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Abstract: The number of tree species, or alpha diversity, in terrestrial forests decreases with increasing 
latitude. However, it is not known whether forests in flooded areas follow the same diversity patterns as 
upland forests. A good reason for doubt is the evidence that herbaceous wetland plants are most diverse at 
temperatc latitudes. Wetlands are subject to strong environmental constraints, such as flooding, peat (acidity), 
cold~ and salinity, which may be particularly limiting to tree growth and richness. We sampled 12 plots and 
collected published data from 245 plots of forested wetland around the world. The data were sorted into 
five categories based upon environmental constraints: tropical freshwater, temperate freshwater, temperate 
peat, tropical saline, and temperate saline. There was a significant difference in tree richness among the five 
categories tOne-way ANOVA p<0.0001), from a mean of 31 species in tropical freshwater floodplains to 2 
in temperate saline wetlands. Generally, tree richness increased with decreasing latitude, but thc regression 
only accounted for 1.6% of the variation. It seems that species richness within forested wetlands is controlled 
by the cumulative number of environmental constraints. 
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INTRODUCTION 

Rising extinction rates from habitat destruction, 
global warming, and invasive exotic species have 
heightened the importance of  research on diversity in 
recent years (Ehrlich and Ehrlich 1981, May 1988, 
Groombridge 1992, Ricklefs and Schluter 1993, Ro- 
senzweig 1995). Species diversity seems to be con- 
trolled at different levels, including the local (Grime 
1973a, Moore et al. 1989, Specht and Specht 1993), 
regional (Cowling et al. 1996), and global (Niklas et 
al. 1983, Tschudy et al. 1984, Brown 1996). Historical, 
as well as present day biotic and abiotic factors, seem 
to influence species diversity patterns (Axelrod 1970, 
Currie and Paquin 1987, Delcourt and Delcourt 1991, 
Ricklefs and Schluter 1993, Keddy and Fraser in 
press). 

Most research on tree diversity has been done in 

terrestrial communities within North America, Austra- 
lia, and Europe. Currie and Paquin (1987) found that 
within North America, contemporary available energy, 
measured as potential evapotranspiration rate, is cor- 
related with tree species richness at the large, biogeo- 
graphical scale. In Australia, richness was found to be 
positively correlated with another surrogate of produc- 
tivity, the annual biomass production in the overstory 
canopy (Specht and Specht 1993). In North America, 
altitude and aspect are important in mountainous areas, 
with sheltered coves having higher tree diversity 
(Whittaker 1956, Peer 1978). Austin et al. (1996) sim- 
ilarly found in Australia that local environmental vari- 
ables, such as topography, need to be included in pat- 
terns of  terrestrial tree species richness. Within indi- 
vidual stands, there seems to be a balance between 
dominance by the shade tolerant species and regener- 
ation of  light demanding species in gaps (Grubb 1977, 
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Denslow 1987, Keddy and McLellan 1990, Phillips 
and Shure 1990). Similar work has not been done in 
wetlands. 

The generality of  tree species richness increasing 
with decreasing latitude may not hold for forested wet- 
lands for at least three reasons: 1) a review by Crow 
(1993) indicates that wetland plants as a group seem 
to have a greater diversity in the temperate zone; and 
2) there are often multiple stressors (flooding, salinity, 
cold, peat) acting on tree species in wetlands (Kozlow- 
ski 1984, Tomlinson 1986, Rozema  and Verkleij 
1991), which may  cause a deviation f rom the normal 
pattern of  species richness. 

