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Abstract Macroecology is an emerging subdiscipline
within ecology that explores effects of large-scale pro-
cesses on local, regional, and global patterns of species
diversity and taxon-independent scaling of structural and
functional relationships. Statistical analysis of these pat-
terns yields hypotheses concerning the processes deter-
mining population, community, and ecosystem-level pat-
terns, which have been the historical focus of most eco-
logical research, including that done in mangroves. The
majority of studies of mangrove forests have aimed to
better understand the causes of local (within-forest) eco-
logical patterns (e.g. zonation, tolerance to salinity and
hypoxia, litterfall and production), with little attention to
the larger environmental, historical and evolutionary
contexts that can influence local processes. | argue that a
focus on the larger-scale contexts that constrain local
processes (a “ macroecology of mangroves”) will provide
us with new insights into the structure and function of
mangrove ecosystems. Further, such analyses can be
used to determine if mangroves follow similar general
rules that have been identified for upland forested eco-
systems. | consider two examples: relationships between
local species richness and latitude, longitude and region-
al diversity; and structural coordination of leaf traits.
| present data and analyses of these macroecological pat-
terns in mangrove forests, and illustrate points of agree-
ment and disagreement between these and upland eco-
systems. | suggest that ecological theory developed in
upland forests can be readily applied to mangrove for-
ests. Such a conclusion should lead to advances in eco-
logical research of mangroves and better predictions of
how they will respond to global climate change.
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“To do science is to search for repeated patterns, not
simply to accumulate facts...”
(R.H. MacArthur 1972)

Introduction

“Macroecology” is concerned with the statistical analysis
of large-scale patterns of the distribution, abundance and
diversity of species (Brown and Maurer 1989; Brown
1995), and with the scaling among species of structural
and functional relationships (e.g. Enquist et al. 1999,
2000; Enquist and Niklas 2001; Niklas and Enquist
2001). Many ecological patterns that are observed and
measured on one or a few species at single study sites
are controlled or constrained by general processes com-
mon to many taxa or operating at much larger spatial and
temporal scales. However, it israrely possible to conduct
replicated, manipulative experiments on many species si-
multaneously at large scales. Humans are affecting eco-
systems at regional and global scales but responses of
ecosystems to small-scale perturbations at single study
sites are not easily extrapolated to large-scale impacts on
whole ecosystems. Guidance is needed on how to scale
the results of studies conducted on single species at sin-
gle sites for short periods of time, to multiple species at
large spatial and temporal scales (Farnsworth 1998).
Mangrove forests are distributed worldwide on shel-
tered, tropical coastlines (Ellison and Farnsworth 2001),
and consist of 50-75 species in 2026 genera in 16-20
families (contrasting numbers from different circum-
spections of “mangrove” by Tomlinson 1986; Duke
1992; Kathiresan and Bingham 2001). Mangroves are a
good ecological group to use for macroecological inves-
tigations because they include a large number of taxo-
nomically unrelated species in which convergent proper-
ties have been well documented (Ellison and Farnsworth
2001). Further, mangroves are restricted to a small num-
ber of habitat types (intertidal eutrophic to oligotrophic
estuaries) constrained by geomorphology (Thom 1982;
Twilley 1995), so dramatic differences in “habitat com-
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plexity” — a common bugbear of macroecology — are
minimized among mangrove forests. Thus, large-scale
patterns in the structure and function of mangrove for-
ests should be readily apparent and straightforward to in-
terpret.

Here, | illustrate two examples of macroecological
analyses of mangroves. First, | describe relationships
among species richness patterns of mangroves at local,
regional, and global scales. Understanding the relation-
ships between small- and large-scale patterns of species
richness is the starting point for any macroecological
analysis. Second, | examine relationships among man-
grove leaf traits and compare these relationships to those
seen for plant taxa across a range of temperate and tropi-
cal biomes. Such relationships can be used to model re-
gional- and global-scale patterns of productivity, distri-
bution, and dynamics of vegetation (Leuning et al. 1995;
Aber et al. 1996; Reich et al. 1999).

| illustrate how macroecological analyses of man-
groves can provide inferences about large-scale process-
es from small-scale patterns and simultaneously yield
new insights regarding the structure and dynamics of
mangrove forests. These analyses aso illustrate that the
many processes that structure mangroves are similar to
those that structure upland forests, and that general eco-
logical theory is applicable to mangrove forests. Man-
groves do not exist in isolation, but occur at the bound-
ary between terrestrial and marine environments. Inte-
grating regional and global patterns of mangrove species
richness with general ecophysiological processes into a
comprehensive “macroecology of mangroves’ could lead
to more reliable predictions of the responses of man-
grove and upland forests to global climate change. This
integration is amajor challenge for mangrove ecologists.

Large amounts of existing data on mangrove ecosys-
tems can be brought to bear in macroecological analyses,
and new data are being published at an exponential rate
(Fig. 1). A cynical mangrove macroecologist could ob-
serve that at the current rates of deforestation
(1-2%lyear; Farnsworth and Ellison 1997a; Ellison and
Farnsworth 2001), and in response to rising sea levels
(Ellison 1993, 1994; Ellison and Farnsworth 1996b,
1997) mangrove forests will be virtually gone by the
year 2100, and during that same year 4.3 million papers
will be published about them.

