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Abstract

The community structure and standing crop biomass of a mangrove forest in Futian Nature Reserve, Shenzhen,
the People’s Republic of China was studied. This mangrove, located towards the northern latitudinal limit of the
mangrove development (22°N), had relatively simple structure and low diversity (the Shannon-Wiener index was
0.78). The three dominant species, namely Aegiceras corniculatum, Kandelia candel and Avicennia marina, possess
importance values of 72, 19 and 9%, respectively. The average height of the mangrove community was 4.5 m with
no vertical stratification. The values of tree density of A. corniculatum and A. marina were found to be 5290 and
260 ha™!, respectively. The biomass of both A. corniculatum and K. candel was best estimated from regression
equations using a combination of height and diameter at breast height as the independent variables. For Avicennia
marina, there was no simple correlation between biomass and height or diameter. The regression models suggested
by previous workers did not give satisfactory estimation of biomass of A. marina in this mangrove forest. The total
biomass of this mangrove forest was 12.1 kg m~2, with 73% of such production contributed by A. corniculatum
and 8% by A. marina. Because of its small percentage, the inaccuracy in estimating biomass of A. marina did not
affect the overall determination of biomass of the whole community. Average above-ground biomass was 8.7 kg
m~2 (72% of the total biomass) and the major components were aerial woody tissues, stems and branches. The
root:shoot ratio of this plant community was 0.4:1.

Introduction

Mangrove swamps are typical wetland ecosystems
found in coastal deposits of mud and silt throughout
the tropics and some distances into the subtropical lat-
itudes. The total world-wide mangrove area, which is
estimated at about 170000 km?, dominates approxi-
mately 75% of the world’s coastline between latitudes
25 °N and 25 °S (McGill, 1958). Mangrove commu-
nities are normally characterized by high productivity,
high biomass and litter production when compared to
other terrestrial plant communities (Lugo & Snedaker,
1974; Mann, 1982). High rates of primary production
and rapid decomposition of the mangrove litter result
in an important food and energy source for a vari-

ety of aquatic organisms and have positive impacts on
coastal productivity, including cultures of commercial
shellfish such as oysters, clams, crabs, shrimps, and
fishes (Chapman, 1983; Steinke & Ward, 1988).

The structure and productivity of mangrove ecosys-
tems are significantly affected by climatic conditions
resulting in geographical variations in biomass and pri-
mary production. Productivity appears to decrease with
an increase in latitude but is enhanced with an increase
in tidal amplitude (Woodroffe et al., 1988). It has also
been well-documented that mangrove swamps reach
their greatest structural and floristic diversity in the
tropics and decline with increasing latitude. Most of
the previous studies on mangrove ecology focused on
tropical mangroves with relatively few references on
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sub-tropical regions. Mangroves in Shenzhen Special
Economic Zone, the People’s Republic of China, at
22 °32'N, is located near the northern limits of the man-
grove development. Its flora and fauna, the productiv-
ity and environmental factors are different from other
mangrove stands located in the tropics. Despite their
importance in the conservation and ecology of estuar-
ine ecosystems, very little information is available on
the community structure and standing crop biomass of
the mangrove forests in this region. The present study
therefore aims to (1) provide an acceptable method for
the estimation of the above and below ground biomass
of the mangrove community in Shenzhen, the PRC;
and (2) determine the community structure and stand-
ing crop biomass of this mangrove forest.

Materials and methods
Study area

The study was carried out at the Futian Nature
Reserve of Shenzhen Special Economic Zone, the
PRC (22°31'N, 114°05’), which is contiguous with
the Mai Po Nature Reserve of Hong Kong. Futian
Reserve stretches 11 km from east to west, and covers
an area of 304 hectares. Along the muddy shore of
this reserve, 112 ha are mangrove forests dominated
by Aegiceras corniculatum (L.) and Kandelia candel
(L.) Blanco. The average height of these two domi-
nant species are 4-5 m with no vertical stratification.
Very few seedlings and almost no saplings are found
on the forest ground. The forest is 20 to 22 years old.
In addition to these two species, some Avicennia mari-
na (Forsk.) Vierh and fewer individuals of Excoecaria
agallocha are also found. At the gap or the open area
of the mangrove forest, where more light reaches the
forest ground, Acanthus ilicifolius Linn. are common-
ly found. The mangrove ecosystem is inundated by
incoming tide twice a day and the largest tidal range,
at high spring tides, is about 2.8 m. The climate of this
area is humid, with mean annual relatively humidity
of 80%. The mean annual air temperature is 22 °C,
with the minimum and maximum temperatures at 0.2
and 38.7 °C, respectively. The lowest mean month-
ly temperature is 14.1 °C (in January) and the high-
est value is 28.1 °C (in July). Annual precipitation
is 1926.7 mm and the rainy months are from May to
September (78.4% falls in this wet season).

Harvesting for biomass estimation

Fifteen trees of Aegiceras corniculatum (2 to 12 cm
DBH, diameter at breast height), nineteen trees of Kan-
delia candel (2 to 15 cm DBH) and 6 trees of Avicennia
marina (8-15 cm DBH) were randomly chosen. The
individual tree was felled and harvested, the height
(HT) and diameter at breast height (DBH) were mea-
sured. The above-ground part was divided into stem
(trunk), branch and twig, leaf, inflorescence and fruit-
ing bodies. The fresh weight of these components was
measured. Subsamples were then dried at 80 °C to
determine their dry weights. Roots of three trees from
each species were excavated manually to a depth of
approximately 500 mm to give an estimate of below-
ground biomass. All root materials were washed care-
fully under a jet of water to remove adhering mud. The
fresh and oven-dried weight of the roots collected were
determined. Various allometric regression equations
using either tree diameter or height, or acombination of
diameter and height as the independent variables, and
the weight of the specific components as the dependent
variable were developed (Table 1; Snedaker & Snedak-
er, 1984). The significance of the regression equation
was assessed by the correlation coefficient value (r)
and the t-tests on the slope or regression coefficient
values (b).

Community structure and standing crop biomass of
Futian mangrove forest

Two belt transects 100 m apart within the Futian man-
grove forest were laid perpendicular to the shoreline
to determine the structural feature and standing crop
biomass of the mangrove plant communities. Transects
A and B were 90 m x 10 m and 60 m x 10 m, respec-
tively, and the total area covered was 1500 m?. Fifteen
quadrats, each of 10 m x 10 m, were sampled. Within
each quadrat, all trees were identified and the number
of trees of each species was recorded. The height (HT),
DBH, maximum canopy width and length of each tree
were measured. The relative density, frequency, dom-
inance, basal area, average diameter and importance
values were calculated for each species. The species
diversity of the mangrove stand was determined in
terms of Shannon-Wiener index and evenness. The
biomass of each species and the plant community were
estimated by the allometric regression equations for-
mulated from the harvest data.
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Table 1. Regression equations used to estimate the relationship between the dependent
variable (weight of specific component, y) and the independent variables (height and/or

diameter, x).
Regression equations  Independent  Regression equations  Independent
variable (x) variable (x)
y = ax? DBH2*HT y!/3=a+bx DBH
y =axb DBH? y/3=a+bx HT
y=ax? DBH y=a+bx] +cxXy x1: DBH; x5: HT
y = axb HT y=a+bxy +cxy x1: DBHZ; x,: HT
y=a+bx DBH? * HT
y=a+bx DBH
y=a+bx HT

DBH: Diameter at breast height (m); HT: Tree height (m); a, b and ¢ are constants of the

regression model.

Table 2. Harvest data of 15 individuals of Aegiceras corniculatum used to
calculate the regression equations for biomass estimation.

DBH HT Biomass (Oven-dry weight, kg)
(cm) (m) Stem Branch Leaf Total aerial  Root
biomass biomass biomass biomass biomass

15.1 47 1718 6.50 1.20 14.88 ND
20.2 43 738 6.64 135 15.82 ND
21.7 42 925 7.57 1.88 18.70 ND
15.8 42 6.13 5.53 1.02 12.68 ND
9.9 43 218 1.97 0.56 4.71 ND
24.6 47 1038 6.60 1.20 18.18 ND
26.4 46 7.63 6.74 1.03 15.40 ND
11.3 40 318 2.49 0.43 6.10 ND
37 46 168 1.34 0.31 3.33 ND
119 4.0 3.50 3.03 0.41 6.94 ND
22.7 43 713 6.38 0.83 14.34 ND
7.1 4.7 338 2.26 0.30 5.94 ND
17.6 42 6.38 5.68 0.89 12.95 5.46
36.9 47 11.38 8.13 2.30 21.81 8.32
209 43  8.50 6.72 1.36 16.55 4.99

ND: Not determined.

Results

The dry weights of different components of Aegiceras
corniculatum, Kandelia candel and Avicennia mari-
na are recorded in Tables 2 to 4, respectively. The dry
weight of the trees and their components were best esti-
mated as a power function of the square of the diameter
multiplied by tree height (y=ax® where y=biomass
and x=DBH? * HT). The r values for A. cornicula-

tum and K. candel were greater than 0.85 and 0.78,
respectively (Table 5). In these two species, all oth-
er regression models listed in Table 1 were found to
be less significant than this power function and the
r values were less than 0.7. This indicates that plant
biomass could not be satisfactorily estimated by only
stem height or diameter. In the case of A. marina, none
of the regression models being tested provided signifi-
cant estimates of biomass, and the r values of the best
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Table 3. Harvest data of 19 individuals of Kandelia candel used to calculate regression

equations for biomass estimation.

Biomass (Oven-dry weight, kg)

DBH HT  Stem Branch Leaf Other Total aerial  Root
(cmy) (m) biomass biomass biomass = biomass biomass biomass
5.7 44 484 2.80 1.42 0.043 9.10 423
6.1 45 524 3.64 1.01 0.064 9.95 426
4.9 45 3.07 2.54 0.95 0.068 6.63 ND
6.9 45 7.09 5.96 217 0.240 15.46 ND
12.6 54 1476 22.30 3.75 1.777 42.59 ND
4.6 45 213 1.75 0.45 0.054 4.38 ND
9.4 43 531 2.40 0.80 0.039 8.55 ND
6.0 5.1 496 3.87 0.74 0.204 9.77 ND
75 4.1 5.08 6.39 1.72 2.146 15.34 6.66
6.9 34 224 1.52 0.68 0.136 4.58 ND
6.9 34 201 1.37 0.68 0.036 4.09 ND
44 49 295 1.76 0.57 0.157 5.44 ND
7.6 48 496 4.93 1.67 0.261 11.82 ND
6.1 48 472 4.10 1.24 0.275 10.34 ND
7.4 52 827 8.45 2.14 ND 18.86 ND
9.4 4.8 1545 22.32 4.31 ND 42.08 ND
7.6 47 879 17.01 3.38 ND 29.18 ND
54 51 4.02 2.00 0.94 ND 6.96 ND
8.1 55 137 8.16 2.88 ND 18.41 ND

ND: Not determined.

Table 4. Harvest data of 6 individuals of Avicennia marina used to calculate
regression equations for biomass estimation.

DBH HT Biomass (Oven-dry weight, kg)
(cm) (m) Stem Branch Leaf Total aerial  Root
biomass biomass biomass biomass biomass

10.1 56 12,09 24.73 2.85 39.67 ND
12.7 31 329 6.95 1.81 12.05 ND

8.3 49  9.80 16.33 2.16 28.24 ND
125 50 1249 18.77 2.14 33.40 4.28
14.3 47 1270 22.15 2.68 37.53 5.89
9.9 48 9.86 11.88 1.54 23.28 3.62

ND: Not determined.

regression model (the same power function as the other
two species) were less than 0.5 (Table 5). This suggests
that the biomass of A. marina had no simple relation-
ship with its diameter and tree height. This might be
related to the unique structure and shape of this species
in Futian. A. marina found in this mangrove stand was

stunted, irregular in shape and started forking at very
low level of the tree trunk.

The Futian mangrove community was rather sim-
ple with low species diversity. The Shannon-Wiener
index and evenness were 0.78 and 48.98%, respec-
tively, lower than that of the sub-tropical evergreen
broad-leaf forest commonly found in the southern part





Table 5. Allometric regression equations, based on the harvest data shown in Tables 1-3, for estimating biomass of specific
components of three dominant mangrove plant species.

Plant species  Plant Regression Equations rvalue F and significance of F value
components

Aegiceras Stem Log ASw = 1.198 + 0.464 Log (DBHZ * HT)  0.93 84.4, P<0.0000

corniculatum  Branch Log ABw =1.110 + 0.463 Log (DBHZ *HT) 093 87.0, P<0.0000
Leaf Log ALw =0.393 4 0.475 Log (DBH? * HT)  0.88 43.2, P<0.0000
Total aerial Log ATw = 1.496 + 0.465 Log (DBH? * HT)  0.94 95.2, P<0.0000
Root Log ARw =0.967 + 0.303 Log (DBH? *HT)  0.93 NC

Kandelia Stem Log KSw =2.162 + 0.869 Log (DBHZ *HT)  0.84 40.9, P<0.0000

candel Branch Log KBw =2.741 + 1.253 Log (DBH? * HT)  0.80 30.4, P<0.0000
Leaf Log KLw = 1.706 + 0.943 Log (DBH2 *HT)  0.78 26.9, P =0.0001
Total aerial  Log KTy =2.814 + 1.053 Log (DBH? * HT)  0.83 38.8, P<0.0000
Root Log KRw =2.433 + 0.990 Log (DBH? *HT)  0.95 NC

Avicennia Stem Log VSw = 1.643 + 0.544 Log (DBH? *HT)  0.39 0.75, P=0.44

marina Branch Log VBw = 1.897 + 0.567 Log (DBH2 * HT)  0.46 1.05, P=0.36
Leaf Log VL =0.690 + 0.287 Log (DBH2 *HT)  0.47 1.1, P=0.35
Total aerial Log VTw =2.092 + 0.529 Log (DBH? *HT)  0.45 1.02, P =037
Root Log VRw = 1361 + 0.615 Log (DBH? * HT)  0.92 NC

DBH: diameter at breast height (m); HT: Height (m); r: correlation coefficient between Log biomass and Log (DBH? * HT),

NC: not calculated.

Table 6. Community structure of the mangrove forest in Futian Nature Reserve.

Plant species Number of Number of Average Average Basal Relative Relative

Relative Importance
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Individuals® Individuals® DBH  Height Area Density® Frequency® Dominance® Value!
(alive) (dead) (cm)  (m) (m?)
Aegiceras 794 99 19.56 3.85 1219 84 42 89 71.67
corniculatum
Kandelia 117 0 7.76 420 0.163 12 36 9 19.00
candel
Avicennia 39 6 13.63 435 0.042 4 22 2 9.33
marina

@ Number of individuals was measured based on a sampling plot size of 1500 m?;

b Basal Area (m?) = & (DBH? * m)/(4 * 10,000);

¢ Relative Density = (number of individuals of a species / total number of individuals) * 100;
4 Relative Frequency = (frequency of a species / sum frequency of all species) * 100,

¢ Relative Dominance = (total basal area of a species / basal area of all species) * 100;

f Importance Value = (Relative Density + Relative Frequency + Relative Dominance) / 3.

of China (Zhang et al., 1989). The mangrove forest
was dominated by A. corniculatum, with an impor-
tance value of 71.67, which was much higher than
K. candel and A. marina (Table 6). The tree density of
A. corniculatum (5290 trees ha™!) was also larger than
the other two species, being 6 times higher than that of
K. candel (780 trees ha—!). The average tree density

of this mangrove community was around 6000 ha™!,
and was within the documented values for mangroves
reported elsewhere (1000 to 30000 trees ha~!, Day
et al., 1987; Komiyama et al., 1987). However, in this
mangrove stand, about 12.5% of the A. corniculatum
trees were dead. Even for the living ones, a lot of them
had dead lower branches and young leaves were found
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Table 7. Total biomass and the partitioning of standing biomass in Futian mangrove forest.

Plant species Stem Branch Leaf Aerial sub-total Root Total Dead
material
Biomass % of Biomass % of Biomass % of Biomass % of Biomass % of Biomass Biomass
(kg m~2) Total (kg m~—2) Total (kgm=2) Total (kgm~2) Total (kgm—2) Total (kgm~2) (kgm—2)
Aegiceras  3.434 35.95 2.745 28.73 0.527 552 6.807 71.26 2.746 28.74 9.553 0.849

corniculatum
Kandelia 0.464 28.77 0.429 26.59 0.124 7.65 1.058 65.59 0.555 3441 1.613 ND

candel
Avicennia 0.291 29.82 0.493 50.51 0.062 6.35 0.849 86.99 0.127 13.01 0.976 0.078
marina
Total 4.189 34.50 3.667 30.20 0.713 5.87 8714 71.77 3.428 28.23 12.142  0.927

ND: Not detected.

