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decreases as environmental harshness increases
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ABSTRACT: How species similarity changes between habitats along environmental gradients is
still a central challenge in ecological studies. We assessed whether marsh plant characteristics are
associated with geographic changes in environmental conditions and whether there are environ-
mental factors associated with marsh—inland dissimilarity in species composition. Field samples of
vegetation were collected at 6 sites along the SW Atlantic to determine plant characteristics (cover,
tallness, richness and o-diversity), and marsh-inland dissimilarity (B-diversity) in species composi-
tion was calculated. PERMANOVA analysis showed that plant assemblage changes among sites.
Forward stepwise multiple regression analysis showed that in lower marsh, plant cover increased
in association with tidal range and decreased in association with salinity. In the high marsh, plant
cover decreased in association with tidal range, salinity and with minimum temperatures. Plant
richness increased in association with tidal range and with marsh area, while o-diversity decreased
in association with precipitation and increased with salinity. Beta-diversity, estimated by SIMPER
analysis, increased in association with precipitation and decreased with salinity and daily thermal
amplitude. We present evidence that there is an increase in o-diversity but a decrease in
B-diversity with environmental severity among co-specific marshes distributed along the SW
Atlantic coast. Thus, communities developing in more benign conditions, regardless of their low
local diversity, may increase biodiversity at a landscape scale by decreasing their similarities.

KEY WORDS: o- and B-diversity - Climate variables - Latitudinal gradient - Physical factors -

Spartina - Tidal salt-marshes

INTRODUCTION

One of the most recognized ecological patterns is
that species richness varies with latitude (e.g. Whit-
taker et al. 2001, Hillebrand 2004). However, latitude
is just a proxy of environmental drivers that lead to
these biodiversity changes (e.g. Willig et al. 2003,
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Andrew et al. 2012). Indeed, these changes are likely
to be associated with the compatibility of the physio-
logical, morphological and/or life-history traits of
species with the physical filters along environmental
gradients (Keddy 1992, Andersen et al. 2012). Sev-
eral coexisting factors associated with differences in
water—energy amounts (Hawkins et al. 2003, Whit-
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taker et al. 2007, Eiserhardt et al. 2011) and with
changes in environmental heterogeneity (e.g. daily
thermal amplitude; Speziale et al. 2010) have been
proposed as the main environmental forces driving
changes in plant richness and composition of terres-
trial communities throughout the world.

Concomitantly with these changes in species rich-
ness, dissimilarity in species composition between
neighboring communities (e.g. B-diversity; Whittaker
1972, Harrison et al. 2006) can also change, varying
the regional diversity along gradients of environ-
mental harshness (Tscharntke et al. 2012). For exam-
ple, in more constraining environments, organisms
may show a more generalist physiology and ecology
(Stevens 1989), allowing them a broader distribution
across landscapes (Stevens 1989, Clarke & Gaston
2006). This potential for widespread distribution
could increase the similarity between communities.
In contrast, in more benign environments (e.g. with
less seasonality and higher productivity), as a result
of an increase in habitat specialization, there could
be an increase in between-communities species turn-
over (Stevens 1989, Stevens & Willig 2002, Clarke &
Gaston 2006) which could increase the dissimilarity
between neighboring communities and the diversity
at a regional scale. However, there have been con-
trasting results (see Koleff et al. 2003, Tscharntke et
al. 2012 and cites therein), showing that the associa-
tion of species similarity between habitats and envi-
ronmental severity is far from being elucidated.
Thus, an understanding of the differentiation among
habitats in species' a-diversity (as in their B-diversity)
along geographic gradients still remains a central
challenge in ecological studies (Andrew et al. 2012,
Tscharntke et al. 2012).

Tidal marshes develop between terrestrial and
aquatic ecosystems, along low energy coastlines
worldwide (Wiegert et al. 1981, Mitsch & Gosselink
1993). As an interface, tidal marshes share character-
istics with their neighboring habitats but have their
own unique features (Mitsch & Gosselink 1993), such
as having strong physical gradients (Bertness 1991,
Bertness et al. 1992) and being dominated by a few
very widespread species which develop under a wide
range of environmental harshness conditions across
large geographic regions (Mitsch & Gosselink 1993,
Pennings & Bertness 2001, Isacch et al. 2006). Re-
cently, large-scale studies have found that herbi-
vore—marsh plant interactions are more intense at
lower latitudes along the east coast of North America
(Salgado & Pennings 2005, Pennings et al. 2009), in
Europe (Pennings et al. 2007) and in South America
(Canepuccia et al. 2010a, 2011) and that variation in

grazing intensity may be related to changes in herbi-
vore densities among locations (Alberti et al. 2007,
Pennings et al. 2009). However, information is scarce
about the environmental variables that shape the ge-
ographical zoning and distribution of vegetation in
tidal marshes. Given that the harshness of environ-
mental conditions in marshes often varies with lati-
tude (Pennings & Bertness 1999, 2001, Pennings et al.
2007, Isacch et al. 2006, Canepuccia et al. 2011), salt
marshes constitute an interesting habitat to analyze
in order to determine whether environmental severity
is related to biodiversity and the species shared with
neighboring habitats, thus minimizing the artifacts
resulting from comparing different habitats or distant
taxa. From the La Plata river outlet (35°13'S) to
northern Patagonia (40°50'S; both in Argentina),
there are some of the most extensive Spartina spp.
marshes of the SW Atlantic coast (Isacch et al. 2006).
These Spartina marshes are distributed along envi-
ronmental gradients of tides, water salinity, precipita-
tion and temperature that vary predictably with lati-
tude (Cabrera & Willink 1973, Isacch et al. 2006).
Changes in these environmental factors are known to
affect the abundance and richness of plant species
(e.g. water availability: Hawkins et al. 2003, O'Brien
2006, Eiserhardt et al. 2011; thermal heterogeneity:
Pennings & Bertness 1999, Speziale et al. 2010; salin-
ity: Pennings & Bertness 1999, Hu & Schmidhalter
2005, Isacch et al. 2006). On the Argentinean coast,
Spartina marshes are limited —on the inland side —
by 3 different biogeographic provinces (Cabrera &
Willink 1973, Isacch et al. 2006). The northern
marshes are limited by the ‘Pampas grassland bio-
geographic province’, which is characterized by a
warm-temperate climate with abundant precipitation
and dominated by a grass steppe. The marshes lo-
cated in the central part of this distribution are sur-
rounded by the ‘Espinal biogeographic province’,
characterized by thorn trees and halophytic grasses,
which grow in warmer and drier conditions. The
marshes located in the southern part of this distribu-
tion are surrounded by the ‘Monte biogeographic
province’, which is characterized by a patchy pattern
of alternating shrubs and bare soil areas and consti-
tutes the most arid area of Argentina (Cabrera & Will-
ink 1973, Cabrera 1976; see the 'Study site' section
and Fig. 1). Thus, these relatively narrow and homo-
geneous Spartina marshes develop between 1 marine
biogeographic province (Argentine province; Boschi
2000, Balech & Ehrlich 2008; Fig. 1) and 3 land bio-
geographic provinces.