The purpose of  this study was to determine the pat- 
terns of  tree species richness (alpha diversity) in for- 
ested wetlands. Much of  the recent work on plant di- 
versity (e.g., Currie 1991, Specht and Specht 1993, 
Austin et al. 1996) concentrates largely, or even ex- 
clusively, upon only terrestrial plants. Our intention 
was to establish whether plants of  wet habitats have 
any distinctive patterns that complement  or contradict 
results obtained with other floras. As a result of  the 
four stressors (flooding, cold, peat, and salinity) that 
can limit the number  of  species able to tolerate wet  
conditions, we predict that species richness is lower in 
forested wetlands compared  to upland forest. Species 
richness may also decrease as the number  of  stressors 
in the environment increases. Finally, this study will 
consolidate species richness data of  trees in forested 
wetlands, therefore atlowing ready access to a large 
database for exploring questions of  plant diversity and 
conservation of  the world's  remaining forested wet- 
lands. 

M E T H O D S  

The Study System 

Lugo et al. (1990) define a forested wetland as any 
wetland with a significant component  of  woody veg- 
etation. The single most important factor regulating 
wetlands is usually hydroper iod- - the  duration, fre- 
quency, depth and season of  flooding (Lugo et al. 
1990, Toner and Keddy 1997). Further, King (1995) 
found that the stress to trees increased with flooding 
duration and that this stress can change forest stand 
composit ion (see also Malecki et al. 1983). Trees in 
this ecosystem must  tolerate flooding stress, which 
leads to poor soil aeration and adversely affects 
growth. The longer flooding persists, the more difficult 
it is for plants to tolerate, and eventually, this can lead 
to mortality (Kozlowski 1984, McKevl in  et al. 1995). 
Peat, cold, and salinity are also conunon stressors in 
forested wetlands. Peat formation causes stress by 
acidifying the soil, maintaining higher water levels 

year round (Mitsch and Gossel ink 1986), and compet-  
itive exclusion of  other plants by Sphagnum (van Bree- 
man 1995), the main component  of  peat. Colder tem- 
peratures in the temperate zone impose stress because 
as temperature decreases, chemical  reactions and me- 
tabolism slow down, the uptake of water  and nutrients 
decreases, and growth is reduced (Larcher 1995). Ex- 
cess salt can be harmful  to trees because it effects the 
osmotic retention of water and the ion balance of  the 
cell 's protoplasm (Larcher 1995). In fact, mangroves  
are the only trees that can tolerate saline waters (Tom- 
linson 1986). 

Data Collection 

Species richness in 257 forested wetlands was sim- 
ply measured as the number  of  woody species within 
a sample area. The m~ijority of  the data presented in 
this paper  were obtained from the published ecological 
literature. A total of  245 data points f rom 76 papers 
were found (see Appendix).  In order to be included in 
this study, an article had to provide the total number  
of  tree species within a specified area in a forested 
wetland (i.e. any forested area where flooding occurs). 
The majori ty of  these studies were conducted in the 
southern United States (Fig. One), which may have 
introduced a bias into the study. However,  most  of  the 
ecosystem-oriented research on forested wetlands has 
been conducted in the Caribbean and the United States 
(Lugo et al. 1990). In addition, we selected 12 forested 
wetlands in the Ottawa, Ontario, Canada area. A rect- 
angular plot of  approximately 400m: was marked out 
in the summer  of  1997. Within each plot, all of  the 
tree species were identified. 

Data Analyses 

There was a wide range in the size of  the study 
areas. Therefore,  we attempted to correct for area by 
constructing a log species-log area plot based on the 
well-known relationship between species and area (Ar- 
rhenius 1921, MacArthur  and Wilson 1967, Connor 
and McCoy  1982). I f  the relationship was significant, 
we could then use the slope of  the regression line to 
correct for area. If  the relationship was insignificant, 
we could discount area as a major  factor determining 
species richness in forested wetlands. The regressions 
were done on the complete data set, as well as for the 
five wetland categories. However,  the analyses on the 
two saline categories were not included because the 58 
data points f rom 7 different studies contained only two 
different areas (250 and 1000 m-'), which is not enough 
variation for a species-area curve. 

