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Understanding plant community zonation along estuarine stress gradients is critical for effective
conservation and restoration of coastal wetland ecosystems. We related the presence of plant community
types to estuarine hydrology at 173 sites across coastal Louisiana. Percent relative cover by species was
assessed at each site near the end of the growing season in 2008, and hourly water level and salinity
were recorded at each site Oct 2007eSep 2008. Nine plant community types were delineated with
k-means clustering, and indicator species were identiﬁed for each of the community types with indicator
species analysis. An inverse relation between salinity and species diversity was observed. Canonical
correspondence analysis (CCA) effectively segregated the sites across ordination space by community
type, and indicated that salinity and tidal amplitude were both important drivers of vegetation
composition. Multinomial logistic regression (MLR) and Akaike’s Information Criterion (AIC) were used
to predict the probability of occurrence of the nine vegetation communities as a function of salinity and
tidal amplitude, and probability surfaces obtained from the MLR model corroborated the CCA results. The
weighted kappa statistic, calculated from the confusion matrix of predicted versus actual community
types, was 0.7 and indicated good agreement between observed community types and model predictions. Our results suggest that models based on a few key hydrologic variables can be valuable tools for
predicting vegetation community development when restoring and managing coastal wetlands.
Published by Elsevier Ltd.

Keywords:
wetlands
ecological zonation
hydrology
vegetation cover
community composition

1. Introduction
Plant community zonation in coastal marshes is strongly
dictated by spatial gradients in salinity and inundation frequency
and duration (Mitsch and Gosselink, 1986; Bertness and Ellison,
1987; Mendelssohn and McKee, 1987; Howard, 1995). Salinity
advection and dispersion processes determine the estuarine
salinity gradient and are largely governed by a location’s connectivity to the coastal ocean and proximity of that location to runoff
sources (Miranda et al., 1998, 2005), while inundation regimes are
determined to a large extent by the vertical positioning of the
marsh surface within the tidal frame. The width of this tidal frame
is primarily dictated by average water depth and the degree to
which friction attenuates the tidal wave as it progresses inland
from the coastal ocean (Ofﬁcer, 1976; Snedden et al., 2007). These
variables interact to create a broad array of hydrologic conditions
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that support a mosaic of wetland plant species assemblages that
transition across subtle changes in salinity or hydroperiod.
Eustatic sea-level rise (ESLR; an increase in sea level resulting
from a change in ocean volume), currently estimated to exceed
3 mm yr1 (IPCC, 2007; Ablain et al., 2009), is a critical problem in
coastal regions today. This crisis is greatly exacerbated in subsiding
deltas worldwide, where subsidence contributes to a relative sealevel rise (RSLR; an apparent change in local sea level due to the
additive effects of ESLR and subsidence) that far exceeds ESLR
alone. Relative sea-level rise effectively reduces the elevation of the
marsh surface within the tidal frame, which can alter hydroperiod
and increase estuarine salinity (Hilton et al., 2008).
In coastal Louisiana, rates of RSLR on the order of 10 mm yr1
have been observed (Coleman et al., 1998) and these rates are
sufﬁcient to more than double the average depth of the shallow
subestuaries of the Mississippi River deltaic plain over the next
century (current average depth ¼ 0.7 m, Swenson et al., 2006).
Because the saltwater intrusion length of an idealized estuary is
proportional to the square of its average depth (Savenije, 1993),
saltwater intrusion lengths may exhibit a fourfold increase by 2100,
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and may effect vegetation community shifts similar to those
observed after periods of elevated salinities associated with severe
drought (Visser et al., 2002; Forbes and Dunton, 2006), and ultimately result in a widespread landward encroachment of saline
marsh community types into regions that are currently occupied by
fresh and oligohaline communities (Boesch et al., 1994).
In addition to impacts of RSLR, which are expected to continue
and strengthen in the future, many of Louisiana’s coastal restoration alternatives aim to alter hydrology through a variety of
methods including restoring connectivity of the wetland landscape
to the Mississippi River. As such, there is a need to anticipate the
impacts that RSLR and future restoration efforts may have on many
aspects of coastal ecosystem structure and function, including the
distribution of plant community types across the coastal zone. The
distribution of these community types is important, as biodiversity
(Callaway et al., 2007), resilience to disturbance (Gunderson, 2000),
and trophic structure (Weinstein et al., 2000; Wissel and Fry, 2005;
Alfaro, 2006) are all at least partially dependent upon the type of
wetland ecosystem present.
Many laboratory studies have investigated the performance of
common wetland plant species as it relates to variations in salinity
and hydroperiod (Pezeshki et al., 1987a, 1987b; Pezeshki and
DeLaune, 1993; Ewing et al., 1995; Spaulding and Hester, 2007).
While these studies shed light on the physiological tolerances of
these species to common hydrologic stressors under speciﬁed
conditions, they have limited utility in predicting species presence
or abundance in ﬁeld settings. For example, niche overlap for plants
growing naturally with contraspeciﬁcs can be greatly reduced
compared to the same species grown in monoculture (Silvertown
et al., 1999). Furthermore, Greiner-LaPeyre et al. (2001) found
that competition becomes a strong factor for species abundance
when abiotic stress is low. Thus, for many applications it may be of
more use to examine the response of species assemblages to
hydrologic variability using ﬁeld-derived abundance and hydrologic data, rather than relying on mesocosm studies that examine
only single-species assemblages.
This study utilizes a robust dataset of hydrologic and plant
species composition measurements obtained at 173 sites
throughout the Louisiana coastal zone to quantify the realized
hydrologic niches of commonly occurring species assemblages.
The objectives of this study are to 1) classify sites into distinct

vegetation communities, 2) identify indicator species of these
communities, 3) identify which hydrologic variables determine
community structure, and 4) develop a probabilistic model to
predict the presence/absence of various vegetation community
types from observed hydrologic variables.
2. Methods
2.1. Data collection and processing
All data utilized in this study were obtained from 173 sites
selected from the Coastwide Reference Monitoring System (Fig. 1;
CRMS; www.lacoast.gov/crms), a statewide coastal monitoring
network of randomly selected sites distributed across coastal Louisiana. Emergent marsh vegetation percent cover data were
collected between August 1 and September 30, 2008, utilizing
a modiﬁed Braun-Blanquet design (Braun-Blanquet, 1932, 1964;
Fig. 2). Each site consisted of ten 2 m  2 m vegetation cover plots
along a 280-m transect. In each vegetation plot, percent cover of
each plant species was visually estimated, and cover values for all
ten plots were then averaged to obtain average cover values for
each species at each site. For each site, average cover of each species
was then divided by the total cover to obtain relative cover values
(the sum of relative covers at each site was 100 percent). Plant
species nomenclature followed the USDA PLANTS Database (U. S.
Department of Agriculture, 2010).
From October 1, 2007 to September 30, 2008, hourly salinity (in
Practical Salinity Units) and water level data were collected within
150 m of the vegetation transect at each of the 173 sites. It was
assumed that no appreciable salinity or water level gradient
(surface slope) existed across this 150-m distance and that these
data reﬂected hydrologic conditions experienced by the plant
communities along the vegetation transect at each site. Short gaps
(<15 days) were ﬁlled by linear interpolation. Datasets from all
sites were missing less than 750 (out of a possible 8784) hourly
readings and no contiguous data gaps exceeded 15 days. At each
site, the average marsh surface elevation was obtained by randomly
surveying 20e40 points (each point separated from other points by
6e12 m), and taking an average of all of those points. Marsh
elevations and water level recorders were surveyed to a common
datum, allowing for the measurement of inundation periods, and

