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ABSTRACT

The objective of this study was to quantify spatial
patterns in above- and belowground biomass, pri-
mary productivity, and growth efficiency along a
tidal gradient in a 4700-ha mangrove forest in the
Dominican Republic. We tested the hypothesis that
spatial patterns of forest structure and growth fol-
lowing 50 years of development were associated
with variations in the soil environment across the
tidal gradient. Twenty-three plots were monitored
from 1994 to 1998. Aboveground biomass and bio-
mass accumulation were estimated by applying al-
lometric regression equations derived from dimen-
sion analysis of trees harvested at our study site.
Soil porewater salinity ranged from 5 to 38 g - kg~ !
across the tidal gradient, and most measurements of
forest biomass and productivity were inversely re-
lated to salinity. Mean standing biomass (233 =
16.0 Mg + ha"'; range, 123.5-383.5), biomass in-
crement (9.7 = 1.0 Mg-ha™' y~!; range, 3.7-18.1),
annual litterfall rates (11.4 Mg - ha”'yr~'; range,
10.2-12.8), leaf area index (LAI) (4.4 m” - m™ %

range, 2.9-5.6), aboveground net primary produc-
tivity (ANPP) (19.7 Mg - ha™! y'; range, 15.6—
25.0), and growth efficiency (1.6 0.2kg-ha 'y~ };
range, 1.0-3.6) all showed an inverse linear rela-
tionship with salinity. Fine-root biomass (= 2 mm)
(9.7 = 1.2 Mg - ha"!; range, 2.7-13.8) showed a
weak tendency to increase with salinity, and the
ratio of root to aboveground biomass increased
strongly with salinity. Our results suggest that phys-
iological stresses associated with salinity, or with
some combination of salinity and other covarying
soil factors, control forest structure and growth
along the tidal gradient. The higher allocation of
carbon to belowground resources in more saline
sites apparently contributed to reductions in ANPP
along the tidal gradient.
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INTRODUCTION

One of the greatest challenges in ecology today is
determining the causes and consequences of spatial
variability in ecosystem structure and function
(Carpenter and Turner 1998). Mangrove forests,
the dominant ecosystem of sheltered coastlines
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throughout tropical and subtropical regions of the
world, occur in a diversity of environmental set-
tings, and their structural and functional character-
istics vary tremendously at global, regional, and
local scales. On a global scale, temperature is the
dominant control on the structural development
and growth of mangrove forests. Standing biomass
and tree height are at a maximum in the humid
tropics and decline progressively with increasing
latitude to about 35°N and 38°S, where mangroves
are replaced by salt marsh ecosystems (Saenger and
Snedaker 1993). Owing to limited data; the rela-
tionship between patterns of productivity and lati-
tude is not as clear; however, a similar pattern of
decreasing productivity with increasing latitude has
been observed in mangrove forests along the east-
ern coast of Australia (Clough 1992).

Within a climatic zone, the structural develop-
ment and growth of mangrove forests are con-
trolled largely by the geomorphic characteristics of
the coastal landscape (Thom 1982). Hydrological
processes, such as tidal activity, waves, river dis-
charge, and freshwater inputs, have a particularly
strong influence on the chemical and physical con-
ditions in mangrove ecosystems. As a result, the
structure, composition, and function of these com-
munities are closely linked to their geomorphologi-
cally defined habitats (Thom 1967, 1982; Wolanski
and others 1992; Woodroffe 1992). The most ex-
tensive and structurally complex mangrove forests
develop in deltas of low relief and high tidal ampli-
tude that receive abundant supplies of freshwater
and nutrients, such as the delta of the Orinoco
River in Venezuela and the deltas of the Ganges and
Brahmaputra rivers in the Bay of Bengal. At the
other extreme are small isolated stands that develop
in reef environments on coral rubble or sand; these
mangrove forests often are dominated by a single
species, attain canopy heights of only a few meters,
and are nutrient-poor (Woodroffe 1992).

At local scales, spatial patterns of composition,
biomass, and productivity are probably controlled
primarily by soil factors and disturbance history
(Smith 1992; Ellison and Farnsworth 1993; McKee
1995b; Chen and Twilley 1999). Patterns of tidal
inundation, overland runoff, and groundwater
seepage all influence physical-chemical soil charac-
teristics, creating environmentally complex gradi-
ents across the landscape (Twilley 1995). Consider-
able effort has been expended to identify species
distribution patterns and determine the mecha-
nisms underlying the often striking spatial patterns
in mangrove forests. Species distribution patterns
within mangrove landscapes have been attributed
to the responses of individual species to soil edaphic

factors, such as tidal inundation, salinity, soil sulfide
concentrations, and soil redox potential, as well as
biotic influences, such as herbivory, seed predation,
and competition, all of which can vary across the
tidal zone (reviewed by Smith 1992). Few studies
have documented the spatial variability of ecosys-
tem processes, such as primary productivity. Both
salinity (Imbert and others 2000) and soil nutrient
availability (Day and others 1987; Chen and Twilley
1999) have been implicated as the principal factors
that regulate patterns of mangrove forest structure
and productivity; however, conclusive results that
would define environmental controls have been
difficult to obtain because of the complex distur-
bance history in these areas and the consequent
overriding effects of stand age on forest production
and growth (Ryan and others 1997; Chen and Twil-
ley 1999).

The Samana Bay mangrove forest in the Domin-
ican Republic, the site of this long-term study on
forest dynamics, is an ideal setting to evaluate the
environmental controls on mangrove forest devel-
opment and productivity. The forest is largely even-
aged, having originated after a devastating tidal
wave in 1946 (Sachtler 1973; Alvarez and Cintréon
1984; Sherman and others 2000). Since 1994, we
have been monitoring 23 permanent plots that ex-
tend across 5 km of this 4700-ha forest. Species
composition and soil environment vary across the
tidal gradient (Sherman and others 1998, 2000),
and we expected that forest biomass and productiv-
ity in this ecosystem also would change along the
tidal gradient. The objective of the present study
was to quantify spatial patterns in biomass, produc-
tivity, and growth efficiency in relation to soil fac-
tors that vary across the tidal gradient. We hypoth-
esized that productivity, biomass, and growth
efficiency would increase with decreasing salinity
along the tidal gradient from coastal to inland sites
as a consequence of reduced environmental stress
and changing species composition.