The data were sorted into five categories of  forested 
wetlands: tropical freshwater, temperate freshwater, 
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Figure 1. Each point on the map represents the location of a study included in the analysis (see Appendix for reference list). 

temperate peat, tropical saline, and temperate saline. 
Where there was ambiguity in the distinction between 
tropical and temperate in the published papers, we 
used the criteria outlined by Larcher (1995). The data 
met the assumptions of  a parametric test (normality 
and homoscedasticity); therefore a one-way ANOVA 
was used to test for differences among categories. An 
alpha rejection level was set at 0.05. 

Finally, the latitudinal gradient of  each site was es- 
tablished. Species richness and latitude were then plot- 
ted and a linear regression model fitted to the data, 
The regressions were conducted on the complete data, 
as well as freshwater, saline, and peat wetlands sepa- 
rately. 

An alternative analysis for this study would be to 
construct a large matrix or model that included all rel- 
evant variables. An example of  such an approach is 
shown by Austin et al. (1996) who used generalized 

linear modelling to obtain regression models. This was 
not done here for two reasons. First, much of the en- 
vironmental data that would be very important in the 
model, such as duration of  flooding, was not recorded 
in most of  the papers from which the data were drawn. 
Second, there was not sufficient variation in latitude 
or area, two variables known to affect diversity, for 
some of  the wetland types. This problem is partially a 
result of  the inability to obtain data for all parts of  the 
world. It should be a priority to assemble the missing 
data so further analyses can be run. 

RESULTS 

The species-area relationship was insignificant for 
the complete data set (Table One, Fig. Two), There- 
fore, area does not seem to be having a large effect on 
species richness in forested wetlands. Since the spe- 

Table 1. Results of statistical analyses of the five wetland categories, richness-area relationships and richness-latitude rela- 
tionships. 

Squared Degrees of 
Statistical Test F-ratio Multiple R P value Freedom 

32.524 0,340 <0.001 255 1-way ANOVA: Richness (dependant) and 5 Wetland Categories 

Linear Regression: Richness vs. Area 
1, complete 
2. a) temperate freshwater 

b) tropical freshwater 
c) peat 

Linear Regression: Richness vs. Latitude 
a) complete 
b) freshwater 
c) saline 
d) peat 

2.351 0.009 0.126 255 
35.609 0.199 <0,001 143 

7.549 0.212 0.010 28 
46.073 0.735 <0.001 17 

4.190 0.016 0.042 255 
46.161 0.208 <0.001 176 

0.286 0.005 0.595 58 
7.411 0.317 0.015 16 
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complete data set (n = 257) (log values are all base 10). 

cies-richness relationship was insignificant for the 
complete  data set, there was no need to correct the 
data according to area before proceeding with further 
analyses. However,  when the regressions were broken 
down into the wetland categories (temperate freshwa- 
ter, tropical freshwater, and peat), three of  the relation- 
ships were significant (Table One, Fig. Three a, b, c). 
Both of  the freshwater categories showed a positive 
relationship between species and area; richness in peat 
forested wetlands decreased significantly with increas- 
ing area. 

A Kruskal-Wallis one-way A N O V A  comparing the 
five forested wetland types found a significant differ- 
ence between the categories [p<0 .000t  (Table 1, Fig. 
4)]. Tropical terrestrial forests and salt marshes are 
used simply as reference points for, respectively, high 
tree diversity (Gentry 1988) and low tree diversity 
(Adam 1990). The tropical terrestrial value is based on 
an area of  0.1 ha. Neither of  these two reference cat- 
egories were included in the analysis. O f  the five cat- 
egories included in the analyses, tropical freshwater 
forests had the highest species richness, while saline 
wetlands had the lowest richness. 

Figure 5a shows that there is a significant increase 
in species richness towards the equator (p = 0.042) 
when the complete data set is considered. However,  
the regression line only explained 1.6% of  the varia- 
tion in richness, and the slope is relatively flat (m - 
-0 .004)  (Table 1). However,  the regression was much 
stronger for freshwater and for peat forested wetlands 
when they were analyzed separately (Table 1, Fig. 5b 
and 5d). When saline forested wetlands were analyzed 
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Figure 3. Relationship between species richness and the 5 
major categories of forested wetlands (open bars). Closed 
bars are simply reference points for comparison (0.1 ha sam- 
pled in tropical terrestrial forest); they were not included in 
the analysis. Error bars represent 95% confidence intervals. 
Bars sharing the same letter are not significantly different 
using Tukey's test. 

separately, the relationship was not significant (Table 
i, Fig. 5c). 