Fig. 1. Location of 173 sampling locations where vegetation cover, salinity, and water level data were collected. Color indicates vegetation community type to which each site was
classiﬁed, based on k-means clustering of vegetation cover data. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)
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a speciﬁc category) is assessed by determining the relative abundance RAmj of species j in category m, computed as the mean
abundance of species j in group m, divided by the sum of mean
abundances of species j across all categories. Fidelity is assessed by
computing the relative frequency RFmj of species j in category m,
deﬁned as the proportion of sites in category m that contain species
j. The indicator value IV is then calculated as



IVmj ¼ 100 RAmj  RFmj

Fig. 2. Representation of a typical Coastwide Reference Monitoring System (CRMS)
site, showing the 280-m vegetation transect (diagonal line), ten 2 m  2 m vegetation
plots (triangles), water level/salinity recorder (star), and marsh elevation survey area
(shaded circle).

calculations of mean annual salinity, the upper 95th percentile
salinity (used to convey the prevalence of brief, episodic high
salinity events that may not be well-reﬂected in the mean value),
percent time ﬂooded, and diurnal tidal amplitude were made from
each time series record. Tidal amplitudes were obtained by taking
the sum the amplitudes of the O1 (lunar diurnal, 25.82-h period)
and K1 (luni-solar diurnal, 23.93-h period) tidal constituents (the
largest contributors to the astronomical tidal signal on the Louisiana coast; Snedden and Swenson, 2012), which were estimated for
each station with harmonic analysis (Emery and Thompson, 2001).
Because marsh elevations were not obtained speciﬁcally at each of
the vegetation plots and salinity and water level data were assumed
to be representative of conditions along the entire vegetation
transect, hydrologic gradients within sites could not be detected
and this study focuses on variation between sites.
2.2. Data analysis
Sites were assigned to vegetation community types by applying
the k-means clustering method (Hair et al., 1992; Legendre and
Legendre, 1998) to the vegetation site-by-species matrix. This
approach uses a least-squares clustering method that partitions n
observations into k clusters in which each observation is a member
of the cluster with the nearest mean. Unlike other classiﬁcation
methods, k-means clustering is robust to differences in withingroup sample sizes and to differences in abundances across
species; both of these circumstances were prevalent in the vegetation data collected in this study. Because it does not assume that
a single, strong gradient dominates the data matrix, it is capable of
identifying secondary gradients that may exist. The Calinskie
Harabasz (CeH) criterion (Calinski and Harabasz, 1974) was used
to determine the optimum number of clusters to use. CeH is
a pseudo-F-statistic that is based on the ratio of the mean square for
the given partition to the mean square of the residuals. The number
of clusters that provides the highest CeH value is taken as the
optimum solution.
Indicator species were identiﬁed for each community type by
calculating the indicator value index (IV; Dufrene and Legendre,
1997) for each species j in group m. This method uses categories
(i.e., community types) deﬁned a priori, and determines the degree
to which the species in question can indicate the presence of
a particular category, based on the species’ speciﬁcity and ﬁdelity to
the category in question. Speciﬁcity (concentration of abundance to

(1)

and it identiﬁes indicator taxa whose inter-group variability
exceeds the variability that would be expected by chance. The
indicator value varies from 0 to 100, attaining its maximum value
when all individuals of species j occur at all sites assigned to group
m, and are not found at any sites that are not assigned to group m.
This method thus selects indicator species based on both high
speciﬁcity for and high ﬁdelity to a speciﬁc group. After computing
indicator values, a Monte Carlo signiﬁcance test of observed
maximum indicator values for a given species was applied with
1000 permutations.
Detrended correspondence analysis (DCA; Hill and Gauch, 1980)
of log-transformed species relative covers was used to assess the
beta diversity in community composition along the ordination
axes. The gradient lengths of the 2 axes were 5.5 and 4.6 standard
deviation units, respectively, indicating that a unimodal species
response model was most appropriate for constrained ordination
(Jongman et al., 1995; Leps and Smilauer, 2003). Canonical correspondence analysis (CCA) was performed on the log-transformed
site-by-species matrix using CANOCO (ter Braak and Smilauer,
2002). To primarily focus on responses by common species to
hydrologic variation, species that were not present in at least 5% of
all samples were excluded from analyses. CCA is a particularly
robust method of constrained ordination when species show
a unimodal (humped) relationship to environmental variability
and zero values in many samples (Leps and Smilauer, 2003).
Because of the large beta diversity along the ordination axes, Hill’s
scaling of scores with a focus on species was used so that distances
between species were generalized Mahalanobis distances, and
distances between samples represented species turnover across
the sites (beta diversity). A Monte Carlo simulation with 499 iterations was used to test for signiﬁcant relationships between the
environmental variables and vegetation variation. Additionally,
a partial CCA was run for each environmental variable, using the
remaining variables as covariables, to partition the vegetation
variability attributable to independent additive effects of each
environmental variable (Legendre and Legendre, 1998). Canonical
coefﬁcients deﬁned the ordination axes as linear combinations of
plant species, and intraset correlations were used to examine the
relationships between ordination axes and each environmental
variable. Diversity at each site was calculated with Shannon’s Index
of Diversity (H0 ) based on the natural logarithm of relative cover
values.
Multiple multinomial logistic regression (MLR; Hosmer and
Lemeshow, 2000) was used to model the probability of occurrence for each community type as a function of each environmental
variable that was determined to be signiﬁcant by the CCA. MLR is an
extension of binary logistic regression that may be applied when
the response variable has more than two categories. The response
variable has k categories (i.e., community types) and MLR models
will generate k  1 equations where each equation compares the
probability of occurrence of one of the k  1 categories (Pk) to the
probability of occurrence of the kth category, which serves as
a baseline category. If there are z explanatory variables (x1, x2, ., xz)
and k response categories (A, B, ., K), the model is written as
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P
ln B ¼ aB þ b1B x1 þ b2B x2 þ . þ bzB xz
PA
«
 