Developers of ecological databases and models of re-
sponses of ecosystems to global change are not drawing
on available data from mangrove forests. For example,
recent compilations of data on forest species diversity
(Waide et al. 1999), leaf-level trait, phenology, and cli-
mate relationships (Reich et al. 1992, 1999; Reich 1995),
global ecosystem net primary productivity (Esser et al.
2000), and tropical forest production (Clark et a. 2001)
do not include data from any mangrove forest, despite
the existence of these data in the published, indexed lit-
erature. The absence of mangroves in these databases
may be related to the observation (Fig. 1) that studies of
mangroves appear to contribute little to developing
fundamental ecological theories or applied ecological
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Fig. 1 Publication rate of papers on mangroves. Solid circles
illustrate total number of papers per year with the word “man-
grove” or “mangroves’ in the title, abstract, or keywords that oc-
curred in 1SI's Science Citation Index of >5,700 peer-reviewed
scientific journals (ISI, Philadelphia). The line is the best-fit non-
linear regression (r2=0.97). Open circles are the total number of
papers per year published in international “high-impact” ecologi-
cal journals (Ecology, Ecological Monographs, Ecological Appli-
cations, Journal of Ecology, Journal of Animal Ecology, Journal
of Applied Ecology, Oecologia, Oikos and American Naturalist).
The annual number of high-impact mangrove papers is roughly
constant over the 55-year period surveyed and never exceeds 5 per
year. Triangles indicate years in which a single mangrove-related
letter or paper (two in 1974) was published in Science, Nature, or
Proceedings of the National Academy of Sciences, USA

models. The macroecological analyses described here
show that mangrove forests and upland forests are struc-
tured similarly. However, relationships among ecophysi-
ological leaf traits of mangroves are different enough to
suggest that current models of responses of global vege-
tation to climate change may need to be adjusted to ac-
count for unique properties of woody hal ophytes.

Example 1: patterns of mangrove species richness

Describing and interpreting species distributions of man-
grove trees has preoccupied mangrove researchers for
centuries (see reviews in Ball 1988; Smith 1992; Duke et
al. 1998; Ellison et al. 1999). These studies have focused
either on the local (within stand or forest) patterns of
mangrove species “zonation” (e.g., Snedaker 1982) or on
the biodiversity “anomaly” of global mangrove species
richness (e.g., Ricklefs and Latham 1993). In contrast,
regional patterns of species richness have received sig-
nificantly less attention (but see Schaeffer-Novelli et al.
1990; Duke 1992; Duke et al. 1998). In thisreview, are-
gion is the area whose species complement (or species
pool, Caley and Schluter 1997) could contribute to local
species richness. This lacunais curious, since in general,
regional richness can strongly influence local richness
(see review in Srivastava 1999), and is the raw informa-
tion that is used for determining global diversity pat-
terns.



Local patterns of mangrove species richness

Species zonation patterns — the predictable and discrete
ordering of species with respect to one or several envi-
ronmental gradients — have been described for dozens of
individual mangrove swamps (reviews in Macnae 1968;
Snedaker 1982; Smith 1992; Bunt 1996). Virtualy all
such descriptions are based in some way on the classifi-
cation first presented in Watson's (1928) monograph on
mangroves of the Malaysian peninsula, in which he sug-
gested that restrictions of given mangrove species to cer-
tain portions of a swamp are determined by their toler-
ance to tidal inundation. Tidal inundation is a nearly ide-
al proxy for the wide variety of environmental conditions
that affect plant growth, including soil salinity, redox po-
tential, and waterlogging (Adams 1963; Snow and Vince
1984; Bertness and Ellison 1987; Ukpong 1994), and de-
gree of tidal inundation largely derives from local geo-
morphology (Thom 1967, 1982). Nevertheless, Watson's
proposed inundation classes were “entirely arbitrary”
(Watson 1928, p 130) and the species distribution map
he produced (Watson 1928, p 128) is “entirely imagi-
nary” (Watson 1928, p 130). Smith (1992, p 103) re-
prints this map, but claims it represents Watson's “syn-
thesis of zonation” rather than the “typical, but by no
means inevitable distribution of the more important man-
grove species’ (Watson 1928, p 128). Finally, the “imag-
inary” zonation and “arbitrary” inundation categories de-
scribed by Watson (1928) were, he stated, only applica-
ble for the west coast of Malaysia, in the neighborhood
of Port Swettenham.

Watson's description of local patterns of species dis-
tributions in mangroves epitomize those that follow: they
are qualitative, not quantitative, and they are site-spe-
cific. Although Watson did not discuss succession of
mangroves (the concept of succession being relatively
young in 1928), he did consider mangroves to be land-
builders (cf. Davis 1940), and zones to be (in modern
terms) equilibrium communities. An evaluation of
=50 years of observations on zonation and succession in
mangrove forests reviewed by Lugo (1980) led to the
conclusion that zonation represents an equilibrium,
steady-state condition, but not a successional one.
Studies on disturbance and gap dynamics in mangrove
forests (Wadsworth and Englerth 1959; Roth 1992;
Ellison and Farnsworth 1993, 1996a; Smith et al. 1994;
Imbert et al. 1996; McCoy et al. 1996), however, often
fail to support even the idea that they are equilibrium
communities.

This qualitative, site-specific approach to document-
ing zonation, and the implicit assumption that mangroves
are equilibrium communities (whether successional or
not) permeated many subsequent studies of the associa-
tions between mangrove distribution patterns and local
edaphic conditions (summarized in Macnae 1968; Smith
1992; Ellison and Farnsworth 2001). Despite the avail-
ability since the early 1970s of statistical tests for zona-
tion (reviewed by Dale 1999), the fundamental assump-
tion that species in mangrove forests are, in fact, zoned
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with respect to these edaphic conditions, has been tested
explicitly only in the last 5 years (Bunt 1996, 1999; Bunt
and Bunt 1999; Bunt and Stieglitz 1999; Ellison et al.
2000). These studies, conducted in the species-rich for-
ests of northeastern Australia and the Sundarbans of
Bangladesh, have failed to support the hypothesis that
species occur in distinct (or even indistinct) zones.