Table 8. Total and above-ground biomass (t ha~!) of mangrove forests in the world.

Location Latitude Mangrove species Structure or Above- Total  Source of reference
average ground biomass
height (m) biomass

Panama 9°N  Rhizophora brevistyla 30-40 2792 4689  Golley et al., 1975

Thailand 8°N  Rhizophora apiculata 11 1590 ND Christensen, 1978

Malaysia 5°N  Rhizophora apiculata ND 1853 2025 Gong & Ong, 1990

Sri Lanka, Dutch Bay 8°N Rhizophora mucronata and 4.5 71.0 ND Amarasinghe & Balasubramaniam, 1992b
Avicennia marina

Sri Lanka, Puttalam 8°N Avicennia marina 7.3 201.7 ND Amarasinghe & Balasubramaniam, 1992b

lagoon

Puerto Rico 18 °N  Rhizophora mangle 8 62.9 1129  Golley et al., 1962

Philippines 12°N  Mixed mangrove species  ND 459 ND de la Cruz & Banaag, 1967

China, Hainan Island 19 °N  Bruguiera sexaugula ND 248.5 4203 Linetal, 1990

China, Fujian 24°N  Kandelia candel 5 93.4 162.6  Lin, 1989

Hong Kong 22 °N  Kandelia cande! ND 1296 ND Lee, 1990

Taiwan 24 °N  Kandelia candel ND ND 143.9  Chen, 1982

USA, Florida 26 °N  Rhizophora mangle fringe 1189 ND Lugo & Snedaker, 1974
Rhizophora mangle scrub 7.9 ND Lugo & Snedaker, 1974
Mixed species island 49.0 57.0 Lugo & Snedaker, 1974

Japan 24 °N  Rhizophora mucronata 5-6 108.1 ND Suzuki & Tagawa, 1983
Bruguiera gymnorhiza 5-6 97.6 ND Suzuki & Tagawa, 1983

Australia, Sydney 34°S  Avicennia marina 6-8 1283 ND Briggs, 1977

Australia, Westernport Bay 38 °S  Avicennia marina 2-4 86.0 2320 Clough & Attiwill, 1975

New Zealand 37°S  Avicennia marina 2.5-4 104.1 ND ‘Woodroffe, 1985
Avicennia marina <1 6.8 ND Woodroffe, 1985

China, Shenzhen 22°N  Aegiceras corniculatum and 4-5 87.1 121.4  This study

Kandelia candel






mainly at the top of the canopy. The average height
of A. corniculatum was 3.9 m, slightly shorter than
K. candel and A. marina.

The mean total biomass and the partitioning of
biomass were calculated based on regression equations
shown in Table 5. Table 7 reveals that A. cornicula-
tum had the highest biomass (9.55 kg m~2), 6 times
of that found in K. candel. In both species, the aeri-
al woody tissues (stem and branch) represented the
greatest percentage of the biomass (64.7% and 55.4%
forA. corniculatum and K. candel, respectively) while
leaves made up 5.5 and 7.7%, respectively. A similar
pattern was also found for A. marina. The mean total
above-ground biomass contributed more than 65% of
the total biomass. The root:shoot ratio of the commu-
nity was 0.4:1. The highest root:shoot ratio was found
K. candel, followed by A. corniculatum and A. marina
had the lowest root:shoot ratio (Table 7).

Discussion

The mangrove stand in Futian Nature Reserve of the
Shenzhen Special Economic Zone, the PRC had a rel-
atively simple community structure with low species
diversity. It was dominated by Aegiceras corniculatum,
with few individuals of Kandelia candel and Avicen-
nia marina. There was no zonation of species with-
in this mangrove stand. It has been stated that man-
groves are naturally stressed ecosystems. The survival
of individual species and thus zonation within a man-
grove stand depend on the following environmental
factors: frequency of tidal flushing, soil type, soil salin-
ity, drainage plant and animal interactions (Kenneally,
1982). In the present study, the mangrove had very flat
topographic slopes and the frequency of tidal flushing
in the upslope was low; the upper part of the shore was
only flooded by tidal water during the very high spring
tide. These created a condition similar to the mainland
fringing habitat which was relatively unfavourable to
support a large number of species. Amarasinghe and
Balasubramaniam (1992a) reported that the mainland
fringing mangrove stands had a simpler community
structure and dominated by single species than the
estuarine sites, the latter habitats had oscillating flush-
ing conditions with more favourable nutrient balances
which supported higher species diversity.

The present mangrove stand had a total biomass of
12.142 kg m~2 and about 72% of this was contributed
by the above-ground portions. This value is compa-
rable with those found in other mangroves of similar
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latitude such as Putero Rico (Golley et al., 1962) and
Japan (Suzuki & Tagawa, 1983), but much lower than
those found in tropical regions (Table 8). In gener-
al, the species diversity, tree height and density, and
the biomass increase with decrease in latitude. The
tropical mangroves usually have higher standing crop
biomass and more complicated structure than those in
sub-tropical regions. However, the biomass of a man-
grove forest is not only affected by the geographic
location and the macro-climate. It is also related to
the species composition, community structure, growth
forms and the age of the plant community (Lugo &
Snedaker, 1974; Knox, 1986). The biomass values
of two geographically close mangrove forests could
be very different. For instance, the biomass obtained
in this study was significantly less than that reported
in Mai Po, Hong Kong (Lee, 1990) although these
two mangroves are contiguous to each other. The dif-
ference in biomass estimation of these two sites was
mainly due to the fact that the other study took place in
the tidal ponds (called ‘gei wai’) where the mangrove
forest was dominated by Kandelia candel (Lee, 1990).
The enclosed situation and infrequent inundation in
the tidal ponds restricted the dispersal of propagules
and enhanced the retention of the majority of the nutri-
ents for in situ recycling, therefore supporting larg-
er tree density (51770 ha~! in ‘gei wai’ ponds and
6333 ha™! in the present study) and higher biomass.
Woodroffe (1985) concluded that the biomass depends
very much on tree height and density. For the same Avi-
cennia mangrove stands with a low and sparse popula-
tion, the above-ground biomass was less than 2 t ha™!
while areas of tall dense trees had value of 104.13 t
ha~!. Moreover, K candel, at its mature stage, is taller
and have more dense canopy cover than A. cornicu-
latum. This explained the importance of factors other
than macroclimate on the mangrove forest structure
and productivity. Similarly, the biomass value of this
mangrove stand was lower than those found in Tai-
wan (Chen, 1982) and Fujian, the PRC (Lin, 1989)
with a location at even higher latitude (about 25 °N).
These two mangrove stands were dominated by Kan-
delia candel, which had taller and more dense canopy
cover than A. corniculatum at its mature stage. Further-
more, as discussed previously, a significant percentage
of dead individuals of A. corniculatum was found in
Futian mangrove stand, and most trees had dead leaf-
less branches below the top canopy.

The mean root:shoot ratio of this community was
0.4:1, ranged from 0.53:1 in K. candel and 0.15:1 in
A. marina. These values were similar to that report-
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ed by previous researchers, including Golley et al.
(1962; 0.44:1 and 1975; 0.68:1), Tamai et al. (1986;
0.44:1) and Silva et al. (1991; 0.25:1), but much lower
than that of Briggs (1977; 1.02-1.28:1) and Clough &
Attiwill (1975; 1.69:1). Mangrove communities were
usually found to have high root:shoot ratios (Knox,
1986), and the community with taller trees tended to
have a lower root:shoot ratio than the community of
smaller trees (Briggs, 1977). In this study, the root
biomass might have been underestimated especially
for A. marina because of the following reasons. First-
ly, the excavation for root biomass estimation was only
limited to the top 50 cm and the deep roots might have
been lost. Secondly, the root systems of the mangrove
trees, in particular, A. marina, were very extensive and
irregular so field collection of root material might be
incomplete. Thirdly, the fine roots might have been
missed during clearing of the adhering mud and soil.
Lastly, only three trees were excavated and harvest-
ed for root biomass estimation, thus large error might
have been generated. Actually, good root biomass data
in mangroves studies are rare because of the difficulty
in sampling roots quantitatively (Knox, 1986). More
in-depth study on the root biomass production and its
importance in the functioning, in particular, cycling
of organic and inorganic material, of the mangrove
ecosystem would be essential.

In the present study, the biomass of different com-
ponents of A. corniculatum and K. candel were best
estimated by power curves using a combination of tree
height and diameter at breast height (DBH? % HT)
as the independent variables. It was found that esti-
mate of biomass based on only a single parameter,
either height (HT) or diameter (DBH), as suggested
by many researchers (Amarasinghe & Balasubrama-
niam, 1992b; Day et al., 1987; Golley et al., 1962;
Woodroffe, 1985), was less significant. This implies
that regression models developed by previous workers
for estimating biomass could not be applied direct-
ly without modification for mangrove stands in Futian,
PRC. Woodroffe (1985) found that the regression mod-
el and the importance of the tree height or diameter
as the independent variable to estimate biomass value
would vary between mangrove stands. Even for the
same mangrove stand, the regression models would be
different for areas of different tree height and density.
In this study, there was no close relationship between
height (and/or diameter) and biomass of A. marina,
and none of the regression models suggested by pre-
vious workers was successful. Other parameters such
as canopy diameter and width, which provide better

description on the growth forms of A. marina, might
need to be explored. The method developed by Brig-
gs (1977), which calculated the mean tree biomass of
A. marina from the mean volume and mean wood den-
sity, and the photosynthetic (leaf and petiole) biomass
from the regression equation using stem diameter and
non-photosynthetic biomass as independent variables,
might be worthwhile for consideration. Nevertheless,
A. marina was the least important species in Futian
mangrove and it only contributed a small percentage
to the total biomass value of the whole community
(about 8% of total biomass). The unsatisfactory results
in estimating biomass of this species from the harvest
data would not affect the overall standing crop biomass
values of this mangrove stand.
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Abstract

Mathematical relations that use easily measured variables to predict difficult-to-measure variables are
important to resource managers. In this paper we develop allometric relations to predict total aboveground
biomass and individual components of biomass (e.g., leaves, stems, branches) for three species of man-
groves for Everglades National Park, Florida, USA. The Greater Everglades Ecosystem is currently the
subject of a 7.8-billion-dollar restoration program sponsored by federal, state, and local agencies. Biomass
and production of mangroves are being used as a measure of restoration success. A technique for rapid
determination of biomass over large areas is required. We felled 32 mangrove trees and separated each
plant into leaves, stems, branches, and for Rhizophora mangle L., prop roots. Wet weights were measured in
the field and subsamples returned to the laboratory for determination of wet-to-dry weight conversion
factors. The diameter at breast height (DBH) and stem height were also measured. Allometric equations
were developed for each species for total biomass and components of biomass. We compared our equations
with those from the same, or similar, species from elsewhere in the world. Our equations explained 293% of
the variance in total dry weight using DBH. DBH is a better predictor of dry weight than is stem height and
DBH is much easier to measure. Furthermore, our results indicate that there are biogeographic differences
in allometric relations between regions. For a given DBH, stems of all three species have less mass in
Florida than stems from elsewhere in the world.

Abbreviations: DBH — diameter at breast height

Introduction Florida Bay and the Florida Keys in the south and
is over 150 km from east to west in places. The
The Greater Everglades Ecosystem extends for vast freshwater wetlands of the region have been

350 km from Lake Tohopekaliga in the north to extensively ditched, diked, and drained for
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agricultural development (Bottcher and Izuno
1994), urban water supply, and flood protection
(Light and Dineen 1994). The greatly altered
drainage patterns have led to a decrease in fresh-
water inflow to the southern Everglades estuaries
of more than 50% (Smith et al. 1989). Questions
exist concerning the impacts of increasing fresh-
water inflows to coastal wetlands.

At present, the Greater Everglades is the site of
a massive ecosystem restoration program, the
Comprehensive Everglades Restoration Project
(CERP) (Davis and Ogden 1994; Porter and Porter
2002). Numerous water-control structures will be
removed, canals filled, and dikes leveled, all to
restore the quantity and quality of water in the
system.

Mangrove forests dominate the coastal portion
of the Everglades within Everglades National
Park, an International Biosphere Preserve (Smith
et al. 1994). What will be the effect on primary
production or species composition in mangrove
forests as freshwater flow is altered? As CERP
progresses resource managers need simple but
accurate tools to measure restoration success. We
discuss the development of a simple tool for the
rapid measurement of biomass and change in
biomass over time using allometric, or scaling,
relations.

Scaling relations are fundamental in ecological
studies from the level of the individual organism to
the examination of patch structure across land-
scapes (Horn 1971; Niklas 1994). In forest ecology
these relations have been used to examine how an
individual tree’s crown architecture changes dur-
ing growth from seedling to sapling to adult stat-
ure (Aiba and Kohyama 1997), how life history
traits and tree structure vary among species
(Whittaker and Woodwell 1968; Coomes and
Grubb 1998) and to explain density-dependant
and gap-dynamic processes in whole forest stands
(Alvarez-Buylla 1994). Allometric relations
“characterize harmonious growth with changing
proportions” usually with a logarithmic associa-
tion (Lieth and Whittaker 1975). They are devel-
oped by establishing relations between some easily
measured individual plant parameter(s) and some
variable that is much harder to measure. For trees,
the diameter at breast height (DBH) of the trunk is
commonly used, allowing for non-destructive
assessment of biomass and growth rates. Once
developed, the equation can be used to calculate

an estimate of the biomass for both living and
dead plants. With a calculated biomass figure it is
possible to determine a change in biomass from
one time to another based on change in DBH.
When summed for all individuals and for each
species within a known area, biomass and pro-
ductivity can be expressed on an areal basis.
Scaling relations have been used to estimate forest
biomass and productivity in temperate regions
(Rochow 1974; Whittaker and Marks 1975) and
tropical regions Day et al. 1987; Clough and Scott
1989).

Several researchers have developed relations to
predict aboveground biomass using DBH for
mangroves from a variety of areas (Woodroffe
1985; Putz and Chan 1986; Clough and Scott 1989;
Silva et al. 1991; Fromard et al. 1998). However,
no allometric equations have been developed for
mangroves in Florida an area at the northern limit
of their distribution which is 25° N latitude.
Standing biomass as well as litterfall in mangroves
decreases as latitude increases, as demonstrated by
Saenger and Snedaker (1993).

The purpose of this work was to develop allo-
metric relations for above ground biomass and
DBH for the three mangrove species found in
Everglades National Park: Avicennia germinans
(L.) Sterns (black mangrove), Laguncularia race-
mosa (L.) Gaertn. (white mangrove) and Rhizo-
phora mangle L. (red mangrove). We also tested
for relations between DBH and different compo-
nents of total biomass (leaves, stems, and bran-
ches) for each species. Finally, we compared our
allometric equations with those developed for the
same, or similar, species from other regions of the
globe.

Methods
Nomenclature

The nomenclature for mangrove names follows
Tomlinson (1986).

Site descriptions

Individuals of the three mangrove species were
collected from three locations in Everglades





National Park (Figure 1): the Black Forest
(25°08’54” N, 80°55’00” W); Mud Bay
(25°16’08” N, 81°05’02” W); and Highland Beach
(25°30°0”, 81°12°0” W). Historically, the Black
Forest was dominated by large Avicennia that were
devastated by the Labor Day hurricane of 1935
(Craighead 1971). Currently, the site is a mixed
stand with all three species present in various size
classes. The Mud Bay location is a well-developed
stand of red and black mangroves with many
stems in larger DBH classes. Hurricane Andrew
crossed directly over the Highland Beach site in
August 1992 (Smith et al. 1994). Although this site
had been disturbed, recovery was underway and
numerous small-stemmed individuals of all three
species were readily available for sampling.

