceans 0% (0) 100% (2) 0% (0)
Bryozoans 0% (0) 100% (1) 0% (0)
All Taxa 0% (0) 100% (6) 0% (0)

(continued)
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Table 33.4 (continued)
Taxon Estuary only Estuary & Coast Coast only

Northeast Atlantic (Ireland)

Annelids 100% (1) 0% (0) 0% (0)
Molluscs 86% (6) 14% (1) 0% (0)
Crustaceans 80% (8) 10% (1) 10% (1)
Bryozoans 0% (0) 0% (0) 0% (0)
All taxa 77% (17) 14% (3) 9% (2)
Northeast Atlantic (Netherlands)

Annelids 86% (12) 7% (1) 7% (1)
Molluscs 70% (14) 25% (5) 5% (1)
Crustaceans 62% (16) 27% (7) 11% (3)
Bryozoans 100% (7) 0% (0) 0% (0)
All Taxa 78% (68) 16% (14) 6% (5)
Northeast Atlantic (France)

Annelids 25% (1) 0% (0) 75% (3)
Molluscs 33% (1) 0% (0) 67% (2)
Crustaceans 100% (2) 0% (0) 0% (0)
Bryozoans 0% (0) 0% (0) 0% (0)
All Taxa 449% (4) 0% (0) 56% (5)
Southeast Atlantic (South Africa)

Annelids 0% (0) 0% (0) 0% (0)
Molluscs 67% (2) 0% (0) 33% (1)
Crustaceans 100% (1) 0% (0) 0% (0)
Bryozoans 0% (0) 0% (0) 0% (0)
All Taxa 80% (4) 0% (0) 20% (1)

“Percent (and absolute number in parentheses) of alien species that were found only in
estuaries, in both estuary and coast, or only on the open coast are shown for four taxa
surveyed in most studies and for all taxa combined

bryozoans are almost exclusively invaders of estuarine, not coastal habitats. Of the
four data sets that provided data on all types of species, a minority of the estuarine
bryozoan species present are native (Table 33.3), and almost all reported alien bryo-
zoans occur in estuaries (Tables 33.4 and 33.5). In contrast, crustaceans are the most
common invaders of coastal habitats (Tables 33.4 and 33.5). Although we only syn-
thesized invertebrate data in this study, greater numbers of estuarine vs coastal aliens
have also been noted for algae (Wolff 2005, for the Netherlands) and fish (Crooks,
personal communication, for southern California).

33.3.2 Regional Differences in Estuarine vs Coastal Invasions

Examination of our global comparison of estuarine vs coastal invertebrate inva-
sions reveals striking regional differences (Table 33.3). Of course, these differences
may in part be due to differences in search effort or sampling method, because these
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were not consistent across regions. We suspect, however, that at least the most pro-
nounced differences are real.

For the four comprehensive datasets, we found that the difference between
coast and estuary was most dramatic in California, where 1.5% of documented
coastal invertebrates vs 11% of estuarine invertebrates were alien (Table 33.3).
The same trend of lower percentage of aliens in coastal vs estuarine habitats was
present in Argentina (5% vs 11%, for a very low sample size) and the Netherlands
(4% vs 7%), but much less pronounced (mostly due to higher coastal invasion
rates). In New Hampshire, coastal and estuarine habitats had similar percentages
of aliens (21% vs 19%), much higher in both habitats than in the other regions.
Survey methods differed between regions, with those in California and the
Netherlands representing extensive searches over many years, while those for
Argentina and New Hampshire consisted of more focused, shorter efforts. (A
more focused, short-term survey at the same estuary in California detected only
47 total species, with aliens representing 21% of species in soft substrates, 52%
on hard substrates — much higher than the 11% overall level calculated when
every native species ever reported for the estuary is included in the analysis;
Wasson et al. 2005). Nevertheless, we suspect that the general pattern — no dif-
ference in estuarine vs coastal invasion rates in New Hampshire, vs marked dif-
ferences in the other three regions (Fig. 33.2) — is real and will be borne out by
more consistently designed future comparisons.