Why was zonation not detected quantitatively? Possi-
ble explanations for the lack of zonation observed in
these studies include: (1) the use of inappropriate statisti-
cal methods for testing for zonation in mangrove forests,
(2) these investigators focused on an inappropriate spa-
tial scale of observation and analysis for detecting zona-
tion; (3) human impacts on the forests have disrupted zo-
nation patterns; and (4) the “null hypothesis’ that zona-
tion does not actualy exist in mangrove forests. Expla-
nation 1 isunlikely, as statistical methods for testing spe-
cies distributions across environmental gradients are
well-developed (Dale 1999), and different statistical tests
have yielded similar results (see comparison of methods
in Ellison et al. 2000). Explanation 2 is contradicted by
Ellison et al.’s (2000) study that explicitly looked at spe-
cies distributions as a function of spatial scale. Human
impacts (explanation 3) were minimized at all sites stud-
ied in Australia and Bangladesh, but it is virtually im-
possible to find a mangrove swamp anywhere on the
planet that has not been altered substantially by human
activities. Jackson (1997) has warned about drawing
conclusions about ecological (especially marine) systems
based on a “shifting baseline” of assumptions. Current
intensive studies of mangrove swamps are being con-
ducted on fragmented remnants of these forests that may
bear little structural or functional resemblance to the
mangrove forests of centuries past, yet we often consider
our study sites to be “representative’. Thus, we cannot
rule out that these forests were once zoned, but are no
longer because of previous, undocumented anthropogen-
ic disturbance(s).

Researchers should consider seriously the last expla-
nation, however: the “null” hypothesis that true zonation
does not occur in mangrove forests. Profile diagrams
based on dominant species do not reflect distributions of
all the species in a given forest, and so generally are not
usable to test hypotheses regarding zonation. Without
statistical testing, such diagrams convey only the investi-
gator’s idealized notion of forest structure, a pattern little
changed since Watson (1928). Considering the distribu-
tion of mangrove species across the intertidal in terms of
overlapping species arrayed aong an environmental
gradient(s) (cf. Whittaker 1956; Ball 1998; Ball and
Sobrado 1998) may lead to a better understanding of
mechanisms promoting species segregation and coexis-
tence in mangrove forests. In addition, alternative hy-
potheses generated by applying basic theory regarding
the relationship between regiona richness (availability
of species) and local richness (Srivastava 1999) can sug-
gest mechanisms determining mangrove forest structure.
Relationships between regional and local richness fall
within the domain of macroecology.
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Fig. 2 Local-regional richness
plot for mangrove swamps
around the world. Solid lineis
the best-fit linear regression
(r?=0.592; P=1x10-9), and
dotted line is the best-fit satu-
rating (power) function
(r?=0.595; P=1x10-°% No sig-
nificant improvement in fit
(P=0.15, F-test) is provided
by the power function, which
suggests that these forests are
not saturated with species
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A macroecology of local richness

A macroecological analysis of local richness begins with
the axiom that species that occur at a given site are a sub-
set of aregiona pool of species that are available to colo-
nize the site (Caley and Schluter 1997; Grace 20014). For
example, of the 22 mangrove species that are known from
Bangladesh (Spalding et al. 1997), a maximum of 11 oc-
curred in any of the sites described in Ellison et al.
(2000). The absence of the full complement of 22 species
at any given site could result from edaphic conditions that
favor some species over others, but it could aso result
from: (1) the failure of some species to colonize the site
(e.g., Rabinowitz 1978a); (2) the competitive exclusion of
some species by others at the site (e.g., Ball 1980; Ellison
and Farnsworth 1993); or (3) preferential predation of
propagules (e.g., Smith et a. 1989). A simple correlation
analysis could support the hypothesis that species occur-
rences result from associations with edaphic factors, but
this result would not rule out propagule sorting, competi-
tion, or preferential predation as mechanisms causing
species to occur or not occur in agiven site.

An appropriate null hypothesisis that any species that
isavailable in the regional pool could be found in the lo-
cal assemblage (Caley and Schluter 1997). This is the
appropriate null hypothesis because only after species
have colonized a site could edaphic sorting, competitive
interactions, or propagule predation occur. One way to
test this null hypothesis is to examine the relationship
between regional and local species richness (Srivastava
1999). A linear relationship between total regional rich-
ness and the number of species in a given forest implies
that local areas are “unsaturated”. That is, local species
richness is controlled by ecological factors such as colo-
nization ability and dispersal, and evolutionary factors
such as speciation and fixation of mutations that allow
species to establish at a given site. A curvilinear (or
asymptotic) relationship between regional and local rich-
ness implies that there is an upper limit to local species
richness that is set by ecological factors such as niche
availability (edaphic tolerance), niche partitioning (com-
petition), or exclusion (due to competition or predation).

Thus, if species richness is determined by random colo-
nization and evolutionary diversification, then the num-
ber of species in a given swamp should increase consis-
tently with the number of species available for coloniza-
tion. Alternatively, if species richnessis limited by niche
availability, as implied by zonation models that restrict
species to particular edaphically or competitively deter-
mined niches, then the number of species in a given
swamp should be independent of the total number of
species available in the region.

| examined the relationship between local and region-
al species richness for 44 study sites around the world
for which | could obtain complete species lists from the
literaturel Local species richness values were deter-
mined from these species lists, which were based on
100-200 m transects, 0.1 ha, or 1.0 ha plots. Regiona
species richness values were taken from Spalding et al.
(1997), with additions for China from Li and Lee (1997).
Country-wide richness totals were used as regional spe-
cies pools for all sites except for those in Australia and
India, which were divided into sub-regions by Spalding
et a. (1997), and for countries in the Neotropics that
have both Pacific and Atlantic (or Caribbean) coastlines.
A common difficulty with analyzing local versus regio-
nal patterns of species richness is an independent mea-
sure of the species pool (Grace 2001b). However, the ex-
istence of independent lists of regional species (Spalding
et a. 1997), and data on the long-range dispersability
of mangrove propagules (Rabinowitz 1978a; Steinke
1986; Komiyama et a. 1992; Smith 1992; Clarke 1993;
McGuinness 1997) suggests that the species pools used
are appropriate for these analyses. Linear and non-linear
(power) functions were fit to the data using S-Plus ver-
sion 6.0 (Insightful, Seattle, Wash., USA). Relative fits
of the models were compared using an F-test (Draper
and Smith 1981; Hilborn and Mangel 1997).