411
Sample collection and processing

We collected 32 specimens of the three mangrove
species: 8 black, 10 white, and 14 red. We choose
individuals with straight trunks that showed no
obvious signs of damage (hurricane, lightning,
wind, or insect damage). We did not choose
stunted, dwarfed, or multi-stemmed specimens
because they have extremely different allometric
relations (Clough et al. 1997). Such individuals
were rare in our study area. After an individual
was selected its DBH was measured at 1.4 m above
the sediment surface or above the highest prop
root for Rhizophora (a commonly accepted pro-
cedure, see Clough and Scott 1989). Each speci-
men was cut at ground level and total stem height

Figure 1. The southern peninsula of Florida showing the approximate boundaries of Everglades National Park (ENP). We collected
samples from the Black Forest (BF), Mud Bay (MB), and Highland Beach (HB).
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was measured. All above-ground biomass was
harvested and separated into four components:
stem, branches, leaves, and prop roots (Rhizophora
only). We measured these components in the field
using a spring scale of appropriate size to get wet-
weight biomass. We collected sub-samples of each
component from each tree. These were returned to
the laboratory and dried to a constant mass at
70 °C using a standard drying oven and re-
weighed. Wet-weight to dry-weight conversion
factors were calculated and averaged by compo-
nent and by species. With this information we
calculated an estimate of dry weight.

Calculations

We used the equation: log,qy = a log,((DBH) + b
to relate dry biomass to DBH (where y = above-
ground dry biomass in kg and DBH is in cm).
Similar equations have been used by other
researchers (Putz and Chan 1986; Day et al. 1987;
Clough and Scott 1989; Fromard et al. 1998). We
also examined the relations of stem height to bio-
mass using the same equation (Whittaker and
Marks 1975; Clough 1992). For each species sep-
arate regressions were calculated for each compo-
nent of biomass (stem, branch, and leaf for all
species and also prop-roots for Rhizophora) using
the Statistical Analysis System software package.
Total biomass was determined by summing the
individual components for each species and then
another regression was performed.

Biogeographic comparisons

We compared our allometric equations for Avi-
cennia and Laguncularia with those generated by
Fromard et al. (1998) at 4-5° N latitude and by
Day et al. (1987) at 18° N. We included the
equations of Silva et al. (1991) from 23° S for
comparisons with R. mangle. We also compared R.
mangle with Rhizophora species (R. apiculata, R.
mucronata, R. stylosa) from the Indo-West Pacific
region (Putz and Chan 1986; Clough and Scott
1989). Our comparisons spanned only the range of
DBHs reported in other studies. We did not
extrapolate predicted values from reported equa-
tions past the data ranges over which they had
been calculated.

Using the equations to assess the Everglades
restoration

As CERP proceeds one of the expected impacts is
altered salinity regimes in the lower Shark River
estuary. Growth rate and biomass accumulation in
mangroves is at least partially related to sediment
pore-water salinity (Sobrado 1999; Tuffers et al.
2001). We used the allometric equations to derive
biomass estimates for several long-term plots
along the Harney River (Smith 2004). The plots
were established in 1998. Stems were identified and
individually tagged with aluminum tree tags. DBH
was measured as described above. The plots have
been re-sampled four times. We calculated the
total biomass of each stem from the species specific
regression equation. Growth was calculated as the
change in total biomass between sampling inter-
vals. Individual growth estimates were summed for
each plot by species and by time interval. Sediment
pore-water salinity was also measured in the plots
at a depth of 30 cm which is in the middle of the
root zone. We calculated the mean salinity for
each sampling interval for each plot. We then re-
gressed the change in biomass, for each species,
plot, and sampling interval against mean salinity.

Results and discussion
Biomass vs. stem height and DBH

Both stem height and DBH were excellent pre-
dictors of total above-ground biomass for all three
species (Figures 2, 3) with total variance explained
(R?) greater than 0.92 in all cases (Table 1). DBH
yielded R’s that were slightly higher than those for
stem height. However, we consider the difference
to be insignificant. The best fits were higher for
Laguncularia than for either Avicennia or Rhizo-
phora. Given these results, and the fact that DBH
is measured very accurately and with great ease in
the field, whereas stem height is very difficult to
measure non-destructively, we consider only DBH
for the remainder of the study.

Stem, branch, leaf, and prop root biomass vs. DBH

Highly significant relationships were found for
all components of above-ground biomass and





DBH for all three species. In general, regressions
for stem biomass had higher variance explained
(R*>0.95) than did regressions for branch and
leaf biomass (Table 1 and Figures 4-6). The
latter two components of biomass were much
more variable. No differences were found among
species with respect to total stem biomass and
DBH (Figure 4). However, Rhizophora seems to
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allocate more biomass to branches than either
Avicennia or Laguncularia over the entire range
of DBHs measured (Figure 5). Rhizophora also
seems to allocate more biomass to leaf tissue
than Avicennia and Laguncularia, but only at
larger DBHs (Figure 6). For Rhizophora, prop
root biomass was significantly related to DBH
(Figure 7).

Total Dry Biomass vs DBH

Log,, Total Biomass
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0.50 0.75 1.00 1.25 1.50

Log,, dbh

Figure 2. Total dry biomass as a function of DBH for the three mangrove species. Avicennia = diamonds with solid line, Laguncu-
laria = squares with dotted line, and Rhizophora = triangles with dashed line.
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Figure 3. Total dry biomass as a function of stem height for the three mangrove species. Symbols as in Figure 2.
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Table 1. Results from the regression analyses are given.

Regression Parameters a b R?

Total Dry Biomass vs. height

Avicennia 2.641 —1.124 0.921
Laguncularia 2.585 —1.355 0.973
Rhizophora 2.357 —0.769 0.931
Total Dry Biomass vs. DBH

Avicennia 1.934 —0.395 0.951
Laguncularia 1.930 —0.441 0.977
Rhizophora 1.731 —0.112 0.937
Stem Dry Biomass vs. DBH

Avicennia 2.062 —0.590 0.982
Laguncularia 2.087 —0.692 0.981
Rhizophora 1.884 —0.510 0.958
Branch Dry Biomass vs. DBH

Avicennia 1.607 —1.090 0.773
Laguncularia 1.837 —1.282 0.951
Rhizophora 1.784 —0.853 0.958
Leaf Dry Biomass vs. DBH

Avicennia 0.985 —0.855 0.714
Laguncularia 1.160 —1.043 0.889
Rhizophora 1.337 —0.843 0.927
Prop Root Dry Biomass

Rhizophora 0.160 —1.041 0.821

Parameters: a=slope of the regression line, b =intercept of the
regression line, R*=coefficient of determination. All regression
equations are significant at the p < .05 level. DBH size ranges,
in cm, were: Avicennia (0.7-21.5), Laguncularia (0.5-18.0), and
Rhizophora (0.5-20.0).

Biogeographic comparisons

Our equations give the lowest estimate of biomass
for all three species when compared to results from
other studies (Table 2, see our Figures 8—10 for
references). A mangrove with a given DBH will
have a greater predicted biomass near the equator
than one with the same DBH that is growing in a
location to the north or south of the equator. The
differences are least for Laguncularia and greatest
for Rhizophora. For example, Laguncularia with a
DBH 10 cm is predicted to have 60 kg dry mass in
French Guiana (Fromard et al. 1998), 50 kg dry
mass in the Yucatan of Mexico (Day et al. 1987),
and 45 kg dry mass in the Florida Everglades (the
present study, see Figure 8). Unfortunately the
studies by Fromard et al. (1998) and Day et al.
(1987) spanned a small range in DBH (1-10 cm).
Therefore we could not compare to the largest
Laguncularia trees we sampled (18 cm). For Avi-
cennia, specimens 10 cm DBH are predicted to be
equal in biomass for French Guiana and Florida
(=35 kg), and both of these areas will be less than
predicted for Mexico (67.5 kg, see Figure 9). As
DBH increases for Avicennia, the predicted bio-
mass for French Guiana and Florida also diverge
(Figure 9). At a DBH of 20 cm, Avicennia in

Stem Biomass vs DBH
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Figure 4. Stem dry biomass as a function of DBH for three mangrove species. Symbols as in Figure 2.
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Branch Biomass vs DBH
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Figure 5. Branch dry biomass as a function of DBH for three Florida mangrove species. Symbols as in Figure 2.
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Figure 6. Leaf dry biomass as a function of DBH. Symbols as in Figure 2.

French Guiana are predicted to weigh some
246 kg, whereas in Florida the same size stem is
predicted to weigh a mere 136 kg (Figure 9). The
differences are most striking however for Rhizo-
phora (Figure 10). At smaller size classes (< 10 cm
DBH) differences are indicated with stems in
Australia, Malaysia, French Guiana and Puerto
Rico predicted to have more biomass than stems in
Florida, Mexico or Brazil (Figure 10). Larger
stems (> 15 cm DBH) were not measured by many

researchers so comparisons are limited to French
Guiana, Florida, Australia and Malaysia. A Rhi-
zophora in Florida with a 20 cm DBH stem is
predicted to have approximately =140 kg of
above-ground dry biomass (this study). Rhizo-
phora from northern Australia, French Guiana
and Malaysia are predicted to have from 300-
350 kg of dry biomass (Figure 10).

The general outcome of the model comparisons is
that allometric relations differ by species and region
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Rhizophora prop roots
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Figure 7. Rhizophora prop root biomass as a function of DBH.
Table 2. Regression equations developed by other studies.
Species DBH Range cm Equation a b Reference
Atlantic/Caribbean
A. germinans 1-10 logey = alog.DBH+b 2.507 —1.561 Day et al. (1987)
L. racemosa 1-10 log.y = alog.DBH+5 2.192 —1.592 Day et al. (1987)
R. mangle 1-10 log.y = alog.DBH+b 2.302 —1.580 Day et al. (1987)
A. germinans 1-32 y = b (DBH)* 2.4 0.140 Fromard et al. (1998)
L. racemosa 1-10 y = b (DBH)" 2.5 0.102 Fromard et al. (1998)
R. mangle 1-42 y = b (DBH)* 2.6 0.128 Fromard et al. (1998)
R. mangle 3-11 y = b “PBH 0.3 1.41 Silva et al. (1991)
Indo-West Pacific
R. apiculata 5-31 logoy = alogiocDBH + b 2.516 —0.767 Putz and Chan (1986)
Rhizophora spp. 3-25 logipy = alog;oDBH + b 2.685 -0.979 Clough and Scott (1989)
Laguncularia racemosa
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Figure 8. Predicted total biomass for Laguncularia racemosa based on the allometric equations from Day et al. (1987) as shown by
dashed line, from Fromard et al. (1998) as shown by dotted line, and by this study as shown by solid line. Predicted values have been

calculated and plotted only for the range in DBHs reported by each study.
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Avicennia germinans
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Figure 9. Predicted total biomass for Avicennia germinans based on the allometric equations from Day et al. (1987) as shown by dashes
line, from Fromard et al. (1998)as shown by dotted line, and by this study as shown by solid line. Predicted values have been calculated

and plotted only for the range in DBHSs reported by each study.

Rhizophora species

—THIS STUDY

Golley

Silva = -Day

- - - -Fromard Clough -----Putz

N
(=]
o

150

100

Predicted Dry Biomass

a
o

15 20

Diameter at Breast Height

Figure 10. Predicted total biomass for Rhizophora spp. based on the allometric equations from this study and other studies as shown in

the legend.

and do not necessarily follow latitudinal or general
area trends. The biomass values generated with
allometric equations should be considered with
caution when used to extrapolate outside of the size
range sampled or from areas with inherently dif-
ferent environmental parameters (for example,
salinity, nutrients, hydrological exchange, stem
density, net primary productivity, and herbivory).

Using the equations to assess the Everglades resto-
ration

Mean sediment salinity predicted change in bio-
mass relatively well for Laguncularia but not for
Rhizophora or Avicennia (Figure 11). This is not
totally unexpected as Laguncularia is the least
tolerant species. Both Avicennia and Rhizophora
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Harney River Transect Plots
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Figure 11. Change in biomass as a function of mean sediment porewater salinity for plots along the Harney River in Everglades
National Park. The regression equations for Avicennia (squares) and Rhizophora (diamonds) are not significant. The regression for
Laguncularia is significant. The regression equation is: Change in biomass = —1.691*(mean salinity) + 26.905, 1> = 0.38, p < 0.01.

have broad salinity tolerances with Avicennia
capable of surviving in hypersaline conditions
(Pool et al. 1977). Plot biomass decreased with
increasing sediment salinity for Laguncularia.
Based on predictions of the hydrological models
used in CERP (Fennema et al. 1994, Langevin et
al. 2005), we expect salinities to decrease as
freshwater inflows increase. Thus, we should be
able to monitor an increase in biomass of Lag-
uncularia in these plots as CERP proceeds.
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ABSTRACT

Day, J.W., Jr., Conner, W.H., Ley-Lou, F., Day, R.H. and Navarro, A.M., 1987. The productivity
and composition of mangrove forests, Laguna de Términos, Mexico. Aquat. Bot., 27: 267-284.

The composition and productivity of two mangrove sites surrounding the Laguna de Términos,
Mexico, were studied from March 1979 to January 1984. Measurements were made of the tree
composition, above-ground woody biomass changes, and litterfall production at a high-salinity
fringing site and a low-salinity riverine site. Rhizophora mangle L. was the dominant tree at the
fringing site, but occurred only at the water’s edge at the riverine site. Avicennia germinans L.
dominated the inland area of the riverine site. Laguncularia racemosa Gaertn. f. had a more even
distribution from shore to inland and from site to site. Average diameter at breast height (DBH)
was greater at the riverine site for each of the three species; however, tree density (trees >2.5 cm
DBH) was more than twice as high at the fringing site (7510 ha—') than at the riverine site (3360
ha~!). Wood production (1206 g m~2 year~' vs. 772 g m~2 year ') and litterfall (1252 g m 2
year' vs. 835 g m~2 year~') were higher at the riverine site than at the fringing site. Total
estimated above-ground net production was 2458 g m~? year ™' at the riverine site and 1607 g m 2
year ™' at the fringing site.

INTRODUCTION

Mangroves dominate approximately 75% of the world’s coastline between
latitudes 25°N and 25°S (McGill, 1959). Mangrove species are adapted to
areas characterized by high temperatures, fluctuating salinities and shifting,
anaerobic substrates (Odum et al., 1982). Many studies have been conducted
on mangroves — over 7000 titles (Snedaker, 1982). Species zonation has been

*Present address: Escuela de Biologia Marina, Universidad Autonéma de Baja California, Ap.
Post. 453, Ensenada, Baja California, Mexico.

0304-3770/87/$03.50 © 1987 Elsevier Science Publishers B.V.
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a dominant theme in the literature while the productivity and functioning of
the mangrove forests have been neglected. In the Gulf of Mexico area, Florida,
mangroves have received the most intensive study (Heald, 1969; Odum, 1970;
Miller, 1972; Carter et al., 1973; Lugo et al., 1975; Teas, 1979; Twilley, 1982).
Others have studied mangrove forests in Puerto Rico (Golley et al., 1962; Pool
etal., 1975,1977; Cintron et al., 1978) and the West Indies ( Woodroffe, 1982).
However, very few studies have been done of mangrove forests in Mexico
(Thom, 1967; Pool et al., 1977; Rico-Gray and Lot, 1983).

Mangrove forests play an important role in the functioning of tropical coastal
systems. Data from Florida (Heald, 1969; Odum, 1970; Lugo and Snedaker,
1975; Lugo et al., 1975, 1980; Twilley, 1982), Puerto Rico (Golley et al., 1962)
and Australia (Boto and Bunt, 1981) indicate that mangrove forests tend to
be net exporters of organic matter. Heald (1969) and Odum (1970) docu-
mented the dependence of south Florida’s sport and commercial fisheries on
the net production of red mangroves via the detritial energy pathway. Carter
et al. (1973) suggested that 57-80% of the total organic budget of Fahka-
hatchee and Fahka Union Bays, Florida, was provided by export from the man-
grove forests surrounding the bays.

The Laguna de T'érminos is the largest coastal lagoon as well as the port for
the largest fishing fleet in Mexico. The economic importance of the lagoon has
meant that there have been a series of studies carried out to understand the
basic processes and history of the lagoon and the structure and function of fish
communities within it (see Phleger and Ayala-Castafares, 1971; Ydfiez-Aran-
cibia et al., 1980; Yanez-Arancibia and Day, 1982, and references contained
therein). Day et al. (1982) briefly addressed mangrove productivity in a dis-
cussion of the overall productivity of the lagoon, but there have been no detailed
ecological studies of mangroves bordering the lagoon.