Given this background, we used a comparative
approach to analyze how vegetation assemblages of
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tidal marsh and its neighboring inland habitat, as
well as their shared species, change according to
environmental geographic gradients. In environ-
ments with greater environmental stress, species
may show a more generalist physiology and ecology
(Stevens 1989), which may allow them to inhabit a
greater distribution range. Thus, the increase in envi-
ronmental stress could decrease the dissimilarity
between neighboring communities. We hypothe-
sized that the species richness of marsh plants and
the dissimilarity of this community with the adjacent
inland environment decreases with environmental

39°48'S), the outlet of Rio Negro (RN: 41°00'S) and
Bahia San Antonio (BSA: 40°42'S; Fig. 1). The north-
ern marshes are exposed to microtides (SC = 0.75 m,
MCH = 0.75 m; Isacch et al. 2006), with important
freshwater input, and are characterized by brackish
water conditions. The southern sites developed in
large embayments, in dry coastal areas and with
larger tidal amplitudes (BB = 2.44 m, BA = 1.64 m,
BSA =6.44 m; Isacch et al. 2006). The RN site also de-
veloped in a dry coastal area with large tidal ampli-
tudes (2.94 m), but the freshwater input of the Rio Ne-
gro leads to brackish water conditions (Isacch et al.

harshness according to geography. Our
work aims to describe the general bio-
geography of marsh and inland plant
assemblages along the SW Atlantic
coastline, assessing whether: (1) plant
assemblage characteristics are associ-
ated with geographic changes in envi-
ronmental conditions and (2) whether
certain environmental factors are associ-
ated with the species dissimilarity
between marshes and inland assem-
blages along these physical environ-
mental gradients.

MATERIALS AND METHODS
Study sites

The study was carried out in 6 mar-
shes, located along the SW Atlantic coast
from 35°13' to 40°50'S (Argentina), in-
cluding some of the most important SW
Atlantic Spartina marshes (see Isacch et
al. 2006). These Spartina marshes are
characterized by 2 main habitats defined
by characteristic intertidal heights and
the dominance of different plants. The
lower marsh develops at the maritime
front and is dominated by monoculture
stands of the smooth cordgrass Spartina
alterniflora. The other one develops at
the upper intertidal height and is domi-
nated by the dense-flowered cordgrass
S. densiflora and the perennial glasswort
Sarcocornia perennis (Isacch et al. 2006).
The specific sampling sites were: the
outlet of La Plata River (SC: San Cle-
mente, 36°22'S), the Mar Chiquita coas-
tallagoon (MCH: 37°45'S), Bahia Blanca
(BB: 38°41'S), Bahia Anegada (BA:
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Fig. 1. Marshes sampled along the SW Atlantic coast. SC: San Clemente
(36°22'S); MCH: Mar Chiquita (37°32'S); BB: Bahia Blanca (38°41'S); BA:
Bahia Anegada (39°48'S); RN: the outlet of Rio Negro (41°00'S); BSA:
Bahia San Antonio (40°42'S). SC and MCH are located in the bigeograph-
ical Pampas grassland province (light gray), BB and BA located in the
Espinal province (dark grey area), and RN and BSA located in the Monte
province (dotted area). Dashed area indicates the Patagonia province. The
coast between the arrows shows the area of development of tidal marshes
dominated by Spartina spp. grasses. The dashed line indicates the geo-
graphic range of the Temperate Argentine Biogeographic Marine province.
Triangles indicate meteorological stations. 1: Stn 876580, 36°33'S,
56°42'W, 2 m above sea level (MASL); 2: Stn 87692, 38°0'S, 57°33'W, 17
MASL; 3: Stn 87750, 38°44'S, 62°16'W, 72 MASL; 4: Stn 87791, 40°50'S;
63°0'W, 12 MASL; 5: Stn 87784, 40°45'S, 64°56' W, 8 MASL. The isohyets
for the study sites are gray lines with the rainfall values in millimeters
obtained by averaging the period 1961 to 1990 (Argentinean National
Weather Service, Servicio Meteo-rolégico Nacional Argentino)
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2006). These tidal marshes are surrounded by diverse
inland matrices that represent different biogeo-
graphic provinces (see Cabrera & Willink 1973,
Isacch et al. 2006). The northern marshes (SC and
MCH) are surrounded by the Pampas grassland bio-
geographic province, which is characterized by an
herbaceous layer dominated by grasses of the genera
Stipa, Piptochaetium, Rothriochloa and Panicum (Ca-
brera & Willink 1973). With a warm temperate cli-
mate, this area has an annual precipitation that oscil-
lates between 600 to 1000 mm yr~! and a significant
input of freshwater from the La Plata River (Isacch et
al. 2006). The middle marshes (BB and BA) are
surrounded by the Espinal province, which is charac-
terized by xeric thorn trees and bushes, such as
mesquite Prosopis caldenia and black matorro Cyclo-
lepis genistoides, and scrubs, such as jume Suaeda
divaricata, blak jume Allenrolfea patagoénica and
Heterostachys olivascens. The herbaceous layer is
dominated by halophilic grasses, such as desert pan-
icgrass Panicum urvilleanum and dropseed grasses
Sporobolus rigens (Cabrera & Willink 1973). With a
temperate and dry climate, this area has an annual
precipitation ranging between 400 to 600 mm yr
(Isacch et al. 2006). The southern marshes (RN and
BSA) are surrounded by the Monte province, which is
characterized by large bare soil areas, dominated by
xeric bushes, such as the creosote bushes Larrea di-
varicata and L. cuneifolia and the salt shrubs Plectro-
carpa rougessi (Cabrera & Willink 1973). With colder
and drier climate, this area has an annual mean pre-
cipitation of around 200 mm yr~! (Isacch et al. 2006).