Regional species richness explains nearly 60% of the
variance in within-site species richness (Fig. 2), and a
linear relationship provides as good afit to these data as

1 The full dataset and literature citations are available on request
from the author



does an asymptotic saturating relationship. Since the sat-
urating relationship has one more parameter than the lin-
ear relationship and there is no significant difference in
fit, parsimony suggests that we accept the linear relation-
ship as the true relationship between local and regional
species richness. Such a linear relationship implies that
mangrove forests are unsaturated with species, and that
controls on local species richness are best looked for at
regional scales. This relationship is independent of bio-
geographic province [as defined by Spalding et al.
(1997): South and Southeast Asia, Australasia (including
the eastern Pecific), the Americas, West Africa, and East
Africaand the Middle East; Fig. 2].

Global distribution of mangrove species

Species richness of mangrove forests is highest in the
Indo-West Pacific and declines relatively smoothly with
distance from =100°E, the longitude of peak species
richness (Fig. 3; Ellison et al. 1999). This distribution
pattern is similar to that seen in reef-building corals
and seagrasses, (McCoy and Heck 1976), reef-fishes
(Bellwood and Hughes 2001), and mangrove-inhabiting
snails (Ellison et al. 1999). After nearly 100 years of dis-
cussion, a consensus is emerging that for mangroves, this
pattern is best explained by a combination of continental
drift and in situ species diversification (reviews in
Ellison et a. 1999; Ellison and Farnsworth 2001). The
extent and structure of mangrove ecosystems in geologi-
cal time have been determined by tectonic activity
(Ellison et al. 1999) and changing sea levels (Woodroffe
and Grindrod 1991; Ellison 1993, 1994).

Less has been written about latitudinal patterns of
mangrove species richness (but see Schaeffer et al. 1990;
De Lange and de Lange 1994; Duke et al. 1998). In con-
trast to their “anomalous’ longitudinal distribution pat-
tern, latitudinal gradients in mangrove species richness
are quite similar to those seen for other taxa. Species
richness is highest at the equator and tails off smoothly
to the north and south (Fig. 3). There is a vast literature
on such patterns, and hundreds of mechanisms have been
hypothesized to explain them (Huston 1994; Palmer
1994; Colwell and L ees 2000).

The “mid-domain effect” provides one appropriate
null model for such patterns (Colwell and Lees 2000).
The mid-domain model accounts for the joint effects of
observed latitudina midpoints and extents of species
geographic ranges and their potential geographic ranges
as determined by biogeographic barriers [winter seawa-
ter isotherm =20°C and winter minimum air temperature
>0°C; Duke et a. (1998)]. This model depends on a geo-
metric constraint: species whose range midpoints occur
towards the edge of a geographic boundary (here the
northern and southern climatic boundaries) must have
relatively smaller latitudinal ranges than species whose
range midpoints occur towards the center of a groups
distribution (here, the equator). Colwell and Lees (2000)
showed that these geometric constraints on range size
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Fig. 3 Species richness of mangroves as a function of longitude
(upper panel) and latitude (lower panel). Lines are best fit non-
linear regressions. On the richness vs. latitude plot (lower panel)
the solid line is the observed relationship, and the dotted line is the
expected relationship for all mangrove species with observed lati-
tudinal midpoints and randomized latitudinal ranges. The expected
distribution was generated using RangeM odel 3.0 (Colwell 2000)

lead to a peak in species richness at the center, even in
the absence of environmental gradients correlated with
latitude. By comparing the observed pattern of species
richness with that expected under the mid-domain
(“null™) model (Lees et al. 1999; Lyons and Willig 1999;
Veech 2000), one can test whether global patterns of
species distribution can be explained simply by spatial
geometry, or whether other processes need to be consid-
ered.

| used RangeModel 3.0 (Colwell 2000) to generate,
using Monte Carlo simulations, 1,000 distributions of all
mangrove species [those listed Spalding et a. (1997)
aong with the Chinese endemics listed in Li and Lee
(1997)]. Country-by-country data (Spalding et al. 1997)
were used to determine latitudinal mid-points and ranges
of these mangroves. The observed distribution (Fig. 3,
solid line) was compared with a null distribution in
which latitudinal midpoints were those actually observed
and range sizes were chosen at random (Fig. 3, dotted
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line). This is a reasonable null model if modern species
essentially evolved in situ (Ellison et a. 1999). The
actual latitudinal distribution did not differ from this null
distribution (P=0.26, two-sample Kolmogorov-Smirnov
test), and explained nearly 80% of the variance in latitu-
dinal species richness. Thus, simple geometric con-
straints, notably habitat area, perhaps interacting with re-
gional climatic variables, are sufficient to explain latitu-
dinal patternsin mangrove species richness.

What determines regional richness of mangrove species?

The analysis of the local-regional richness plot (Fig. 2)
suggests that regional processes are critical determinants
of local species richness. Similarly, a null model analysis
indicates that regional variables, especialy available
habitat area, also play a significant role in determining
global patterns of species richness with respect to both
latitude and longitude (Fig. 3). These results illustrate
that a macroecological approach can lead to better under-
standing of factors that control species richness of man-
groves at intermediate (regional) scales.

In the most complete study to date of regional species
richness patterns, Duke and his colleagues (Duke 1992;
Duke et a. 1998) concluded that environmental factors
such as rainfal, tidal variation, estuary length, and
catchment area contribute significantly to observed
intra-regional differences in species richness. Similarly,
Schaeffer-Novelli et al. (1990) attributed intra-regional
differences in species composition of Brazilian man-
groves to local topography and edaphic factors operating
within the constraints set by climate and hydrol ogy.

Because habitat area has an strong effect on species
richness (Connor and McCoy 1979), it isimportant to re-
move its effects before attributing observed patterns of
species richness to edaphic factors, topography, and rain-
fall. Using geographic data in Spalding et al. (1997),
| examined the relationship between regional species
richness and area occupied by mangroves. Area aone
explains 28% of the variance in species richness across
regions (Fig. 4A). Stepwise multiple regression analysis
further indicates that annual rainfall (Fig. 4B) and bio-
geographic province (categories of Fig. 2) explain an
additional 23% and 13%, respectively, of the overall
variance in inter-regional species richness, but there is
no additional significant effect of either latitude or longi-
tude. Thus, variables identified by Schaeffer-Novelli
et a. (1990) and Duke (1992; Duke et al. 1998) do
affect regiona species richness, but less so than avail-
able area.

