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Abstract Sea level change influences biodiversity of endem-
ic cave fauna to varying degrees. In anchialine systems, a
marine layer flows under less saline layers, each with differing
associated fauna. We assess the role of present and historic
(last glacial maximum — 18,000 years ago) distance from the
ocean in determining species richness and phylogenetic diver-
sity patterns for two groups of anchialine crustaceans: the
marine-restricted Remipedia and a subset of groundwater-
inhabiting atyid shrimp with greater tolerance for salinity
variation. We calculated species richness and phylogenetic
diversity per cave based on records of remipede and atyid
diversity at 137 locations in the Yucatan Peninsula, Caribbean,
Australia, and the Canary Islands. After calculating the dis-
tance of each cave’s surface opening from the past and present
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shoreline, we evaluated how species richness and phylogenet-
ic diversity change with distance from the present and historic
ocean. Remipede species richness and phylogenetic diversity
declined rapidly with distance from the ocean. Ninety-five
percent of the remipedes surveyed were located within 7 km
of the present ocean and 18 km of the historic ocean. Atyid
species richness and phylogenetic diversity declined more
slowly with distance from the ocean than that of remipedes.
Atyid shrimp were also distributed over a broader range: 95 %
were located within 100 km of the present ocean and 240 km
of the historic ocean. Our findings indicate that coastal geo-
morphology and salinity tolerance influence a clade’s distri-
bution with respect to its distance from the ocean. We also
report a possible latent response to sea level change.

Keywords Anchialine - Species richness - Phylogenetic
diversity - Distribution - Halocline - Sea level

Introduction

Anchialine habitats are physically complex, being dependent
on input from both overlying terrestrial (meteoric water) and
tidally influenced, yet land-locked marine environments. It is
difficult to determine connectivity of anchialine fauna in pres-
ent and past timescales for several reasons. First, these habitats
often extend below the surface through porous rock as cave
complexes whose extent we are only beginning to understand
(Nliffe 2000). While anchialine systems occur as pools and
caves in coastal regions worldwide, this underground setting
with its local physico-chemical gradients shelters a unique and
novel stygobiont fauna whose members often have limited
distributions and, therefore, infrequent sightings (Iliffe and
Kornicker 2009). Second, anchialine fauna are often separated
by salinity-stratified water layers (Iliffe and Kornicker 2009).
For example, while many caridean shrimp and amphipods are
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restricted to the meteoric waters above the halocline (Debrot
et al. 2003; De Grave et al. 2008), other arthropods such as
remipedes are restricted to the underlying marine component
of anchialine systems (Mejia—Ortiz et al. 2007; Neiber et al.
2011). Still other crustaceans, such as some atyid shrimp, are
found in both marine and less saline layers (Sanz and Platvoet
1995; Alvarez et al. 2005; Hunter et al. 2008, Pakes pers.
observ.) The effect of salinity tolerance on species connectiv-
ity and distribution in these complex systems is likely great,
but as yet untested.

Similarly, the impact of sea level fluctuations on anchialine
water layers and their associated cave fauna can be weakened
or intensified by the cave’s topography (Iliffe 2000). As the
meteoric and marine layers track sea level through cave pas-
sages, the availability of connections between successive
levels of the cave complex determines a taxon’s ability to
track their niche through time. Furthermore, distance to the
ocean and the strength of tidal currents will also interact with
cave topography to affect dispersal distances (Christman and
Culver 2001). Sea level changes have been especially acute
during the last 18,000 years, fluctuating over 100 m (Miller
et al. 2005). These changes altered the distribution of plants
and animals (e.g., Erwin et al. 2006; Legra et al. 2008; Vaselli
et al. 2008; Pyenson and Lindberg 2011; Woodroffe and
Murray-Wallace 2012; Niemiller et al. 2013). Falling sea
levels dry out formerly available aquatic habitats, resulting
in migration or extinction (Jablonski 1985; Finnegan et al.
2012). As sea level recedes, emerging land patches interrupt
continuous passages of water, causing fragmentation of spe-
cies ranges, which may subsequently drive evolutionary di-
vergence and speciation (Jaume et al. 2008; Zaksek et al.
2009; Fiser et al. 2012). Sea level rise has equally important
effects; marine transgressions flood habitats and allow organ-
isms to disperse into new locales, sometimes connecting for-
merly separated habitats and taxa (Smith 2001; Cromer et al.
2005; Zaksek et al. 2007; Botello and Alvarez 2010). Mete-
oric inputs in themselves can also be altered by climate change
(e.g., temperature, precipitation) and urbanization (e.g., pollu-
tion, water diversion projects, etc.). While marine inputs are
thought to be less susceptible to urbanization than meteoric
inputs (pollution and ocean acidification excepted), they may
be especially affected by increasing global sea temperatures,
which could cause admixture between previously stratified
water layers in the cave.