METHODS
Study Site

The study was conducted in a mangrove forest lo-
cated at the western end of Samana Bay in the Los
Haitises National Park, Dominican Republic, in the
broad delta created at the months of the Yuna and
Barracote rivers (19°10'N, 69°40'E) (Figure 1). The
forest is dominated by the red mangrove (Rhizo-
phora mangle L., Rhizophoraceae) and the white
mangrove (Laguncularia racemosa [L.] Gaertn., Com-
bretaceae), with a small proportion of black man-



386 R. E. Sherman and others
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grove (Avicennia germinans L., Avicenniaceae). A
freshwater swamp, a cattail marsh, and an exten-
sive rice production region form the inland border
of the mangrove forest. A tidal wave destroyed
much of the forest in 1946 (Sachtler 1973; Alvarez
and Cintréon 1984), and most of the current forest
arose since that time. Thus, its approximate age was
50 years at the time of the present study. Hurricane
Georges, a category three hurricane on the Saffir-
Simpson scale, hit the Dominican Republic in Sep-
tember 1998 (Pasch 1999), causing extensive dam-
age to the mangrove forest (Sherman and others
2001). Therefore our report is based on data col-
lected between January 1994 and January 1998.
Mean annual temperature is 26.3°C. Rainfall av-
erages 2065 mm per year; in the driest months
(February and March), it averages 100 mm per
month (Oficina Nacional de Meteorologia, Domin-
ican Republic). Mean tidal amplitude is approxi-
mately 0.6 m. The soils have been field-classified as
fine-silty isohyperthermic Typic Hydraquents.
Throughout most of the mangrove forest, the soil
was characterized by an organic peat mat approxi-
mately 30-50 c¢m in thickness, underlain by a
highly decomposed organic layer about 1 m in
thickness. The peat mat consisted primarily of live
roots, whereas the deeper organic soil layer con-
tained few living roots. Underlying the organic soil
was a firm clay substrate. The peat mat was absent
nearer the coast, where the soil was predominantly

an allochthonously derived silty—clay marl that ex-
tended approximately 250 m inland. At the upland
margin of the forest, the clay layer came to the
surface and the organic peat mat was absent.

Plot Surveys and Environmental
Measurements

To characterize the composition, structure, and spa-
tial pattern of the forest and determine their rela-
tionship to environmental features, we established
permanent plots along two transects that traversed
the mangrove ecosystem (Figure 1). One transect
extended 3.1 km from the coast inland to the tran-
sition to freshwater marsh; the second transect ex-
tended from the coast inland for 1.8 km. Thirteen
plots were established along transect 1 and nine
plots along transect 2. To estimate stem density and
basal area, all trees greater than 5 cm in diameter at
breast height (dbh) were measured and tagged in
each 30-m diameter plot. On R. mangle trees, stem
diameter measurements were made above the
highest prop root, but we refer to these measure-
ments as dbh. The dbh of each tree was remeasured
every 2 years and mortality recorded. The heights of
the four tallest canopy trees were measured in each
plot using a clinometer. In addition, the heights of
171 trees located throughout the forest were mea-
sured to develop dbh versus height relationships for
the three species.

Soil water samples were collected from each of
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the permanent plots on eight different dates over a
3-year period (1995-97) at both high and low tide
for analysis of salinity and nutrients. Surface water
samples were collected by withdrawing standing
water from the soil surface with a 50-ml syringe.
Soil porewater samples were collected from zero-
tension lysimeters placed at a depth of approxi-
mately 0.5 m (Sherman and others 1998). All sam-
ples were filtered immediately after collection using
0.45-pm syringe filters. Salinity, total dissolved ni-
trogen (TN), and total dissolved phosphorus (TP)
were measured on all samples. Salinity was mea-
sured using a Leica model 10423 refractometer.
Samples for TP and TN were oxidized in a combined
persulfate digestion method (Grasshoff and others
1983). TP was subsequently analyzed on a Beck-
man DU 50 spectrophotometer using the molybdate
colorimetric assay; TN was analyzed on a continu-
ous flow analyzer using the phenol-nitroprusside
method. A subset of the samples was analyzed for
soluble reactive phosphorus (SRP), organic P, ni-
trate (NO5~), ammonium (NH,"), and organic ni-
trogen (N). These samples were carried to Ithaca,
New York, without freezing and analyzed within a
week of collection.

Soil samples were collected to a depth of 30 cm
from each plot in December 1994 using a 50-cm
length of 8-cm diameter polyvinylchloride (PVC)
pipe held together with hose clamps. Soil samples
were air-dried and transported to Ithaca, New York,
for analysis. For P fractionation, we used a modified
sequential extraction scheme developed by Jensen
and Thamdrup (1993) for marine sediments. We
measured three major soil P pools: reactive or mo-
bile P (loosely sorbed SRP, iron (Fe)-bound P pools,
SRP from clay minerals and oxides, and hydrolyz-
able organic P), calcium-bound P (Ca-P), and re-
fractory organic P. In a major modification to the
original scheme, we extracted all of the reactive P in
one step. Because we dried our soil samples, it was
not possible to quantify separate reactive P pools as
described by Jensen and Thamdrup (1993) (H. S.
Jensen personal communication).

In the first step, soil samples were shaken in
0.1-M NaOH for 18 h to extract the reactive P
fraction. The suspension was then centrifuged and
analyzed for TP and SRP. Organic P was defined as
the difference between TP and SRP. In step two, the
samples were shaken for 2 h in 0.5-M HCI to extract
Ca-P. In the final step, the soil was ashed and then
boiled for 10 min in 1-M HCI to extract refractory
organic P pools. SRP was analyzed in the extracts of
steps two and three.