In the comparison of habitat associations of alien species from eight regions,
strong differences also emerged. In six regions (Central and Southern California,
Argentina, South Africa, Ireland, and the Netherlands), there was a markedly
higher number of alien species documented from estuarine vs coastal habitats (Fig.
33.3) — more than 70% of aliens from these regions were reported exclusively in
estuaries (Table 33.4). In two regions (New Hampshire and France), numbers of
alien species in estuaries vs coasts were similar (and in both cases low). Detailed
patterns for these latter two differed: in New Hampshire, the six documented aliens
all occurred in both estuarine and coastal habitats, while in France, none of the spe-
cies occurred in both habitats (four aliens were found only in the estuary, and five
only on the coast).

Not only did habitat associations of aliens differ among the eight regions, but
also the absolute number of aliens recorded from each region (Table 33.4 and Fig.
33.3). California and the Netherlands have many more documented aliens (60 or
more) than the other regions (which have 4-22 alien species). This result may sim-
ply reflect greater search effort, and should be compared to findings of other
biogeographic syntheses (see also Chap. 2, Carlton).

Our compilation of alien species (Table 33.5) also reveals that 18 species are
common invaders, shared across at least 3 regions. These are well-known aliens
reported in other major syntheses of global invasions (Ruiz et al. 2000). None of
these common invaders occurs only in coastal habitats — this cosmopolitan suite of
aliens is mostly comprised of estuarine specialists, and some broadly tolerant spe-
cies found in estuaries and on the coast.
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33.4 Hypotheses for Higher Invasion Rates of Estuaries
vs Coasts

What mechanisms are behind the higher number of aliens in estuaries vs adjacent
open coast settings in most regions? We present five broad hypotheses for this
phenomenon, and consider whether the patterns that emerge from our global analy-
sis support them. We also draw on selected examples from other studies that sup-
port each hypothesis, and formulate examples of predictions that could be
rigorously tested in future studies to determine the relative importance of each
hypothesis for particular taxa or regions.

Differences in number of aliens in coastal vs estuarine habitats could stem both
from differences in numbers of individuals introduced (propagule pressure) and
from differences in establishment rates following introduction (Chap. 7, Johnston
et al.; Chap.12 , Olyarnik et al.). The first hypothesis explores the former, and the
remaining four hypotheses involve the latter. For establishment success, the mecha-
nism could involve physical conditions (our second and third hypotheses) or bio-
logical interactions (our fourth and fifth ones). For a particular alien species’
distribution in one region, a single mechanism may explain most of the pattern.

33.4.1 Greater Alien Propagule Pressure in Estuaries

33.4.1.1 Hypothesis

Estuaries are more invaded than adjacent coastal habitats because estuaries are
subject to greater alien propagule pressure.

33.4.1.2 General Explanation

Because the two vectors considered responsible for the greatest number of marine
introductions, shipping and oyster culture, are generally located in estuaries, it
seems likely that many more alien species are transported among estuaries than
open coast environments. This hypothesis has long been raised in the literature, and
continues to be frequently invoked (e.g., Carlton 1979, 1985; Carlton and Geller
1993; Campbell and Hewitt 1999; Reise et al. 1999; Ruiz et al. 2000; Minchin and
Eno 2002). Not only does it seem likely that more species are transported from
estuarine than from coastal environments, it is also plausible that a greater propor-
tion of estuarine species survive transport than do coastal ones. Conditions in bal-
last water tanks or in oyster transport from one aquaculture hub to another may
involve fluctuating temperature and salinity conditions that broadly tolerant estuarine
species are better adapted to than their coastal counterparts (Wolff 1999). Both
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higher transport rate and higher survival during transport would contribute to
greater numbers of aliens in estuaries than coasts, given similar establishment rates
following introduction.

33.4.1.3 Support from the Global Analysis

Overall, only nine alien species, a tiny fraction of the total, occurred exclusively on
the coast (Table 33.5). In contrast, 37 species were found in both coastal and estua-
rine settings. There is no reason to expect that species that can tolerate estuarine
conditions should be better at establishing on the coast than purely coastal species,
so the contrast (37 mixed occurrence vs 9 purely coastal occurrences) seems likely
due to greater propagule pressure in estuaries (and subsequent spread of these spe-
cies from estuaries to coasts).