Here we test whether the distance between anchialine caves
and their marine inputs influences species richness and phy-
logenetic diversity patterns for two groups of anchialine
stygobiont crustaceans: the marine-restricted Remipedia and
a subset of groundwater-inhabiting, salinity-tolerant atyid
shrimp. This approach requires taxon and habitat continuity
since the last glacial maximum (LGM) (Miller et al. 2005).
Distances between caves and coast were calculated for present
sea level and sea level (-120 m) during the LGM. We then
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compare how species richness and phylogenetic diversity
change with distance from the present and historic coastlines.
By integrating deeper time sea level data we attempt to un-
derstand how previous perturbations may have shaped current
distributions in these unique ecosystems. Our results provide a
perspective (based on historical performance) from which to
evaluate ecological traits and behaviors in light of future
global change.

Materials and methods
Taxa

Remipedes are stygobiont crustaceans that are hypothesized to
be the sister taxon of the Hexapoda (= Collembola, Protura,
Diplura, and Insecta) (Koenemann et al. 2007; Neiber et al.
2011). Multiple remipede species are found on the Caribbean/
Atlantic islands (especially in the Bahamas) and Mexico’s
Yucatan Peninsula, and single species are found on Cape
Kimberly in Western Australia, and the Canary Islands, Spain
(Fig. 1). Putative fossil remipedes are known from the Car-
boniferous of North America: Tesnusocaris goldichi Brooks
1955, from the upper Mississippian of Texas (328.3-318.1
mya) and Cryptocaris hootchi Schram 1974, from the Penn-
sylvanian of Illinois (314.6 - 306.9 mya), USA (Brooks 1955;
Emerson and Schram 1991). Both localities reflect open ma-
rine depositional environments and do not appear to be fossil
cave deposits (Schram 1974; Emerson and Schram 1991).

In contrast to remipedes, members of the Atyidae occur
worldwide. Cave dwelling atyids vary from facultative
stygobionts, with well-developed eyes and body pigmenta-
tion, to obligate stygobionts, with highly reduced eyes and
lacking pigment (von Rintelen et al. 2012). Atyid shrimp are
found in freshwater, brackish, and anchialine habitats in Ca-
ribbean, Mexican, Australian, and southern European sub-
merged karst systems (Zaksek et al. 2007; Page et al. 2008)
(Fig. 2). Molecular data suggest a likely sister taxon relation-
ship with Xiphocaris, and several distantly related clades in
stygobiotic habitats appear to have evolved independently
(von Rintelen et al. 2012). Fossil freshwater atyid shrimp are
first reported from Lower Cretaceous (145.5-99.6 mya) de-
posits in Spain and Brazil (von Rintelen et al. 2012). Martin
and Wicksten (2004) hypothesize that the atyids expanded
from fully marine to freshwater habitats during the Jurassic
(199.6-145.5 mya).

Sister taxon relationships and branch lengths from avail-
able molecular phylogenetic analyses of atyid shrimp and
remipedes (e.g., Page et al. 2008; Neiber et al. 2011; Botello
et al. 2013; Hoenemann and Neiber 2013) suggest local
diversification, while branch lengths suggest that these diver-
sifications were substantially earlier than the LGM.
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Fig. 1 Remipede species richness in (a) the Caribbean, (b) Canary
Islands, (¢) Western Australia, and (d) global richness. Species richness
by cave correlates with size of white circles. For (d), only the caves with
the highest richness in the region are shown. The present-day coastlines
are outlined in black, and the land masses exposed 18 kya are illustrated

Distance and diversity analyses

Our analyses are limited to anchialine caves in regions where
remipedes and atyid shrimp taxa are present (Electronic Sup-
plementary Material, Table 3). A total of 137 caves were
identified within these regions. Caves in these regions were
present before the last sea level low stand, providing suitable
habitat for anchialine fauna (Kensely and Williams 1986;
Humphreys 1999; Walker et al. 2008; van Hengstrum et al.
2009; 2012; Denniston et al. 2013). Remipedes occurred in 41
(30 %) of these caves and atyid shrimp in 67 (50 %). However,
both taxa co-occurred in only six (4 %) of these caves. Thirty-
five (26 %) of these caves are reported to contain neither