The lack of discrete latitudina or longitudinal effects
also is observed at global scales (Ellison et a. 1999).
The latitudinal pattern shown in Fig. 3 is due aimost en-
tirely to total mangrove area at a given latitude, which
accounts for 78% of the variance in latitudinal species
richness patterns (Fig. 4C). Similarly, mangrove area ex-
plains 88% of the variance in species richness across the
five large biogeographic provinces (South and Southeast
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Asia, Australasia and the Pacific Islands, the Americas,
West Africa, and East Africa and the Middle East) in
which mangroves occur (Ellison et a. 1999). A similarly
large effect of habitat areain these regions was found for
coral reef fishes (Bellwood and Hughes 2001), which



have latitudinal and longitudinal patterns of species rich-
ness nearly identical to that of mangroves.

This macroecological analysis of mangrove species
richness leads to three conclusions. First, we can identify
regional species pools and use them to predict local spe-
cies richness. This alone may help us to determine
whether a given forest is or has been impacted by an-
thropogenic activities. Second, we can construct more
accurate models of large-scale forest compositing that
can be used in models of forest productivity and nutrient
cycling. Third, this approach can be used for mangrove
associates such as invertebrates (Ellison et al. 1999),
fish, birds, or fungi. As more taxa are studied, the global
pattern of mangrove species distribution becomes less
anomalous.

Considering species within mangroves to be distribut-
ed broadly among overlapping gradients as opposed to in
discrete zones can inform our understanding of how lo-
cal processes filter regional species pools to result in the
structure and composition of a specific forest. Within in-
dividual swamps, it is as important to ask why available
species do not occur as it is to determine edaphic limits
of currently occurring species. For example, predation of
propagules prior to dispersal (Farnsworth and Ellison
1997b) may reduce significantly the colonization of
some mangroves to a given site. Similarly, dispersed
propagules are consumed in large numbers, and often in
density- or frequency-dependent numbers once they
wash up on shore (Smith 1987; Smith et al. 1989; Sousa
and Mitchell 1999). Data available on post-predation
recruitment and early seedling success (Ellison and
Farnsworth 1993; Clarke 1995; McKee 1995; Kathiresan
et a. 1996; O’ Grady et a. 1996; Koch 1997; Osunkoya
and Cresse 1997) have focused on locally-occurring
species (as opposed to the entire species pool). Only
Rabinowitz (Rabinowitz 1978b) experimentaly exam-
ined the interaction of seedling growth, dispersal, and lo-
cal distribution patterns, and her results are not applicae-
ble to the Indo-West Pacific, where within- and between-
forest diversity is much higher (Smith 1992). Interspecif-
ic interactions — notably interspecific competition — have
been little studied in mangroves (Ball 1980; Smith 1988;
Rey 1994), despite their overwhelming importance in de-
termining plant species distributions in terrestrial up-
lands (Gurevitch et a. 1992), freshwater wetlands
(Keddy 2000), and salt marshes (Bertness and Ellison
1987).

Example 2: functional relationships among mangrove
leaf traits

Local species richness by itself is not the same as zona-
tion. Edaphic conditions vary across the intertidal creat-
ing environmental stressors that are linked to species dis-
tributions through their effects on plant physiological
processes (Ball 1988; Ball and Sobrado 1998). Man-
groves are amodel system for studying effects of hypox-
ia and salinity on water relations and photosynthesis in
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stressful habitats. Yet, as with the studies of mangrove
distributions described above, there have been few at-
tempts to integrate mangrove ecophysiology with broad-
er patterns and trends across the plant kingdom (but see
notable exceptions in Ball 1996; Farnsworth and Farrant
1998; Farnsworth 2000).

Recent research has shown that relationships among
key ecophysiological traits of leaves — lifespan, specific
area, nitrogen content, photosynthetic and diffusive con-
ductance rates — are similar across a taxonomically di-
verse range of plants in upland biomes ranging from the
Arctic tundra to the tropical rain forests (Reich et al.
1992, 1997, 1999). This generality could alow for the
modeling of regional- and global-scale productivity, dis-
tribution, and dynamics of vegetation given a small set
of easily measured leaf traits (Leuning et al. 1995; Aber
et a. 1996; Reich et a. 1999). Many of these leaf traits
may be measurable for mangroves using remote-sensing
technologies (Ramsey and Jensen 1996; Green et al.
1997; Blasco et al. 1998; Mumby et al. 1999), leading to
better predictions of the responses of mangroves to glob-
al climate change and other large-scale stressors. In light
of this potential, and to determine if existing models
might need adjustments to account for the unique eco-
physiological traits associated with adaptations for deal-
ing with hypoxia and salinity, | compared relationships
among mangrove leaf traits with those published for up-
land biomes (Reich et al. 1999) and temperate wetlands
(Shipley and Lechowicz 2000).

Data of the kind used by Reich et a. (1999) and
Shipley and Lechowicz (2000) to examine the generality
of relationships among leaf-trait never have been collect-
ed simultaneously from a single mangrove plant. There-
fore, for comparative exploratory analyses, | extracted
values for leaf lifespan (months), specific leaf area
(SLA: cm?/g), photosynthetic rates [either area-based
(Ayea MMol CO, m2 s1) or mass-based (A, NMOI
CO, gt s1), foliar nitrogen content [either area-based
(Ngea: 9/m2) or mass-based (N, MO/Q)], and leaf dif-
fusive conductance (Gg mmol H,O m=2 s1) from the
published literature and created “composite mangrove”
leaves by pooling traits across studies (Table 1)2. In gen-
eral, published photosynthetic rates for mangroves are
area-based, and | derived A, 8 Aye*SLA (umol CO,
m~2 s-1xem?2 g-1/10=nmol CO, g1 s). | then plotted the
“composite mangrove” data alongside field data pub-
lished by Reich et al. (1999) for 105 species from six
upland biomes in the Americas and data published by
Shipley and Lechowicz (2000) for 40 species of freshwa-
ter wetland herbs from eastern North America that were
grown in a common garden. Regression analyses were
done separately for the mangrove species, the wetland
herbs, and the upland species (in S-Plus). Model | and
model 11 regressions gave similar results, and for consis-
tency with Reich et al. (1999), | report the results of the
model | regressions.
2The full dataset from which these “composite mangroves’ were