The lagoon is almost completely surrounded by mangrove forests, covering
an area nearly as large as the open-water area of the lagoon itself (Fig. 1).
Therefore, the mangroves are a significant part of the lagoon ecosystem. We
began this study with two general objectives. The first was to study the man-
groves as part of the larger program of study of the Laguna de Términos being
carried out by the Universidad Nacional Auténoma de México. The second,
and equally important, objective was to conduct the research within the con-
text of current thinking about the ecology of mangroves. In designing the study,
we relied on the classification of mangrove structure and productivity which
has evolved over the past decade from the original description of Lugo and
Snedaker (1974), who identified several major mangrove-community types
based on differences in soil type, nutrient input, and hydrology. At present,
there are considered to be three main forest types: basin, fringe, and riverine
(R. Twilley, personal communication, 1986; see also Cintrén et al., 1980; Brown
and Lugo, 1982; Odum et al., 1982 ). Each community type has a characteristic
structure and range of productivity, litter decomposition, and detritus export.
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Fig. 1. Map of the Laguna de Términos showing the distribution of major habitats and the loca-
tions of the two mangrove study areas.

Generally, total biomass, tree height, litterfall and decomposition, and fresh-
water turnover increase from basin to riverine forests (Pool et al., 1975, 1977;
Brown and Lugo, 1982). The two dominant forest types surrounding Laguna
de Términos appear to be fringing and riverine and we chose study sites in each
area. These two sites are different in terms of species composition and tree
height, with the riverine site being visibly more robust. We wanted to see how
the structural and productivity characteristics of the site fit the classification
mentioned above.

AREA DESCRIPTION

Laguna de Términos is a large (approximantely 2500 km?), shallow (mean
depth 3.5 m) coastal lagoon located at the base of the Yucatan peninsula in
the state of Campeche, Mexico (Fig. 1). It is connected to the Gulf of Mexico
through two passes, one at each end of Isla del Carmen which is a barrier island
that separates the lagoon from the open gulf. The lagoon has a net inflow
through the eastern inlet at Puerto Real and a net outflow through the western
inlet at Carmen (Mancilla and Vargas, 1980; Graham et al., 1981) as evidenced
by the formation of a floodtide delta on the lagoon side of Puerto Real inlet.
This net westerly flow is mainly the result of the trade winds that blow from
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the east most of the year. Maximum wind speeds (50—60 km h~!) occur dur-
ing the season of winter storms, or “Nortes”.

Average annual precipitation (1680 mm year~') is seasonal, with a dry sea-
son from February to May and a wet season from June to January. The same
pattern exists over the entire drainage basin of the lagoon, producing a similar
pattern of flow in the three main rivers entering the lagoon. Peak river dis-
charge occurs in the months of September, October and November.

The lagoon is bordered almost completely by extensive mangrove swamps.
Three tree species dominate: Rhizophora mangle L. (red mangrove ), Avicennia
germinans L. (black mangrove), and Laguncularia racemosa Gaertn. f. (white
mangrove ). A fourth species, Conocarpus erecta L. (buttonwood), grows only
along the landward fringes of the swamp. Beds of seagrasses, Thalassia testu-
dinum Banks ex Konig, Halodule sp. and Syringodium filiforme Kiitz. occur
along the lagoon side of Carmen Island, on the delta of Puerto Real inlet and
along the eastern and southeastern shores of the lagoon.

METHODS
Study sites

After a visual survey of the mangrove forests, two areas were selected for
studies of mangrove productivity: a forest at Boca Chica, bordering the mouth
of the Palizada River, and a forest along Estero Pargo, a 5.3-km-long tidal
channel on the lagoon side of Isla del Carmen (Fig. 1). The width of the man-
grove zone at Estero Pargo, between the tidal stream and the upland, varies
between 50 and 150 m. The mangroves at Boca Chica are part of a band of
mangroves that grow around the entire periphery of the lagoon and extend
several kilometers inland. In the rainy season, during the period of high river
flow, the forest at Boca Chica is continuously flooded with freshwater, while
in the dry season the forest floor is almost always free of standing water. At
Estero Pargo there is regular tidal inundation and exposure throughout the
year. Water salinities in Estero Pargo and Boca Chica range from 20 to 40 ppt
and from 0 to 5 ppt, respectively. Both areas are extremely flat. Depressions of
several centimetres occur throughout both areas, but there is no consistent
elevation change in either. Mangroves are harvested for charcoal or timber and
it was evident that harvesting had occurred in both study areas in the past.

Forest composition

Trees with diameter at breast height (DBH) (or diameter above the highest
prop root in the case of R. mangle) greater than 2.5 cm were sampled using the
point-centered quarter method ( Cottam and Curtis, 1956; Cintrén et al., 1978)
with points 10 m apart. At Estero Pargo, two 130-m transects approximately
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50 m apart were run from the channel’s edge to a point near the upland bound-
ary. At Boca Chica, three 90-m transects were run from the stream’s edge inland.
Frequency, density, basal area, average diameter and importance values were
calculated for each mangrove species (Curtis and McIntosh, 1951; Mueller-
Dombois and Ellenberg, 1974), and the complexity index was calculated for
each site (Holdridge et al., 1971).

Above-ground woody biomass production

In March 1982 the DBH of 100 trees within each study area was measured
and the trees tagged for future measurements. Approximately 30 trees of each
of the three main tree species representing all diameter sizes were selected for
diameter measurements. The trees were remeasured in February 1983 and their
initial and final biomass estimated using procedures described below. Unfor-
tunately, nearly 50% of the Avicennia germinans and Laguncularia racemosa
at Boca Chica were harvested by local woodcutters just before the second mea-
surement, so that calculations of biomass increase at that site were based on
fewer trees (about 15 for each species).

In order to estimate biomass of mangrove trees, 10 trees of each of the three
species were harvested at Estero Pargo and Boca Chica (total of 20-per spe-
cies). The trees varied in size from 1 to 10 cm DBH. After the trees were felled,
total height was measured and the leaves were stripped from the branches.
Fresh weights of all branches, trunks and prop roots (for Rhizophora mangle)
were determined in the field. Subsamples of all components were taken to the
laboratory, dried at 70°C to a constant weight and then weighed. The dry
weights of all components were calculated using the dry—wet ratios of the
subsamples for each species. Regression equations of tree diameter as the inde-
pendent variable and the weights of specific components as the dependent
variable were developed. A t-test of the slope values (B) showed that there was
no significant difference between the regressions from each site (P<0.05).
Therefore, one set of regression equations was formulated for each species using
the trees harvested from both sites (TableI).

Total annual net woody growth was estimated as described below. Woody
biomass was calculated for each tree using DBH from the two measurement
periods and the regression equations formulated from the harvest data ( Table
I). The increase in woody biomass was calculated by subtracting the initial
biomass from the final biomass. Initial diameter was then plotted against the
increase in biomass (Fig. 2) and regression equations formulated so that for
any diameter we could predict the biomass increase. The transect data were
arranged according to species and by 2-cm-diameter classes. The number of
trees per hectare in a given diameter class was then multiplied by the predicted
biomass increase for that diameter class. The sum of the biomass increases for
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TABLEI
Regression coefficients used to estimate above-ground standing biomass. The equations are of the

form log, Y=A+B log, X, with Y=dry weight (kg), X=DBH (cm), and r?=percent variance
accounted for by the regression

Species Plant component A B r2
Avicennia germinans Trunk —2.0199 2.4399 97
Branches —2.5845 1.8200 84
Total —1.56852 2.3023 97
Laguncularia racemosa Trunk —2.0794 2.3861 99
Branches —2.9622 1.7299 68
Total —1.5919 2.1924 97
Rhizophora mangle Trunk -1.9122 2.4120 93
Branches —2.8633 2.3286 90
Prop roots —4.4565 3.1828 83
Total —1.5605 2.5072 94

all diameter classes of each species resulted in the total net woody growth of
the mangroves at each study site.

Litterfall

From March 1979 until April 1980, litter was collected every 2-4 weeks from
10 1-m? traps at Estero Pargo and 11 traps at Boca Chica. The traps with screen
bottoms were randomly placed from the streamside to 50 m inland. Litter from
each trap was dried to constant weight at 70°C, sorted into leaves, woody mate-
rial, flowers and fruits, and weighed. In addition, the fruits were divided by
species and counted.

Sotl salinity

Soil salinity in each mangrove site at Estero Pargo and Boca Chica was mea-
sured monthly from a series of ground-water wells from January 1983 to Jan-
uary 1984. Soil salinity was measured again in April 1985 at Estero Pargo. The
wells were spaced at 20-m intervals on a transect from the water’s edge to the
inland extent of mangroves at Estero Pargo and for 100 m at Boca Chica. The
wells were constructed of 3-cm-diameter plastic pipes placed in the soil to a
depth of 0.5 m. The wells extended above the soil surface to a level higher than
the highest tides. A refractometer was used to measure salinity on a water
sample taken from each well which had refilled after being pumped out.
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Fig. 2. Plots of initial DBH measurements and change in biomass for Rhizophora mangle L.,
Laguncularia racemosa Gaertn. f. and Avicennia germinans L. at Estero Pargo and Boca Chica.

RESULTS
Forest composition

The same three species of mangrove were encountered on the transects at
both study sites: Rhizophora mangle, Avicennia germinans and Laguncularia
racemosa. A fourth species, Conocarpus erecta, was present in the vicinity of
both areas but was not encountered on transects at either study site.

At Boca Chica, A. germinans had the highest importance value and R. man-
gle the least (Table IT). The reverse was true at Estero Pargo. L. racemosa had
about the same importance value at both sites. At Boca Chica there were fewer
trees, but they were larger and their basal area was greater.





274

TABLEII

Tree composition of Boca Chica and Estero Pargo mangrove forests (trees> 2.5 cm DBH)

Mean Frequency' Density Basal Average Complexity Importance
canopy (stems ha—') area diameter index? value®
height (m) (m*ha-') (cm)
Boca Chica 20 68.9
Avicennia germinans 56.2 1890 21.0 8.6 54.8
Laguncularia racemosa 28.6 960 115 10.5 326
Rhizophora mangle 15.2 510 1.7 5.3 12.6
Total 3360 34.2 100.0
Estero Pargo 6 315
Rhizophora mangle 61.1 4591 12.9 5.1 57.0
Laguncularia racemosa 34.3 2574 9.5 6.5 38.0
Avicennia germinans 4.6 345 0.9 5.3 5.0
Total 7510 23.3 100.0

'Percent of total number of trees.

2Complexity index=canopy height X basal area x stem density x No. species X 10~ (adapted from Holdridge et al.,
1971, by Brown and Lugo, 1982).

*Importance value is the sum of the relative frequency, relative density and relative dominance divided by 3.

4

Annual above-ground woody biomass production

The average rate of basal area increase and net woody above-ground pro-
duction per tree for all three mangrove species was greater at Boca Chica than
at Estero Pargo (Table III). R. mangle had the smallest basal area increase of
the three species at both sites (0.89 and 2.74 cm? at Estero Pargo and Boca
Chica, respectively). However, the amount of prop roots associated with red
mangrove is not apparent from the basal area figures. Even though R. mangle
had a fairly high rate of woody growth at Boca Chica as compared to Estero
Pargo, this species contributed only 99.5 gm~2 (8% ) to the total above-ground
wood production of the area (Table III) because of the fewer number of trees
present at the site. This situation was reversed at Estero Pargo. R. mangle had
the smallest basal area increase and wood production per tree, but because of
the number of trees (Table II), the total above-ground wood production of this
species was large (46% of the total productivity). Average woody biomass at

TABLE III

Average basal area (BA) change, average woody growth per tree and total annual woody growth of mangrove trees
measured at Boca Chica and Estero Pargo, Laguna de Términos, Mexico, March 1982 — February 1983

Average BA change Average woody growth Total woody growth
(cm?) (kg tree year ') (gm~2year~')

Boca Chica  Estero Pargo Boca Chica  Estero Pargo Boca Chica  Estero Pargo

Avicennia germinans 3.81 2.70 2.21 1.56 802.3 . 73.1
Laguncularia racemosa  3.69 3.33 1.72 1.53 304.0 345.5
Rhizophora mangle 2,74 0.89 2.69 0.74 99.5 353.3
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Estero Pargo and Boca Chica was calculated to be 12.0 and 13.5 kg m~2
respectively.

y

Litterfall

Leaf-fall was the dominant component of litterfall throughout the year at
both sites, with the exception of one period in September, when fruit-fall was
greater at Boca Chica (Fig. 3). There were definite peaks in litterfall: leaf-fall
was highest during the dry season (February to May) at Boca Chica and lowest
at Estero Pargo. The rates at the two sites were very similar during the rest of
the year. The fall of flowers, fruits and wood showed strong peaks during the
rainy season at Boca Chica. In Estero Pargo, the fall of flowers and fruits was
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TABLE IV

Estimated above-ground net primary production of mangrove species at Boca Chica and Estero
Pargo (g m~—2year™'). The litterfall values are revised from those reported by Day et al. (1982)

Component Location
Boca Chica Estero Pargo
Woody growth
Avicennia germinans 802.3 73.1
Laguncularia racemosa 304.0 345.5
Rhizophora mangle 99.5 353.3
Total 1205.8 771.9
Litterfall
Leaves 880.8 594.2
Flowers and fruits 252.7 191.9
Wood 118.4 48.0
Total 1251.9 834.1

Annual above-ground
net primary production 2457.7 1606.0

generally higher in the rainy season, while wood-fall was uniform throughout
the year. The fruits of R. mangle dominated by weight because of their much
larger individual size. However, the smaller fruits and flowers of A. germinans
and L. racemosa were more numerous, even in Estero Pargo where R. mangle
trees were more abundant. The total fruit-fall was higher at Boca Chica. Total
litterfall for the entire year, as well as the component totals in each category,
were highest at Boca Chica (Table IV).

Total above-ground net primary production

Even though the litterfall data were collected prior to the stem-growth study,
we have combined the two sets of data (litterfall and woody biomass) to obtain
estimates of net primary productivity of 2458 g m~2 year —* at Boca Chica and
1607 g m~2 year~! at Estero Pargo (Table IV). We realize that litterfall values
can vary from year to year because of variations in fruit production and because
of storm activity (Woodroffe, 1982). Our values for litterfall are similar to the
average values for fringe (906 +89 g m~2 year—!) and riverine (1187+76 g
m~2year—!) forests in Florida (Twilley, 1982). In addition, we monitored the
growth of 15 trees at each site during 1980, 1981 and 1982 and found no sig-
nificant differences in growth rates during those years. Thus, we are fairly
confident that our values give a reliable estimate of total average annual pro-
duction for these two sites.
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Contrary to our expectations, there was no consistent difference in soil sal-
inity between the two sites in 1983-84 (Fig. 4). Both sites showed a seasonal
trend with a generally lower salinity in the wet season. The salinity in Estero
Pargo was significantly lower than in Boca Chica in October and November
and significantly higher in January 1984 ( P <0.05). Mean salinity in 1983-84
was never higher than 45%o and only one measurement was higher than 50 %o
(Boca Chica, March, 56%oc). In April 1985, soil salinity at Estero Pargo was
between 65 and 72%o, with the exception of the well nearest the upland which
was 28%o. These measurements were taken the day after a heavy rain, indi-
cating that precipitation passed through the sandy soil and lowered the salinity
at the station nearest the upland.

DISCUSSION
Composition

The structural characteristics of the vegetation at Boca Chica (Table II) are
very similar to the mean values calculated for canopy height, basal area and
number of species for riverine forests in the literature (Brown and Lugo, 1982).
Brown and Lugo (1982) also described riverine forests as forests with Rhizo-
phora dominating the periphery and Avicennia and Laguncularia dominating
the inner forest, just as we observed at Boca Chica.
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The mangrove forest at Estero Pargo is frequently flooded by tide waters
and is composed predominantly of R. mangle. L. racemosa occurs from the
shore inland, whereas A. germinans is found mainly in shallow depressions
throughout the forest. Thom (1967) and Rabinowitz (1975) reported that
Laguncularia has less stringent habitat requirements than either Avicennia or
Rhizophora and is capable of growing in any of the mangrove zones.