5,000

10,000 15,000

in dark gray. Bathymetry is shown in /ight gray. The Bahamas had the
highest species richness with up to eight species per cave. Richness is
limited to one species per cave in Western Australia and two species per
cave in the Canary Islands. All analyses were performed in ArcMap using
the Plate-Carree projection system

remipedes nor atyid shrimp. Maps of each region were gen-
erated with ArcMap 10.1 and using the NOAA ETOPOL1
Global Relief Model (Amante and Eakins 2009) in the World
Plate-Carree projected coordinate system. The linear distance
from each cave opening to the present-day coastline was
measured. This distance was then re-measured after sea level
was digitally lowered to reconstruct each region’s coastline
18,000 years ago (18 kya) during the LGM, when sea level
was 120 m lower than the present (Miller et al. 2005). Al-
though cave networks often extend well beyond their open-
ings, the limitations of SCUBA surveys restrict data collection
to about a 0.8 km of cave openings (called cenotes), and the
opening is assumed to be a proxy of the actual surveyed area.

@ Springer



228

M.M. Moritsch et al.

a 93°00"wW 90°0'0"W 87°0'0"W
1 1 1

0 100 200 300
Km

F21°0'0"N

15°0'0"E 20°0'0"E

0 100 200 300

Km 40°0'0"N

60I° E

e 129 W

-18°0'0"N |

d

80°0'0"W 75°0'0"W 70°0'0"W 65°0'0"W
1 1 1

f30°00"N
25°00"N
20°00"N

15°0'0"N

10°0'0"N

120“9'0"E 130°0'0"E  140°0'0"E  150°0'0"E

e KIRED

> i 7 F1oc00s

[20°0'0"S

1+30°0'0"S

F40°00"S

12?°E

==

0

5,000
I aaa—— Km

10,000 15,000

Fig. 2 Atyid species richness in (a) the Yucatan Peninsula, (b) the
Caribbean, (c¢) southern Europe, (d) Australia, and (e) global species
richness. Species richness by cave correlates with the size of white
circles. For (e), only the caves with the highest richness in the region
are shown. The present-day coastlines are outlined in black, and the

Here, we noted when groups of cenotes are known via cave
networks as systems (systemas), potentially facilitating further
inland occurrences of remipede and atyid taxa.

The relationship between species richness, defined as the
total number of remipede or atyid species at a cave locality,
and distance of the cave from the ocean was fitted to a Poisson
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landmasses exposed 18 kya are illustrated in dark gray. Bathymetry is
shown in light gray. Mexico had the highest atyid species richness, with
up to two species per cave. Atyid species were found near the coasts and
up to several hundred kilometers inland. All analyses were completed in
ArcMap using the Plate-Carree projection system

distribution (chi-squared test). To compare the relationship
between diversity and distance for each group at modern and
18 kya sea levels, the species richness value of each cave in
the Poisson distribution was normalized by square root trans-
formation and then multiplied by distance of that point from
the ocean. This produced a weighted distribution of diversity
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and distance. The relative distance that species richness
spreads inland, or the species diversity envelope, was then
calculated as standard deviations of this weighted distribution.
Phylogenetic diversity was calculated as the total branch
lengths of all species present at a cave locality, thereby giving
ameasure of genetic divergence between the species in a cave.
For remipedes we used the 50 % majority-rule consensus tree
of COI sequence data presented by Neiber et al. (2011). For
atyid shrimp, we used the Bayesian tree based on rrnL, COI,
cyt b, LSU, SSU and histone H3A sequences published by
Botello et al. (2013).