created, along with literature citations, is available on request from
the author
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Table1 Lesf traits of “com-
posite mangroves’ used in the
comparative analysis of leaf-
trait relationships (Fig. 5). Vari-
ables used and their units are:
leaf lifespan (months); specific
leaf area (SLA) (cm?/g); mass-
based photosynthetic rate
(Arasd) (NMol CO, g s°1);
mass-based leaf nitrogen con-
tent (Npase) (Mo/); leaf diffu-
sive conductance (Gg) (mmol
H,O m2s1). (n.a. no data
available)

Species Leaf lifespan SLA Nimass Amass G,

Aegiceras corniculatum 24 n.a n.a n.a 138.00
Avicennia germinans 10 64.80 16.00 41.15 270.00
Avicennia marina 13.7 42.20 13.54 54.31 200.00
Bruguiera gymnorrhiza 32.7 75.13 6.50 71.37 160.00
Ceriopstagal 36.5 52.85 7.72 15.58 43.75
Cocoloba uvifera n.a n.a 9.60 n.a 300.00
Conocarpus erectus 5 65.80 8.55 32.70 196.67
Kandelia candel 12 n.a 14.95 n.a n.a

Laguncularia racemosa 4 67.50 8.85 50.56 182.00
Rhizophora apiculata 195 67.20 15.30 51.41 69.25
Rhizphora mangle 9 80.00 18.00 74.05 163.25
Rhizopora mucronata 17 n.a 10.50 n.a 44.00
Rhizophora stylosa 19 59.07 9.22 62.02 114.00

Table2 Summary of Model | regression analyses for leaf traitsil-
lustrated in Fig. 5. Reich et al.’s (1999) dataset includes field data
from six biomes of the Americas: apine tundra-subalpine forest
ecotone, cold temperate forest-prairie ecotone, montane cool tem-
perate forest, desert shrubland, subtropical forest, and tropical
rainforest. The data for eastern North American wetlands are from
plants grown in a common garden by Shipley and Lechowizc

(2000). Species used in the mangrove analysis are: Avicennia ger-
minans, Avicennia marina, Bruguiera gymnorrhiza, Ceriops tagal,
Conocarpus erectus, Laguncularia racemosa, Rhizophora apicul-
ata, Rhizophora mangle, and Rhizophora stylosa. Variables and
units as in Table 1. All regressions were done on log,y-trans-
formed data. Shipley and Lechowicz do not provide data for |eaf
lifespan. (n.a. no data available)

Upland biomes of the Americas Mangroves Eastern North American Wetlands
Regression equation r2 Regression equation r2 Regression equation r2
SLA=2.42-0.46xLesdf lifespan  0.57 SLA=1.85-0.05xLeaf lifespan  0.05 n.a

A a—2.56-0.66xLeaf lifespan  0.78 Arass=1.77-0.10xLeef lifespan  0.03 n.a

Niass—1.57-0.34xLeaf lifespan  0.59 Ninas—1.18-0.12xL eaf lifespan  0.06 n.a

G=2.8-0.33xLeaf lifespan 0.30 Gs=2.65-0.49xL eaf lifespan 0.31 n.a

Anas=0.20+1.06xSLA 0.74 Anas—-0.11+0.99xSLA 0.15 Anas—1.24+0.44xSLA  0.13
Nass=0.13+0.56xSLA 0.55 Niass=0.91+0.07xSLA 0.001 Niass=1.09+0.08xSLA  0.01
G=2.03+0.23xSLA 0.06 G~=1.28+0.48%xSLA 0.03 G=4.40-0.95xSLA 0.28
Niass—0.31+0.49% A 0.68 Ninase=0.65+0.23% A 0.09 Ninas=0.87+0.18x A .. 0.13
G=1.65+0.44% A s 0.30 G=1.11+0.62% A s 0.26 G~1.63+0.31% A 0.04
G=2.05+0.35% N, as 0.07 G=1.81+0.30% Npppoes 0.02 G=1.06+0.98% N,pos 0.12

Reich et a. (1999) also performed a principal compo-
nents analysis (PCA) to determine if species from differ-
ent functional groups (forbs, shrubs, deciduous broad-
leaved trees, evergreen broad-leaved trees, coniferous nee-
die-leaved trees) clustered together in multivariate space.
After re-entering the data from Table 2 of Reich et al.
(1999), | performed a PCA on those data to recover their
trait loadings and species ordination. | used those loadings
to predict where the “composite mangroves’ would be ex-
pected to occur in multivariate space if the leaf-trait rela-
tionships observed for upland species by Reich et al.
(1999) were the same for mangroves. | then performed a
PCA on dl the data (Reich et a.’s and the “composite
mangroves’) combined to see if the results would differ if
mangroves were included in the overall analysis. Only the
nine mangrove species for which | had vaues for al five
leaf traitsin Table 1 were used in the PCA.

Principal axis scores for the predicted mangroves
were compared with those observed in the combined
analysis using a matched-pairs t-test. PCAs were done
using S-Plus on untransformed data that were first stan-
dardized into standard deviation units [(observation —
mean) / SD]. Because Shipley and Lechowicz (2000) did

not provide leaf lifespan data, their wetland herb dataset
was not used in the PCA.