Above-ground production

Wood production

There have been very few studies in which the wood production of man-
groves has been measured and nearly all of the available estimates are for Rhi-
zophora (Brown and Lugo, 1982). To our knowledge, this is the first report of
wood production by L. racemosa. Golley et al. (1962) estimated production in
a Rhizophora forest in Puerto Rico to be 307 g m~2 year ™!, while Clough and
Attiwill (1982) estimated that in an Avicennia forest in Australia to be 356 g
m™2 year~!. Other estimates of Rhizophora production include 2000 g m~?
year~! in Thailand (Christensen, 1978) and 2100 g m~2 year~! in Florida
(Teas, 1979). Values for wood production at Boca Chica and Estero Pargo
(1206 and 772 g m~2 year~!, respectively) fall within the range of reported
values.

The regression equations calculated in this study were compared with
regression equations for Rhizophora formulated by G. Cintrén (personal com-
munication, 1980) using data from Golley et al. (1962). Cintrén’s equations
for biomass were: (1) log, (stem biomass) =log, 201.76+2.136 log. (DBH);
(2) log. (branch biomass) =log, 69.82+2.324 log. {DBH), (3) log, (prop
root biomass) =log, 72.63+2.481 log, (DBH). The DBH data of Rhizophora
from Golley et al. (1962) were used in our equations and those of Cintrén to
estimate biomass. The branch-biomass equations gave the most comparable
results with our equations, underestimating Cintrén’s by 18%. The largest dis-
crepancy occurred in the prop root estimations, where our equations underes-
timated Cintrén’s by 70%. Our stem biomass estimates were 17% less than
Cintrén’s for stem diameters <2 cm, 5% over for 2-3 cm, and 10% less for 3-5-
cm diameters. These results indicate the error level which can be introduced
by applying regression equations from one area to other areas.

Litter production

Mangroves are thought to be significant contributors to estuarine and inshore
productivity via litterfall. Litterfall is the most common productivity value in
the mangrove literature because it is the most easily measured component of
total net primary productivity. Mangrove leaves are shed continuously
throughout the year, with rates varying from habitat to habitat. Scrub or stunted
forests are the least productive (122+36 g m—? year—!) of the mangrove for-
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ests (Pool et al., 1975; Snedaker and Brown, 1981; Teas, 1979). Fringe forests
average 906 + 89 gm~2year ! (Twilley, 1982). The highest values for litterfall
are from riverine forests where litterfall values average 1100~1200 g m 2 year ™
(Twilley, 1982; Brown and Lugo, 1982). Litter production at Estero Pargo
(835 gm~2 year—') and Boca Chica (1252 g m~2 year ') agree with reported
values for fringing and riverine forests.

Throughout the range of mangroves there seems to be a general trend for
peak litterfall to occur during the rainy season (Heald, 1969; Pool et al., 1975;
Williams et al., 1981; Bunt, 1982; Twilley, 1982 ). This peak litterfall, at a time
when there is abundant water flowing through the area, may help to account
for the high export of material from the forests. In our study, the highest lit-
terfall at Boca Chica occurred just before the rainy season began, while most
of the litter at Estero Pargo fell during the rainy season.

Total above-ground net primary production ( NPP)

Reported values of total above-ground NPP in mangrove forests range from
a low of 380 g m~? year~! for a scrub forest in Florida (Teas, 1979) to 5475 g
m~2 year~! for a mixed forest in Florida (Carter et al., 1973). The values
generally fall within the range that might be expected for woody plants. The
different methods used may account for some of this variability. The assump-
tion that total above-ground NPP for mangroves is three times total litterfall
(Teas, 1979) is not supported by our results, in which NPP was approximately
twice the amount of litterfall. Teas (1979) based the 3:1 ratio on Bray and
Gorham (1964), who derived the ratio from terrestrial forests. Bray and Gor-
ham (1964) recommended that further productivity research be conducted to
refine the NPP/litterfall ratio. In freshwater forested wetlands of southeastern
U.S.A,, the NPP/litterfall ratio is 2.3 +0.1 (Carter et al., 1973; Conner and
Day, 1976; Schlesinger, 1978; Mitsch and Ewel, 1979; Mulholland, 1979; Brown,
1981; Conner et al., 1981). These results suggest that the NPP/litterfall ratio
for both freshwater and saltwater is about 2:1. This shows that such ratios for
one forest type (e.g. terrestrial) should not be applied to other forest types
(such as mangroves). Our values for Estero Pargo (1607 g m~2 year—!) and
Boca Chica (2458 g m~2 year™!) are comparable with many of the published
production values.

Until recently, researchers have tended to think that community structure
in mangrove systems is related to soil-salinity gradients (see Lugo and Sne-
daker, 1974). However, salinity does not seem to be an important factor in
affecting community structure or productivity in this study. The data for 1983
indicate that, in general, there does not seem to be a consistent difference
between the two sites. The one set of measurements in April 1985 indicates
that occasionally soil salinities may reach 70%o. In general, however, the results
suggest that salinity is below 50%o in both areas. Information summarized by
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TABLE V

Mean nutrient concentrations in waters of Estero Pargo, Laguna de Términos and Boca Chica.
Concentrations are in uM

Nutrient Estero Pargo! Laguna de Términos? Boca Chica®
NH,* 14.6 4.0 2.0
NO,~ 3.9 0.5 2.5
Total inorganic N 185 45 45
PO2- 0.6 0.15 0.5
N:P 30.0 30.0 9.0

'Ley-Lou, 1985.
*Yafiez-Arancibia and Day, 1982.

Brown and Lugo (1982) indicates that salinities below this do not significantly
affect structure or productivity. Nickerson and Thibodeau (1985) reported
that the distributions of Avicennia and Rhizophora were closely correlated with
the amount of hydrogen sulfide in the soil. They found that when compared
with vegetation distant from the streamside, vegetation fringing streams was
taller, more robust and grew in soils with lower hydrogen sulfide levels. This
suggests that the concentration of hydrogen sulfide is an important factor reg-
ulating both primary production and forest structure at the two Laguna de
Términos sites. We hypothesize that the hydrogen sulfide content is lower in
the soils at Boca Chica because of low sulfate concentrations in river water,
especially in comparison with sea water.

The data suggest that the differences in primary production at our study
sites are influenced mainly by nutrient loading and freshwater turnover. Pool
et al. (1975) suggested a direct relationship between productivity and fresh-
water turnover for mangrove forests. Clearly, Boca Chica has the highest fresh-
water input, at least in surface water. It is interesting to note that water
concentrtions of inorganic nitrogen (N) and phosphorus (P) are highest in
Estero Pargo (Table V). However, the loading of N and (especially) P must
be higher at Boca Chica due to riverine input. In nutrient analyses of decom-
posing litter in litter bags placed on the forest floor, Day et al. (1982) measured
higher concentrations of N and P at Boca Chica than at Estero Pargo. Decom-
position rates were also higher at Boca Chica. Since the N:P ratio in the water
is low at Boca Chica, this suggests that N-fixation may be important in sup-
plying nitrogen and that the river is important in supplying P. A number of
workers have shown that increased nutrient availability, especially P, is related
to higher productivity in mangroves (Onuf et al., 1977; Snedaker and Brown,
1981; Brown and Lugo, 1982; Boto et al., 1984 ).

Mangroves are generally productive due to a number of factors including
high solar radiation and temperatures, a year-long growing season and gener-
ally abundant nutrients in the soil. Our calculations indicate that the ratios of
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net above-ground productivity (kg m~—2 year—!) to biomass (kg m~2) for the
two sites (Estero Pargo=0.13, Boca Chica=0.18) are significantly higher than
the average of 0.042 for upland hardwoods and conifers ( Whittaker, 1966;
Whittaker and Woodwell, 1968; Whittaker et al., 1974). This difference in
productivity /biomass ratios is due to both higher productivity and lower bio-
mass at the two Laguna de Términos sites as compared to upland forests. Higher
productivity is related to the factors listed above. The lower biomass of the
mangrove sites may be due to stresses such as salinity, anaerobic conditions
and high hydrogen sulfide concentrations in the soil. Thus more of the avail-
able energy from primary production must be used to deal with stress and less
is available to build structure.

The differences between Estero Pargo and Boca Chica illustrate this balance
between production and biomass. Productivity and biomass as well as the
productivity/biomass ratio were higher at Boca Chica which has a high fresh-
water input. It has been demonstrated that high freshwater input leads to higher
productivity and higher biomass in mangroves. This is probably caused by a
number of factors which include lower salinity, higher nutrient inputs (espe-
cially P) and a lower hydrogen sulfide level due to lower sulfate concentrations
in freshwater. Since stresses are lower, productivity is higher and more energy
can be used for building biomass, resulting in a higher productivity/biomass
ratio at Boca Chica.

The information developed in this study, in combination with other research
in the area, is useful in developing plans for management and conservation of
the natural resources of the Laguna de Términos region. We have demon-
strated that the mangrove forests are very productive. Other studies have shown
that mangrove litter decomposes rapidly and is flushed to the lagoon (Day et
al., 1982). The Laguna de Términos region is the most important commercial
fishery area in Mexico. Organic detritus from the mangroves is an important
dietary item for many fish species and the mangrove area is an important fish
habitat (Yafiez-Arancibia et al., 1980; Ydfiez-Arancibia and Day, 1982). Dis-
solved organic substances from decaying mangrove leaves have been shown to
stimulate aquatic primary productivity in the lagoon (C. Madden, personal
communication, 1986). Thus, the productivity and extent of mangrove forests
in the area are directly related to high fisheries productivity.

Our results also suggest how the forests can be managed to maintain high
productivity. Riverine input is important as a source of nutrients and fresh-
water, and therefore upstream activities such as dams and diversions would
lead to lower productivity. Local management practices should avoid activities
which lead to increased stress on mangroves. Changes, such as impoundment
or channelization, which cause increased anaerobiosis and hydrogen sulfide
concentrations or lead to hypersalinity should be avoided. In general, a high
degree of flushing by both tide and river should be maintained.
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THE STRUCTURE AND METABOLISM OF A PUERTO RICAN
RED MANGROVE FOREST IN MAY!

FFrRaNK GoLLEY,? Howarp T. OpuMm?® aAND RoNarLp F. WiLson?

INTRODUCTION

To develop a comparative science of world eco-
systems, measurements of holistic properties are
needed for all the important types of communities.
Diverse ecosystems on land and water may differ
widely in floristic and faunistic composition and
in environmental conditions, but the basic function
of communities may be placed on a comparable
basis with measurements of photosynthesis, respi-
ration, efficiency, biomass, and assimilation num-
ber. One major community type little studied
from the functional viewpoint is the tropical man-
grove swamp. According to a recent atlas of
shore systems (McGill 1958), mangroves dom-
inate about 75% of the world’s coastlines be-
tween 25°N and 25°S latitude. This study re-
ports measurements of structure and metabolism
for a representative red mangrove community of

' These studies were aided by a grant from the Rocke-
feller Foundation to H. T. Odum for studies in ecology at
the Institute of Marine Science, The University of Texas,
Port Aransas. Preparation of the manuscript was partly
supported by the U.S. Atomic Energy Commission, Con-
tract At(07-2)-10. A contribution from the Institute of
Marine Biology, University of Puerto Rico, Mayaguez.

* Institute of Radiation Ecology, and Department of
Zoology, University of Georgia, Athens, Georgia.

? Institute of Marine Science, The University of Texas,
Port Aransas, Texas.

the terrestrial type on the southern shores of
Puerto Rico.

In the American tropics the mangrove swamp
forest consists of a series of zones each dominated
by one species of tree (Holdridge 1940, Davis
1940, Dansereau 1947). From open water and
extending through the area which is covered by
maximum high tides the red mangrove, Rhizo-
phora mangle Roxb., is dominant. In this com-
munity the trees are supported by high, arching
prop-roots, which make travel by an observer
exceedingly difficult. Except for prop roots and
the red mangrove seedlings, the forest floor is
devoid of higher plant life. The next zone toward
land is typically dominated by the black man-
grove, Avicennia tomentosa Jacg., which char-
acteristically sends up myriads of breathing roots
10-15 cm above the mud surface. The innermost
zone is usually dominated by the white mangrove,
Laguncularia racemosa Gaertn. Few herbaceous
plants or epiphytes are associated with the man-
grove trees in the first and second zones, but
ferns and grasses may grow under the white
mangroves. Animal life in the above-water parts
of the mangrove forest is not abundant, but
where the roots are submerged, as in tidal chan-
nels, massive epifauna are numerous, and include
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oysters, tunicates, and sponges. This underwater
fauna does not derive food directly from the man-
grove trees.

In January, 1958, May, 1959, and May, 1960,
intensive studies over one to 2 wk periods were
made in a red mangrove forest on the southern
shore of Puerto Rico (18°N Lat, 67° W Long).
Brief additional studies were made by Golley
in June, 1961, while a visiting professor at the
University of Puerto Rico at Mayaguez. The
study area was on a peninsula of Magueyes
Island, the location of the Institute of Marine
Biology of the University of Puerto Rico. The
peripheral red mangove forest occupied the great-
est area on the peninsula, while a combination of
red, black, white, and button (Conocarpus erectus
Linn.) mangroves occupied a higher, central
area. The study forest had not been disturbed
since 1954 but evidences of earlier cutting were
discovered. The forest is typical in this respect
and is representative of other red mangrove
forests in Puerto Rico as described by Holdridge
(1940).

METHODS

Environmental properties, vegetational struc-
ture, animal densities, and metabolism of principal
components were investigated and a metabolic
budget for one average day in May was compiled.
The study of these quantities was facilitated by
a boardwalk constructed through the swamp by
the Marine Institute, which provided easy access
to all zones of the forest. The area of the forest
was surveyed by running measured lines from
the boardwalk to the open water.

Environmental measurements—Peat depth,
temperature, light, wind movement, and depth and
rate of tide movement were measured. To de-
termine the depth of the peat 6 cores (5 cm in
diameter) were taken on a transect from the
mainland to the edge of open water. Tempera-
ture was measured on the mud surface and in the
air above the mud at the study plots. Light
measurements were taken vertically at one meter
intervals from the mud surface to a point above
the crown of the trees with a General Electric
light meter, calibrated in foot-candles. The depth
and cycle of the tides in May were measured and
related to annual records obtained from Coker
and Gonzalez (1960). Wind speed was measured
with a Taylor anemometer at various strata within
the center of the forest. Five min readings were
taken at each level.

The biomass structure of the vegetation.—This
was investigated in 2 plots in the center of the
red mangrove community away from edge condi-
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tions. In 1959, on a 25m? quadrat all trees were
harvested and the area and biomass of leaves, and
number of roots were determined for meter strata
from the mud to the crown. Leaf area was meas-
ured by tracing leaves on graph paper and then
counting the number of cm? within the tracing.
In 1960, on a 100 m? quadrat adjacent to the
25 m? quadrat, another method of estimating
biomass was used. The diameter at breast height
(dbh) was measured for all trees in the plot.
Ten trees representing the most abundant di-
ameter classes were harvested and the biomass
of roots, trunks, branches, and leaves was de-
termined (Tables I and II). Samples of fresh

TaBLe I. Biomass of harvested red mangrove (in grams)

Roors BraNcHES Lraves Total

DBH Trunk| Tree

Class |Height Dry | Dry

cm |meters| No. |Dry Wt | No. |Dry Wt| No. |Dry Wt | Wt Wt
1.2 | 3.6 5 159 9 136 143 109 374 778
1.5 | 3.7 4 131 8 136 123 99 409 775
1.5 | 3.7 5 134 9 187 179 123 438 882
1.7 | 3.6 6 293 9 239 173 133 596 1261
2.0 | 4.1 9 439 10 392 212 153 851 1835
2.4 | 6.0 8 622 15 438 243* 184 1255 | 2499
2.7 | 5.2 7 1379 17 851 529% 399 1856 | 4485
2.8 | 5.1 10 988 23 727 473* 357 1856 | 3928
3.7 6.0 6 2001 23 1056 691*% 522 | 3575 | 7154
5.3 8.6 16 3514 40 4358 | 2375*| 1608 | 6810 | 16290

* Number estimated from samples.