Results
Remipedes

Caves inhabited by remipedes were significantly closer to the
shoreline than caves without remipedes (Fig. 3a), both at
present-day sea level (z-test, p<0.001) and at paleo-sea level
(¢-test, p<0.001). Ninety-five percent of the caves with
remipedes occur within 7 km of the present-day coastline
and within 18 km of the historic coastline (Table 1). These
caves were also typically located on coastlines where the
nearshore bathymetry is steep, so these locations thereby
remain near marine water sources during sea level regressions
(Fig. 1). On average, caves with remipedes occurred 1.24 km
(£1.73) from the present-day shoreline, significantly closer

Table 1 Summary of cave distances from the ocean and diversity enve-
lope widths. Ninety-five percent distances represent the distance from the
ocean that included 95 % of caves with the specified taxa. Diversity

than caves without remipedes, which occurred 44.37 km
(£33.20) from the present-day shoreline (z-test, p<0.001).
Comparisons of these cave distances at 18 kya showed similar
patterns (#-test, p<0.001) (Fig 3a).

Remipede species richness and phylogenetic diversity were
highest in caves closest to the ocean, with as many as eight
species per cave and a phylogenetic diversity of 2.76 changes
per base pair (Fig. 4a). Both species richness and phylogenetic
diversity declined as distance from the ocean increased. Both
species richness and phylogenetic diversity resembled
Poisson distributions, declining rapidly with distance from
the present ocean (x*=1.390, p<0.01; x*=0.112, »<0.001,
respectively, Fig. 4c-d), decreasing to an average of only one
species per cave within 5 km of the present-day ocean
(Fig. 4a). The width of the species richness envelope was
1.724. During the LGM, remipede species richness and phy-
logenetic diversity declined more slowly with distance from
the paleo-shoreline, producing a wider richness envelope of
4711 (x*=9.543, p<0.05; x*=6.15510", p<0.001, respec-
tively, Fig. 4b). The phylogenetic diversity envelope for
present-day distances was also very narrow compared to that
estimated for the paleo-shoreline (Table 1).

Atyids

Caves with atyids were not limited to coastlines with narrow
continental shelves (Fig. 2). Atyid shrimps ranged from within
a few kilometers of the present-day shoreline to 127 km

envelopes represent the standard deviation of the normalized species
richness or phylogenetic diversity multiplied by the distance from the
ocean

95 % Distance (km)

Species richness envelope

Phylogenetic diversity envelope

Present-day 18 kya Present-day 18 kya Present-day 18 kya
Remipedes 7 18 1.724 4.711 0317 2.070
Atyid shrimp 100 240 39.237 98.961 9.532 23.944
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Fig. 4 Remipede species
richness (gray circles, left axis)
and phylogenetic diversity (black
diamonds, right axis) plotted
against distance from shoreline:
(a) Recent, (b) 18 kya. Poisson
distributions for remipede species
richness (dashed gray line) and
phylogenetic diversity (solid
black line): (c) Recent, (d) 18 kya.
Atyid species richness (gray
circles, left axis) and phylogenetic

Remipede Species Richness

Remipede Phylogenetic
Diversity
(changes per base pair)

diversity (black diamonds, right
axis) plotted against distance from
shoreline: (e) Recent, (f) 18 kya.
Poisson distributions for atyid
species richness (dashed gray
line) and phylogenetic diversity
(solid black line): (g) Recent, (h)
18 kya. All eight plots show
Poisson distributions (p<0.001)
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inland. Caves with atyids were found significantly farther
from the ocean than caves without atyids at the present-day
sea level (#-test, p<0.001, Fig. 3b) and the paleo-sea level (¢-
test, »<0.001, Fig. 3b). Ninety-five percent of atyid-present
caves were found within 100 km of the present ocean and
within 240 km of the paleo-shorelines (Table 1).

Atyid species richness did not change significantly with
distance from the modern or paleo-shoreline (Fig. 4e-f). Typ-
ically, one to two species per cave were found within 100 km
of the present shoreline and 240 km of the paleo-shoreline,
decreasing to one species per cave further inland (Fig. 4e-f).
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This distribution also resembled a non-random Poisson distri-
bution for the present-day (x*=7.916+10'7, p<0.001, Fig. 4g)
and for the paleo-shoreline (x*=5.977+10""%, p<0.001,
Fig. 4h).