The contrast we report between US coasts, where similar numbers of aliens are
found on the open coast but far more are found in the Pacific than Atlantic estuary,
could also in part be due to the above explanation. For instance, while Elkhorn
Slough (California) and Great Bay (New Hampshire) both have regular small boat
traffic, only the former has a long history of alien oyster culturing, which is consid-
ered responsible for many of the introductions in Elkhorn Slough (Wasson et al.
2001). Thus, the low number of aliens on both the New Hampshire coast and
estuary relative to other regions may be due, at least in part, to lower numbers of
introductions.

33.4.1.4 Support from Other Observations

The highest number of alien species recorded for any one place is from an estuary,
San Francisco Bay, no doubt in part due to high propagule pressure in this major
shipping and former oyster culturing center (Cohen and Carlton 1998). One spe-
cies-level example of propagule pressure being a key predictor of invasion patterns
is the Asian mud snail Batillaria attramentaria, found on the US Pacific coast only
in bays and estuaries where Asian oysters were cultured (Byers 1999). In this case,
there appears to be a perfect correspondence of human introduction and invasion
patterns (although if this mudflat species had been introduced to the open coast, it
would probably not have survived, so the hypothesis in the following section would
also be applicable). However, there are contrasting examples from this region. The
European green crab Carcinus maenas, a coastal and estuarine species in its home
and some introduced (e.g., US Atlantic coast) ranges is found only in estuaries
along the US Pacific coast (Cohen et al. 1995). Its recent spread in this region was
most likely due to larval transport on oceanic currents (Grosholz and Ruiz 1995),
so propagule pressure should have been comparable in estuarine and coastal habi-
tats along the hundreds of miles of coast where larvae have spread. Its absence from
the open coast is very likely to be attributed to one of the other hypotheses described
below, rather than due to introduction mechanisms.



33 Invasions of Estuaries vs the Adjacent Open Coast 607
33.4.1.5 Testable Predictions

If propagule pressure alone explains much of the variation in observed numbers of
established aliens, then areas with comparable propagule pressure should have
comparable numbers of established aliens. One fruitful comparison might be of
small shipping harbors with comparable boat traffic along the open coast vs those
in small estuaries, in a region not exposed to other vectors (no ballast water or oys-
ter culturing). Given these constraints, the introduction mechanisms (small vessels
transporting mostly hull-fouling organisms) and rates should be the similar between
habitats. If numbers of established aliens (collected on settlement plates for exam-
ple) are comparable in these paired coastal and estuarine harbors, it would provide
support for the hypothesis that propagule pressure alone explains most of the vari-
ation in alien species richness. If, however, numbers of alien species are higher in
the estuary, one of the subsequent hypotheses regarding post-introduction success
must be invoked.

Another tactic is to examine the identity and number of established alien spe-
cies in as opposed to near harbors from a survey as described above. If prop-
agule pressure were the key predictor of invasion success, then we would expect
an equal proportion of the alien species present to be established in natural habi-
tats a short distance (e.g., 0.5km) outside of harbors in both estuarine and
coastal habitats. Anecdotally (Wasson, unpublished data), this does not seem to
be the case for Central California — almost none of the few dozen alien inverte-
brates common in open coast harbors have established on the open coast. Data
of this sort rigorously collected for multiple regions would refute the hypothesis
that propagule pressure alone explains high estuarine invasion rates.

33.4.2 Estuarine Species are Better Suited to Estuarine
Conditions

33.4.2.1 Hypothesis

Estuaries are more invaded than adjacent coastal habitats because the species that
are transported between regions are typically adapted to estuarine conditions, and
more likely to spread and establish within the new region in estuarine vs open coast
habitats.

33.4.2.2 General Explanation

If, as postulated in the first hypothesis, more species are moved from estuary to
estuary (by shipping and oyster culture in particular) than from open coast to open
coast, then the identity of the species that are transported should also differ. Species
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that were transported from an estuary are likely to have adaptations for the physical
and biological conditions of estuaries rather than open coast environments, and the
transported species are therefore more likely to successfully establish in estuaries
than on the open coast. This is a rather obvious observation that is simply a corre-
late of the first explanation. However, we raise it as a separate hypothesis because
the predictions are somewhat different. The first explanation invokes high prop-
agule pressure as the cause of high estuarine invasion rates, while this hypothesis
attributes the difference in alien species numbers to higher establishment rates in
estuarine vs open coast habitats following arrival, due to better matching between
physical conditions in a species’ native and invaded ranges. This applies both to
initial establishment at the first site in a new region, and moreover to subsequent
spread within a region.