DISCUSSION 

Environmental  Constraints in Wetlands 

Stress is any environmental  factor potentially unfa- 
vorable to living organisms and normally imposes a 
metabolic cost (strain) on plants (Levitt  1972). Stress, 
therefore, reduces the growth rate of  a plant, photo- 
synthetic rates are decreased resulting in reduced car- 
bon reserves (Treshow 1970), and rates of  energy ex- 
penditure are increased to avoid or tolerate the con- 
straint(s) (Levitt  1980). The main factors present in 
forested wetlands that act as constraints are flooding, 
cold, peat, and salinity. 

The addition of environmental  constraints in a for- 
ested wetland appears to decrease species richness. 
This is illustrated by comparing tropical terrestrial for- 
ests, which for the purpose of  our analysis have zero 
constraints, to the other forest types in Figure 4. The 
tropical freshwater wetland has one constraint (flood- 
ing) that decreases the richness f rom an average of  one 
hundred and thirty-three woody species in the terres- 
trial forest to only thirty-one. Two constraints are pres- 
ent in the temperate freshwater forests (flooding and 
cold), resulting in a further decrease in richness to an 
average of  ten tree species. Temperate peat forests add 
a third constraint: acidic, nitrogen-limited peat for- 
mation (Gotham 1967), which reduces the richness to 
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Figure 4. The relationship between species richness and latitude of a) complete data set (n = 257), b) freshwater forested 
wetlands (n 178), ¢) saline forested wetlands (n = 60), and d) peat forested wetlands (n = 19) (log values are all base 10). 

seven. Temperate saline wetlands, also with three con- 
straints (flooding, salinity, and cold) reduce richness to 
an average of  two species. These three constraints 
seem to have a greater impact  on richness than the 
three constraints in a temperate peatland; apparently 
salinity produces a greater stress on tree growth than 
peat. The strong effects of  salinity are also demonstrat-  
ed by tropical saline wetlands. Although this system 
has only two constraints (salinity and flooding), the 
species richness is reduced to five, which is less than 
the temperate peat wetlands with three constraints. It 
seems that constraints do decrease species richness in 
forested wetlands, with salinity possibly exerting a 
stronger effect than some other constraints. Tolliver et 
al. (1997) examined the effects of  freshwater and salt- 
water flooding on five woody species. All five species 
were found to be  sensitive to saltwater flooding, 
whereas only one was sensitive to freshwater flooding, 
further supporting the hypothesis that salinity is a very 
strong constraint. The study also demonstrates the neg- 
ative effects resulting f rom the addition of  environ- 
mental  constraints. 

The mechanism for these patterns are less clear. 
How do these environmental  constraints impact  tree 
growth and prevent less well-adapted species from in- 
vading the system'? Further, since disturbance also af- 
fects diversity patterns (Grime 1973b, Connell  1975), 
what, ff any, are the differential effects of  disturbance 
on the major  forest wetland categories? In all four cas- 
es, trees must have specific adaptations to cope with 
these environmental  stressors (Levitt 1980). This is 
costly to the plant because energy must  be used to 
combat  these problems, energy that could be allocated 
instead to growth or reproduction. 