PK
¼ aK þ b1K x1 þ b2K x2 þ . þ bzK xz
ln
PA

(2)

Here A serves as the baseline category. Each equation models the
probability of an observation belonging to a particular category
divided by the probability that it belongs to the baseline category.
P
Because the model is constrained such that
Pk ¼ 1, the probabilities can be solved as

PA ¼
PB ¼

1
1 þ eaB þb1B x1 þb2B x2 þ.þbzB xz þ . þ eaK þb1K x1 þb2K x2 þ.þbzK xz
eaB þb1B x1 þb2B x2 þ.þbzB xz
1 þ eaB þb1B x1 þb2B x2 þ.þbzB xz þ . þ eaK þb1K x1 þb2K x2 þ.þbzK xz
«

PK ¼

eaK þb1K x1 þb2K x2 þ.þbzK xz
1 þ eaB þb1B x1 þb2B x2 þ.þbzB xz þ . þ eaK þb1K x1 þb2K x2 þ.þbzK xz
(3)

Thus, MLR allows for the estimation of the probability of
occurrence of each category as a function of the environmental
variables in question. Quadratic terms were included in MLR
models to account for nonlinearity. The Wald statistic (Hosmer and
Lemeshow, 2000) was used to evaluate the signiﬁcance of independent variables, and Akaike’s Information Criterion (AIC; Akaike,
1974) was used to select the best model from a set of candidate
models. The AIC is a likelihood statistic with a degrees-of-freedom
adjustment, and this approach aims to select the most parsimonious model by balancing the overall ﬁt (likelihood) of the model
with the number of effects (degrees of freedom) included in the
model. Computations of AIC were bias-corrected for small sample

sizes (AICc) because in some models the ratio of sample size to
number of parameters was less than 40 (Hurvich and Tsai, 1989).
We also calculated Akaike weights (wi) for each model, which can
be interpreted as approximate probabilities that the model in
question is, in fact, the best model in the candidate set (Anderson
et al., 2000). Competing models were identiﬁed as models with
wi  10% of the highest ranking model. This information-theoretic
approach to model selection is superior to traditional hypothesis
testing in that it allows for simultaneous comparison of more than
two models, it balances precision and bias when selecting the best
model, and it does not require that data be obtained from a formally
designed experiment (Burnham and Anderson, 1998).
Once the best model was selected, the predictive accuracy of the
model was assessed by calculating the weighted Cohen’s kappa
coefﬁcient (k; Cohen, 1968; Naesset, 1996) from the confusion
matrix obtained through leave-one-out cross-validation (Fielding
and Bell, 1997), where the community type predicted by the
model was deﬁned as the type with the highest modeled probability. The weighted version of k is useful when a large number of
simulated outcome classes with varying pairwise dissimilarities are
evaluated and hence the magnitude of possible classiﬁcation errors
can vary (Guisan and Zimmermann, 2000). Weightings for each cell
in the confusion matrix were obtained from the normalized
distance matrix between cluster centroids obtained from the
k-means clustering. This approach thus penalizes community type
misclassiﬁcations that were very different from actual community
types more severely than misclassiﬁcations to community types
with relatively similar species compositions. Values of k can range
from 1 to 1, with k < 0 indicating no predictive ability, 0 < k < 0.4
indicating poor predictive ability, 0.4 < k < 0.75 indicating good
agreement, and k > 0.75 indicating excellent agreement (Landis
and Koch, 1977; Fielding and Bell, 1997; Araujo et al., 2005;
Fielding, 2007; Puls et al., 2012).

Fig. 3. (Diagonals) Histograms of environmental variables collected at 173 sites in the study area. (Off-diagonals) Scatter plots of pairs of environmental variables, along with
correlation coefﬁcients (r).
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multicollinearity. None of the remaining pairs of environmental
variables were strongly correlated (jrj < 0.5 for all other variable
combinations).

3. Results
3.1. Environmental variation
Average annual salinity (0.2e25.3, mean ¼ 6.5, S.D. ¼ 5.9), 95th
percentile salinity (sal95; 0.3e31.6, mean ¼ 12.1, S.D. ¼ 8.3),
percent time ﬂooded (1.4e100, mean ¼ 52.2, S.D. ¼ 23.6) and
tidal amplitude (0e32.9 cm, mean ¼ 13.7, S.D. ¼ 10.8) were
highly variable among sites, indicating the presence of strong
spatial gradients in hydrology across the Louisiana coast (Fig. 3).
Histograms of the environmental variables show a bias of sites
with high ﬂood durations and low salinities. Because the CRMS
monitoring network consists of randomly selected sites across
Louisiana’s coastal zone, this bias is a reﬂection of the spatial
variability of these variables across the landscape. Average annual
salinity and sal95 were highly correlated (r ¼ 0.90), and thus
excluded from subsequent analysis to avoid issues related to

3.2. Community classiﬁcation and indicator species
The most compact set obtained by k-means clustering was
composed of nine communities (CeH criterion ¼ 34.16). Indicator
species and values, along with relative abundances and relative
frequencies for each community are given in Table 1. The nine
community types will hereafter be referred by ﬁrst letter of the
genus name and ﬁrst three letters of the speciﬁc name of their most
important indicator species. Phragmites australis (Paus) communities (n ¼ 8; IV ¼ 96.1; Table 1) were primarily located near the
mouth of the Mississippi River (Fig. 1), and relative cover at these
sites was dominated by Phragmites australis (Table 2). Phragmites
australis occurred at nearly all Paus sites, and was rarely present at

Table 1
Indicator species for community types, indicator values (IV), relative abundance (RA) and relative frequency (RF) by community type for the 49 species included in the analysis.
Blank cells for % RA/% RF indicate values of 0 for % RA and % RF. IVs in bold indicate species was a signiﬁcant indicator of its community type for a ¼ 0.01.
Group

Species

IV

% RA/% RF by community
Paus

Ppun

Paus

Phragmites australis
Alternanthera philoroxoides
Panicum repens
Polygonum punctatum
Ipomoea sagittata
Cicuta maculata
Vigna luteola
Cyperus odoratus
Echinochloa walteri
Cladium mariscus
Zizaniopsis miliacea
Colocasia esculenta
Schoenoplectus californicus
Typha domingensis
Eleocharis quadrangulata
Eleocharis cellulosa
Schoenoplectus pungens
Mikania scandens
Panicum dichotomiﬂorum
Eleocharis rostellata
Hydrocotyle umbellata
Panicum hemitomon
Thelypteris palustris
Morella cerifera
Leersia hexandra
Ludwigia grandiﬂora
Sacciolepsis striata
Sagittaria lancifolia
Sagittaria latifolia
Schoenoplectus americanus
Lythrum lineare
Eleocharis parvula
Baccharis halimifolia
Amaranthus australis
Spartina patens
Typha latifolia
Bacopa monnieri
Paspalum vaginatum
Leptochloa fusca
Schoenoplectus robustus
Distichlis spicata
Batis maritima
Iva frutescens
Symphyotrichum tenuifolium
Spartina cynosuroides
Juncus roemerianus
Spartina alterniﬂora
Avicennia germinans
Salicornia depressa