Diversity of marsh-inland species composition
and environmental conditions

We sampled the herbaceous layer (<0.5 m height)
and the shrub layer (>0.5 m height) in December
2010 (spring in the southern hemisphere) at 2 marsh
elevations, defined as the upper and lower halves of
the whole elevation gradient, and in their neighbor-
ing inland environments. The herbaceous vegetation
was sampled using a line intercept method (Canfield
1941) with 5 replicated 10 m transects placed 50 m
apart in the inland and low and high marsh areas of
each study site (see Fig. 1). Additionally, we meas-
ured plant height (height of 1 plant randomly chosen
within each transect). Transects were placed parallel
to the coastline and in the middle of the spatial distri-
bution of each marsh height at each study site. Given
the characteristics of the shrub layer, we employed
the quadrant samples method to estimate their vege-

tation cover. All individuals were counted and meas-
ured (height, length and width) for each identified
species within five 5 x 5 m replicates in each habitat
from every study site. Vegetation cover was calcu-
lated for each species in each replicate and for each
layer. To describe a-diversity, we calculated species
richness and Shannon Wiener's diversity index (fol-
lowing Magurran 1988) in each replicate and for
each layer. A Tukey's honestly significant difference
(HSD) test following an analysis of variance
(ANOVA; Zar 1999) was used to evaluate the null
hypothesis of no differences in a-diversity among
sites. As community data are mainly multivariate
(Clarke & Warwick 2001), to test differences in marsh
assemblages composition along the geographical
gradient, multivariate analysis was used. To perform
permutational analysis of variance (PERMANOVA),
PRIMER 6 software was used (Clarke & Gorley 2006).
Bray-Curtis abundance similarity matrices (Clarke &
Warwick 2001) were constructed to test the multi-
variate null hypothesis of no differences in plant
assemblage composition (species presence and
abundance) among groups. Differences in plant
assemblage compositions were tested between the
different marsh elevations within each marsh and
with the inland elevation (factor: low, high and
inland) and between sites at the same habitat type
(factor sites: SC, MCH, BB, BA, RN and BSA). In
order to obtain p-values (pperm), all PERMANOVA
tests relied on 4999 permutations following the unre-
stricted raw data permutation method, which is the
most appropriate for 1-way cases and provides a
Type I error close to oo (Anderson et al. 2008). A pos-
teriori, pair-wise comparisons using 4999 random
permutations were performed when PERMANOVA
tests were significant at the 0.05 level. Plant assem-
blage composition was further explored using non-
metric multidimensional scaling ordination (NMDS),
where a stress value <0.20 gives an adequate repre-
sentation of the 2-dimensional NMDS (Clarke & War-
wick 2001).

To characterize the prevailing environmental con-
ditions at each study site, we estimated some of the
most important physical variables associated with
plant growth: annual precipitation (O'Brien 2006,
Eiserhardt et al. 2011, Canepuccia et al. 2010b),
maximum, minimum and daily thermal amplitude
(e.g. Speziale et al. 2010), and particularly important
for marsh vegetation, salinity and tidal amplitude
(Bertness et al. 1992, Pennings et al. 2005, Canepuc-
cia et al. 2010b). Salinity of the water that floods the
marshes daily can have strong effects on plant
growth and development (e.g. Bertness et al. 1992,
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Canepuccia et al. 2010b). However, higher tempera-
tures, sun radiation and evaporation can also en-
hance salinity in the water remaining in the marshes
and in the sediment (e.g. Bertness et al. 1992, Fanjul
et al. 2008), while rainfall can dilute their salinity
(e.g. Canepuccia et al. 2010b). From each study site,
the values of daily maximum (hereafter maximum
temperature) and minimum temperatures (hereafter
minimum temperature) from the nearest station of
the Argentinean National Weather Service (Servicio
Meteorolégico Nacional Argentino; Fig. 1) were
averaged for the years between 1990 and 2008. In a
similar way, we estimated the mean daily thermal
amplitude as the difference between the maximum
and minimum temperatures for each day and for
each station for the period from 1990 to 2008. Since
BA did not have a close meteorological station, we
estimated the climate variables by interpolation. To
do that, we employed the meteorological stations
located on the SW Atlantic coast among our study
sites (Fig. 1) as data points to build our model. Then,
we used the geostatistical kriging interpolation tech-
nique (Pardo-Iguzquiza 1998, Akkala et al. 2010)
using latitude and longitude as independent vari-
ables to estimate the climate values for the BA loca-
tion. Precipitation and tidal values for each study site
were obtained from Isacch et al. (2006). Water salin-
ity (hereafter salinity) values were measured (preci-
sion of 1%.) from 5 water samples at a distance of
50 m each, along the coastline during high tides at
each marsh site in December, June and March. A
Tukey's HSD test, following ANOVA (Zar 1999), was
used to evaluate the null hypothesis of no differences
in environmental conditions among sites. Then, by
using a multiple regression model (Neter et al. 1990),
we estimated the relationship between the environ-
mental conditions (marsh area, precipitation, temper-
ature, tidal amplitude and salinity) and plant charac-
teristics (total plant cover, specific cover, species
richness and diversity, and marsh-inland dissimilar-
ity in species composition). Given that plant species
interactions can also affect plant development (e.g.
Bertness & Hacker 1994, Bertness & Ewanchuk
2002), the inter-specific coverage of plants for each
habitat was also included in the regression model
analysis. The variables were appropriately trans-
formed to meet the assumptions of homogeneity of
variance and normality of the residual error (Neter et
al. 1990). A forward stepwise multiple regression
analysis was used to optimize the model with lower
complexity and higher explanatory capability (Neter
et al. 1990). When the general model accepted multi-
ple independent variables, we calculated the per-

centage of the observed variance, explained by each
independent variable. This was done using the coef-
ficient C; = b;R;;, where b;; is the standardized partial
regression coefficient of the independent variable i
and R; is the correlation coefficient between this
variable and the response variable j (Fox & Fox

2000).