TasLe II. Biomass of red mangrove based on curves
of biomass versus dbh. Average biomass per dbh class
and per square-meter considered separately

Roots LeAvEs BrANCHES TRUNK
DBH | Number | Per Per Per Per
Class of DBH| Per |DBH| Per | DBH| Per | DBH| Per
cm Trees |Class| m2 |Class| m2 |Class| m2 | Class | m2
Biomass in grams dry weight
1- 2 67 180 121 110 74 180 121 440 | 295
2-3 35 680 | 238 | 250 | 88 | 500 | 175 | 1250 | 438
3-4 16 1700 | 272 | 510 82 | 1100 176 | 3100 | 496
4-5 7 2700 189 | 900 63 | 2500 175 | 5200 | 364
56 4 3840 154 | 1340 54 | 3900 156 | 7400 | 296
6- 7 3 4850 146 | 1760 53 | 5000 150 | 9500 | 285
7- 8 2 5840 117 | 2200 44 | 5950 119 [11400 | 228
11-12 2 10000 | 200 | 3900 78 [10100 | 202 (19700 | 394
Total 1437 536 1274 2796

leaves, wood, and roots were dried at 100°C for
24 hrs in an oven to estimate dry weight biomass.
The curves of biomass per dbh class from the
harvested trees (Fig. 1) were used to estimate
the biomass of the trees of known dbh on the
entire 100 m? plot. The average biomass for the
midpoint of a dbh class (1.5, 2.5, etc.) was read
from the curves and multiplied by the number of
trees in the class. The values of biomass of the
dbh classes were summed to obtain the biomass of
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all trees on the plot. The few trees harvested in
the 54+ cm dbh classes were insufficient to de-
termine the shape of the curve in the larger size
classes. The curves were extended in a straight-
line through the 11-12 cm class (not shown in
Fig. 1) to estimate the biomass of the few large
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Fic. 1. Dry weight biomass in grams for roots,

branches, leaves, trunks, and total trees from ten har-
vested red mangrove trees with dbh from 1 to 5 cm.

trees on the plot. Since Holdridge (1942)
stated that red mangrove in Puerto Rico may reach
30 m in maximum height and 90 cm in maximum
diameter, straight-line extension of the curves is
probably reasonable.

Chlorophyll a was measured in sun and shade
leaves from trees on the 25 m? plot in 1959.
Values were multiplied by leaf area measurements
to determine total chlorophyll. The method of
chlorophyll extraction and analysis is described in
Odum et al. (1958).

Growth of wood.—This was measured by de-
termining the increase in the dbh of trees on the
100 m? study area from 1959 to 1960. From the
10 harvested trees a regression coefficient of wood
biomass on dbh was calculated to be 3.39 x 103
g/cm. The increase in tree diameter was con-
verted to grams of wood by multiplying the re-
gression coefficient of wood biomass on dbh by
the number of trees in each class and by the
average dbh for each class. The wood deposition
for each class was summed to obtain the total
wood production during the year.

Photosynthesis and respiration.—These func-
tions of the leaves were measured with a Liston-
Becker infra-red CO; analyzer (Model 15A)
operating in the field from a 500 watt Kohler
gasoline generator in 1959 and from a 900 ft
extension wire from the electrical supply of the
Institute of Marine Biology in 1960. Initially,
air was drawn over a bundle of leaves in a plastic
bag at the rate of 2 1/min. The CO, readings
were taken alternately from the bags and from
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free air outside the bags. After a series of meas-
urements, the leaves were collected and their area
and dry weight were determined.

In 1959, it was found that at high light in-
tensities temperature increased in the bags during
the mid-part of the day, affecting respiration and
photosynthesis measurements. - This was notice-
able in the large discrepancy between respiration
and gross photosynthesis of the forest, based on
the 1959 balance sheet. Since respiration was
about 6 times as great as photosynthesis, either
photosynthesis was depressed or respiration was
accelerated under the system of measurement.

In 1960, a plexiglass leaf chamber was con-
structed with a double wall. Ice water was cir-
culated between the walls by an electric pump
from a bucket containing fresh water and ice.
Values were somewhat higher but still too small
to match respiration data. During experiments
with the cooled chamber CO, production was also
influenced by the rate of air flow through the
chamber. Measurements at 2 to 15 1/min flow
rates showed CO, production increased to a flow
rate between 10 and 15 1/min (Fig. 2). At these
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Fic. 2. Metabolism in gram carbon per hour per m2
leaf surface of sun, shade, and seedling leaves of Rhizo-
phora mangle measured at 10-15 1/m in one liter bags.
Seedling data are indicated by dark circles, shade leaves
by squares, sun leaves by open circles. Dashed lines
summarize experiments at 2 and 5 1/m.

10,000

high rates there was no need for refrigeration
of the plant chamber.

Earlier data were discarded and the data for
calculation of metabolism were taken at flow rates
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between 10 to 15 1/min. In the field, the infra-red
gas-analyzer was standardized by injection of COq
gas with a syringe into a a closed system of 20 1
volume, previously cleared of CO, by absorption
with NaOH.

Respiration of leaves was investigated at night
by comparing CO, production of leaves in plastic
bags with CO, content of free air. For budget
computations we have assumed that night and day
leaf respiration are equal. Respiration of prop
roots was measured by enclosing the air exchange
portion of the root (zone of pores) in plastic and
drawing air over the root surface.

Respiration of the peat floor of the forest during
low tide when the peat was exposed to air was
measured by placing an aluminum sheet on the
peat and drawing air under the sheet to an intake
tube. The CO, production of the peat also varied
with air flow, reading highest at the highest rates
of flow available with field equipment (15 1/min).
Thus soil respiration was a function of ground
air flow. To calculate soil respiration it was
necessary to know the rates of air movement over
the forest floor.

Underwater respiration of the peat during
high tide was measured by enclosing tidal water
under a bell jar in the field -and then measuring
the O, change by the Winkler method.

Export of particulate organic matter—Such
export was estimated by pouring a measured
volume of incoming and outgoing tidal water
through a #10 plankton net. Water at the end
of the boardwalk on incoming tide was sampled
as representative of incoming water. Water on
the study quadrat on outgoing tide was taken as
representative of outflowing water. The organic
matter collected was dried in an oven at 100°C
for 24 hrs and weighed.

Biochemical oxygen demand—Bottles were
filled with incoming and outgoing water and the
oxygen was measured by the Winkler method.
After 6 days duplicate bottles were measured for
oxygen content. The oxygen changes over 6 days
were measured to estimate the magnitude of labile
organic matter. Studies of decomposition of
organic matter in sea water have shown that in
6 days between 60% and 80% of the organic
matter is decomposed of that which will de-
compose over several months (See curves for
sea waters in Sargent and Austin 1949, Fox,
Oppenheimer, and Kittredge 1953, Rakestraw
1947). Thus the grams carbon in the labile
organic matter can be estimated from 6 day
oxygen decreases by dividing the grams O,
consumed by .70.

Densities of animals—Animal densities were
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determined by a variety of methods depending on
the activity period and the habitat of the various
taxa. There appeared to be 3 major habitats for
animals in the forest: (1) areas containing mostly
prop roots and seedlings, shaded by a few large
trees; (2) dense thickets of small mangroves; and
(3) areas of prop roots, seedlings, and a moderate
number of medium sized trees (dbh 2-5 cm).
Animal activity was partly influenced by time
of day and partly by the tidal cycles. Square-
meter quadrats were placed in each of the 3
types of habitats, twice during the day and once
at night, to obtain estimates of animals living on
the forest floor. In these surveys the observer sat
motionless on the mangrove roots and observed the
plot for one hour. All animals seen and the time
each spent on the plot were recorded. Because
the animals were active at different periods of the
day, the census during the time of maximum
activity was used to calculate densities. For in-
stance, the snail, Melampus coffeus, was present
throughout the day but ascended the roots and
seedlings at high tide (occurring at night in May)
(Golley 1960). Thus the night counts of these
snails provided the most accurate estimates of
density on the quadrats.

Many animals were censused on a 2 m wide
transect beside the boardwalk (termed boardwalk
census, Table II1). There it was possible to move
rapidly through the forest, with a minimum dis-
turbance to the animal life. Traverses made by
climbing over and.under prop roots were mainly
effective for these forms that could not move
rapidly (such as the web spiders) or for going
to a quadrat which would be under observation
for a long time.

Flying insects were most difficult to census
since it was not possible to use a sweep net or a
similar device in the red mangrove forest. All
insects flying across or along the boardwalk (in
a cross-section area approximately 2 x 9 m) were-
recorded during day and night observation periods
in 1959 and 1960. In 1960, volumes of air were
examined visually at night by repeatedly flashing
a spotlight into the forest for a few seconds, fol-
lowed by a minute interval of darkness. Small
flies (Amphineuridae) and gnats which remained
on the mud or in the air above the m? quadrats for
as long as 15 min were counted at 5 min intervals
during the observation periods. The average
count for the afternoon period (when these forms
were most active) was used as an estimate of their
density.

Leaf and branch dwellers were censused by care-
fully examining leaves, branches, and trunks of
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TaBLe III. Density and biomass of mangrove animals
Abbreviations : weight, wt; individual, ind ; quadrat, quad.
Density | Biomass
Taxa per m2 | per m2
SNaILs
Melampus coffeus 6m2 quad at night (1959: 23,35,41)
(1960: 31,37,19) wt 0.0047/ind 31 0.15
Littorina anglepifera| 4 in 100m2 (0.04/m2) 4 per 20 tree
stems (0.27/m2) wt 0.1025/ind 0.2 0.02
CRABS
Aratus pisonii 8/20 trees, 7/21 trees, 7/9m?2 quad
1959, 5/9m?2 quad 1960. wt
0.3638/ind 0.6 0.218
Eurytium limosum | 4 per 5m2 quads; wt 0.948/ind 0.8 0.759
Uca mordaz 4m2 quad (6,9,3,1); wt 0.53/ind 5.0 2.65
Ucides cordatus and | 4 large crahs seen. Mangrove crabs
Goniopsis eventata within 8in of each other. Assume
one per 16m?2 wt 24/ind. 0.06 1.44
InseCTS
Aglaopteryz diapha- | 6 night, m2 quad (1959: 3,2,0) (1960:
na 1,1,0) ave 1.2/m2 15/21 trees,
9/20 trees, 1.36 trees/m2; wt
0.0025/ind 1.1 0.003
Gryllidae 18m2 quad (1959: 0,2,3,0,0,4,0,1,4)
(1960: 4,0,1,3,0,1,4,0,4) wt 0.003/
ind 1.8 0.005
Amphinumidae 12m? quad (1959: 2,1,1,1,1,0,0)
(1960: 3,1,1,2,0,1) wt 0.001/ind 2.1 0.021
Sarcophagidae 12m2 quad (1959: 2,1,1,1,1,0,0)
(1960: 1,1,0,0,1,1) wt 0.003/ind 0.8 0.002
Unidentified forest | 18m2 quad (1959: 0,1,26,0,1,4,0,2,1)
floor insects (1960: 0,1,0,4,1,2,0,0,1) est wt
0 002/ind 2.5 0.050
Rhagovelia plumbea | 3m2 night quad (6,6,0) est wt
0.0005/ind 4.0 0.002
Flying gnats 3m2 quad (4,4,12) est wt 0.0001/ind | 6.7 0.001
Flying insects Boardwalk census, area 118 x 2m
(0,9,14,16,13,8,11,2,11) est wt
0.003/ind 1.4 0.004
Misc. tree arthropods | 7/1031 leaves (1065 leaves/m2)
(incl crickets, ants, 7.4/m2 3/20 trees, 3/21 trees 1.36
scorpions) trees/m2 est wt 0.002/ind 7.6 0.015
SPIDERS
Olios antiguensis 6/100m2—0.06/m2
Gasteracantha tetra-
cantha 2/100m2—0.02/m?2
Tree spiders 2/20 trees, 3/21 trees —0.16/m?2
Spider webs Boardwalk census, area 118 x 2m
(1959: 71,58,48) (1960: 5,5)—
.16/m2 wt 0.003/ind 0.2 0.001
VERTEBRATES
Fish 5m? night quad (1,1,2,0,0) est wt
1.3/ind 0.8 1.0
Anolis cristatellus 2/100m?2 area, 2 on 8 boardwalk
censuses, est wt 0.60 gm 0.01 0.006
Birds (residents)
Yellow warbler 1959: 4,3,0; 1960: 3,2,3.
Grassquit 1959: 2,2,0; 1960: 3,2,3.
Dove 1959: 1,2,2; 1960: 2,0,0.
(Nonresidents)
Rail 1959: 0,0,1; 1960:
Crow 1959: 0,0,0; 1960:
Hummingbird 1959: 1,0,0; 1960:
Vireo 1959: 0,0,0; 1960:
Green heron 1959: 0,0,0; 1960: 1,0,0.
Unid 1959: 0,1,0; 1960: 2,2,1.
est 22 birds in forest or 0.003/m?2
est wt 10/ind 0.003 | 0.03
Total. ...... . 66.673 | 6.377

20-25 trees along the boardwalk and in the forest
at night and during the day.
Birds were censused by making bird walks along

PUERTO RICAN RED MANGROVE FOREST IN MAY 13

the boardwalk at about 6:30AM 3 days in 1959
and 1960. Some of the dry land species on
Magueyes Island utilized the edge of the man-
grove forest for roosting and cover. Other birds,
especially the larger water forms such as rails and
green herons, mainly used the edge near open
water and flew between several stands of man-
groves. Actual time these transients spent in the
forest was not estimated; actual counts of indi-
viduals were used in the density estimates. Resi-
dent birds were those seen or heard regularly and
for which nests were located. These included the
yellow warbler (Dendroica petechia), black-faced
grass-quit (Tiaris bicolor) and the ground dove
(Columbigallina passerina). Singing birds were
counted as representing a pair of birds.

Specimens of the most abundant animals were
collected, stored in formalin and later dried in an
oven at 100°C for 24 hrs to determine dry weight
biomass.

We have not attempted to obtain a complete
species list of the fauna of the red mangrove
forest. Our major objective was to outline the
structure and function of the community, and this
required identification of the dominant animals
and determination of their density and biomass.
Not all measurements are equally accurate; esti-
mates of flying insects are probably least accurate,
while estimates of mud dwellers, crabs and spiders
are probably more accurate. Micro-organisms
were not studied.

Animal respiration—Respiration of a few
medium-sized animals was measured in a simple
variable respirometer (described in Teal 1959).
Duplicate measurements were made at 26-27°C
and the readings were corrected with a thermo-
barometer. Since the animals were quiet in the
respirometer the metabolic rates should be con-
sidered minimal estimates of actual field respira-
tion. Some approximations of oxygen consump-
tion of forms too small or large to fit into the
respirometer were taken from Spector (1957).
Oxygen consumption of small arthropods was
estimated as 1.0 ml Oy/g/hr and for vertebrates
as 3.0 ml Op/g/hr. The biomass estimates were
multiplied by the oxygen consumption per gram
dry weight to estimate the respiration of the
animal population.

REesuLTs
The Environment
The peninsula containing the mangrove study
area was approximately 7400 m?, with red man-
grove occupying 4600 m?, and a complex of red,
black, white and button mangrove occupying
2800 m2.  The mangrove forest was protected
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from the open sea by a coral reef about 6 m from
the forest, and separated from the forest by a
narrow bed of Thallasia testudinum mixed with
coral.

The swamp floor consisted of a layer of man-
grove peat and roots about one meter thick in
the center of the forest and graded to 1.2 m at
the water edge and 0.8 m at the land edge. The
peat rested on a coral platform. Samples of
peat from the peat cores taken near the water
edge were burned in a muffle furnace at 600°C for
6 hrs to determine the per cent ash. The first 3
sections (25 c¢cm long) contained 54.7, 47.9 and
32.7% ash and the last section, from the coral
base, contained 91% ash. These samples did not
include sections of large roots. The limited data
indicate that almost one-half of the mass of the
peat is inorganic.

During May high tide occurred at night and
reached a depth, on the study quadrats, of about
5-17 c¢m depending on wind conditions. On one
night no tide reached the quadrat floor. Accord-
ing to the regime described by Coker and Gon-
zalez (1960), there is only one low and one high
tide daily, each occurring at the same time of day
over extended periods. High tide occurs at night
in late spring and summer and at noon in winter.
Changes in sea level between tides are small.
The mean monthly annual changes in tide is
21.0 cm. Salinity of water flowing over the peat
iS 29.1 0/ 00-

Light intensity curves for different depths of
the forest and times of day are plotted in Figure
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Fic. 3. The diurnal sequence of light intensity in the
top of the forest (sun leaves) and under the forest
canopy (shade leaves) in May, 1960.
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3. On May 28, 1959, the temperatures on the
mud surface in the shade, 2 cm in the mud, 60
cm in the air, and in the water during high tide
were as follows:

AM PM
8:50 9:30 10:40 12:25 2:45 3:45 10:30
60 cm in air.. 26 27 28 30 29 30 —

mud surface.. 27 28 31 35 35 32 —
2cminmud.. 27 28 30 31 35 32 —
water no water 29

The temperature on the mud surface, the habitat
of many of the mangrove animals, reaches slightly
higher levels than the other temperatures. On
June 24, 1961, wind speed was measured on the
study plots and at one meter above sea level in
the ocean before the forest, at 9:00 and 11:00AM
and 3:00PM. Average wind speeds in the di-
rection of the prevailing wind in ft/min were:
1.5 at ground, 57.7 at 1m, 71.6 at 3.5m, 104 at
5.5m, and 736 at sea.