96.1
34.2
32.8
54.3
39.4
27.1
24.1
21.3
20.9
19.1
18.3
15.5
14.1
13.5
10.3
9.3
6.0
5.8
5.4
2.6
89.5
78.9
69.0
54.5
51.7
38.8
35.6
32.1
16.5
56.1
46.9
17.5
16.0
11.5
34.1
28.6
11.0
10.3
6.7
77.7
49.9
15.7
11.6
15.1
9.7
65.6
43.2
21.4
6.1

96/100
46/75
87/38
2/25

1/14
32/86
10/7
58/93
57/69
98/28
33/72
69/31
61/34
69/28
59/31
45/34
51/28
56/24
100/10
45/21
87/7
28/21
52/10
77/3
10/38
13/28
5/10

Ppun

Humb

Same

Spat

Srob

Sten
Jroe
Salt

20/38

10/25
48/25
11/13
14/13
8/13
34/13

0/25
10/13

1/13
1/25

2/13

1/25

29/38
29/14
36/41
35/76
40/17
4/34
16/24
12/14
30/34
4/55
3/7
23/14
14/3
6/3
7/10
0/7
0/3
18/14
38/31
20/17
0/7
0/3

Humb
16/73
1/9
26/82
5/45
2/9
5/45

31/18
7/18

16/18

Same

11/27
1/9
12/9
14/36

Srob

Sten

3/13
1/3
10/33
19/50

0/7
2/14

3/16
1/11

12/29

4/5
1/16

0/4
5/11

33/57
20/30
11/13
1/3

1/7
1/7
8/14
30/21

8/21
11/21
21/16

1/11

0/3
2/7

22/10

18/18

89/100
87/91
95/73
100/55
71/73
71/55
56/64
50/64
60/27
3/18

Spat

Jroe

Salt

47/21
33/14
1/7
7/14

1/5
5/5
13/11

1/7
5/21

7/11
3/11

48/10
23/3
0/3

6/13
60/93
61/77
88/20
69/23
43/27
22/97
8/23
20/13
4/27
14/60
0/3
31/30
16/43
12/10
9/37
0/20

6/29
3/14
1/7
34/100
80/36
51/21
48/21
94/7
5/14
1/14
8/21
3/7

0/4

18/26
6/16
3/11
5/5
15/26
21/95
5/11
4/21
18/5

4/18
11/21
1/4
0/4
9/14
17/100

78/100
50/100
75/21
28/42
12/21
1/5

6/14
30/79
0/4
15/11
30/50
68/14
22/39
17/100
0/4
15/4

4/14
2/42

9/5

0/5

0/7

0/4

3/21
24/7
1/5
66/100
37/100

43/100
100/21
85/7

16

G.A. Snedden, G.D. Steyer / Estuarine, Coastal and Shelf Science 118 (2013) 11e23

Table 2
Mean % relative cover of the seven most abundant species for each community type. Bold indicates species was a signiﬁcant indicator (a ¼ 0.01) for the group in question.
Asterisk indicates species’ highest indicator value was for group in question.
Paus
Phragmites australis*
A. philoxeroides*
Vigna luteola
Panicum repens*
Colocasia esculenta
Spartina patens
Spartina alterniﬂora

Ppun
66
8
5
4
4
3
2

Srob
Spartina patens
Distichlis spicata*
Schoen robustus*
Spartina alterniﬂora
Schoen. americanus
Vgina luteola
Phragmites australis

Humb

Sagittaria lancifolia
Vigna luteola*
Spartina patens
Polygonum punctatum*
A. philoxeroides
Colocasia esculenta*
Leersia hexandra

9
9
9
8
6
4
3

Sten
43
24
9
4
4
2
2

Spartina alterniﬂora
Spartina patens
Distichlis spicata
Juncus roemerianus
Spartina cynosuroides*
Symphyotrichum ten.*
Lythrum lineare

Same

Panicum hemitomon*
Sagittaria lancifolia*
Eleocharis*
Leersia hexandra*
Thelypteris palustris*
Hydrocotyle umbellata*
Morella cerifera

16
13
10
8
7
7
4

Spat

Spartina patens
Schoen. americanus*
Vigna luteola
Distichlis spicata
Lythrum lineare*
Juncus roemerianus
Baccharis halimfolia*

Jroe
36
34
15
7
2
2
1

sites not classiﬁed as Paus. Other species present included Alternanthera philoxeroides and Vigna luteola.
Polygonum punctatum (Ppun) communities (n ¼ 29; IV ¼ 54.3;
Table 1) were most prevalent along the coastal regions of the
western delta plain (Fig. 1) that are under strong inﬂuence of
Atchafalaya River inﬂows. Polygonum punctatum was present at 93%
of Ppun sites. Sagittaria lancifolia, Vigna luteola, Spartina patens, and
P. punctatum co-dominated the vegetation assemblages at these
sites (Table 2).
Hydrocotyle umbellata (Humb) communities (n ¼ 11; IV ¼ 89.5;
Table 1) were mainly located at the most inland regions of the
central delta plain (Fig. 1). Panicum hemitomon (IV ¼ 78.9) was also
a strong indicator for this community, and both of these species
were present at nearly all of Humb, and absent from nearly all other
sites. Co-dominant species at Humb sites included P. hemitomon and
Sagittaria lancifolia (Table 2).
Spartina alterniﬂora (Salt) communities (n ¼ 14, IV ¼ 43.2;
Table 1) were mainly situated along the shores of major bays along
the delta plain (Fig. 1). Vegetation assemblages at these sites consisted almost entirely of Spartina alterniﬂora (Table 1). Though
Spartina alterniﬂora was also the strongest indicator for this
community type, and was present at all Salt locations, it exhibited
a low speciﬁcity to Salt communities (i.e., it was commonly present
at sites classiﬁed as other communities; Table 1), which greatly
diminished the species’ IV.
Juncus roemerianus (Jroe) communities (n ¼ 20, IV ¼ 65.6;
Table 1) were situated along the seaward end of the delta plain, just
inland from Salt sites (Fig. 1). Like Salt communities, these sites
were dominated by Spartina alterniﬂora, but average cover at these
sites also consisted of nearly 20% J. roemerianus (Table 2). Thus, the
presence of J. roemerianus distinguished Jroe sites from Salt sites.
Symphyotrichum tenuifolium (Sten) sites (n ¼ 28; IV ¼ 15.1;
Table 1) were situated just inland from Jroe sites (Fig. 1). These sites
were co-dominated by Spartina alterniﬂora and Spartina patens, and
Distichlis spicata was also present in substantial quantities (Table 2).
Because dominant species of this group were also dominant in
other groups, Sten communities did not have strong indicator
species. Symphyotrichum tenuifolium and Spartina cynosuroides,
neither of which demonstrated high speciﬁcity nor ﬁdelity to Sten
sites, were the strongest indicators for this community, though
neither were statistically signiﬁcant.
Schoenoplectus americanus (Same) sites (n ¼ 30; IV ¼ 56.1;
Table 1) were concentrated in a band across the delta plain just
inland from Sten sites, and were also prevalent along the bays on
the western portion of the delta plain (Fig. 1). These sites