Physical characteristics driving species similarity
between marshes and inland environment

Similarity percentages (SIMPER) analysis was per-
formed on plant abundance data to identify the spe-
cies most responsible for the multivariate pattern.
The SIMPER routine compares average abundance
and examines the contribution of each species to dis-
similarities (Clarke & Warwick 2001) between marsh
and inland vegetation along the SW Atlantic coast. A
Monte Carlo analysis (Manly 1998) was used to eval-
uate the null hypothesis of no difference among sites
in the marsh-inland dissimilarities in species com-
position. The analysis was made by a random re-
sampling with replacement of the same number of
interactions that the field observations performed
(10 iterations) of plant composition in each habitat
among all sites. For each iteration, we estimated dis-
similarity percentages (SIMPER) analysis of plant
composition. A Tukey's HSD test, following ANOVA
(Zar 1999), was used to evaluate the null hypothesis
of no differences among sites in the dissimilarity of
communities between marsh-inland environments.
As previously described, we used a multiple regres-
sion model (Neter et al. 1990) to estimate whether
there is a relationship between environmental vari-
ables and marsh inland dissimilarity in species com-
position along the SW Atlantic coast. Forward step-
wise multiple regression was used to remove
redundant variables and to select the model with the
lowest complexity and the highest explanatory capa-
bility (Neter et al. 1990). We calculated the percent-
age of the observed variance explained by each inde-
pendent variable by means of the coefficient C; (Fox
& Fox 2000).

RESULTS

Diversity of marsh—inland species composition and
environmental conditions

There were 29 plant species found during our sam-
pling along the SW Atlantic coast (see Table S1 in
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the Supplement at www.int-res.com/

articles/suppl/m494p135_supp.pdf).
Among them, only 4 species were
found in marsh habitats (Spartina
densiflora, S. perennis, the sea °
lavender Limonium brasiliense and
the wild celery Apium commer-
sonni). The plant assemblage com-
position (cover, richness and diver-

sity; Table 1), as well as their
tallness (Table S1 in the Supple- ++
ment) varied among sampled sites.
Plant assemblages changed be-
tween low and high marsh and
among sites (Fig. 2). The low marsh
was composed by monospecific
stands of S. alterniflora, with the
exception of MCH, which was char-
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acterized by bare mudflat areas.
Plant assemblage composition dif-
fered between sites (pperm = 0.001).
Posteriori pair-wise comparisons
showed that the assemblage compo-
sition at SC was different from those at BB, RN and
BSA, while the assemblages at BB and BA differed
from those at RN and BSA (Fig. 2a, NMDS). Environ-
mental data (tidal amplitude, salinity, precipitation
and temperature) changed among sites (Table 1).
Forward stepwise multiple regression for the cover of
S. alterniflora showed a positive association with log-
transformed tidal range (94.60% of the observed
variance, C = 0.79) and a negative relationship with
salinity (5.40%, C = 0.05; Table 2). The tallness of

Fig. 2. Non-metric multidimensional scaling (NMDS) ordination plots using plant
species abundance based on Bray-Curtis similarity matrices. Two-dimensional
(2D) arrangements of sites (MCH, SC, BB, BA, RN and BSA, see Fig. 1 for details)
are shown: (a) low marsh, (b) high marsh, (c) herbaceous layer and (d) shrub layer

S. alterniflora stems showed a negative association
with salinity (Table 2).

There was higher plant richness in the high marsh
than in the lower marsh (up to 4 species), but only
Spartina densiflora and S. perennis were dominant
(Table S1 in the Supplement). It the high marsh,
PERMANOVA performed on species coverage
showed that the assemblage compositions of SC and
MCH were different from those of BB, BA, RN and
BSA; BB and BA differed from RN and BSA, and the

Table 1. Environmental data: tidal amplitude (m), salinity (%.), annual precipitation (mm), and maximum, minimum and ther-
mal amplitudes (°C) along the SW Atlantic coast. Temperature values for BA were obtained by geostatistical kriging interpo-
lation using latitude and longitude as independent variables. o-diversity: Shannon-Wiener index; B-diversity: marsh—inland
dissimilarity. Different lowercase letters denote significant differences between sites at p < 0.05 with Tukey's honestly signif-
icant difference test. SC: San Clemente (36°22'S); MCH: Mar Chiquita (37°32'S); BB: Bahia Blanca (38°41'S); BA: Bahia Ane-

gada (39°48'S); RN: the outlet of Rio Negro (41°00'S); BSA: Bahia San Antonio (40°42'S)

SC MCH BB BA RN BSA

Tidal amplitude 0.75 0.79 2.44 1.64 2.94 6.44
Salinity 23.91 (2.87)° 27.95 (1.04)° 42.75 (1.34)¢ 38.17 (1.02)¢  14.03 (2.54)°¢  40.30 (1.12)f
Annual precipitation 950 920 645 500 380 248
Temperature

Maximum 34.09 (1.25)° 35.84 (1.63)° 38.81 (1.77)¢ 38.80 39.15 (1.19)¢  38.21 (9.32)¢

Minimum —2.76 (1.46) -4.34 (1.53)*>  -5.85 (2.03)"¢ -6.11 -6.81 (1.22)>¢  —6.58 (4.46)°

Daily amplitude 24.29 (4.3)° 24.19 (1.77)° 26.34 (3.09)* 27.02 27.51 (1.85)*  28.33 (8.10)"
a-diversity