Structure of the Red Mangrove Forest

A vertical section through the forest shows
distinct stratification (Fig. 4). In the lowest
meter the arching roots (18 roots/m?) form an
intricate tangle. At the base of each root are
conspicuous lenticels shown by Scholander to be
used for oxygen respiration (Kramer and Kozlow-
ski 1960). In dense profusion among the roots
are seedlings (an average of 17/m? on 3 plots with
27, 4, and 19 seedlings) which sprout from their
“viviparous embryos” dropped from the canopy
into the soft mud. Above the lower meter of roots
is the stratum of principal trunks with leaves less
dense than above in the canopy or below in the
seedling-root zone. Leaves in this stratum are of
the shade type. Above the trunk zone at about 5
m is the area of maximum leaf biomass, with sun
and shade leaves in profusion. All leaves in the
upper 2 m exhibit the smaller size and thicker
texture of sun leaves. Measurements of vertical
structure are graphed in Figure 4.

The frequency distribution of dbh of red man-
grove trees on the 100m? plot containing thickets,
medium and large trees, is shown in Table II.
Small trees from one to 4 ¢cm dbh were most
abundant. Dry weight biomass calculated from
tree harvest (Table I) totaled 536 g in leaves,
1274 g in branches, 2796 g in trunks, and 1437
g above ground in prop roots per m? (Table II).
Combining the leaf estimates made in 1959 and
1960 the average biomass of leaves is 778 g per
m? for the forest. Underground portions of the
vegetation, the peat and roots, totaled about
45,000 g dry weight/m2.  Small (0.5-1 cm di-
ameter) and large (24 cm diameter) roots were
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Fi16. 4. Vertical distribution of leaf biomass, leaf area, chlorophyll @, and light intensity in the red man-
grove forest, based on measurements and counts of all leaves on a 25m?2 quadrat in May, 1959.

taken from the core samples; large roots weighed
997 g and small roots 4000 g/m2. A few large
roots were also taken from the coral sections, in-
dicating that mangrove roots extend into the
coral substrate. These latter roots are not in-
cluded in the estimates.

Chlorophyll a

Chlorophyll @ was measured in sun and shade
leaves of Rhizophora mangle and in the mangrove
litter on the mud. In January, 1958, the follow-
ing vertical sequence was measured in grams of
Chlorophyll a per m? of leaf area: 6m, 0.25; 5m,
0.19; 4m, 0.32; 3m, 0.35; 2m, 0.23; Im, 0.25;
mud, 0.18 g/m? mud surface. In May, 1959,
shade leaves contained 0.24 and 0.29 g/m? of leaf
area; sun leaves contained 0.31 and 0.33 g/m? of
leaf area in two different collections of leaves.
Using mean values for shade and sun leaves and
leaf area data in Figure 4, Chlorophyll @ computed
for each stratum is reported in Figure 4. Chloro-
phyll @ for the whole quadrat was 1.19 g/m2.

Animal Populations

Each stratum of the forest had its characteristic
fauna. On the forest floor the dominant animals
were the fiddler crab (Uca mordax) and the mud
crab (Eurytium limosum), the snail (Melampus
coffeus) and crickets (Gryllidae). On the trees
the crab (Aratus pisonii), the snail (Littorina
angelifera), roaches (Aglaopteryx diaphana),
spiders (Gasteracantha tetracantha, and Olios
antiguensis), lizards (Anolis cristatellus), and
birds were encountered. Flying among the trees

were various flies (Ephydridae and Sarcophagi-
dae), gnats, butterflies, moths, and birds. When
the forest was covered with water, fish, water
striders, and large crabs emerged from burrows
and entered from the sea edge.

The total fauna in May consisted of about 67
animals per m?, which weighed a total of about
6.4 g dry weight (Table III). In terms of
biomass the crabs were of greatest importance.

Photosynthesis of the Red Mangrove Forest

Rates of CO; uptake during the day determined
for sun, shade, and seedling leaves of measured
area at various light intensities are reported in
Figure 2. A curve corresponding to the mean
values of CO. output at the measured light in-
tensities was fitted to the data by eye. Confidence
limits of 95% were computed for sun, shade and
seedling leaf data. At this level, the average
confidence limits were 29% of the mean value for
sun and seedling and 23% for shade leaves; this
means that the confidence limits for the photo-
synthesis and respiration estimates based on the
curve are within about 25% of the estimated
value.

The number of hours at each 1000 ft-c light
intensity during an average day was estimated
from the light intensity curves for sun and shade
leaves (Fig. 3). The CO; production per square
meter of leaf for the daylight hours was calculated
for seedlings, shade and sun leaves from the curve
in Figure 2 and leaf area in Figure 4. Net day-
time photosynthesis totaled 0.12 g C/m?/day for
seedlings, 0.24 g C/m?/day for shade leaves, and
5.2 g C/m2?/day for sun leaves.
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Respiration

Based on night measurements, the average
respiration per area of leaf surface was computed
for sun leaves as 0.0449 g C/m?/hr, for shade
leaves as 0.0465 g C/m?/hr, and for seedling leaves
as 0.1470 g C/m?/hr. Respiration rates for seed-
lings were slightly higher than those of other
leaves. These estimates were multiplied by the
area of leaves by strata (Fig. 4) to obtain the
estimates of respiration by strata for 24 hrs (Fig.
5). Total leaf respiration of all strata was 5.4
g C/m2/day.

The mean respiration of the lenticel zones of
the prop-roots was 0.0046 g C/root/hr (based
on the following measurements: horizontal zone,
0.0016; seedling, 0.0032; average sized roots,
0.0049, 0.0033, 0.0028, 0.0013, 0.0025, 0.0037,
0.0049, 0.0067, 0.0066; and large roots, 0.0098,
0.0085).

Measurement of the respiration of the forest
floor was complicated since the mud was covered
with water for about 10 hrs of each 24 hr period
(at night). Based on the result of bell jar meas-
urements (Table IV) made during high tide,

TaBLe IV. Oxygen utilization of water covering forest
floor by bell jar experiments

. Initial Final Mean Oxygen
Unit Oxygen Time Lapse Oxygen Change Respiration
mg/1 hours mg/1 mg/1 g O2/m2/hr
2.92 1.60
A 2.75 1.40
2.82 3.3 1.50 —1.32 0.047
5.43
B 5.81 4.73
5.40 4.95
5.55 3.6 4.85 -0.70 0.039
5.43
C 5.81 5.00
5.40 5.15
5.55 3.7 5.07 —0.48 0.034
mean —
value 0.040

A Bell jar volume, 4.0 liters; area, 380cm2.

B Bell jar volume, 3 .54 liters; area, 177cm2.

C Bell jar volume, 1.0 liters; area, 39cm2.
respiration of the soil under water was about 0.04
g Oz/m?2/hr or about 0.02 C/m?/hr. The respira-
tion of the soil during air exposure varied from
0.005 g C/m?/hr at air flow 0.1 cm/sec to 0.20
g C/m?/hr at air flow 3 cm/sec, as recorded in 41
measurements. Since the average wind velocity
at ground level was 1.5 ft/min or .76 cm/sec, the
soil respiration was about 0.012 g C/m?/hr or
0.168 ¢ C/m?/14hr. Whether peat was accumu-
lating or decreasing during May is not known.
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The peat layer of a mangrove forest tends to
develop a fairly constant inter-tidal equilibrium
level (Chapman and Ronaldson 1958).
Respiration of the medium-sized animals
(snails, crabs, and spiders) as measured in the
field is presented in Table V, together with esti-

TaBLe V. Estimate of oxygen consumption of mangrove

fauna
Taxa Dry Wt/m? | ml O,/g/hr | ml O./m?/hr

Snails. . ......... 0.170 1.49 0.253
Crabs........... 5.070 0.26 1.318
Insects.......... 0.103 1.00 0.103
Spiders. ......... 0.001 7.67 0.008
Vertebrates. . . . .. 1.036 3.00 3.108

4.790

mated values for insects and vertebrates. These
values of oxygen consumption per gram body
weight were multiplied by estimates of biomass
(Table III) to obtain the total metabolism of
the fauna—0.164 g Os/m?/day or 0.082 gm
C/m?/day. These data indicate that the macro-
fauna account for only a small portion of the total
consumption of the community.

Export

Every evening in May there was a gentle and
gradual rise and fall of the tide. At night over a
10 hr period, 10 cm or 100 1/m? of water moved
onto the quadrat and out again without percep-
tible turbulence or easily recognizable current.
Data in Table VI indicate that the water moves

TasLe VI. Estimate of export of particulate organic

matter in tidal waterl

Incoming Outgoing
Sample Water Water Change
mg/] mg/1 mg/1
oo 1.36 38.20 36.4
2. 1.87 10.60 8.7
average.......... 1.62 24.40 22.7

1100 liters of tidal water flow over one square-meter/day.

out with 22.7 mg net dry particulate matter in
each liter per day. Thus the particulate matter
carried out in May is estimated at 2.27 g/m? or
1.14 g C/m?/day.

Data in Table VII indicate that the outgoing
water carries more labile organic matter than the
incoming water since there was 1.61 mgQO,/]
water oxygen consumption in 6 days or 0.23
g C/m?/day labile organic matter exported, much
less than the particulate value.
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TasLe VII. Oxygen changes in biochemical oxygen
demand bottles over a 6 day period in the dark at 28° C.
Data as mg/1, oxygen

After
Start | 6 days Change
5.90 5.13
Incoming Water 5.89 5.40
5.90 5.26 | —0.64
4.88 2.40
Outgoing Water 4.53 2.50
4.70 245 | —2.25
Difference — — 1.61 mg/1/6 days

Apparently the particulate matter includes a
large proportion of non-labile organic matter.
Bottles containing swamp water were still visibly
full of particulate matter after one year. The
only fraction of organic matter not included was
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Comparison of Gains and Losses

The various estimates of photosynthetic gain
and loss due to respiratory consumption and
export are included in one budget graph in
Figure 5. The gains due to photosynthesis are
plotted on the right. These include the observed
daytime net photosynthesis plus an estimate of
daytime photosynthesis that is consumed by con-
current daytime respiration. Thus the total
length of bars to the right of the center line
represents estimates of gross production. The
bars to the left include day and night respiration
and estimates of export as indicated. The graph
in Figure 5 represents a synoptic view of the
processes in the mangrove forest during an
average day in May.

Apparently a large proportion of the gross pho-
tosynthesis is immediately used in plant respira-
tion during the day and night. The estimates of
gross photosynthesis and total attrition are suffi-
‘ciently close to suggest that this forest is not in

the non-labile matter smaller than the net mesh. rapid succession. Without data from other
RESPIRATION 8 LOSSES GROSS PHOTOSYNTHESIS
12 HR
RESPIRATION
CORRECTION
/ NET
.27 63 .73 /PHOTOSYNTHESIS
SUN LEAVES
3.04 1.52 3.45
SHADE LEAVES 48 124/ 1 16
J—.12
SEEDLINGS {— 08 SEEDLINGS
2 d-.12
PROP ROOTS—{ 2.03 36124 |1 118 SOIL_SURFACE
SOIL R. IN AIR— EXPORT
AT .37
i
SOILR. IN
WATER
TOTAL R= 9.6 TOTAL P = 8.23
(¢ A A A i l —. A A A J
S 4 3 2 | | 2 3 4 5

oM ¢/M2/DAY

Fic. 5. Rates of photosynthesis, respiration, and export in the red mangrove forest components in gram car-

bon/m2/day in May.
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seasons and other years, and further replications
the results cannot be interpreted in too great de-
tail.

Net estimates of annual growth of wood totaled
0.84 g/m?/day or about 0.42 g C/m?/day (Table

VIII). Since there are some sites with an open
TasLe VIII. Net growth of wood of red mangrove on
100m2 plot

DBH Class | Number Trees | DBH lucrease |Increase in Class*
cm 1959 cm/tree 8/tree Total Increase
Ol......... 4 .58 1965.0 7860
12 65 .08 271.0 17615
23, 38 .00 0.0
4. 12 .00 0.0
45......... 7 .19 643.7 4506
S+........ 10 .02 67.8 678
Totals. .. 136 30659/100m?

average growth of 306.6 g/m?2/yr or .84 g/m2/day

* Based on regression of 3388 g wood per cm dbh.

canopy in the forest and no trees which approach
the maximum size for red mangrove (dbh, 90
cm), this forest may still be growing. Noakes
(1955) in Malaya reported 130-140 cu ft/acre
(14 g C/m?/day) yield of timber based on mean
annual increment over 25 yrs in growing red
mangrove (Rhizophora mucronata) forest. Hold-
ridge (1940) reported 2 in. diameter growth in 5
yrs on red mangrove plantations. These growth
rates are much higher than those measured in our
plot.

The organic matter supplying the soil falls as
leaves from the euphotic zone above at a rate
of about 1.3 gm/m?/day or 0.65 g C/m?/day
(measured on a total of 24 m? in 4 replications
as 1.4, 0.1, 1.9 and 2.8 g organic matter/m?/day).
Since export of particulate matter (1.1 g C/m2/
day) and soil respiration (0.37 g C/m?/day) to-
gether are more than twice the estimates of the
leaves, some other sources of organic matter
to the mud may be present. Students of the
field biology course at the University of Puerto
Rico at Mayaguez set up a one hour plastic bell
jar experiment to determine mangrove soil respi-
ration in June, 1961. CO, was absorbed in
KOH and each series contained a control, a clear
plastic and a aluminum-foil covered box. Gross
production of algae associated with the mud (cal-
culated as the difference between covered and
clear boxes) was 2.70 and 0.90 ml COgz/hr or
1.134 and 0.378 g C/m2/14 hours. Gains to the
mud, the leaf fall plus the difference between gross
production of the algae (using the highest value)
and soil respiration in air, of 1.61 g C/m?/day
were close to total losses to soil respiration and
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export of 1.74 g C/m?/day. Although these
are very preliminary data, they suggest that algae
may be important producers in the mangrove
community.

Comparison of Metabolism with
Other Communities

With a total gross production and respiration
exceeding 8 g C/m?/day or about 16 g organic
matter/m?/day, the red mangrove community is
more fertile than most marine and terrestrial com-
munities (Summarized by Odum and Odum
1959). The montane rain-forest, studied in the
Luquillo Mountains, Puerto Rico, (Odum, Ab-
bott, Selander, Golley, and Wilson, in manuscript ;
17 g C/m?/day) and the coral reefs, studied near
Magueyes Island, Puerto Rico (Odum, Burk-
holder, and Rivero 1959) ; up to 22 g C/m?/day)
have greater gross production rates than the man-
grove forest. The Puerto Rican red mangrove
forest, although well adapted to survive on trop-
ical shores, is not as efficient as the montane rain-
forest or the coral reef in the conversion of sun-
light into organic matter in a similar light regime.

The ratio of gross photosynthesis per 12 hrs of
day (0.68 g C/m?/hr) to Chlorophyll a (1.19
g/m?) is the assimilation ratio of the community
(0.57 g C/g Chlorophyll a/hr or about 1.2 g
Oq/g Chlorophyll a/hr). This ratio falls within
the range (0.4 to 4.0 g Op/g Chlorophyll a/hr)
reported for other whole communities by Odum,
McConnell and Abbott (1958).