Spartina alterniﬂora
Juncus roemerianus*
Spartina patens
Batis maritime
Avicennia germinans
Distichlis spicata
Eleocharis parvula

45
13
9
7
6
3
2

Spartina patens*
Typha latifolia*
Leptichloa fusca*
Paspalum vaginatum*
Bacopa monnieri*
Schoen. californicus
Typha domingensis

70
7
4
4
3
2
2

Salt
79
19
1
<1
<1
<1
<1

Spartina alterniﬂora*
Avicennia germinans*
Salicornia depressa*
Distichlis spicata
Batis maritime
Spartina patens

92
3
2
1
1
<1

were dominated by Spartina patens, and Schoenoplectus americanus
was almost always present (Table 2). This species showed
speciﬁcity (60% of all Schoenoplectus americanus relative cover
occurred at Same sites) and ﬁdelity (93% of all Same sites contained
Schoenoplectus americanus) to Same sites, and its presence distinguished Same communities from other Spartina patens-dominated
communities.
Schoenoplectus robustus (Srob) sites (n ¼ 19; IV ¼ 77.7; Table 1)
were primarily situated along the coastal reaches of the Chenier
Plain in southwest Louisiana (Fig. 1). Like Same communities, these
sites were dominated by Spartina patens (Table 2). However, Srob
sites could be distinguished from other Spartina patens-dominated
sites by the presence of Schoenoplectus robustus and Distichlis spicata (IV ¼ 49.9), both which demonstrated high speciﬁcity and
ﬁdelity to Srob communities.
Spartina patens (Spat) sites (n ¼ 14; IV ¼ 34.1; Table 1) were
primarily situated across the Chenier plain at locations inland from
Srob sites (Fig. 1). These sites were strongly dominated by Spartina
patens, which on average comprised 70% of the relative cover at
these sites (Table 2). Though Spartina patens was the strongest
indicator for Spat sites, its IV was low due to the lack of speciﬁcity of
this species for Spat sites.
3.3. Ordination and species diversity
The ﬁrst two canonical axes could account for over 90% of the
specieseenvironmental relation. Though the combined sum of the
canonical eigenvalues comprised only 16.8% of the total inertia in
the dataset, this outcome is to be expected to some degree because
constrained ordinations such as CCA extract only the variance in
species distributions that can be attributed to speciﬁc environmental relationships. This low explained variance is also typical of
noisy data sets with many zero values (ter Braak, 1986; Jongman
et al., 1995). Partial CCA showed that of the 16.8% variance
explained by the full CCA model, 9.2%, 5.2%, and 0.9% could be
attributable to the pure effects of salinity, tidal amplitude, and
percent time ﬂooded, respectively. Another 1.5% could be attributed
to interactions between the variables.
Eigenvalues (Table 3) and the intraset correlations (Table 4)
of hydrologic variables with the ﬁrst two ordination axes indicated
a strong primary gradient (axis 1) related to average annual salinity
and a secondary, nearly orthogonal gradient that was associated
with diurnal tidal amplitude. Percent time ﬂooded was not
strongly correlated with either of the ﬁrst two canonical axes.
Community types identiﬁed by k-means clustering are indicated in
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Table 3
Summary statistics table for CCA ordination presented.
CCA axis

1

Eigenvalues
Species-environmental correlations
Cumulative percentage variance
Of species data
Of species-environmental relation

2
0.559
0.895

11.4
67.9

3
0.191
0.712

15.3
91.0

4
0.074
0.562

16.8
100.0

0.482
0.000
26.6
0.0

the ordination diagram of site scores and environmental variables
(Fig. 4a), and though some overlap exists, these community types
each show a tendency to occupy speciﬁc regions of the ordination
space. In the ordination diagram, the vector length of a given
environmental variable on the CCA plot indicates the degree of
correlation between that variable and species distribution. Thus,
the ﬁrst canonical axis distinguishes high salinity sites (Srob, Jroe,
and Salt) on the right side of the ordination diagram from lower
salinity sites (Paus, Ppun, and Humb) on the left. The second axis
largely distinguishes sites with high tidal amplitudes (Paus, Jroe,
and Salt) near the lower portion of the ordination diagram from
sites with lower amplitudes (Humb, Spat, and Srob) near the top.
Sites situated near the center of the diagram either showed intermediate values of tidal amplitude and salinity or showed little
variation associated with those variables.
Associations between hydrologic variables and signiﬁcant indicator species are shown in Fig. 4b. Species associated with higher
salinities included Schoenoplectus robustus, Distichlis spicata, Juncus
roemerianus, and Spartina alterniﬂora, while those associated with
lower salinities included Hydrocotyle umbellata, Panicum hemitomon, Polygonum punctatum and Ipomoea sagittata. Concerning
tidal amplitude, species associated with higher tidal amplitudes
included Alternanthera philoxeroides, Panicum repens, J. roemerianus,
and Spartina alterniﬂora, while those associated with lower amplitudes included P. hemitomon, Schoenoplectus robustus, and Spartina
patens.
Species diversity varied widely across community types and was
greatest in Ppun and Humb communities (Fig. 5a). Diversity was
intermediate for Paus, Same, Spat, Srob and Sten communities, and
very low for Jroe and Salt communities. Diversity was inversely
correlated with salinity (Fig. 5b; r2 ¼ 0.47, p < 0.001).
3.4. Multiple multinomial logistic regression
Because percent time ﬂooded comprised less than 1% of the total
inertia in the 173 samples (compared with 9.2% and 5.2% for salinity
and tidal amplitude, respectively), the candidate set of MLR models
was restricted to those that only included the effects of salinity and/
or tidal amplitude. Fifteen combinations of linear and quadratic
terms of salinity and tidal amplitude were included in the candidate set, and all models in the set were highly signiﬁcant (Table 5).
The minimum AICc score was obtained for the model that included
a linear term for salinity and linear and quadratic terms for tidal
amplitude (model 1), and was therefore accepted as the best model