Aboveground Biomass and Biomass
Increment

Aboveground biomass and biomass increment were
estimated for each plot using standard allometric
approaches (Whittaker and Woodwell 1968; Whit-
taker and others 1974). Best-fit allometric equa-
tions for biomass components were developed for
each species by destructive harvest; these equations
were applied to the plot survey on a tree-by-tree
basis. Twenty-four trees, ranging in size from 10 to
30.4 cm in dbh, were destructively harvested at our
study site to develop the allometric relationships for
estimating individual tree biomass. After the trees
were felled, total height was measured, and the
branches were cut from the main stem. The moist
weight of all branches, leaves, twigs, and prop roots
(R. mangle only) was measured in the field. Sub-
samples of all components were taken to the labo-
ratory, dried to constant mass at 70°C, and re-
weighed to obtain the moisture content of the
various biomass components. The weight of the
main stem was estimated from field measurements
of trunk volume and laboratory measurements of
wood density. The density of the wood for each
species was estimated by removing a stem cross
section approximately 5 cm in thickness. The sec-
tions were taken to the laboratory, where the vol-
ume of each section was measured and dried to
constant mass, and the ratio of moist volume to dry
weight was determined.

Finally, the leaf area index (LAI) in each plot was
estimated from leaf biomass estimates and leaf area-
to-weight ratios for each species. A subsample of
about 50 leaves of each species was collected at
random from the harvested trees and placed in a
plant press at the field site. In the laboratory, the
area of each leat was determined using a Licor
model LI-3100 leaf area meter, and the dry weight
of each leaf was measured to £ 0.1 mg to establish
the ratio of leaf area to weight for each species. To
obtain the LAI (leaf area [m?]/ground area [m?]),
the total leaf biomass of each tree, estimated from
allometric equations, was multiplied by the ratio of
leat area to weight and summed for each plot.
(Whittaker and Woodwell 1968).

Litterfall

Six 0.25-m? litterfall traps (Hughes and others
1987) were placed randomly in each of seven plots
along the upper portion of transect 1 (Figure 1).
Litterfall was collected in the upper tidal region
only, due to logistical considerations of accessibility.
However, this portion of the transect included all
four of the forest community types identified at our
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site (Sherman and others 2000) and traversed a
wide range of salinities (1-22 g kg™ ' surface water
and 24-38 g kg~ ' soil porewater). Litter was col-
lected monthly or bimonthly between November
1995 through December 1997. Unfortunately, sam-
ples were not available in the summer and fall of
1996. Litter from each trap was separated by species
into leaves, flowers, seeds, and woody material; it
was then dried to constant mass at 70°C, and
weighed.

Root Biomass

Root biomass was measured using soil cores taken
from a subset of 10 plots along the upper part of
transect 1. A stratified random sampling approach
was employed to accommodate extremes of varia-
tion in soil substrate and root density. Three cate-
gories of soil substrate were classified visually: (a)
open water containing few or no roots, (b) firm peat
mat characterized by a compact root system, and (c)
transitional zones between open water and firm
peat. A line intercept method (Canfield 1941) was
used to determine the area of each plot in these
three soil type categories. Line transects were run in
the cardinal directions (N-S and E-W), and the
proportion of the transect intersecting each of the
substrate types was measured. For each plot, the
total transect length was 120 m.

To measure root biomass, 20 soil cores were col-
lected from each of the plots; 10 cores were col-
lected from random locations in the firm peat mat,
and 10 cores were taken from the intermediate
transitional substrate (the open water had few or no
roots and was therefore excluded). The soil cores
consisted of a 50-cm length of 8-cm-diameter PVC
pipe held together with hose clamps and sharpened
on the cutting end. Roots were sampled to a depth
of 30 cm, transferred into labeled plastic bags, and
kept cold until processed. Roots were separated into
two size classes, 2 mm or less and 2-20 mm in
diameter. Because it was difficult to sort out the
dead roots, all roots (live and dead) were measured.
The roots were cleaned, dried to a constant weight,
and weighed. Large roots (more than 20 mm) were
not sampled. The total dry weight of the roots (20
mm or less) was estimated on a plotwide basis by
weighting the root density values in each soil sur-
face category in each plot according to the esti-
mated area of the plots in each of the three sub-
strate categories.

Statistics

Pearson product moment correlation coefficients
and linear regression models were used to deter-

mine the relationship between environmental fac-
tors and measures of forest structure and growth.
One-way analysis of variance (ANOVA) was used to
test for differences in biomass and measures of pro-
ductivity among species and stand types. Two-way
ANOVAs were used to analyze for differences and
interactions in soil solution chemistry collected in
different years and at different soil depths.

RESULTS

Forest Structure and Soil Characteristics

The structural characteristics of the forest have been
described in detail elsewhere (Sherman and others
2000); therefore, we will provide a brief summary
only. Rhizophora mangle dominated the coastal sites
along both transects, with composition shifting to a
Laguncularia racemosa—dominated forest at the more
inland sites (Figure 2a). Avicennia germinans became
dominant at the inland forest margin along transect
1. Basal area ranged from 9.3 to 41.1 m? ha',
averaging 26.8 m*ha™' across all plots, and was
greatest in the more inland L. racemosa—dominated
plots. Tree density (at least 5 cm dbh) ranged from
170 to 1400 stems ha~' (average, 1016). Density
decreased along transect 1 from the coast inland but
increased along transect 2. Tree height averaged 24
m across all plots, with maximum heights of 30 m
in the more inland sites.

Surface water salinity decreased from the coast
inland along both transects (Figure 3a). Surface
water salinity averaged 13.0 = 2.3 g kg~ across all
plots and ranged from 0.8 to 30.0 g kg™ '. Soil
porewater salinity was significantly greater (P <
0.001) than surface water salinity; it ranged from
4.510 38.0 gkg ! (average, 28.0). Along transect 1,
soil porewater salinity decreased abruptly near the
edge of the forest at 2700 m inland, whereas salinity
declined more gradually across transect 2. There
were no significant differences in salinity among
collection dates (P = 0.95).