33.4.2.3 Support from Global Analysis

The above logic would suggest that in regions where estuarine and coastal condi-
tions are more similar, more alien species (largely transported from estuary to estu-
ary) would establish on the open coast, while in regions where conditions contrast
more sharply, aliens would fail to establish on the open coast. This might explain
some of the difference we observed in coastal invasion rates between the Pacific
and Atlantic coasts of the US. On the Pacific coast of California, high wave action
may be intolerable for most estuarine species, which could account for the absence
of all but 8 of the 60 species found in the estuary. On the Atlantic coast in the Gulf
of Maine, wave action is much lower; thereby potentially lowering this barrier to
invasion by estuarine species — and the six aliens reported from the estuary also
occur on the open coast.

33.4.2.4 Support from Other Observations

Invasion rates vary along an estuarine gradient. Near the mouth, where conditions
are most similar to those in adjacent marine habitats, the percentage of estab-
lished aliens appears to be lower than near the head, where conditions are truly
estuarine, fluctuating greatly in salinity and temperature, both daily and season-
ally (Carlton 1979; Wolff 1999; Cohen and Carlton 1995; Wasson et al. 2005).
In addition to salinity, water movement may also be a predictor of invasion suc-
cess. In Central California (Wasson, personal observation) and New Hampshire
(Tyrrell, personal observation), adjacent estuarine sites with high current speeds
are far less invaded than those with slow currents. These observations of higher
numbers of established aliens in more typically estuarine conditions (i.e., less
water exchange, highly variable salinities) support this explanation, but are also
consistent with hypotheses 33.4.3.1 and 33.4.5.1 below.
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33.4.2.5 Testable Predictions

Many species arrive to a new region by one mechanism (e.g., ballast water trans-
port), and then are secondarily transported to sites within this new region by other
mechanisms (e.g., small boat traffic or natural larval transport) (Wasson et al.
2001). For such a species, secondary introduction rates to estuarine and open coast
harbors should be similar following initial introduction to a region. However, if this
hypothesis is supported, establishment rates should be lower in open coast harbors,
because of poor matching of physical conditions under which the alien evolved.
(Failure at establishment could also be due to interactions with natives or other
previously introduced species, explanations 33.4.4.2 and 33.4.5.2 below, but this
seems less likely in artificial harbor habitats than in natural settings.)

33.4.3 Establishment is Facilitated by the Limited
Circulation in Estuaries

33.4.3.1 Hypothesis

Estuaries are more invaded than adjacent coastal habitats because they represent
relatively closed systems in which small numbers of introduced individuals can
more readily establish breeding populations than on the open coast.

33.4.3.2 General Explanation

Since it is probably common for only a few individuals of an alien species to be
introduced in one event, establishment of an alien is unlikely if larvae or adults disperse
too widely to allow for subsequent successful mating. Estuarine tidal circulation is
more limited than that on the open coast, and reduced risk of gamete and larval

dilution might facilitate establishment of a population from a small number of indi-
viduals in estuaries (J. Byers, personal communication; Wasson et al. 2005).

33.4.3.3 Support

None that we know of, from our data set or other observations.

33.4.3.4 Testable Predictions

This explanation should only apply to species with a long-distance dispersal stage.
Therefore, a strong test of this hypothesis would be to compare estuarine vs coastal
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invasion rates by species with a mobile dispersal stage as a larva (e.g., benthic
polychaete larva) or adult (e.g., jellyfish) to those with very limited dispersal capac-
ity (e.g., a snail with crawl-away larvae). If the dispersive species are more likely
to invade estuaries than coasts, but the non-dispersing ones are not, then this
hypothesis is supported. Additionally, if species that rely on external fertilization
(such as many bivalves) have higher establishment success in estuaries than on the
open coast, then the circulation hypothesis is also supported. This type of analysis
could readily be carried out on existing datasets of alien species, such as the one
included here or that provided by Ruiz et al. (2000), with coding added for dispersal
ability. Another approach would be to examine propagule densities of a single alien
species with long-distance dispersal. For instance, Carcinus maenas larvae spread-
ing on oceanic currents that enter estuaries may be retained and result in higher
densities of recruiting juveniles than on the open coast, simply as a function of
circulation patterns.