Table 4
Canonical coefﬁcients and intraset correlations of environmental variables with the
ﬁrst two axes of the CCA.
Variables

Canonical
coefﬁcients

Intraset correlations

Axis 1

Axis 2

Axis 1

Axis 2

Salinity
Tide range
% Time inundated

1.35
0.37
0.01

0.61
0.52
1.28

0.97
0.53
0.18

0.21
0.77
0.01

Fig. 4. Plot of sample scores (a) and centroids for signiﬁcant indicator species (b) on
the ﬁrst two canonical axes for the canonical correspondence analysis of vegetation
cover in the 173 samples. Arrows indicate direction of increasing value for environmental variables. Color indicates community type to which samples were classiﬁed
(upper panel) or community type best indicated by species (lower panel). Species
codes are ﬁrst letter of genus and ﬁrst three letters of speciﬁc name. (For interpretation
of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

of community type as a function of salinity and tidal amplitude.
Akaike weights indicated that none of the remaining candidate
models could be considered competing models.
Model 1 was used to estimate the probability of occurrence for
each community type as a function of salinity and tidal amplitude
(Table 6; Fig. 6). In a general sense, the model corroborates the CCA
results. Community types most likely to occur at sites with low
salinity include Paus, Ppun, Humb, and Same. These sites contain
high abundances of Phragmites australis, Sagittaria lancifolia,
Polygonum punctatum, Panicum hemitomon, Spartina patens, and
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Table 6
Estimated regression coefﬁcients for the best MLR model. Coefﬁcients were not
obtained for Salt communities because Salt was used as the reference category.
Community type

Intercept

S

T

T2

Paus
Ppun
Humb
Same
Spat
Srob
Sten
Jroe

67.63
28.43
28.34
23.89
24.28
21.95
17.57
1.91

1.78
2.95
4.06
1.23
1.14
0.76
0.66
0.44

6.85
1.13
0.02
0.89
1.12
1.14
0.47
0.63

0.14
0.02
0.15
0.02
0.01
0.02
0.01
0.01

Schoenoplectus americanus (Table 2). Srob, Sten, Jroe, and Salt
communities, which are dominated by species such as Spartina
patens, Distichlis spicata, Schoenoplectus robustus, Juncus roemerianus, and Spartina alterniﬂora, are expected to be found at high
salinity sites. Humb, Spat, and Srob communities are most likely to
be found at sites with low tidal amplitudes, while higher amplitudes are predicted to be occupied by Paus, Jroe, and Salt communities. The model predicts Ppun and Same communities to be found
across a broad range of tidal amplitudes. The range and mean value
of the predictor variables for each community type (Table 7) reﬂect
the general patterns obtained with the MLR model.
Overall correct classiﬁcation rate of the model was 60.7%, which
far exceeds the chance accuracy rate of 12.9%, calculated as the sum
of the squared proportions of each community type in the dataset
(Hand et al., 2001). The weighted Cohen’s kappa value, obtained
from the confusion matrix (Table 8) and weightings obtained
from the normalized distance matrix between community types
(Table 9), was 0.70 and indicates good agreement between
observed and model-predicted community types (Fielding and Bell,
1997). When classiﬁcation errors occurred, they tended to occur
between community types with relatively low pairwise distances,
indicating misclassiﬁcation to ecologically-similar community
types. Regarding speciﬁc community types, the model prediction
accuracies ranged from below 40% for Srob communities to greater
than 70% for Paus, Ppun, Sten, and Salt communities (Table 8).
4. Discussion

Fig. 5. Mean Shannon diversity indices with standard errors for the nine community
types (a) and regression of Shannon diversity indices against average annual salinity
for the 173 samples (b).

Table 5
Model variables (T ¼ tide, S ¼ salinity), number of estimated variables (k), log
likelihood (2lnL), model probabilities (p, from Wald statistic), Akaike’s Information
Criteria corrected for small sample size (AICc), and Akaike weights (wi) for the 10
best models in the candidate set.
Model

Effects

k

2 (lnL)

p

AICc

wi

1
2
3
4
5
6
7
8
9
10

S þ T þ T2
S2 þ T þ T 2
SþT
S þ S2 þ T þ T2
S2 þ T
S þ T2
S þ S2 þ T2
S2 þ T 2
S þ S2 þ T2
S

32
32
24
40
24
24
32
24
32
16

345.59
352.71
372.05
340.89
378.95
381.64
369.44
387.99
379.27
468.85

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

410.20
417.32
420.48
421.72
427.39
430.07
434.06
436.43
443.89
501.13

0.96
0.03
0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

The various aspects of wetland hydrology act to inﬂuence
coastal wetland vegetation zonation in complex and interacting
ways. Anticipating and modeling the manner in which hydrologic
variability governs plant zonation is important, as rates of
productivity (Callaway et al., 2012), sediment accretion (Becket,
2009), and carbon sequestration (Odum, 1988) are all strongly
related to the type of vegetation community present. Though
landscape habitat change models have been developed to forecast
vegetation community composition response to hydrologic variability in coastal Louisiana (Reyes et al., 2000; Visser et al., 2003),
they resolve communities to no more than four types, whereas
upwards of 15 community types have been delineated (Visser et al.,
1998, 2000). Additionally, these models have relied on arbitrary
salinity ranges based on either expert opinion or limited data
related to only the single most dominant species in each community type to determine which community is present at a given
location. Community occurrence probabilities as a function of
hydrology obtained with the multinomial logistic regression
approach here take into account all species comprising each
community type, and can be readily incorporated into existing
landscape habitat change models, increasing their resolution in
terms of community type and making their predictions probabilistic in nature. Incorporating these empirically-determined
occurrence probabilities into these models would increase their
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Fig. 6. Probability surfaces as a function of salinity and tidal amplitude for the nine community types identiﬁed by k-means clustering. The white region outside the bounds of the
probability surface represents salinity and tidal amplitude combinations that did not exist in the dataset.

rigor and enhance their ability to predict landscape changes to
continued hydrologic alterations such as river diversions, levee
construction and sea-level rise that are occurring in coastal
wetlands throughout the world.
The vegetation communities delineated by k-means clustering
in this study correspond in a general sense with classiﬁcations
obtained from previous studies on the Mississippi River Delta Plain
(southeastern Louisiana; Visser et al., 1998) and Chenier Plain
(southwestern Louisiana; Visser et al., 2000, Fig. 7). For example,
the community types delineated in this study effectively subdivided the polyhaline oystergrass community described by Visser
et al. (1998, 2000) into communities containing only Spartina
alterniﬂora (Salt), those dominated by S. alterniﬂora that also
included Juncus roemerianus (Jroe), and those where S. alterniﬂora
was co-dominant with Distichlis spicata and Spartina patens (Sten).
Table 7
Mean values (range in parentheses) for average annual salinity, percent time ﬂooded, and tidal amplitude for each of the nine community types identiﬁed.
Community
type