Concentrations of TN averaged 3.28 * 0.23 mm
L™ !'in the surface water and 2.69 *+ 0.77 mm L™ ' in
the soil porewater across all plots and dates (Figure
3b). Concentrations were significantly higher in
1995 than in 1996 (P < 0.001); they averaged 6.5 =
0.45 and 5.6 = 1.58 mm L~ in the surface water
and soil porewater, respectively, in 1995 and 0.11
+ 0.011 and 0.27 = 0.063 mm L™ in 1996. How-
ever, no significant differences were detected in
concentrations between depths (P = 0.67) or inter-
action between year and depth (P = 0.53). Total N
concentrations increased across the tidal gradient
along transect 1 but did not change in a consistent
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manner along transect 2. There was a strong inverse
linear relationship of surface water TN concentra-
tions with surface water salinity (r = -0.71, P <
0.001). Nitrate was negligible in all samples,
whereas NH," accounted for 2%-30% of total N.
Concentrations of NH, " were not significantly dif-

ferent between years (P = 0.35) or depths (P
0.10) and averaged 0.07 = 0.03 mm L™ '
Concentrations of TP averaged 4.47 £ 0.87 pm
L' in the surface water and 7.68 * 1.81 in the soil
porewater (Figure 3c¢). SRP accounted for over 90%
of TP in all samples, and TP and SRP concentrations
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Table 1. Allometric Regression Equations of Various Components of Aboveground biomass on Parabolic
Volume (PV) for Three Species of Mangrove Trees Harvested in the Los Haitises National Park, Dominican

Republic

Species Regression Equation r* value

Rhizophora mangle

(n = 8; size range, 10.1-30.4 cm dbh)
Total biomass 0.540XPV!117 0.97
Leaf biomass 0.287XPV°9-298 0.86
Trunk biomass 0.435xPpV*1-074 0.96
Branch biomass 0.145XPV-6.69 0.99
Prop root biomass 0.317XPV-24.98 0.97

Laguncularia racemosa

(n = 9; size range, 15-27.1 cm dbh)
Total biomass 0.0939XPV!-32 0.97
Leaf biomass 0.0156XPV-1.374 0.94
Trunk biomass 0.0175xPpV!-182 0.96
Branch biomass 0.00000015XPV?>193 0.96

Avicennia germinans

(n = 7, size range, 14.2-26.3 cm dbh)
Total biomass 0.426XPV!-062 0.99
Leaf biomass 0.016XPV*!-027 0.95
Trunk biomass 0.490XPV*!-00? 0.99
Branch biomass 0.000537XPV'792 0.96

Parabolic volume (dm’) = (1/2XawXr?) X height

were highly correlated (r = 0.98, P < 0.001 for
surface water samples and » = 0.83, P < 0.001 for
soil porewater samples). TP concentrations were
significantly higher in the soil porewater than in the
surface water (P = 0.001), but there were no sig-
nificant differences among years (P = 0.20), nor
any significant interaction between year and depth
(P = 0.09). Surface water TP concentrations in-
creased as surface water salinity decreased (r =
—0.50, P = 0.02), but soil porewater TP concentra-
tions were not correlated with salinity in either the
surface water or soil porewater.

Soil concentrations of TP, reactive inorganic P,
reactive organic P, and refractory organic P all in-
creased with distance from the coast along transect
1 but remained constant across transect 2 (Figure
3d). Concentrations of Ca-P were greatest near the
coast on transect 2 and were highest near the coast
and in the plots most inland along transect 1. Av-
erage concentrations across all plots were as fol-
lows: TP = 15.1 = 0.62 uMg ™!, reactive inorganic P
=24 + 0.13 pm g !, reactive organic P = 5.8 +
034 um g % Ca-P = 24 + 0.34 pm g ', and
refractory organic P = 4.5 + 0.23 pm g~ '. Concen-
trations of reactive inorganic P were negatively cor-
related with surface water salinity (r = —0.61, P =
0.002) and porewater salinity (r = —0.61, P =
0.002) and positively associated with surface water

PO,’” concentrations (r = 0.66, P < 0.001). All
measured P pools except Ca-P pools were positively
associated with surface water concentrations of TN
(P < 0.003). Concentrations of both reactive and
refractory organic P were negatively correlated with
surface water salinity (P < 0.001).

Aboveground Biomass

Allometric relationships between tree parabolic vol-
ume and aboveground biomass components were
all highly significant, with most * values exceeding
0.95 (Table 1). Across the three species, 63%—83%
of live biomass was allocated to the trunk, 10%-
12.5% to branches, 3%-6% to twigs, 2%—-4% to
foliage, and 17% to prop roots (R. mangle only)
(Table 2). Rhizophora mangle had the highest wood
density (0.76 g m~>), then A. germinans (0.64 g
m>), then L. racemosa (0.60 g m™>), but these
differences were not significant (F, ;3 = 2.64, P =
0.10).

The mean aboveground biomass for the 23 plots
was 233.5 + 16.0 Mg ha ' (range, 77.2-383.5)
(Figure 2a). Across all the plots A. germinans com-
prised 9%, L. racemosa 34%, and R. mangle 57 % of
the total aboveground biomass measured in the
plots at our study site. Sherman and others (1998)
classified the 23 plots into the following four species
assemblages: R. mangle—dominated (n = 12), R.
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Table 2. Percentage of Dry Weight Allocated to
the Biomass Components of Three Species of
Mangrove Trees

R. mangle L. racemosa A. germinans
(%) (%) (%)
Trunk 63.10 81.00 82.80
Branches 10.40 12.50 11.30
Twigs 6.40 4.70 2.90
Leaf 2.90 1.80 3.00

Prop root 17.20

mangle—L. racemosa mixed (n = 4), L. racemosa—dom-
inated (n = 4), and A. germinans—dominated (n = 3)
stands. Aboveground biomass was significantly dif-
ferent among stand types (F;,, = 11.25, P <
0.001). Peak standing biomass was observed in the
inland basin forest in stands dominated by L. race-
mosa, averaging 349.4 = 12.3 Mg ha™' dry weight,
which was significantly greater than in the coastal
sites dominated by R. mangle (195.4 £ 13.5 Mg
ha™') and the more inland A. germinans—dominated
stands (181.9 = 57.0 Mg ha™!'). The mixed R. man-
gle—L. racemosa stands were intermediate (269.4 *=
6.8 Mg ha™'). Although standing biomass was low-
est near the inland forest margin in stands domi-
nated by A. germinans, these two most inland plots
exhibited signs of recent anthropogenic distur-
bance. In fact, some of our tagged trees were cut
and removed from the forest. Hence, these plots
were excluded from subsequent analyses.