High marsh 0.28 (0.20)"cd 0.05 (0.12)¢ 0.47 (0.28)*Pe 0.64 (0.07)°®  0.44 (0.26)>“d  0.85 (0.20)*¢

Herbaceous layer 0.03 (0.06)° 1.07 (0.30)° 0.65 (0.13)2P 1.07 (0.18)° 0.89 (0.58)" 0.91 (0.46)°

Shrub layer 0.66 (0.14)° 0.98 (0.05)P 0.53 (0.37)° 0.66 (0.01)®
B-diversity 100.00 (0.00)* 89.84 (3.95)" 74.70 (7.86)¢ 75.92 (6.64)°  98.19 (1.68)°  66.89 (4.57)¢
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Table 2. Forward stepwise multiple regression values between environmental variables and plant assemblage characteristics
in marsh and inland areas along the SW Atlantic coast. Within each habitat, plant species and their characteristics are given:
cover, tallness, o-diversity (i.e. Shannon-Wiener index) and B-diversity (i.e. marsh-inland dissimilarity). *: p < 0.05. Final sig-
nificant models were selected as functions of the environmental variables selected by the lowest corrected Akaike's informa-

tion criterion for each step (AIC.). SSE: sum of squares due to error; RMSE: root mean square error

Habitat variables Parameter Estimate SS F-ratio SSE RMSE R? AlIC,

Low marsh

Spartina alterniflora Intercept 13.39 0.00 0.00 222.68 2.87 0.84* 154.87
Tidal range 20.17 1160.74 140.74
Salinity -0.28 221.49 26.85

Tallness Intercept 105.37 0.00 0.00 3374.55 12.11  0.65* 200.71
Salinity -1.41 6057.41 41.29

High marsh

Cover Intercept 1.67 0.00 0.00 0.38 0.12 0.83* -33.55
Salinity -0.01 0.45 30.97
Tidal range -0.12 0.89 61.47
Min. temperatures -0.11 0.44 30.35

Tallness Intercept 2238.03 0.00 0.00 5774.21 14.62 0.80* 252.54
Precipitation 0.32 2861.73 13.38
Thermal amplitude -75.06 4852.58 22.69

Richness Intercept 2.07 0.00 0.00 6.76 0.51 0.38* 52.93
Tidal range 0.27 3.94 15.17
Marsh area <0.001 1.48 5.70
Min. temperatures 0.18 1.12 4.30

a-diversity Intercept 0.65 0.00 0.00 1.21 0.21 0.58* -1.47
Salinity 0.001 0.23 5.05
Precipitation <-0.001 1.15 25.59

Spartina densiflora Intercept -79.52 0.00 0.00 1193.03 691 0.84* 211.29
Tidal range -8.66 1713.53 35.91
S. perennis -0.44 1027.42 21.53
Salinity -0.63 599.21 12.56
Thermal amplitude 5.83 280.01 5.87

Sarcocornia perennis Intercept -1.31 0.00 0.00 5.28 0.44 0.72* 42.63
Min. temperatures -0.48 13.24 67.69
Salinity -0.02 0.89 4.57

Limoium brasilense Intercept 17.43 0.00 0.00 2.14 0.28 0.56* 15.56
S. densiflora -0.02 2.75 34.61
Max. temperature -10.75 1.17 14.75

Inland herbaceous layer

Cover Intercept -1478.48 0.00 0.00 12122.99 21.19 0.57* 274.79
Precipitation <0.001 6257.54 13.94
Thermal amplitude 52.60 3964.31 8.83

Richness Intercept -25.97 0.00 0.00 0.52 0.14 0.66* -26.96
Thermal amplitude 0.90 0.69 35.88
Precipitation 0.005 0.58 30.05

o-diversity Intercept —43.08 0.00 0.00 1.65 0.25 0.62* 7.77
Thermal amplitude 1.49 1.90 31.06
Precipitation 0.007 1.59 25.99

Cortadeira selloana Intercept -7.26 0.00 0.00 5658.49 14.22 0.75* 249.25
Precipitation <0.001 16566.75 81.98

S. perennis Intercept -23.78 0.00 0.00 7.48 0.52 0.32* 50.37
Max. temperature 15.31 3.46 12.97

L. brasilense Intercept 0.47 0.00 0.00 6.83 0.49 0.28* 47.65
Precipitation <-0.001 2.67 10.97

Frankenia juniperoides Intercept 2.11 0.00 0.00 12.55 0.67 0.26* 65.92
Precipitation -0.07 4.44 9.90

Inland shrub layer

Cover Intercept 0.04 0.00 0.00 0.17 0.08 0.80* —62.46
Precipitation <0.001 0.70 112.33

Richness Intercept -24.84 0.00 0.00 9.26 0.58 0.85* 56.80
Max. temperature 0.71 53.44 161.58

a-diversity Intercept -21.60 0.00 0.00 2.73 0.31 0.73* 20.17
Precipitation 0.00 0.13 1.33
Max. temperature 3.04 7.39 75.73

Atriplex lampa Intercept 0.14 0.00 0.00 10.61 0.62 0.80* 60.87
Precipitation 0.005 43.16 113.93

Cyclolepis genistoides Intercept -0.25 0.00 0.00 4.06 0.38 0.53* 32.03
Precipitation -0.001 4.55 31.42