33.4.4 Estuaries Have Undergone More Human Alterations

33.4.4.1 Hypothesis

Estuaries are more invaded than adjacent coastal habitats because their communi-
ties offer less biotic resistance as a result of the dramatic anthropogenic alterations
they have undergone. Thus native species may be less well adapted to the new con-
ditions than are, by chance, some alien species.

33.4.4.2 General Explanation

Habitats that have been substantially altered by human activities may be particu-
larly vulnerable to invasions by aliens because the environment has been so drasti-
cally altered that native species no longer enjoy a home court advantage in
context-dependent interactions such as competition (Chap. 14, Byers). Estuaries are
arguably the most altered aquatic ecosystems in the world (Edgar et al. 2000). In
particular, excessive nutrient inputs have altered biogeochemical cycles, hydrologi-
cal manipulations (diking, dredging, river diversion, etc.) have changed salinity
levels and sedimentation rates, and addition of hard substrates (armored banks,
harbor pilings, etc.) has caused a formerly rare habitat type to become quite com-
mon (Kennish 2002). Additionally, presence of previously established alien species
can be considered an anthropogenically induced alteration, and these may facilitate
the establishment and spread of other alien species (Simberloff and Von Holle
1999; Simberloff 2006). In general, open coasts have been far less altered than
estuaries. Thus it is plausible that native estuarine invertebrates are less well
adapted to current conditions than are their coastal counterparts, and therefore pro-
vide less biotic resistance to invasions (Wasson et al. 2005).
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33.4.4.3 Support from Global Analysis

A few observations from our dataset support this hypothesis, although without rep-
lication the inference is weak. Humans have altered all the estuaries in the study,
but those with lowest numbers of aliens (New Hampshire, South Africa) are those
that have been less substantially altered, while those with highest numbers of aliens
(California, the Netherlands) have been dramatically altered in terms of hydrology,
pollution, and addition of hard substrates. In the Netherlands, open coast habitats
have also been substantially altered (through hydrological manipulations and addi-
tion of hard substrates), and the number of aliens reported from them is higher than
in the other seven regions in our study. These observations provide support for this
hypothesis, though other explanations must still be invoked to explain why estuar-
ies in the Netherlands are far more invaded than the open coast, since both have
been highly altered.

33.4.44 Support from Other Observations

Previous studies have suggested that more disturbed marine habitats may be more
invaded (e.g., Carlton 1979; Cohen and Carlton 1998; Byers 2002; Kennish 2002),
but we do not know of studies with empirical data that compare estuarine and
coastal invasions from this perspective.

33.4.4.5 Testable Predications

The most altered estuaries are typically also the ones that have the highest prop-
agule pressure resulting from shipping and other vectors, which confounds test-
ing of this hypothesis. It would be interesting to examine smaller estuaries
without major shipping ports, to test the prediction that those with more altera-
tions are more invaded than those with fewer ones. The same comparison
could be carried out systematically for open coastal habitats with more vs fewer
alterations.

To test the assumptions underlying this explanation, it would be important to
determine whether native species indeed provide weaker biotic resistance (e.g.,
competition or predation) under altered conditions. Experiments to test consump-
tion of resources under polluted vs more pristine conditions, or natural vs altered
salinity regimes, would begin to address this question. One such example is Byers
(2002) who examined whether alien species performed better under the altered
vs natural conditions in the introduced range. He found that under low oxygen
conditions (typical of eutrophic conditions) the survival rate of an alien snail
(Batillaria attramentaria) was significantly higher than that of a native competitor,
(Cerithidea californica). Such experiments could be complemented by an assess-
ment of physical conditions in the home ranges of successful alien species. One
would predict that home conditions would resemble those in the altered invaded
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range, e.g., a species from naturally nutrient-enriched estuaries should be likely to
invade newly eutrophic estuaries elsewhere.