Variation in aboveground biomass across the tidal
gradient was negatively correlated with both sur-
face water salinity (r = 0.71, P < 0.001) and soil
porewater salinity (r = 0.63, P = 0.02), increasing
linearly as salinity decreased (Figure 4a).
Aboveground biomass increased linearly with TN
concentrations in the surface water (r = 0.44, P =
0.045) and reactive inorganic P pools (r = 0.54, P =
0.01), but there were no other significant correla-
tions between aboveground biomass and soil nutri-
ents.

Leaf biomass did not differ significantly among
stand types. L. racemosa—dominated stands averaged
7.3 * 0.42 Mg ha™', R. mangle-L. racemosa mixed
stands averaged 7.1 = 0.97 Mg ha~ !, and R. mangle—
dominated stands averaged 7.4 * 0.45 Mg ha™'
(F5,10 = 0.04, P = 0.957) (Figure 2b). Surprisingly,
leaf biomass showed only a weak trend with chang-
ing soil porewater salinity; being, slightly greater in
the less saline plots (r = 0.41, P = 0.066), and it
showed a weak positive linear relationship with TN
concentrations in the surface water (r = 0.41, P =
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Figure 4. Changes in (a) aboveground biomass, (b) bio-
mass increment, (c) root biomass (20 mm or less) to
aboveground biomass, (d) fine-root biomass (2 mm or
less) to leaf biomass ratios, (e) growth efficiency, and (f)
relative rate of biomass increment for individual species
measured in plots across a salinity gradient in a mangrove
forest in the Dominican Republic. For a—d, each symbol
represents a plot total. For e, each symbol represents an
average value for each species by plot.

0.066). Leaf biomass was positively correlated with
concentrations of reactive organic P (r = 0.64, P =
0.002), refractory organic P (r = 0.66, P = 0.001),
and TP (r = 0.45, P = 0.04) in the soil.

Spatial patterns of LAI across the tidal gradient
were similar to those observed for leaf biomass (7
= 0.96, P < 0.001), with LAI ranging from 3.0 to
5.6 m* m~ 2 (Figure 2b). Area-to-weight ratios of R.
mangle leaves (58.9 = 1.2 cm? ¢~ ') and L. racemosa
leaves (56.0 = 1.6 cm? g~ ') were similar, whereas
values for A. germinans leaves (107.0 * 5.28 cm?
g~ ') were significantly greater. Consequently, LAI
did not differ significantly among stands dominated
by either R. mangle or L. racemosa (F, o = 0.24, P =
0.789). LAl averaged 4.6 = 0.22 in the L. racemosa—
dominated stands, 4.2 = 0.55 in the R. mangle-L.
racemosa mixed stands, and 4.4 * 0.26 in the R.
mangle—-dominated stands. There was a trend of
increasing LAI with decreasing surface water salin-
ity (r = —=0.44, P = 0.045), increasing TN (r = 0.47,
P = 0.03), total TP concentrations measured in the
surface water (r = 0.42, P = 0.06), reactive organic
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Figure 5. Seasonal patterns of leaf fall and seed fall mea-
sured in a mangrove forest over a 2-year period (1996—
98). The width of the bar represents the time period over
which collections were made; the overall height of the
bar represents total litterfall for a given date. Segments
represent individual species” contribution to the total.

P (r = 0.70, P < 0.001), refractory organic P (r =
0.71, P < 0.001), TP soil concentrations (r = 0.57, P
= 0.007); but LAI was negatively associated with
concentrations of Ca-P (r = —0.67, P < 0.001).

Litterfall

Daily rates of total litterfall averaged 3.13 gm 2d™!
but varied significantly seasonally, ranging from 1.3
to 3.3 gm 2 d ' between seasons (F,, oo = 5.42, P
< 0.001) (Figure 5). There was a consistent sea-
sonal pattern of decreased leaf fall during the winter
months of November and December. Peak seed fall
was also observed during this time. Leaves were the
dominant component of litter throughout the year
for all plots. Leaf litter contributed 64.9% of the
total weight, reproductive tissues (flowers and
seeds) accounted for 27.5%, and woody litter con-
tributed 7.6 %.

Total annual litterfall fluxes ranged from a low of
10.2 Mg ha ' y! in the site nearest the coast to
12.8 Mgha !y~ ! in the more inland plots. Litterfall
increased with decreasing salinity in both the sur-
face water (r = —0.87, P = 0.012) and soil porewa-
ter (r = —0.92, P = 0.004) and increasing concen-
trations of reactive inorganic P (r = 0.79, P = 0.015)
(Table 3). Total litterfall fluxes also showed a strong
inverse relationship with NH,* (r = —0.85, P =
0.015) (Table 3). However, leaf fall biomass had
only a weak inverse relationship with soil porewa-

Table 3. Pearson Product Moment Correlation
Coefficients between Soil Factors and
Aboveground Net Primary Productivity (ANPP),
Total Litterfall, and Seed Fall Measured in
Permanent Plots in a Mangrove Forest in the
Dominican Republic

Soil Factor ANPP Litterfall Seed Fall
Surface water salinity —0.779" —0.865" —0.865"
Porewater salinity _ -0.709 —0.915" —0.785"
Surface water PO* 0.882""  0.565 0.809"
Soil porewater PO4™> —0.084 —0.008 —0.096
Reactive P pools 0.814" 0.792" 0.705"
Surface water NH4" -0.878" —0.853" —0.951"
P, phosphorus

P = 0.05

P =001

ter salinity (r = —0.71, P = 0.07) and was not

associated with any other soil factor along the
transect. Hence, turnover rates (ratio of leaf bio-
mass to leaf litter flux) did not demonstrate any
strong patterns across the salinity gradient. In con-
trast, seed deposition showed a strong linear in-
crease across the transect with decreasing surface
water salinity (r = —0.87, P = 0.012), NH," (r =
—0.95, P = 0.001), and soil porewater salinity (r =
—0.78, P = 0.037); seed deposition also showed a
positive linear increase with TP concentrations in
the surface water (r = 0.81, P = 0.028).