B-diversity Intercept 43906.29 <0.01 <0.01 3.56E7%7 776.37  0.89* 975.80
Salinity -182.54 1.74E+08 287,89
Precipitation <-0.01 2.84E+%6 473
Thermal amplitude —-1142.38 9.72E+% 16,13
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plant assemblage composition at RN was different
from that at BSA (pperm = 0.001; Fig. 2b, NMDS). The
total plant cover (log transformed) showed a negative
association with tidal amplitudes (60.75%, C = 0.57),
with salinity (33.16 %, C = 0.31) and with the mean
daily minimum temperatures (9.09 %, C = 0.06; Table
2). Plant tallness was negatively associated with the
mean daily thermal amplitude (57.86%, C = 2.93)
and positively associated with precipitation (42.14 %,
C =2.14; Table 2). Plant richness was positively asso-
ciated with tidal range (84.01%, C = 0.32) and with
the surface of the high marsh (15.90 %, C = 0.06) and
was negatively associated with minimum tempera-
ture (0.10%, C < 0.10; Table 2). Species diversity
showed a positive association with salinity (20.82 %,
C = 0.12) and a negative association with precipita-
tion (79.18%, C = 0.46; Table 2). S. densiflora was
one of the dominant plant species in the high marsh;
its cover was negatively associated with tidal ampli-
tudes (69.72%, C = 0.87), with S. perennis cover
(19.42%, C = 0.24), with salinity (9.89%, C = 0.12)
and with thermal amplitude (0.97%, C = 0.01;
Table 2). Sarcocornia perennis is another dominant
plant species in the high marsh. Its cover (log trans-
formed) showed a negative association with daily
minimum temperature (98.98%, C = 0.71) and with
salinity (1.02%, C = 0.01; Table 2). The log-
transformed cover of the companion species Limoium
brasilense showed a negative association with
S. densiflora cover (91.30%, C = 0.52) and with log-
transformed daily maximum temperature (8.70%,
C =0.05; Table 2).

Inland, the northern sites (SC and MCH) were
characterized by an herbaceous layer dominated by
the silver pampas grass Cortaderia selloana, while
the presence of a shrub layer characterized the
southern sites belonging to the provinces of the
Monte and Espinal. At the herbaceous layer, plant
assemblage compositions differed between sites
(Pperm = 0.001), except between BA and BSA (pperm =
0.08; Fig. 2c, NMDS). The selected model for herba-
ceous plant cover included a positive association with
precipitation (squared transformed, 58.19%, C =
2.04) and a negative association with the thermal
amplitude (41.81%, C = 1.46; Table 2). Richness (log
transformed) showed a positive association with the
thermal amplitude (56.12 %, C = 0.52) and a negative
association with precipitation (43.88%, C = 2.35;
Table 2), while oa-diversity (Shannon-Wiener index
root transformed) showed a positive association with
thermal amplitude (56.11 %, C = 2.87) and a negative
association with precipitation (43.89%, C = -2.24;
Table 2). At the herbaceous layer, C. selloana cover

showed a positive association with precipitation
(Table 2). The log-transformed cover of Sarcocornia
perennis was positively associated with maximum
temperatures (Table 2). The log cover of both of
Limoium brasilense and the juniperoid seaheath
Frankenia juniperoides was negatively associated
with precipitation (Table 2).

At the shrub layer, the compositions of plant
assemblages differed between sites (pperm = 0.003),
showing similarity between RN and BSA (pperm =
0.19) and between BB and RN (pperm = 0.80; Fig. 2d,
NMDS). Yet, the shrub layer showed similar species
compositions between sites located in both biogeo-
graphic provinces (Espinal and Monte), being domi-
nated by the saltbush species Atriplex lampa and
Cyclolepis genistoides and the chuquiragua Chuqui-
raga erinacea, with the exception of BA, where the
importance of C. erinacea increased (Fig. 2d). Plant
coverage (log transformed) in the shrub layer showed
a negative association with the Box-Cox transforma-
tion (theta = 4.6) of precipitation (Table 2). Both rich-
ness and o-diversity (Table 2) showed a positive
association with the maximum temperature. The
Box-Cox transformation of the covers of Atriplex
lampa (theta = 0.23; Table 2), and Cyclolepis genis-
toides (theta = 0.56;, Table 2) showed negative asso-
ciations with precipitation.

Environmental characteristics associated with species
dissimilarity between marshes and inland area

At MCH, SIMPER analysis revealed that 4 species
contributed more than two-thirds of the average
Bray-Curtis dissimilarity (91.8%) between high
marsh and inland. Cortaderia selloana (42.5%),
Spartina densiflora (32.5%), the tussock paspalum
Paspalum quadrifarium (12.9 %) and Stipa sp. (8.1 %)
were the species most responsible for the differences
among groups. C. selloana, P. quadrifarium and Stipa
sp. were only present in the inland area, while S. den-
siflora was registered inland and in the high marsh
but with a higher abundance (10-fold) in the latter.
SIMPER analysis showed that 2 species explained
most of the average dissimilarity (100 %) among high
marsh and inland vegetation at SC. These species
were C. selloana (51.6 %) and S. densiflora (44.3 %).
The former was only present in the inland area, while
the latter was registered only in the high marsh
(Fig. S1a,b in the Supplement at www.int-res.com/
articles/suppl/m494p135_supp.pdf).

At BB, the average dissimilarity between high
marsh and inland vegetation was 75.9 %, with only 3
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species accounting for >99% of the dissimilarity
among groups. Spartina densiflora contributed 47.2 %,
Frankemia juniperoides 40.2% and Sarcocornia
perennis 12 %. Spartina densiflora was only registered
in the high marsh; F. juniperoides, in the inland area;
and S. perennis was present at both locations. The
results of the SIMPER analysis at BA showed that
4 plant species contributed most to dissimilarities
among high marsh and inland vegetation (75.5%),
with S. densiflora (44.9%), S. perennis (22.3%),
Limoium brasiliense (17.4%) and F. juniperoides
(15.3 %) being the highest contributors. S. densiflora
and S. perennis were present at both sites, but their
average abundance was higher (29- and 3-fold, re-
spectively) in the high marsh than in the inland area.
L. brasiliense and F. juniperoides were only registered
in the inland area.