Despite the high number of species in the Caribbean re-
gion, phylogenetic diversity remained below 0.05 changes per
base pair in most caves (Table 2). Phylogenetic diversity for
present-day (x*>=2.57210"°, p<0.001, Fig. 4e-f) and paleo-
shorelines (x*=6.700+10?*%, p<0.001, Fig. 4g-h) also showed
Poisson distributions. Phylogenetic diversity remained low at
all distances from the coast, never rising above 0.144 changes



Arthropod biodiversity reflects sea level change

231

Table 2 Regional species richness and phylogenetic diversity per cave
for remipedes and atyids. Standard deviations are given in parentheses
where applicable. Only caves in regions where remipedes and atyids co-

occurred were considered in this analysis. Remipede and atyid richness
and phylogenetic diversity measurements only took into account caves
where the respective taxa were present

Region (n = number of caves)  Average remipede

species richness

per cave per cave
Australia (n =1) 1.000 (+0.000) 1
Bahamas (n=25) 2.760 (£2.332) 8
Other Caribbean* (n=7) 1.571 (£0.787) 3
Mexico (n=7) 1.000 (£0.000) 1
Canary Islands (n=1) 2.000 (£0.000) 2

Region (» = number of caves)  Average atyid species

richness per cave

Australia (n =1)
Bahamas (n=2)
Other Caribbean* (n=13)
Mexico (n=60)

2.000 (£0.000)
1.000 (0.000)
1.154 (20.346)
1.067 (20.512)

NN = N

Maximum remipede
species richness

Maximum atyid species
richness per cave

Average remipede phylogenetic
diversity per cave (changes
per base pair)

Maximum remipede
phylogenetic diversity
per cave (changes per

base pair)
0.000 (+0.000) 0.000
0.613 (£0.905) 2.758
n/a n/a
0.000 (0.000) 0.000
0.467 (+0.000) 0.467

Average atyid phylogenetic
diversity per cave (changes

Maximum atyid phylogenetic
diversity per cave (changes

per base pair) per base pair)
0.021 (£0.043) 0.142
0.000 (£0.000) 0.000
n/a n/a
0.024 (£0.054) 0.144

*Note: Phylogenetic diversity data were not available for one or more species in three caves in the Other Caribbean region, preventing calculation of
phylogenetic diversity. These caves were excluded from the phylogenetic diversity analysis even though they contained a nonzero value of phylogenetic

diversity.

per base pair in a single cave. Species richness and phyloge-
netic diversity envelopes for paleo-shorelines were more than
twice as wide as envelopes for the present day (Table 1).

Discussion

The recent distributions of remipedes and atyids in anchialine
cave systems show significantly different patterns. As shown
above, atyids were found in caves more than 70 km inland
(Figs. 3b and 5a). In contrast, most living remipedes are found
in caves within 7 km of the coast (Fig. 3). During the LGM,
95 % of these locales would have resided within 18 km of the
coastline, a distance well within the range seen today in
Yucatan systems that contain remipedes (Fig. 5b). This con-
gruence suggests that horizontal and vertical connections in
these cave systems provided sufficient connectivity for
remipede populations to track the halocline during sea level
change, thereby reducing local extirpations (see also Iliffe
2000:72). In addition, the steeper the geomorphology of the
adjacent continental shelf, the further inland populations can
be maintained (see below).

Anchialine habitats that require the interface of fresh and
salt water can be likened to intertidal communities, where
organisms utilize specific zones in a relatively limited space
and must track their habitats on short- and long-term scales or
face extirpation (Vaselli et al. 2008; Iliffe and Kornicker
2009). During the last 2.5 mya of global cooling, eustatic

sea level changes have occurred about every 20-40 kyr with
amplitudes as large as 140 m (Miller et al. 2005). Today’s
remipede populations are present in areas where the distance
to the ocean did not greatly change during the most recent sea
level regression (Fig. 5). This distribution suggests that if
more distant populations were established during earlier trans-
gressive periods [e.g., +20 m at 120 kya (Miller et al. 2005)],
they did not survive when sea level fell because of an inability
to access a suitable habitat. Tracking the anchialine niche
during sea level changes would necessitate continuous hori-
zontal and vertical cave passageways in the system through
which remipedes could locate the halocline (Fig. 6). Where
the sea floor drops off steeply, the coastline remains relatively
local, and the halocline would move primarily vertically when
sea level receded. The lower portions of the cave networks
must still remain in contact with marine waters, allowing the
anchialine habitat to persist in that location, albeit further from
the surface (Fig. 6, left). Where nearshore bathymetry is more
gradually sloped, the coastline moves further away during a
sea level regression, resulting in a drop in tidal exchange of
marine water (Iliffe and Kornicker 2009). If the sea level drop
is great enough, a cave’s marine layer may be no longer be
available, eliminating the anchialine habitat as freshwater
invades the cave (Fig. 6, right).