Biomass Increment

Annual biomass accumulation measured over the
4-y period (1994-98) averaged 9.7 = 1.0 Mg ha™!
y ! across all plots, ranging from 3.8 to 18.1 Mg
ha! y~' (Figure 2a). Spatial patterns of biomass
increment across the tidal gradient paralleled those
of total biomass (r = 0.92, P < 0.001). The annual
biomass increment averaged 16.3 + 1.1 Mg ha™!
y_1 in the L. racemosa—dominated stands, 11.8 = 1.6
Mg ha™! y~! in the L. racemosa-R. mangle mixed
stands, and 6.6 * 0.75 Mg ha ' y ! in the R.
mangle—-dominated stands. Biomass increments in
the L. racemosa—dominated and the L. racemosa—R.
mangle mixed stands were not different, but they
were significantly greater than the annual biomass
increment of the R. mangle—dominated stands (F, 1o
= 21.46, P < 0.001).

Spatial patterns of biomass increment across the
intertidal gradient were strongly correlated with
soil factors. Biomass increment decreased linearly
with increases in surface water salinity (r = —0.66,
P = 0.001) and soil porewater salinity (r = -0.77, P
< 0.001). (Figure 4b).
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Belowground Biomass

Fine-root biomass (2 mm or less) was more than 10
times greater in the solid peat than the intermediate
soil substrate, and coarse-root biomass (2-20 mm)
was more than three times greater. The proportion
of substrate classified as solid peat decreased lin-
early with distance from the coast (r = 0.89, P <
0.001), whereas the intermediate substrate type in-
creased (r = 0.81, P = 0.005), and the proportion of
area as open water did not change (r = 0.41, P =
0.181). Across all 10 sites, the solid surface type
accounted for 43.9% of the total area, the interme-
diate surface type amounted to 31.6%, and open
water accounted for 24.4%.

Fine-root biomass (2 mm or less in diameter)
ranged from 0.4 to 13.8 Mg ha™!, with an overall
mean of 7.9 + 1.54 Mg ha™' across the 10 plots.
Fine-root biomass was substantially lower in the
two most inland plots that had been partially cut
over (0.6 Mg ha™') than in the undisturbed plots
(average, 9.7 = 1.21 Mg ha™ !, range, 2.9-13.87');
we therefore excluded these two disturbed sites
from subsequent analysis. Coarse-root biomass
(2-20 mm) was substantially higher than fine-root
biomass, averaging 58.1 + 5.8 Mg ha™'. There was
a linear trend of increasing root biomass with soil
porewater salinity, but these relationships were not
significant for fine-root biomass (r = 0.64, P =
0.08), coarse-root biomass (r = 0.54, P = 0.17), or
total root (less than 20 mm) biomass (r = 0.62, P =
0.10). However, the ratio of total root biomass to
aboveground biomass increased significantly with
both surface water (r = 0.76, P = 0.03) and pore-
water salinity (r = 0.80, P = 0.02) (Figure 4c). The
ratios of fine-root and coarse-root biomass to
aboveground biomass also increased significantly
with surface water (fine roots: r = 0.74, P = 0.03;
coarse roots; r = 0.72, P = 0.04) and porewater
salinity (fine roots: » = 0.88, P = 0.004; coarse
roots: r = 0.74, P = 0.04). The ratio of fine-root
biomass to leaf biomass also tended to increase with
salinity, although the relationship was not signifi-
cant (r = 0.68, P = 0.06) (Figure 4d). Root biomass
was not significantly correlated with any other soil
factors. Differences in root biomass among plots
were not significantly correlated to any
aboveground biomass components or productivity.

Aboveground Net Primary Productivity

Although we were able to calculate total
aboveground net primary productivity (ANPP) for
only seven of the plots, these plots were distributed
across a range of salinities, so we were able to
examine patterns in ANPP with respect to changing

environmental factors. Total ANPP averaged 19.7 =
1.46 Mg ha ! y ! and ranged from 15.6 to 25.0 Mg
ha™! y~'. About 30% of aboveground production
was allocated to stems, 7% to branch and twig
production, 39% to leaf production, 20% to repro-
ductive tissues, and 4% to prop root biomass. Total
ANPP decreased with increasing surface water sa-
linity (r = —0.78, P = 0.04) and NH, " in the surface
water (r = —0.95, P = 0.001), and it increased with
increasing concentrations of TP in the surface water
(r = 0.88, P = 0.009) and soil concentrations of
reactive inorganic P (» = 0.81 P = 0.03) (Table 3). A
weaker, linear trend was observed between ANPP
and salinity in the soil porewater (r = —0.71, P =
0.07).

Growth Efficiency

Growth efficiency (ratio of aboveground biomass
increment to LAI) (Waring 1983) decreased linearly
with soil porewater salinity (r = -0.81, P<<0.001),
and showed a weaker, but significant negative re-
lationships with surface water salinity (r=-0.45,
P=0.045) and NH," concentrations (r=-0.50,
P=0.02). The growth efficiency of individual spe-
cies also decreased linearly with increasing soil
porewater salinity (R. mangle: r=-0.56, P=0.009; L.
racemosa: r=-0.75, P=0.009; A. germinans: r =-0.70,
P=0.01; Figure 4e). The growth efficiency of L.
racemosa (0.35+0.03 kg m™ yr’') was significantly
greater than R. mangle trees (0.21%+0.02) which was
significantly greater than A. germinans (0.09+0.02)
(F, 45=19.8, P<<0.001). Consequently, the growth
effiiciency of plots dominated by L. racemosa
(0.36*0.02) was significantly greater than in R.
mangle-dominated plots (0.17%+0.03) and R. mangle
-L. racemosa mixed plots (0.29%0.05) were interme-
diate (F,,o=7.27, P=0.005). (A. germinans-domi-
nated plots averaged 0.26*+0.06 but were excluded
from the analysis because of anthropogenic distur-
bance to these plots).

DiscussioN

Spatial variation in the biomass and net primary
productivity of forest ecosystems has been attrib-
uted primarily to variations in climate and site fer-
tility, as well as the disturbance history and age of
forest stands (Ryan and others 1997; Barnes and
others 1998). In an area of uniform climate and
disturbance history, such as the Samana Bay man-
grove forest (Sherman and others 2000), variations
in biomass and productivity should be attributed
primarily to differences in soil factors, such as nu-
trient availability and salinity or other stressors. At
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our study area, soil porewater salinity was strongly
correlated with decreases in aboveground biomass,
biomass increment, growth efficiency, and relative
rates of biomass increment (Figure 4). Moreover,
seed production and reproductive effort clearly de-
clined with increasing salinity (Table 3). Hence,
patterns of structural development and productivity
along the tidal gradient at our site can probably be
attributed to salinity or to some combination of
salinity and other covarying environmental factors.