33.4.5 Estuaries Have More “Empty Niches”

33.4.5.1 Hypothesis

Estuaries are more invaded than adjacent coastal habitats because their communi-
ties offer less biotic resistance as a result of their lower native species richness
related to their recent evolution or harsh conditions.

33.4.5.2 General Explanation

Alien species invading estuaries may face weaker negative biological interactions
(competition, predation, disease) with native species than in adjacent open coast
habitats, a concept often colloquially couched in terms of estuaries having more
“empty niches” than the adjacent open coast (Wolff 1973, 1999; Carlton 1979;
Cohen and Carlton 1998). This concept is particularly relevant to upper reaches of
estuaries, where there is little representation by native marine species of the open
coast, and where distinctive estuarine species — and often not many natives — are
found. Conditions in these areas are physiologically challenging, with daily and
seasonal fluctuation in salinity and temperature. Species richness is often low in
harsh environments (Menge and Sutherland 1976; Nehring 2006), such as the upper
reaches of estuaries. Species richness is also a function of habitat size, and estuarine
habitats are much more rare than open coast habitats. Low species richness itself is
not considered a predictor of low invasion rates at a regional scale — in terrestrial
habitats, native and alien species richness are often positively correlated (Levine
and D’ Antonio 1999; Stohlgren et al. 2003; Chap. 12, Olyarnik et al.). In “mature”
or “equilibrium” communities, it appears that the same factors that foster native
richness (heterogeneity, moderate environmental conditions, etc.) also support alien
species richness (Levine and D’ Antonio 1999). However, it has been suggested that
estuaries in some regions may not harbor as many species as they could accommo-
date, perhaps due to recent extinctions or due to insufficient time since their rela-
tively recent geologic formation to allow for speciation or colonization by new
species (Jones 1940; Hedgpeth 1968; Wolff 1971; Vermeij 1991). These “empty
niches” would thus be available for alien species to fill.

33.4.5.3 Support from Global Analysis

This explanation may be supported by the contrast between invasion rates of the
US Pacific and Atlantic coasts. Geologically, Pacific estuaries date back only to
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end of the last glaciation, while open coast habitats and their associated fauna have
been continually present for much longer periods; in contrast, on the Atlantic coast,
open coast habitats are geologically younger than most estuaries (Jones 1940;
Hedgpeth 1968; Carlton 1979; Cohen and Carlton 1998; Ruiz et al. 2000; Emmett
et al. 2000). The geologic youth of Pacific estuaries could explain their high num-
bers of aliens while the presence of a more ancient estuarine fauna on the Atlantic
coast might explain why fewer alien species are established there. According to this
hypothesis, one would also expect higher invasion rates on the open coast of the
Atlantic than the Pacific. However, the absolute numbers of aliens reported from
the coast of New Hampshire vs California are comparable — and very low — though
the percentage of the fauna that is alien is markedly higher in New Hampshire
(21%) vs California (1.5%).

33.4.5.4 Support from Other Observations

Data from San Francisco Bay suggest that alien species continue to accumulate,
at a startling rate of one successful establishment every 14 weeks (Cohen and
Carlton 1998); new invasions are apparently successful without displacing
natives or earlier established aliens. This suggests that there were “empty niches”
to be filled — that biotic interactions such as competition or predation were not
intense enough to hamper establishment. This is in contrast to results from ter-
restrial habitats, where comparably high numbers of established aliens are typi-
cal in areas that are native biodiversity “hotspots” (e.g., California grasslands);
there is a positive correlation between alien and native diversity at a broad
regional scale (Stohlgren et al. 2003). Estuaries thus appear to provide an inter-
esting example where the highest numbers of aliens are found in a habitat with
the fewest native species (Wolff 1973, 1999). In contrast, the extremely low
invasion rates (<2%; Wasson et al. 2005) of the Pacific coast in the same
region as San Francisco Bay occur in one of the most species rich marine habi-
tat types in temperate zones (though this pattern is also likely related to differ-
ing propagule pressure; see first hypothesis). Therefore, at least superficially
in marine systems, invasion rates may be negatively correlated with native
diversity, even if the underlying mechanisms relate more to “empty niches”
and relatively depauperate communities than to low species numbers per se.
However, along the US Pacific coast, numbers of both alien and native inver-
tebrates decline from south to north (Ruiz et al. 2000; Townsend et al. 2000),
refuting a simple inverse relationship between native and alien species num-
bers, and supporting instead the concept of “empty niches” as predictors of
invasions. For terrestrial systems, several studies have examined the scale-
dependence of relationships between species richness, diversity, and invasibil-
ity (Levine and D’ Antonio 1999; Shea and Chesson 2002; Davies et al. 2005).
However, for marine systems, examination of the scale-dependence of rela-
tionships between species richness, diversity, and invasions appears a fruitful
area for further research.
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33.4.5.5 Testable Predictions