Average annual
salinity

Percent time
ﬂooded

Tidal amplitude
(cm)

Paus
Ppun
Humb
Same
Spat
Srob
Sten
Jroe
Salt

1.5
1.2
1.0
4.0
4.3
7.8
8.2
12.8
18.3

68.6
57.3
61.7
44.9
55.4
55.2
44.8
50.8
49.7

24.3
10.4
1.8
11.3
2.2
7.0
16.4
26.5
25.9

(0.8e3.5)
(0.2e3.6)
(0.2e3.3)
(0.2e8.8)
(1.9e7.8)
(2.1e14.9)
(2.3e16.4)
(3.5e18.5)
(13.7e20.9)

(46.1e95.5)
(1.4e100.0)
(9.6e98.5)
(8.6e90.4)
(4.3e100.0)
(12.2e98.5)
(16.1e81.7)
(29.1e72.0)
(37.1e61.5)

(20.7e26.8)
(0.3e29.9)
(0.1e6.1)
(0.3e27.7)
(0.0e10.1)
(0.1e27.4)
(6.7e28.9)
(19.8e31.7)
(15.2e32.9)

Humb sites, which were dominated by Panicum hemitomon and
Sagittaria lancifolia, were mainly classiﬁed as fresh bulltongue and
fresh maidencane communities by Visser et al. (1998, 2000).
Indicator species analysis was generally effective at identifying
species indicative of the nine community types delineated by
k-means clustering. Scores for Spartina patens and Spartina alterniﬂora were relatively low for their respective groups because
although these species were often present in high abundances, they
were commonly present in multiple community types (i.e., the
ﬁdelity of these species to a particular community was low).
Nevertheless, S. patens and S. alterniﬂora could effectively indicate
their respective communities when taking into account the
absence of other indicator species with higher IV scores. Only Sten
communities lacked any signiﬁcant indicator species, which may
reﬂect that these communities result from overlap between Spat,
Jroe, and Salt communities.
Salinity clearly had the strongest association with the zonation of
vegetation assemblages across a spatial gradient from sites situated
near freshwater inputs, provided either by upland runoff or
discharge from the Mississippi and Atchafalaya Rivers, to sites
hydrologically isolated from these inputs. The strength of salinity
relative to other factors was reﬂected by its high intraset correlation
with the ﬁrst canonical axis (Table 4), and also by its relatively high
proportion of variance explained compared to the other hydrologic
variables. The overriding importance of salinity in regulating
community composition across an estuarine gradient observed in
this study is in agreement with several previous studies (Adams,
1963; Phleger, 1971; Cooper, 1982; Ewing, 1983; Odum, 1988;
Latham et al., 1994).
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Table 8
Leave-one-out cross-validation confusion matrix for predicting community type. Bold cells in table diagonals indicate correct classiﬁcations.
Actual

Predicted

Paus
Ppun
Humb
Same
Spat
Srob
Sten
Jroe
Salt

Paus

Ppun

6
1

1
21
5
4
3
2

1

Humb

Same

Spat

1
3

2
6

Srob

Sten

Jroe

2

16
1
1
5

3
6
3

3
3
7

Vegetation assemblages were further differentiated by tidal
amplitude, which produced a vector in ordination space orthogonal
to that of salinity (Fig. 4). For example, whereas Ppun and Humb
communities were both found where salinities were low, Humb
communities showed a strong tendency toward low tidal amplitude. Similarly, though Jroe and Srob occupied similar positions
along the salinity gradient in ordination space, they were strongly
separated along the tidal amplitude gradient. Casanova and Brock
(2000) observed that duration of individual inundation events,
rather than total time inundated, correlated best with segregation
of communities. In the wetlands of the northern Gulf of Mexico,
sites with high tidal amplitudes typically exhibit many punctuated
inundation events whereas those with low tidal amplitudes usually
exhibit fewer inundation events of greater duration driven by nonastronomical phenomena such as meteorological or ﬂuvial forcing.
Edaphic factors such as porewater salinity (Lara and Cohen, 2006),
redox potential (Armstrong et al., 1985; Pezeshki, 2001), pH
(Gambrell et al., 1991) and nutrient availability (Odum et al., 1979),
all of which can inﬂuence vegetation zonation (Bockelmann et al.,
2002), are largely dependent on the lengths of wetting and
drying events on the marsh surface and the frequency at which
water exchanges between the marsh surface and surrounding
waters occur.
The orthogonal nature of the salinity and tidal amplitude vectors
suggest that the variables were uncorrelated with each other (Leps
and Smilauer, 2003) and together the salinity and tidal amplitude
gradients effectively partition the sites into four distinct hydrologic
regimes, and these regimes were reﬂected in their spatial distribution with regard to hydrographic features across the Louisiana
coast. First, sites with high tidal amplitudes and high salinities are
situated along the coastal ocean away from ﬂuvial inputs. These
sites are concentrated along the lower reaches of interdistributary
basins along the deltaic plain (Fig. 8), while the upper reaches of
these distributary basins consist of sites with reduced salinity and
tidal amplitude. Sites with high tidal amplitude and low salinities
were concentrated around the mouths of the Mississippi and

3
1
4
20
4

1
1
3
12
3

Total

Proportion correct

8
29
11
30
14
19
28
20
14

0.75
0.72
0.55
0.53
0.43
0.37
0.71
0.60
0.79

Salt

4
11

Atchafalaya Rivers, while sites with elevated salinities and minimal
tidal amplitudes were found primarily in the managed marshes
situated far from freshwater inputs on the Chenier plain in southwest Louisiana.
This study did not identify percent time ﬂooded as being an
important factor that governs plant species composition. This
ﬁnding is contrary to several studies that have shown transitions in
species composition from Spartina alterniﬂora to Juncus spp. along
increasing elevation gradients in saline marshes (Eleuterius and
Eleuterius, 1979; Niering and Warren, 1980; Latham et al., 1994;
Pennings et al., 2005). Transitions in species composition along
elevation gradients have also been observed in tidal fresh marshes
(Simpson et al., 1983; Latham et al., 1994), although patterns of
zonation may be less distinct than those observed in saline marshes
(Hoover, 1984; Odum et al., 1984). The absence of a ﬂooding effect
observed in this study may result from the discrepancy in scales at
which marsh elevation and vegetation composition were assessed.
Protocols for the CRMS monitoring program are such that marsh
elevation for each site was assessed within a 15-m radius of
a central point at each of the 173 sites, whereas vegetation at each
site was assessed at 10 plots along a 280-m transect and subsequently averaged (Fig. 2). At some sites, gradients in vegetation
species composition along the lengths of the transects were

Table 9
Normalized distance matrix between cluster centroids for the nine community
types delineated by k-means clustering. Dashes in table diagonals indicate zero
distance.