The cause-effect relationships between soil pore-
water salinity and forest biomass and productivity
must remain tentative because, as has been noted
by several authors (Patterson and Mendelssohn
1991; Smith 1992; McKee 1993; Upkong 1994),
salinity often covaries with other potentially stress-
ful factors in the soil environment, such as hydro-
gen sulfide concentrations, soil redox, and flooding
frequency. However, in contrast to salinity, these
environmental factors are difficult to quantify,
whereas salinity provides a very straightforward
and easily measurable index of stress. The high
correlations between soil porewater salinity and
forest biomass and productivity, although not con-
clusive evidence of cause and effect, provide a use-
ful framework for field observations in complex
mangrove landscapes where soil environmental
stresses and resource availability may vary coinci-
dentally. This problem in production ecology is in-
tensified by the difficulties of reproducing these
environmental complexes in controlled studies.

Hypersalinity has been implicated as a major fac-
tor limiting mangrove forest development (Lugo
and others 1981), as have lower salinities such as
those characteristic of our study area. For example,
Imbert and others (2000) found a strong linear
decrease in ANPP across a salinity gradient of 10-52
g kg™' in R. mangle stands in Guadeloupe and Mar-
tinique. Saintilan (1997) documented decreases in
the aboveground biomass of Avicennia marina and
Aegicera corniculatum stands in an Australian man-
grove forest across a salinity gradient that ranged
from 5 to 50 g kg~ '. McKee and Faulkner (2000)
found inverse correlations between leaf fall and
salinity at levels below 50 g kg™ ' in a Florida man-
grove forest. These studies, together with our ob-
servations, suggest that moderate changes in salin-
ity may inflict a physiological cost that alters the
carbon (C) balance of mangrove trees, resulting in
reductions in ANPP and biomass.

One component of this cost is suggested by the
significant increases in the ratio of roots to shoots
observed across the salinity gradient at our study
site (Figure 4c). This result corresponds to those
reported by Soto (1988) for Avicennia germinans

growing across a salinity gradient that ranged from
35 to 85 g kg™ ' in a Costa Rican mangrove. Simi-
larly, Saintilan (1997) observed that root-shoot ra-
tios increased along a salinity gradient of 5-50 g
kg™' and were significantly greater in hypersaline
environments. Together, these results suggest that
mangrove trees may allocate a greater proportion of
C to belowground resources in more saline envi-
ronments. This higher investment in roots probably
contributes to the reduction in ANPP and growth
efficiencies that we observed along the salinity gra-
dient.

Experimental studies have shown that high sa-
linity (Lin and Sternberg 1992), high soil sulfide
concentrations (Lin and Sternberg 1992; McKee
1993), low soil redox potentials (McKee 1993;
Pezeshki and others 1997), flooding conditions (El-
lison and Farnsworth 1997), and low-nutrient con-
ditions (Lin and Sternberg 1992; McKee 1995A) all
can negatively affect mangrove seedling growth
and, in some cases, increase C allocation to roots.
Thus, it appears likely that other environmental
stress factors are acting in combination with salinity
to influence forest growth and productivity across
the tidal gradient at our study site. Further research
is needed to determine how mangrove species re-
spond to various stress factors and how these re-
sponses influence mangrove forest dynamics.

The relationship between the tidal gradient and
forest biomass and productivity is further compli-
cated by coincident shifts in the species composition
along the salinity gradient. The more saline sites
near the coast with lower biomass and growth rates
were dominated by R mangle whereas the more
inland sites were dominated by L. racemosa. The
high growth efficiency of L. racemosa as compared to
the other two species, no doubt contributed to the
higher biomass and productivity measured in sites
dominated by this species. Somewhat surprisingly,
the growth efficiency of all three mangrove tree
species at our site decreased linearly as a function of
increasing salinity even though the three species
are thought to have very different tolerances to
salinity (Smith 1992; Clough 1992). For example,
even though L. racemosa is thought to be the least
salt tolerant of the three species, it showed the
greatest growth efficiency. Converesly, A. germinans
appeared to be the most sensitive to the salinity
even though this species is generally considered the
most salt tolerant of the three species. Ball (1988)
suggested that more salt tolerant species tend to
grow more slowly than less tolerant species because
of greater water use efficiences. Such interspecific
differences in physiological responses to environ-
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Table 4. Aboveground Biomass and Aboveground Net Primary Productivity of Worldwide Mangrove

Forests
Aboveground ANPP
Mangrove Biomass (Mg ha™' Salinity Age
Study Site Type (Mg ha™ ') vy Y (gkg™) (y) Reference
Neotropics
Dominican Republic Fringe 195.4 16.8° 33 50 Present study
Dominican Republic Basin 349.4 23.6° 26 50 Present study
Florida Fringe 56 8.8" 40 22 Warner 1990
Florida Basin 72 8.8° 45 22 Warner 1990
Florida Dwarf 22.3 8.1° — Mature Ross and others 2001
Florida Fringe 56.0 26.2° — 8 Ross and others 2001
Guadeloupe Scrub 47 6.1° — — Imbert and Rollet 1989
Guadeloupe Scrub 56 6.3° — — Imbert and Rollet 1989
Guadeloupe Fringe 99 21.2° — — Imbert and Rollet 1989
Hawaii Fringe 279 29.1° 15-55 — Cox and Allan 1999
Mexico Riverine 135 24.6° 0-5 — Day and others 1987
Mexico Fringe 120 16.1° 20-40 — Day and others 1987
Puerto Rico Fringe 62.9 12.4° 29 8 Golley and others 1962
Old World Tropics
Indonesia Fringe 93.7 20.8-25.0" — 7 Sukardjo and Yamada 1992
Malaysia Fringe 409 17.7° — 86 Putz and Chan 1986
Malaysia — 216.47 24.5° 18 20 Ong and others 1995
Sri Lanka Fringe 71 6.9° 29 — Amarasinghe and Balasubramaniam
1992a, 1992b
Sri Lanka Riverine 71 12.1° 5 — Amarasinghe and Balasubramaniam
1992a, 1992b
Thailand Fringe 159 27° — 15 Christensen 1978
Western Australia  Fringe 246.7 75.6° — — Alongi and others 2000
Western Australia  Fringe 45.8 46.9¢ — — Alongi and others 2000
Australia Riverine 711 45 44 32 — Clough 1992