In order to test the underlying assumption of this hypothesis, one could com-
pare survival or growth of individuals of a broadly tolerant alien species in
treatments excluding competitors or predators vs controls, in estuarine vs
coastal habitats. If this hypothesis is supported, the alien species’ fitness should
be much more similar between caged treatment and control in the estuary than
on the open coast.

To assess rigorously whether geologic age and evolutionary history indeed
affect estuarine vs coastal invasion rates, one could perform more thorough, repli-
cated analyses of the sorts carried out here, comparing numbers and proportions of
aliens in regions where estuaries are geologically younger vs older than adjacent
open coasts.

33.5 Directions for Future Research

As we prepared this global assessment of estuarine vs coastal invasion rates, it
became clear how few consistently collected data are available for robust biore-
gional comparisons. Of the more than 70 invasion experts we contacted around
the world, only 7 were able to provide data on both the target habitat types, and
only 4 of those had data for both native and alien species. By far the most fre-
quent response to our query was that data were only available for estuarine habi-
tats, and only for aliens. This highlights the need for investigations that include
multiple habitat types, and both native and alien species. An ideal sampling
regime would be one that examines the same taxa, with the same methods and
substrates (e.g., infaunal polychaetes sampled with benthic cores in low intertidal
soft sediments; bryozoans on subtidal settlement plates; decapod crustaceans in
traps), across habitat types and regions. Only with this sort of consistency can
strong conclusions about habitat and regional differences be drawn. By sampling
natives and aliens, invasion rates, not simply counts of aliens, can be analyzed.
Finally, consistently sampling both within and outside of harbors in estuaries vs
open coasts would allow for testing of hypotheses invoking differential introduc-
tion vs establishment success in these areas. Establishment of alien species out-
side harbors is also of much greater conservation concern than invasion of
harbors; hence, focus on non-harbor habitats would be welcome from this per-
spective. To test among the five hypotheses outlined above, care must be taken
to design correlative or manipulative experiments that avoid confounding of dif-
ferent causal factors. In particular, it is critical to separate the effects of differen-
tial propagule pressure (the first hypothesis) and habitat-matching (the second
hypothesis) from other factors affecting establishment and spread (the remaining
three hypotheses).
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33.6 Conclusions

The global dataset compiled from eight temperate regions revealed that overall,
estuaries harbor more alien invertebrate species than adjacent open coasts, but the
magnitude of this difference varies regionally. The majority of the 198 alien species
reported from all sites occur in at least some regions in estuaries; only 9 of them
occur solely in coastal habitats. Four datasets that documented both native and alien
species revealed that the proportion of the invertebrate fauna surveyed that is
alien is generally higher in estuaries than on coasts. This trend was pronounced in
Central California, weaker in Argentina and the Netherlands, and absent in New
Hampshire.

Multiple mechanisms may account for the differences in invasion rates between
estuaries and adjacent coasts. Propagule pressure is likely higher in estuaries, and
estuarine species that are transported are more likely to establish in estuarine than
coastal regions in the recipient regions. Establishment may also be higher in estuar-
ies due to higher retention of dispersive stages and lower levels of negative biotic
interaction, due to natives being poorly adapted to anthropogenically altered condi-
tions in estuaries or due to the presence of “empty niches” in relatively depauperate
and geologically young estuarine assemblages. Rigorous experimental studies and
consistent biogeographic comparisons should be carried out to test these and other
hypotheses about habitat differences in marine invasion rates. The answers derived
from such studies would inform management practices and control strategies for
alien species, which are one of the biggest threats to the integrity of marine and
estuarine ecosystems.
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