Correlations among mangrove leaf traits were similar
in direction to those observed by Reich et al. (1999),
but differed in magnitude (slopes of the regressions)
(Table 2, Fig. 5). With respect to leaf lifespan, G, de-
clined 48% faster, but Ny, Amasse @d SLA declined
64%, 85%, and 91% slower for mangroves than were
predicted by Reich et a.’s (1999) general leaf-trait equa-
tions. Similarly, with respect to SLA of mangroves, Gq
increased 109% faster while N, increased 88% slower
than predicted, but A, was nearly identical to that pre-
dicted. Across the observed range of mangrove A .
rates, G, increased 41% faster while N, decreased
53% faster than predicted. G, also increased 14% faster
with N than predicted (Table 2, Fig. 5). Fits of the re-
gression lines for mangroves were generally poorer than
those for upland biomes, principally because of the small
sample size (n=9).

Leaf trait relationships among SLA, Niase Amass @Nd
G, of wetland herbs (Shipley and Lechowicz 2000) dif-
fered from those observed both for upland biomes and
mangroves (Table 2, Fig. 5). As for mangroves, slopes of
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Fig. 5 Scatterplot matrix of the relationship among five leaf traits:
leaf lifespan, diffusive conductance, nitrogen content, photosyn-
thetic rate, and specific leaf area. Small open squares and dark
grey regression lines are data from Reich et al. (1999) for 105 spe-
cies from six upland biomes. Small open triangles and light grey
regression lines are data from Shipley and Lechowicz (2000) for
40 species of wetland herbs. No data on leaf lifespan are provided
in Shipley and Lechowicz (2000). Large black symbols and black
regression lines are data for the “composite mangroves’ in Table 2

the regression lines relating leaf traits of wetland herbs
were lower than those for upland plants. In general, the
slopes of the regression lines relating leaf traits of the
wetland herbs were also lower than those for mangroves,
but intercepts were higher. Thus wetland herbs, with their
relatively small ranges of SLA, Njase Amass aNd G fell
within the cluster of points representing upland plants in
Fig. 5 (with the exception of the relationship between
Npass @nd Gg which is more similar to that of mangroves).
The regression lines of the wetland herbs also fit the data
relatively poorly, despite somewhat larger sample sizes
(n=40) than was available for the mangroves.

Applying the loadings of the PCA of Reich et al.
(1999) to the nine “composite mangrove” species for
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which complete data were available predicted that man-
groves would not form a natural grouping, and would
not be distinguishable from the non-mangrove species
(Fig. 6, predicted mangrove plot). However, the PCA
that included not only the non-mangrove species but
also the “composite mangroves’ did not qualitatively
re-shape the arrangement of non-mangrove species in
multivariate space, but did cluster together the “com-
posite mangroves’ more tightly (Fig. 6, observed man-
grove plot). In the latter PCA, the “composite man-
groves’ clustered closely with evergreen (tropical)
broadleaved trees of tropical and subtropical forests.
The scores of the nine mangrove taxa on principal axis
1 differed slightly (P=0.08) between those predicted by
the first PCA and those observed in the second PCA.
No difference (P=0.27) was observed between predict-
ed and observed locations on principal axis 2. Loadings
on each axis did not differ by more than a few percent
in magnitude, and were similar in direction between the
two PCAs (Table 3). In both PCASs, principal axis 1 pri-
marily reflected (left to right) increasing leaf lifespan
and decreasing leaf SLA and A, Principal axis 2 re-
flected (bottom to top) primarily decreasing G, and
N

mass*
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Table 3 Loadings of the five
variables on the two principal

Biomes of the Americas

Biomes of the Americas plus

axes shown in Fig. 6 for the “composite mangroves’
Reich et al. (1999) data set :

alone, and for that dataset to- Variable PC-I PC-2 PC-1 PC-2
gether with the “ composite Leaf lifespan 0.473 0.092 0.464 0.049
mangroves’. Variable names as A -0.528 0.267 -0.531 0.220

in Table 1; PCAswere conduc- ~ Nmass 0.318 -0.593 0.302 -0.694
ted on variables standardized to ass -0.553 -0.109 -0.557 -0.137
standard deviation units s —0.303 —0.746 -0.318 -0.694
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Fig. 6 Principal components analysis (PCA) of leaf traits of man-
grove and of 96 species from six upland biomes. The “predicted
mangroves’ plot (top) illustrates the placement of the 9 “compos-
ite mangrove” species expected from the ordination of the 96
upland species. The “observed mangroves’ plot (bottom) illus-
trates the placement of the mangrove species when they are in-
cluded in the PCA aong with the upland species

Are mangroves really different?
The macroecological analysis of mangrove leaf traits

suggests that for pairwise relationships (Fig. 5), man-
groves respond differently from upland plants to envi-

ronmental stressors. Mangroves have thicker leaves that
live longer, photosynthesize more slowly, and have low-
er nitrogen content than upland species. Because of the
generally higher y-intercepts for the leaf-trait relation-
ships of wetland herbs (except for the Gg vS N relar
tionship), differences between mangroves and wetland
herbs appear to be in the same direction as between man-
groves and upland plants (Fig. 5). The qualitative con-
clusion from Fig. 5isthat in terms of leaf traits and their
relationships, freshwater wetland herbs are more like up-
land plants than they are like mangroves. This interpreta-
tion argues for the relatively large importance of salinity
in determining mangrove leaf traits (Ball 1988, 1996).
This appears to be a convergent property among man-
groves, not a species- (or genus-) specific (Table 1) char-
acteristic. Mangroves cluster together in multivariate
ecophysiological space, a result not predicted by |eaf-
trait relationships of upland plants (Fig. 6), but not unex-
pected given the restriction of these diverse taxa to a
habitat with a common set of severe environmenta
stressors. In mulitvariate leaf-trait space (Fig. 6), man-
groves are most similar to evergreen trees of tropical wet
forests (cf. Ball 1996).