Paus
Ppun
Hum
Same
Spat
Srob
Sten
Jroe
Salt

Paus

Ppun

Humb

Same

Spat

Srob

Sten

Jroe

Salt

e
0.56
0.60
0.66
0.79
0.67
0.69
0.83
0.97

0.56
e
0.21
0.34
0.53
0.38
0.42
0.65
0.83

0.60
0.21
e
0.45
0.63
0.47
0.49
0.67
0.84

0.66
0.34
0.45
e
0.27
0.20
0.35
0.73
0.90

0.79
0.53
0.63
0.27
e
0.32
0.45
0.85
1.00

0.67
0.38
0.47
0.20
0.32
e
0.31
0.72
0.88

0.69
0.42
0.49
0.35
0.45
0.31
e
0.44
0.59

0.83
0.65
0.67
0.73
0.85
0.72
0.44
e
0.27

0.97
0.83
0.84
0.90
1.00
0.88
0.59
0.27
–

Fig. 7. Correspondence of nine community types identiﬁed in this study with classiﬁcations previously established by Visser et al. (1998, 2000), which include deltaic
mixture (DM), deltaic Roseau cane (DR), fresh bulltongue (FB), fresh maidencane (FM),
fresh spikerush (FS), fresh Typha (FT), oligohaline bulltongue (OB), oligohaline spikerush (OS), oligohaline wiregrass (OW), mesohaline wiregrass (MW), mesohaline
mixture (MM), and polyhaline oystergrass (PO).
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Fig. 8. Average annual salinity and tidal amplitude for the 173 sites included in the study.

observed, and the possibility that these composition gradients may
have existed in response to subtle changes in elevation along the
transects needs to be further examined.
The inverse relationship between salinity and species diversity
observed in this study, combined with the patterns of zonation we
observed along the estuarine salinity gradient, corroborate ﬁndings
from others studies which suggest that although salinity tolerance
may regulate the downstream distributional limits of estuarine
vegetation species (or community types, in this case), it may not
govern the upstream limits. Wilson et al. (1996) observed correlation between the salinity tolerances of nine vegetation species
assessed through greenhouse experiments and their downstream
distributional limits, but not with their upstream limits, and suggested that other factors such as competition are the important
factors regulating community structure in fresh and intermediate
marshes. This hypothesis is supported by ﬁndings from transplant
studies, in which freshwater vegetation species transplanted to
saline settings with or without neighboring salt marsh vegetation
present experienced increased mortality in both cases, while salt
marsh vegetation transplanted to fresh settings experienced
increased mortality only in the presence of neighboring fresh
marsh vegetation (Crain et al., 2004; Engels and Jensen, 2010).
Wieski et al. (2010) suggest that salinity acts as an evolutionary
ﬁlter in the downstream direction by preventing fresh species from
adapting to harsh saline conditions, while acting as an ecological
ﬁlter in the opposite direction by competitively excluding salt
tolerant species even though they should perform better in low
salinity regimes where their osmoregulatory energy expenditures
would be reduced. Thus, models that predict estuarine marsh
vegetation community structure and productivity based on edaphic
factors should include not only the impacts of physiological tolerance, but also interspeciﬁc competitive interactions.
The weighted Cohen’s kappa coefﬁcient (0.70) obtained from the
confusion matrix indicated good agreement between actual and
model-predicted vegetation communities (Landis and Koch, 1977).
The broad range in correct classiﬁcation rate across community
types (0.37e0.79; Table 8) tended to reﬂect the degree to which the
species composition of a particular community type was distinct
from those of other community types, as indicated by the pairwise
distance matrix between cluster centroids (Table 9). For example,
Salt communities generally exhibited relatively high pairwise
distances to other communities and, as such, were rarely classiﬁed as

other communities. In contrast, Srob communities exhibited
a correct classiﬁcation rate of only 0.37, and when the model misclassiﬁed Srob sites, it tended to classify them as community types
which exhibited relatively low pairwise distances from Srob
communities. In other words, assuming pairwise distances between
community types reﬂect their ecological dissimilarity (Jongman
et al., 1995), misclassiﬁcations were generally restricted to ecologically similar community types.
Brief, extreme events which may not be strongly reﬂected by the
annual mean may in some cases be able to strongly inﬂuence
productivity, and ultimately species composition. McKee and
Mendelssohn (1989) observed that sudden salinity increases to 15
were lethal to Sagittaria lancifolia, Panicum hemitomon and Leersia
oryzoides. Pezeshki et al. (1987b) reported diminished gas exchange
of P. hemitomon within one day of exposure to salinities of 5, and
tissue death after four days of exposure to 10. Net photosynthesis in
Spartina patens was reduced 43% within 24 h following rapid
exposure to ambient salinities in excess of 22 (Pezeshki et al.,
1987c). Though sal95, used as a metric for the importance of
episodic salinity pulses, was not included in the MLR model, it was
excluded on the basis of its high correlation with average annual
salinity (r ¼ 0.90; Fig. 3), another predictor variable already
included in the model.
Increases in salinity and tidal amplitude in coastal wetlands are
expected outcomes of continued sea level rise, and the model
presented here helps to illustrate what kinds of vegetation
community shifts can be anticipated. For example, an increase in
the prevalence of Salt and Jroe communities could be expected as
they are associated with high salinities and tidal amplitudes. Humb
communities, which are dominated by Panicum hemitomon and
found in regions with very low values for both salinity and tidal
amplitude, would likely become far less prevalent and be replaced
by either Same, Srob, or Sten communities. Many of the sites classiﬁed as Humb are either fully or seasonally ﬂoating P. hemitomon
stands (Sasser et al., 1995, 1996) located in regions of the deltaic
plain that have been abandoned by the Mississippi River where
very high rates of peat accretion (>0.75 cm yr1) now control soil
accretion (DeLaune, 1986; Nyman et al., 2006). Facing rising sea
levels, restoration efforts in tidal freshwater marshes receiving
little or no ﬂuvial sediment delivery may be most effective if they
aim to sustain communities such as Humb where organic accretion
processes dominate (Turner et al., 2004). Enhancing the rigor of
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landscape change simulation models with empirically-derived
parameters obtained from ﬁeld studies that relate vegetation
community types to hydrology is critical for effective restoration
planning.
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