In contrast to Remipedia, members of Atyidae inhabit non-
anchialine habitats worldwide and are capable of living in the
meteoric groundwater (von Rintelen et al. 2012). As cave
networks are depleted of their marine layer during sea level
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regressions, some atyids persisted in the meteoric groundwa-
ter. Furthermore, invasion and reinvasion from nearby fresh-
water streams via the meteoric groundwater likely also facil-
itate the gradual population of caves after sea level changes.
The widespread distribution of the clade may be explained by
local habitat use of cave atyids. While the majority of
TByphlatya spp., for example, have been reported in freshwater,
a third from caves in the Bahamas, Turks and Caicos, Ascen-
sion Island, the Galapagos, and Bermuda (Sanz and Platvoet
1995; Alvarez et al. 2005; Hunter et al. 2008) have been
reported in brackish or fully marine passageways. Further-
more, Typhlatya pearsei individuals have been observed to
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swim between water layers in Mexican systems. These salin-
ity tolerances may buffer atyid shrimp against extirpation due
to sea level rise.

Our results have implications for predicting how species
distributions will change under different environmental con-
ditions. With sea level rise, coastal habitats such as the inter-
tidal zone are predicted to move inland, forcing many species
to migrate or adapt to new conditions (Galbraith et al. 2002).
We expect anchialine species will also need to migrate or
adapt as intruding marine waters move the halocline further
inland or climate change leads to different precipitation re-
gimes. Furthermore, species richness and phylogenetic
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Fig. 6 Profile of cave networks a
in a karst platform with a steep
shelf at left and shallow shelf at
right. (a) Past glacial maximum
(18 kya), (b) current sea level.
Double arrows represent vertical
connections between horizontal
cave passages. Dashed lines
represent upper layers of meteoric
groundwater and marine layers,
which change as sea level rises
from (a) -120 m to (b) 0 m,
creating variation in connectivity
of cave passage. On the edges of
continental plates (/eft side of
diagram), passages remain
vertically connected throughout b
the rock profile as sea level falls.

On more gradual slopes (right

side of diagram), vertical

connections are less common,

causing breaks in anchialine cave Om
networks as sea level falls
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diversity declined with distance from the coast for both
remipedes and atyids, but the decline was much slower in
atyids than remipedes. The differences in distribution and
biodiversity between these two anchialine taxa likely result
from the very different evolutionary histories of the two
groups — remipedes remain constrained to their pleisomorphic
marine habitat, while the extant atyid shrimp lineage has
become established in meteoric and other low salinity habi-
tats. Such different evolutionary histories (and the traits they
produced) are present in every anchialine community. Al-
though these taxa share a unique habitat today, predicting
the future distributions of anchialine faunal assemblages as if
they have a single common origin or climate change response
will not likely lead to an efficient conservation strategy.

If sea level rises as much as the predicted 1.4 m in the next
century (Rahmstorf2007), the location of the marine-meteoric
interface will likely move further from the coast as marine
waters move inland. The availability of these habitats for
anchialine faunas inland will be controlled, in part, by geology
and existing karst network topology. In many regions coastal
development has modified and will continue to modify the
coastline, also making it difficult to predict where suitable
habitats will remain as sea level rises (Galbraith et al. 2002).
As presented above, remipedes and atyids would be expected
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to respond differently to this shift because of their restriction
to different water layers in anchialine environments and the
abiotic and biotic factors with which they interact.

Our results also suggest that concentrating conserva-
tion efforts on cenotes and cave systems within 7 km of
the estimated coastline for the year 2100 in the Baha-
mas and Yucatan, Mexico, would maintain higher
anchialine diversity through the next major global per-
turbation. This hypothesis is supported by the presence
of the greatest diversity of remipedes and atyid shrimp
over the last glacial and interglacial (Holocene) cycle in
this region with respect to coastline. Such sites should
therefore have a higher priority than more distant lo-
cales. While these examples only address a small subset
of the anchialine fauna, they demonstrate the need to
incorporate the different physiological tolerances of each
taxon when predicting future habitat distributions. We
also emphasize the importance of an integrative ap-
proach to global change issues, which includes histori-
cal factors [see also Smith (2001); Jackson et al. (2001),
and Pyenson and Lindberg (2011)]. An approach inte-
grating multiple temporal and spatial scales is needed to
understand a world being rapidly perturbed by biotic
and abiotic processes.
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