ANPP, aboveground net primary productivity
“Data were reported as t C ha~!
Estimated from measurements of biomass increment and litterfall
‘Estimated from the light interception method

“Not reported

vy~ !, we used a conversion factor of 2 to convert to total g dry weight.

mental conditions no doubt contribute to spatial
patterns of mangrove forest biomass and growh.
The role of nutrient availability in regulating
mangrove growth and productivity at our site is less
clear because these patterns were not as strong as
those related to porewater salinity and were some-
what inconsistent between the two transects. Fer-
tilization studies (Boto and Wellington 1983; Feller
1995; Twilley 1995; Feller and others 1999) and
comparative site studies (Boto and Wellington
1984; Chen and Twilley 1999) have indicated that P
is the nutrient most limiting to plant growth in
mangrove ecosystems. We observed a strong rela-
tionship between increasing ANPP and soil solution
P, although it occurred across a limited section of
the transect; moreover, aboveground biomass was
positively correlated with concentrations of reactive
inorganic soil P. These findings suggest that P plays

a role in regulating the patterns of forest growth at
this site. However, we also found strong positive
correlations between concentrations of organic soil
P and leaf biomass and LAI that suggest a plant
effect on the soil chemistry pools. Although the
more nutrient-rich environments of the inland sites
probably contributed to the higher biomass and
productivity, untangling the relative influences
would require fertilization experiments and more
dynamic measurements of nutrient mineralization
and flux.

The possibility that more efficient recycling of
limiting nutrients plays a role regulating productiv-
ity patterns should also be acknowledged. We
found evidence that decomposition rates were
higher in the more inland plots at our site (Sher-
man and others 1998). These findings support the
observations of Twilley and others (1986) that in-
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land basin mangroves have higher internal recy-
cling rates of nutrients from litter on the forest
floor. Moreover, the leaves of L. racemosa and A.
germinans, the dominant species of inland basin for-
ests, have lower C:N and C:P ratios than R. mangle
leaves, which enhances decomposition rates (Twil-
ley and others 1986; Sherman and others 1998).
Such a feedback could reinforce plant-soil relation-
ships and contribute to patterns of mangrove
growth and development.

The nutrient concentrations measured at our
study site are typical of mangrove ecosystems. Con-
centrations of dissolved inorganic P in mangroves
typically are less than 40 uM L™ ' (Clough 1992)
and often less than 2 uM L™ (Chen and Twilley
1999). NH, " typically is the dominant inorganic N
species; concentrations have been reported to range
from 0 to 760 wM L™ '. The negative relationship
between NH, " and ANPP observed at our site may
be explained by the influence of salinity on soil
exchange processes. Salinity and NH, " were posi-
tively correlated, suggesting that sodium ions were
replacing NH," on the soil exchange complex.

Globally, the aboveground biomass of mangrove
forests has been reported to range from 6.8 to 436.4
Mg ha ' (Saenger and Snedaker 1993), estimated
litterfall ranges from 1.3 to 18.7 Mg ha ' y !
(Saenger and Snedaker 1993), and ANPP ranges
from 6.9 to 75.6 Mg ha™ ' y~ ! (Table 4). Compared
to global values, values at our site were at the upper
end of the range. Saenger and Snedaker (1993)
compiled global data on mangrove forests and de-
veloped a regression model to predict biomass and
litterfall from latitude and canopy height. The
model predicted a biomass of 172 Mg ha~! and
litterfall rates of 10.8 Mg ha~' y~! for the Samana
Bay mangrove; hence, biomass (233.5 Mg ha) was
underestimated by the model, and litterfall (11.4
Mg ha y ') was predicted accurately. Saenger and
Snedaker (1993) suggested that, at a given latitude,
high values for biomass and litterfall indicate opti-
mum growing habitats, such as low salinity, high
fertility, and favorable climatic conditions. The lo-
cation of the Samana Bay mangrove forest, in a
humid climate and in the deltas of two rivers, places
it in a potentially highly productive zone. However,
because biomass is also highly dependent upon
stand age, the high biomass of the Samana Bay
mangrove can be partially attributed to its relatively
mature age (more than 50 years old).

Compared with global mangrove forests, the LAI
at the Samand Bay mangrove (average, 4.4 m?
m?) is intermediate. LAI ranged from 2.2 to 7.4
(average, 4.9) for a wide range of mangrove forests
in Thailand, Malaysia, and northern Australia

(Cheeseman and others 1991; Clough 1992). The
LAI of dwarf forests in Florida can range from less
than 1 to 3, whereas the LAI for basin and riverine
forests ranges from 5 to 6 (Lugo and others 1975;
Lugo and Patterson-Zucca 1977; Pool and others
1977; Araujo and others 1997). The range was 3.3—
4.9 for different-aged R. apiculata stands in Vietnam
(Clough and others 1999) and 4.4-5.1 for R. apicu-
lata stands in Malaysia (Clough and others 1997).

Our ability to document strong spatial patterns
that suggested environmental controls on forest
biomass and growth stems from the fact that the
area was mostly even-aged, having arisen following
a tidal wave that destroyed much of the forest in
1946 (Sherman and others 2000). Because forest
biomass and ANPP are strongly dependent upon
stand age (Ryan and others 1997), it would be
difficult to demonstrate patterns in relation to the
environmental gradient in sites with a more com-
plex disturbance history. In September 1998, our
site  was damaged extensively by Hurricane
Georges, the first major disturbance since the 1946
tidal wave. Surveys of our permanent plots indi-
cated that approximately 42% of the forest biomass
was killed. Patterns of damage were spatially het-
erogeneous, and standing biomass was reduced
from 9%-100% in the different plots (Sherman and
others 2001). The recovering forest will consist of a
patchwork of stands that originated in 1946 and
1998, as well as stands composed of a mix of these
two age classes. Thus, interpreting productivity pat-
terns will be more complicated. However, future
research can capitalize on this disturbance by iden-
tifying changes in biomass, productivity, and bio-
geochemistry during forest development as it recov-
ers from this large-scale disturbance.
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