High average dissimilarity was noted between
high marsh and inland vegetation (98.3%) at RN,
with only 2 species contributing >90 % of that differ-
ence. Spartina densiflora was only registered in the
high marsh, while Sarcocornia perennis was present
in both areas but with a higher abundance in the
high marsh (60-fold higher). S. densiflora was only
registered in the high marsh. At BSA, SIMPER analy-
sis showed that 4 species, Frankenia juniperoides
(63%), S. perennis (12.2%), Limoium brasiliense
(12.2%) and the spreading alkaliweed Cressa truxil-
lensis (7.2 %), contributed >95% of the average dis-
similarity (68.5%) between the high marsh and the
inland areas. F. juniperoides and C. truxillensis were
only present in the inland area, while S. perennis and
L. brasiliense were in both areas with higher abun-
dance in the high marsh (Fig. S1d,e in the Supple-
ment). The model selected by forward stepwise mul-
tiple regression for plant dissimilarity (squared
transformed) between marsh and inland areas, in-
cluded a negative association with salinity (59.90 %,
C = 0.73), with a thermal amplitude (16.71%, C =
0.22), and a positive association with Box-Cox trans-
formation (theta = 3.3) of precipitation (28.38%, C =
0.38; Table 2).

DISCUSSION

Along our studied geographic range, tidal marshes
showed a monoculture of Spartina alterniflora in the
low marsh and higher plant diversity (mainly Spar-
tina densiflora and Sarcocornia perennis) in the high
marsh. The abundance, dominance, richness and
diversity of marsh plants changed with latitude. In
the lower marsh, plant cover increased, while its tall-

ness decreased in association with tidal range and
salinity. In the high marsh, plant cover and tallness
decreased, while plant richness and diversity increa-
sed in association with tide ranges, salinity, minimum
temperatures and with a decrease in precipitation.
Inland, plant cover decreased, while its richness and
diversity increased in association with minimum tem-
perature, thermal amplitude and with a decrease in
precipitation. Additionally, the dissimilarity in plant
species compositions (B-diversity) between marsh
and inland assemblages decreased in association
with salinity, thermal amplitude and with a decrease
in precipitation.

The low marsh elevations were inhabited by a
monoculture of Spartina alterniflora, with the excep-
tion of MCH, which was characterized by bare mud-
flat areas. Southwards, along our study range, the
cover of S. alterniflora increases in association with
oceanic influences expressed in higher salinity and
tidal ranges, while its tallness decreases in association
with increased salinity. Waterlogging is stressful to
angiosperms due to increasing soil anoxia (Callaway
et al.1990, Huckle et al. 2000, Pennings & Bertness
2001). Moreover, the tidal flushing and subsequent
evaporation increase the salinity of marsh sediments
(Bertness et al. 1992, Fanjul et al. 2008). Along the SW
Atlantic coast, marshes such as BB and BSA showed
much higher salinity values than seawater (>40 %o).
This hypersaline condition may be due to the fact that
these marshes are exposed to larger tidal ranges
(Isacch et al. 2006). Moreover, evaporation and re-
stricted circulation, which are characteristic of BB
and BSA, contribute to the increase in water salinity
at these sites (Perillo et al. 2006). The toxicity of Na*
and CI" (Hu & Schmidhalter 2005) reduces plant
growth and survival (Cavalieri & Huang 1981, Hu &
Schmidhalter 2005, Canepuccia et al. 2010b), which
can result in lower plant height. Similar patterns of
higher S. alterniflora density, but shorter stems in
zones with less favorable conditions, have been re-
ported for local (Turner 1976, Reimold 1977, Seliskar
et al. 2002) and geographic gradients in marsh envi-
ronmental severity (Seliskar et al. 2002). These intra-
specific differences between plant heights and densi-
ties may be the result of non-competitive neighbors
becoming competitors under favorable conditions
(Bertness & Ewanchuk 2002). Thus, it is possible that,
at lower latitude sites, the above-ground competition
for light modulates the outcome of plant interactions
(e.g. Levine et al. 1998, Emery et al. 2001), resulting
in taller stems but lower densities of plants than at
higher latitudes, which experience greater environ-
mental severity. As a result, the plant coverage here
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changed with environmental harshness, resulting in 2
major types of landscapes: northern sites, character-
ized by a lower cover of and taller S. alterniflora, and
the southern sites, characterized by higher cover and
shorter stems.

In the high marsh, cover and tallness of plants
decreased in association with oceanic harshness
(tidal range and salinity), as well as with minimum
temperature, thermal amplitude and a decrease in
precipitation. Precipitation is an important compo-
nent of the water availability for plants (O'Brien
1998). In addition, precipitation dilutes salt in the
high marsh (Canepuccia et al. 2010b), where salt
stress is greater than in the low marsh due to irregu-
lar tidal flushing and high evaporation (e.g. Bertness
et al. 1992). Moreover, given that warmer mean tem-
perature and more stable climate favors plant devel-
opment (Currie et al. 2004, Evans et al. 2005, Clarke
& Gaston 2006), the exposure to lower temperatures
(Hatcher & Mann 1975, Mendelssohn & Morris 2002,
Kirwan et al. 2009) and a higher daily thermal ampli-
tude (Speziale et al. 2010) can have negative effects
on plant growth (Clarke & Gaston 2006). Thus, due to
the fact that environmental stressors (aridity, lower
temperatures and daily thermal amplitude) increase
southwards along the SW Atlantic coast, marsh
plants seem to respond by reducing their coverage
and height southward. However, the responses dif-
fered between the 2 dominant species in the high
marsh. While the cover of Spartina densiflora de-
creased, the cover of Sarcocornia perennis increased
in association with salinity, tidal range and a precipi-
tation decrease southwards. C; plants (i.e. S. peren-
nis) are able to maintain higher photosynthetic per-
formance across wider temperature ranges than
co-occurring C, (i.e. S. densiflora) grasses (Barron-
Gafford et al. 2012). Also, C; plants have deeper root-
ing systems, which allow them to use groundwater
better than C, grasses (Hultine et al. 2004, Barron-
Gafford et al. 2012). Therefore, it is possible that
S. perennis (Cj3) outcompetes S. densiflora (C,) in
harsher marshes. Due to either variation in the envi-
ronmental conditions or in the trade-off between
competitive ability and stress tolerance capacity of
each species (Grime 1977, Pennings & Bertness 1999;
see Idaszkin et al. 2011 for discussion of these spe-
cies), there is a replacement of the dominance of
S. densiflora by S. perennis southward, while a mix-
ture of both species characterized the middle sites.