The results for these woody halophytes need to be
taken with a large grain of salt, however. Reich et a.
(1999) and Shipley and Lechowicz (2000) measured all
leaf traits simultaneously on single plants. Therefore, in
their data there is a true link between, for example, |eaf
N content and net photosynthetic rate because these val-
ues were measured on the same leaf. In contrast, the
mangrove leaf trait data are from “composite” plants; for
example, leaf N data and photosynthetic rates for
Bruguiera gymnorrhiza come from different plants and
different studies, albeit in the same country. True tests of
the hypotheses suggested in Figs. 5 and 6, that man-
groves have unique sets of leaf-trait relationships, re-
quire long-term data collection on individual leaves of
individual plants. Further, the large dataset of Reich et
al. (1999) has broad taxonomic diversity and the results
are supported even after phylogenetic relationships have
been accounted for (Ackerly and Reich 1999). | did not
apply phylogenetically independent contrasts to the
“composite mangroves’ because the sample size for
which complete data were available was only nine spe-
cies, five of which are in the Rhizophoraceae (Table 1).
However, the large number of mangrove species, and
their representation in many plant families would allow
for independent contrast analysis, once more data were
amassed.



A research agenda for mangrove macroecology

The two examples presented illustrate that for fundamen-
tal questions in mangrove ecology — determinants of di-
versity and its relationship to ecophysiology — that there
is much yet to be done, and much to be learned from the
macroecological approach. In presenting a research
“agenda’ for mangrove macroecology, | suggest only the
first steps and the list is not meant be exhaustive.

Documenting zonation

Although there now are comprehensive regional lists of
“true” (sensu Tomlinson 1986) mangrove species (e.g.
Spalding et al. 1997), data on within-swamp distribu-
tions (i.e. zonation) are surprisingly unreliable. Most
publications report only dominant species, and describe
zones without quantifying them. The minimum data re-
quired to assess zonation (or gradients) are:

« A completelist of speciesin agiven forest;

« A measure of the abundance of each species where it
ocCurs;

« Measurements of edaphic parameters and topographic
relief wherever composition and abundance data are
taken;

« ldedlly, data should be taken in contiguous quadrats
along transects (Dale 1999).

Quantitative analyses of zonation should begin with test-
ing the null hypothesis of no zonation, and then precede
to describe zonation only if the null hypothesis is reject-
ed (cf. Ellison et al. 2000). The analysis should also in-
clude an assessment of why available species in the re-
gional species pool do not occur at the study site. Explic-
it consideration of dispersal probabilities (local current
regimes) and biotic factors (especialy pre- and post-dis-
persal propagule predation, competition, facilitation)
would improve significantly our understanding of the in-
terplay of local and regional processes in determining
within-forest patterns of distribution and abundance.

Global diversity of mangrove ecosystems

Even fewer data are available or organized on the distri-
bution and abundance of mangrove associates, including
plants, animals, and microorganisms. Ellison et al.
(1999) illustrated that collation and analysis of published
data of a single faunal group associated closely with
mangroves — littorinid snails — led to stronger inferences
about processes leading to global diversification of man-
groves. | expect similar increases in our understanding of
these forests to come from detailed analysis of distribu-
tion patterns of other tight associates, notably vascular
epiphytes (Gomez and Winkler 1991; Ellison and
Farnsworth 2001), macroalgae (Littler 1989), sessile
invertebrates (RUtzler 1969; Farnsworth and Ellison
1996), insects (Murphy 1990), crabs (Jones 1984), fish
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(Krishnamurthy et al. 1984), and fungi (Kohlmeyer
1984; Hyde and Lee 1995). The long-standing debate on
the importance of mangroves as nursery grounds for fish
(reviewed in Ellison and Farnsworth 2001) could be
clarified if we had a more complete global assessment of
the diversity of fish associated with mangroves. If noth-
ing else, a comprehensive assessment of the diversity of
mangroves would illustrate the importance of these
threatened forests as ecosystems of high diversity, in
contrast to their current perception as ecological deserts.

Initially, existing data should be collated to identify
geographical gaps in coverage and to determine common
methods for subsequent collections. As for analyses of
zonation, analyses of global diversity patterns require
both distribution and abundance data. Ideally, collection
of such diversity data also should include size measure-
ments of associated trees and determination of key eco-
system properties (e.g. salinity, water and soil tempera-
tures, litterfall, so that the data could be used to associate
measurements of mangrove productivity (Saenger and
Snedaker 1993) with heterotrophic diversity.

Functional traits and ecosystem dynamics

Renewed interest in the relationship between plant func-
tional traits and ecosystem dynamics has been spurred by
the recognition that traits that are easily measured, such
as SLA, are well-correlated with traits that are more dif-
ficult to measure, including rates of photosynthesis and
diffusive conductance (Reich et al. 1992, 1997, 1999;
Shipley and Lechowicz 2000). Scaling relationships that
appear to be independent of species identity (Enquist
et al. 1999, 2000; Enquist and Niklas 2001; Niklas and
Enquist 2001) should alow these leaf-level traits to be
used to develop robust predictions of the responses by
mangrove ecosystems to increases in global temperature
and sea level. The existing data for mangroves, however,
are weak. Only four Rhizophora spp. are included in the
dataset (Cannell 1981) analyzed by Niklas and Enquist
(2001), and the data | culled from the literature (Table 1)
to compare with those of Reich et al. (1999) and Shipley
and Lechowicz (2000) are “composites’.

Besides needing better, replicated data on correlated
leaf traits of individual mangrove trees, more data on
measurements of mangrove stand productivity are need-
ed. Saenger and Snedaker (1993) compiled existing data
(through 1992) on standing biomass and litterfall of
mangroves throughout the world. Their salient result,
that the litterfall of individual species increases with
plant height and towards the equator, cannot be scaled
easily to either mixed-species stands or whole forests. In
particular, general allometric theory predicts that overall
ecosystem productivity should be independent of plant
size (Enquist et a. 2000; Enquist and Niklas 2001,
Niklas and Enquist 2001). This theory, like that of Reich
et al. (1992, 1997, 1999) on the scaling of leaf traits
could be tested independently using data from man-
groves. This would be a mgor contribution to general
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ecological theory, and would also let us really decide
whether mangroves are different from other biomes in
their ecosystem properties. | suspect that they are not,
and an integration of “mangrove ecology” into “ecolo-
gy” would help advance both.
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