Latitude and Species-Area Relationships 

In terrestrial forests, species richness increases as 
latitude approaches the equator. According to Figure 
5, there is also an increase in wetland forest tree spe- 
cies richness towards the equator, but the slope is not 
strong and the regression accounts for less than 2% of  
the variation. Factors other than latitude apparently ac- 
count for much  of  the variation. For example,  in one 
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study, only one tree species was found in a 32000 m: 
peat bog in Minnesota (47"32'N) (Bay 1967) com- 
pared to six tree species in ca. 2500 m ~ of  temperate 
freshwater wetland in Washington (47°48"N) at ap- 
proximately the same latitude (Fonda 1974), This dif- 

ference is a lmost  certainly due to the presence of peat 
in the Minnesota  wetland. Similar examples  can be 
found at tropical latitudes. In two studies conducted in 
Costa Rica ( - 1 0  "N), large differences were fimnd in 
tree species richness, A tropical saline wetland had an 
average of three species within 1000 m -~ (Pool et al. 
1977), whereas a tropical freshwater wetland had 27 
species within the same sample area (Myers 1990). 
Further, tropical saline wetlands, which are closer to 
the equator, have fewer tree species on average than 
temperate freshwater wetlands (Fig. 4). 

When the regression was broken down into the three 
wetland categories (freshwater, saline, and peat), the 
freshwater and peat forested wetland regressions were 
significant, with strong slopes. Therefore, species rich- 
ness does seem to increase towards the equator in both 
cases. However,  the range of  latitude over  which the 
peat data were obtained was very small (7 degrees), 
and therefore, the results cannot be considered conclu- 
sive. In contrast, tree richness in saline forested wet- 
lands did not result in a significant regression with 
latitude. However,  this result is misleading because 
there are no tree species in saline forested wetlands in 
the temperate,  high latitude category (>30"). 

The species-area relationship predicts that as the 
area sampled increases, so does the number  of  species 
(Arrhenius 1921, MacArthur and Wilson 1967). Ac- 
cording to Figure 2, there is no significant relationship 
between tree species richness and area in forested web  
lands. Perhaps the unique constraints present in certain 
wetlands have limited speciation. For example,  peat 
bogs and saline environments are the only communi-  
ties where just one woody species was recorded, and 
"~his is independent of  the size of  the area sampled. 
However,  when temperate and tropical forested wet- 
lands were analyzed separately, the data supported the 
species-area relationship, suggesting that these wet- 
lands more closely follow terrestrial patterns (Fig. 3a 
& b). The peat forested wetland analyzed separately 
displayed surprising results. Species richness actually 
decreased with increasing wetland area (p<0.001,  Fig. 
3c). 

It is entirely possible that this result may simply be 
an artifact of  our specific data. Many more data points 
would be essential before drawing any conclusions 
f rom this analysis. However,  we do suggest a couple 
of  possible explanations if this apparent contradiction 
was, in fact, the case. First, larger peat forested wet- 
lands could present greater difficulties for tree species 
to invade given that there would be a larger central 
area not bordered by other forest types. Second, peat 
bogs grow over  time (Dansereau and Segadas-Vianna 
1952, van Breeman 1995), killing trees as they expand. 
Therefore,  larger peat bogs are older, more acidic, and 
less nitrogen rich (Gorham 1967, Vitt 1990, Glaser 
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1992, van Breeman 19951. As  well ,  larger peat bogs 
are less influenced by their underlying topography, re- 
suiting in a more h o m o g e n o u s  landscape (Dansereau 
and Scgadas-Vianna 19521. The hummocks  and hol- 
lows  found in large peat bogs are the result of  differ- 
ences in decomposability of different Sphagnum spe- 
cies, not topography (Moore 1991). One, or a combi- 
nation, of  these factors may decrease the number of  
tree species that are able to survive in large tbrested 
peatlands. 

C O N C L U S I O N S  

There are three main conclus ions  generated from 
this study. First and foremost,  additional environmen-  
tal constraints seem to generally decrease species rich- 
ness in forested wetlands. Second,  wetland plants do 
not necessarily fo l low the same diversity patterns as 
do their terrestrial counterparts. Third, o f  the four en- 
vironmental  constraints investigated, salinity seems to 
exert a disproportionate effect on w o o d y  species rich- 
ness  in forested wetlands. 
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