Inland, plant species varied in abundance, diver-
sity and dominance, and they also varied in species
constitution, changing across different biogeogra-
phic provinces (Cabrera & Willink 1973). The pres-

ence of a shrub layer characterized the southern
inland sites belonging to the Monte and Espinal
provinces (Cabrera & Willink 1973). However, we
found vegetation typical of the Monte province
located in the marshes of BB and BA, where accord-
ing to the literature (see Cabrera & Willink 1973, our
Fig. 1), we were expecting plants typical of the
Espinal province. This may be either because the
coastal area of the Espinal province has receded or
has been invaded by the Monte province, or just
because the coastal area has always been dominated
by Monte province vegetation, a pattern that has not
been detected by previous studies. Each inland layer
shows different responses to environmental harsh-
ness. The cover and tallness of the herbaceous layer
(mainly grasses) increased with increased precipita-
tion and decreased with thermal amplitude while the
cover of the shrubs layer showed the opposite pat-
tern, appearing where annual precipitation was
<600 mm in BB (39°S). These differences between
plant layers may be associated, at least in part, with
the fact that grasses have shallow root systems that
are capable of responding rapidly to increased soil
humidity (Soriano & Sala 1984). In contrast, shrubs
are more tolerant of wider temperature ranges (Bar-
ron-Gafford et al. 2012), and their deeper roots allow
them to use water from deeper soil layers than those
that can be used by grasses in dry environments
(Soriano & Sala 1984, Speziale et al. 2010, Barron-
Gafford et al. 2012). Although we cannot exclude the
fact that the inverse relationship between these lay-
ers in the biogeography of the SW Atlantic are medi-
ated by competition (e.g. Sommer & Worm 2002), the
changes in environmental factors here seem to estab-
lish the proximate limit between the grassland and
shrub landscapes along the SW Atlantic coast.

As expected for the species/area relationship (e.g.
MacArthur & Wilson 1967, Rosenzweig 1995, Lawton
1999), there was a positive relationship between the
surface of the high marsh and species richness along
the SW Atlantic coast. However, although it has been
postulated that plant richness decreases with envi-
ronmental severity (e.g. gradients in salinity: Adams
1963, Odum 1988; water availability: Hawkins et al.
2003, Clarke & Gaston 2006, Speziale et al. 2010; and
daily thermal amplitude: Clarke & Gaston 2006,
Speziale et al. 2010), we found the opposite pattern.
At high marsh elevation, species richness increased
in association with tidal range, and plant o-diversity
increased with salinity and decreased with precipita-
tion. In addition, the number of layers increased from
1 herbaceous layer in the wet northern sites to 2
(herbaceous and shrub layers) in the drier southern
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ones. Indeed, the richness and a-diversity of both
layers decreased with precipitation, while the rich-
ness and o-diversity of the herbaceous layer in-
creased with the thermal amplitude. These positive
relationships between o-diversity and environmental
severity could be due to the fact that the higher the
level of stress (e.g. desiccation, heat, salinity), the
lower the importance of negative interactions (e.g.
competence), while the importance of the positive
ones (e.g. facilitation) can increase (stress-gradient
hypothesis: Bertness & Callaway 1994, Callaway &
Walker 1997, Bertness & Ewanchuk 2002), promoting
high biodiversity. This trade-off between positive
and negative plant interactions has been reported for
aridity gradients among desert shrubs (Guo & Berry
1998), between desert shrubs and annual species
(Holzapfel et al. 2006) and along temperature gradi-
ents in alpine environments (Callaway et al. 2002).
Our study, extending almost to the southern distribu-
tion limit of Spartina spp. marshes (41°S: Isacch et al.
2006, Bortolus et al. 2009), suggests that, among
these environments, the o-diversity also increases
with environmental severity.

As plant o-diversity increases with environmental
severity, marsh—-inland dissimilarity in species com-
position also decreases. Although a decrease in B-di-
versity with latitude is generally expected (e.g. Qian
& Ricklefs 2007, Qian 2008, 2009, Rodriguez & Arita
2004, Qian et al. 2009, Hof et al. 2008), there have
been mixed results, and knowledge on B-diversity
changes related to geography is scarce (e.g. see
Koleff et al. 2003, Tscharntke et al. 2012 and refer-
ences therein). One idea that has received support is
that more benign habitats may promote the coexis-
tence of specialist species (Speziale et al. 2010) with a
higher degree of resource competition (Tilman 1982,
Grime 2001, Harrison et al. 2006), which could pre-
vent species turnover between habitats. In contrast,
organisms living in a highly constraining environ-
ment may require a more generalist physiology and
ecology (Stevens 1989) to be able to become more
widespread throughout the landscape (Stevens 1989,
Clarke & Gaston 2006). Likewise, along the SW At-
lantic coast, the shared species between the low-di-
versity marshes and the inland vegetation seem to in-
crease with environmental severity, supporting the
idea that the landscape effects on species composition
of habitat (‘landscape-divergence hypothesis': Lau-
rance et al. 2007, Tscharntke et al. 2012) change with
geographic gradients in environmental conditions.

Community composition is commonly seen as being
regulated by filters, including environmental condi-
tions and biological interactions (e.g. Grime 1998,

Lortie et al. 2004). Here, we present evidence that en-
vironmental filters that influence plant assemblages
vary according to geography, highlighting the need of
considering the scale-specific influence of processes
on o~ and B-diversity patterns. Given the fact that the
impact of each filter is not fixed, an insight into their
relative effects on species distribution and diversity
according to geography is critical for understanding
the accelerated loss of biodiversity in a changing
world (Sodhi & Ehrlich 2010, Tscharntke et al. 2012).
Here, either the decrease in species diversity or the
higher specialization of species living in less harsh en-
vironmental conditions seems to prevent similarities
of communities among marsh- inland environments.
As aresult, communities that develop in more benign
conditions, by decreasing their similarity, could help
secure regional biodiversity, therefore reconciling
their low local diversity by increasing landscape
heterogeneity at geographic scales.
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