SUMMARY

Measurements of structure and metabolism are
reported from a stand of red mangrove (Rhizo-
phora mangle) in southeastern Puerto Rico dur-
ing May, 1959 and 1960 as follows: leaf biomass
dry weight, 778 g/m?*; wood dry weight, 5507
g/m?; peat and roots, 45,000 g/m?; community
chlorophyll a, 1.19 g/m?; and animal biomass,
6.4 g/m*. Total photosynthesis and leaf respira-
tion were each estimated from measurements with
a COq analyzer and were about 8 g C/m?/day.
The forest respiration from air exchange holes in
the prop root bases was 2.03 g C/m?/day. Small-
er magnitudes were found with estimates of leaf
fall (1.3 g C/m?/day), trunk growth (0.4 g
C/m?/day), tidal export of particulate matter
(1.1 g C/m?/day), underwater respiration of the
soil (0.2 g C/m?/day) and soil respiration in air
(0.168 g C/m2?/day). For animals a small me-
tabolism (0.082 g C/m?/day) indicates a minor
role in the ecosystem.
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THE MICROCLIMATE OF SUGAR MAPLE STANDS IN OKLAHOMA!

ErLroy L. Rice
Department of Botany and Microbiology, University of Oklahoma, Norman, Oklahoma

INTRODUCTION

A study of the microclimate of a relict stand of
Acer saccharum,? sugar maple, in Devils Canyon
in west central Oklahoma including a review of
the literature on microclimates was reported earlier
(Rice 1960). Sugar maple occurs in Devils Can-
yon and in several similar canyons in an area
about 185 miles west of the more continuous range
of sugar maple in eastern Oklahoma. Near Devils
Canyon, tall-grass prairie occurs on soils derived
from shales while 3 types of scrubby upland forest
communities, blackjack-red cedar, blackjack, and
blackjack-post oak, occur on soils derived from

! This project was sponsored by the Oklahoma Bi-
ological Survey, Carl D. Riggs, Director, and was
supported in part by grants from the University of
Oklahoma Faculty Research Fund. Part of the equip-
ment used was originally obtained under Contract No.

G-4815 with the National Science Foundation.
2 Nomenclature follows Fernald (1950).

sandstone. To help explain why sugar maple
has survived in such a dry climate, Rice (1960)
compared certain environmental factors in Devils
Canyon with those outside. Air temperature,
evaporation, insolation, air movement, and soil
temperature were consistently higher outside the
canyon than inside. Relative humidity was gen-
erally much higher in the canyon; soil moisture
was depleted much faster outside it. During un-
usually moist, cool periods the differences were not
very great but in relatively dry, hot periods they
were pronounced. It was concluded that the pro-
nounced ameliorating effects of the canyon on
certain climatic factors were probably responsible
for the survival of sugar maple.

The results of the project described above sug-
gested the desirability of comparing the micro-
climate of Devils Canyon with that of a stand of
sugar maple in the more continuous distributional
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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.

Key words: mangrove forests; biomass; primary
productivity; growth efficiency; tidal gradient; sa-
linity; environmental stress; species composition;
Dominican Republic.
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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-
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Figure 1. Map of the man-
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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





394 R. E. Sherman and others

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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Abstract

This study analyzes the above-ground biomass of Rhizophora mangle and Laguncularia racemosa located in the mangroves of
Bertioga (SP) and Guaratiba (RJ), Southeast Brazil. Its purpose is to determine the best regression model to estimate the total
above-ground biomass and compartment (leaves, reproductive parts, twigs, branches, trunk and prop roots) biomass, indirectly. To
do this, we used structural measurements such as height, diameter at breast-height (DBH), and crown area. A combination of
regression types with several compositions of independent variables generated 2.272 models that were later tested. Subsequent
analysis of the models indicated that the biomass of reproductive parts, branches, and prop roots yielded great variability, probably
because of environmental factors and seasonality (in the case of reproductive parts). It also indicated the superiority of multiple
regression to estimate above-ground biomass as it allows researchers to consider several aspects that affect above-ground biomass,
specially the influence of environmental factors. This fact has been attested to the models that estimated the biomass of crown

compartments.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: mangrove; biomass estimation; Rhizophora mangle; Laguncularia racemosa; regression; Southeastern Brazil

1. Introduction

Mangroves have been the focus of attention since
studies of the role of their detritus in the food web of the
estuarine-coast zone (Heald, 1969; Odum, 1970; Odum
and Heald, 1972). Several studies have approached
the different stages of organic matter cycling in the
mangroves (Soares, 1997), examining litter production
and decomposition, export of dissolved and/or partic-
ulate organic matter, consumption by the mangrove
resident fauna, incorporation of organic matter into the
substratum, and its export through the assimilation and
feeding by organisms that spend part of their life cycle in
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0272-7714/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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the mangroves, which, when they leave the ecosystem,
become export agents of assimilated matter.

To better understand the dynamics of organic matter
cycling in the mangroves, it is important to know the
amount of biomass that is present in the vegetation
covering at a given time.

Through the analysis of existing studies on the biomass
of mangrove species, Soares (1997) describes some uses
for biomass data: (1) estimation of primary productivity
of mangroves, taking into account data on litter pro-
duction; (2) determination of storage and cycling of
elements in this ecosystem—for example, organic matter,
nutrients and heavy metals; (3) measurement of the
conditions of the system (degree of maturity, structural
development, and stress levels) to determine the degree of
restoration in degraded areas; (4) indication of the
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response of mangroves to several experiments; and
(5) evaluation of commercial-valued biomass for compa-
nies involved in wood exploitation and silvicultural
practices.

According to Soares (1997), the variability of envi-
ronmental conditions, such as climate, ggcomorphology,
edaphic factors, tides, age, and the history of the forest
reflect on the structural characteristics of mangrove
forests. After Lugo and Snedaker (1974), Woodroffe
(1982) and Mall et al. (1991), the observed variability on
mangrove forests biomass is a function of the history
of the forest and the structural variability. This makes
comparison among biomass data and equations from
areas which are geographically different very difficult,
discouraging their indiscriminate application.

Saenger and Snedaker (1993) have further concluded
that the pattern of organic matter partition also varies
according to latitude, in their revision of data about
mangrove biomass worldwide. These authors have
noted a significant relationship between biomass, forest
development (expressed in height), and latitude, the
latter being directly related to environmental character-
istics (mainly solar radiation, temperature, and water
availability). Similarly, Tam et al. (1995) have also
highlighted how mangrove biomass increases towards
low latitudes and Day et al. (1987), in their study of the
Mexican mangroves, have emphasized the errors that
were introduced by applying regressions obtained for
mangroves other than the one they were working with.
Saintilan (1997) describes that mangroves of wide girth
in tropical estuaries grow taller than their subtropical
counterparts, which may show substantial variation in
girth once maximum height is reached. Fromard et al.
(1998) also describe the general model established by
Saenger and Snedaker (1993). However, they also
pointed out factors that limit mangrove development
(e.g. the occurrence of hurricanes, low temperatures,
low annual rainfall, the presence of a well-marked dry
season and high salinity). Lugo and Snedaker (1974),
Lugo (1980) and Mall et al. (1991) describe that the
maximum potential biomass of mangroves forests in
Florida and Puerto Rico are not reached as a result of
hurricanes influence. Berger and Hildenbrandt (2000)
stressed that the mangrove tree architecture and
maximum trunk diameter are highly variable, and
depend on several stress factors such as pore water
salinity or water logging. Saintilan (1997) also found
a decrease of above-ground biomass with increasing
substratum salinity for Avicennia marina and Aegiceras
corniculatum. On the other hand, Sherman et al. (2003)
found an increase of above-ground biomass across the
tidal gradient, which was negatively correlated with
porewater salinity, however the authors stress that the
cause—effect relationships between soil porewater salin-
ity and forest biomass must remain tentative because
salinity often covaries with other potentially stressful

factors in the soil environment, such as hydrogen sulfide
concentrations, soil redox, and flooding frequency.

Therefore, the need to obtain specific data for each
geographical area has led to an increase in studies on the
biomass of mangroves. To exemplify this surge, Soares
(1997) listed a series of studies on the biomass of
mangroves worldwide. For the Atlantic coast of
the American continent (including North and South
America and the Caribbean) we can mention the
studies developed by Golley et al. (1962, 1969, 1971,
1978), Lugo and Snedaker (1974), Cintron and
Schaeffer-Novelli (1985), Day et al. (1987), Imbert and
Rollet (1989), Fromard et al. (1998), Ross et al. (2001)
and Sherman et al. (2003). We also have to mention the
studies developed at the Indo-Pacific region, such as
De la Cruz and Banaag (1967), Aksornkoae (1975),
Clough and Attiwill (1975), Briggs (1977), Christensen
(1978), Ong et al. (1979, 1980, 1984), Suzuki and
Tagawa (1983), Boto and Wellington (1984), Gong
et al. (1984), Murray (1985), Woodroffe (1985), Putz
and Chan (1986), Tamai et al. (1986), Tri (1986),
Chakrabarti (1987), Clough and Scott (1989), Gong and
Ong (1990, 1995), Lee (1990), Lin and Lu (1990),
Choudhuri (1991), Mall et al. (1991), Amarasinghe and
Balasubramanian (1992a, 1992b), Sukardjo and Yamada
(1992), Mackey (1993), Singh et al. (1993), Tam et al.
(1995), Clough et al. (1997), Saintilan (1997) and
Komiyama et al. (2000, 2002). For Africa we found
studies developed by Slim and Gwada (1993) and,
Steinke et al. (1995).

From the above description we confirm the observa-
tion made by Fromard et al. (1998) that most of the data
published so far concern the mangrove forests of south
east Asia and Australia and the species native to those
areas and that few data are available for western
mangroves (including the South American continent).

We must stress the scarcity of studies that have
addressed mangroves in Brazil. The only research on the
biomass of Brazilian mangroves is Silva (1988), which
considered only one species (Rhizophora mangle) and
Silva et al. (1993), which presents an indirect study on
mangrove biomass, through the development of a vol-
ume equation for mangrove trees in northeast Brazil.
The shortage of specific studies on the biomass of
Brazilian mangroves fully justifies studies of this kind in
different areas of the Brazilian coast, especially if we
consider its extent and latitudinal range. This is the
endeavor this study undertook.

Specifically, we studied Laguncularia racemosa and
Rhizophora mangle in Bertioga (Sdo Paulo) and Guar-
atiba (Rio de Janeiro) mangroves, Southeast Brazil. By
means of regression curves, we related structural
measurements such as height, DBH, crown diameter
and area to the total above-ground biomass and the
biomass per tree compartment (leaves, reproductive
parts, twigs, branches, trunks and prop roots). To
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determine the model that would be the best estimator of
total and per compartment biomass for both species, the
study tested several regression models and combinations
of independent variables.

2. Materials and methods
2.1. Study area

The study was conducted in the mangroves of
Guaratiba (Rio de Janeiro) and Bertioga (Sdo Paulo),
Southeast Brazil. The mangroves of Guaratiba (Fig. la)
are located in the Sepetiba/Guaratiba coastal plain,
defined to the north and east by the Pedra Branca
mountains and to the south and west by the Sepetiba
Bay, about 70 km from downtown Rio de Janeiro. The
climate of the area, according to the Koppen classifica-
tion, may be divided into Aw, tropical hot and humid
with dry months in winter, which is typical of the plains,
and Af, tropical hot and humid without a dry season,
which is typical of the adjacent slope (Ferreira and
Oliveira, 1985). Data from the Marambaia Meteorolog-
ical Station, collected from 1984 to 1992, indicate an
average temperature of 23.5 °C and an average rainfall
of 1032 mm. They also indicate that rainfall in January
and March is higher than that of June and August, the
driest months.

In addition, the studied mangroves are located in the
interior of Sepetiba Bay, between the Piraqué River and
the Guaratiba Hill, integrating a system of islands, rivers
and channels. This region is characterized by a micro-
tidal regime, with a tidal range below 2 m. The struc-
tural characterization of mangroves has been addressed
by only a few studies (Dansereau, 1947; Bronnimann
et al., 1981) that have diagrammed the distribution of
the species in zones.

The margin of the Piraqué River is dominated by
Rhizophora mangle with an average height of 7.63 m and
a density of 4100 trunks ha~'. A detailed characteriza-
tion of mangrove forests is presented in Table 1. The
physiographic type of these stands has been classified as
the riverine forest type, according to the classification
proposed by Lugo and Snedaker (1974). The second
zone may be characterized as a basin forest that
possesses an outer strip dominated by R. mangle and
a significant presence of Avicennia schaueriana and
Laguncularia racemosa, with an average height of
7.05m and a density of 3900 trunks ha~'.

The other research area (Fig. 1b) is located in the
municipality of Bertioga, on the margins of the Bertioga
Channel, in the Santos Coastal Plain, being about
100 km from the city of Sdo Paulo. Specifically, the area
lies between the Bertioga Channel and the Serra do
Mar Mountain. The proximity to the Serra do Mar
Mountain, associated with the influence of cold fronts, is

responsible for the high pluviometric indexes observed
in this area (Martin and Suguio, 1989). The annual
rainfall averages 2240 mm. The wet season extends from
January to March (summer) and the dry season from
July to August (winter). The average monthly temper-
atures oscillate between 20 and 26 °C.

A transect from this research area has already been
studied by Peria et al. (1990), one that goes from the
Bertioga Channel to its transition to land, the same area
where we have conducted the present study. According
to these authors, the mangrove is a mixed forest of
Laguncularia racemosa, Rhizophora mangle and Avicen-
nia schaueriana, with a slight dominance of R. mangle,
with an average height of 7.7m and density of 2560
trunks ha~'. The structural characteristics of these
forests are presented in Table 1. It could be classified
as a basin forest in the light of the Lugo and Snedaker
(1974) physiographic types.

2.2. Methods

Sampling methods are described in Newbould (1967),
Golley et al. (1978), Cintron and Schaeffer-Novelli
(1984, 1985), Schaeffer-Novelli and Cintron (1986),
Clough and Scott (1989), Imbert and Rollet (1989),
and Amarasinghe and Balasubramaniam (1992a). To
adapt them to our specific objectives and to the
peculiarities of the studied mangrove stands, we
modified them somewhat.

A total of 143 individuals were collected, 64 in
Guaratiba (32 Rhizophora mangle and 32 Laguncularia
racemosa) and 79 in Bertioga (33 R. mangle and 46
L. racemosa). Both individual groups were chosen
according to their diameter at breast height (DBH), so
that all diameter classes in the two study areas, for both
species (maximum dbh around 22.0 cm), were repre-
sented.

For each sampled tree, DBH, height and crown
diameters (based on their projection onto the soil) were
registered. To calculate the crown area, crown diameters
were used and the crown area was considered an ellipse.
The harvested trees were subdivided into the following
compartments: leaves (including buds), reproductive
parts (flowers, fruits and propagules), twigs (smaller
than 2.5 cm in diameter), branches (larger than 2.5 cm in
diameter), main branches (originated from the bifurca-
tion of the trunk), trunk and prop roots. Twigs and
branches have been distinguished following Cintron and
Schaeffer-Novelli (1985).

In the case of the Rhizophora mangle, prop roots were
collected and its segments (arches) separated whenever
present. They were woody (rigid like the trunk), not
woody (spongy consistency) and emergent (those that
have not reached the substratum yet) structures, or
aerial roots (those arising from the lower branches and
not from the trunk).
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Fig. 1. Maps showing the two studied sites (black squares) in Southeastern Brazil. (a) Guaratiba (Rio de Janeiro). (b) Bertioga (Sao Paulo).
Mangrove forests are presented in light gray and areas in dark gray (at Guaratiba) represent salt-flats.
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Table 1
Structural characteristics of the studied mangrove forests at Guaratiba
(Rio de Janeiro) and Bertioga (Sao Paulo)

Parameter Guaratiba Bertioga
(Rio de Janeiro) (Sdo Paulo)?
Mean height+SD (m) 7.63+2.86 7.70£0.70
Trunk density (trunk ha™") 4100 2560
Mean DBH (cm) 8.8 7.5
Basal area (m” ha™") 24.74 11.30
Relative density (%)
Rhizophora mangle 74.5 20.0
Avicennia schaueriana 10.6 25.4
Laguncularia racemosa 2.1 26.8
Dead 12.8 27.8
Relative dominance (basal area) (%)
Rhizophora mangle 43.3 36.6
Avicennia schaueriana 45.1 28.6
Laguncularia racemosa 6.5 16.7
Dead 5.1 18.0

& After Peria et al. (1990).

After sorting out the segments, we weighed all the
compartments in the field on dynamometer scales and,
whenever possible, took all the material for treatment
in the laboratory. When it was not possible, freshly
weighed sub-samples were collected for later treatment
in the laboratory. To determine the total and by-
compartment dry weight for each sampled individual,
simple linear regressions of dry weight on fresh weight
were run, beginning with the sub-sample dry weights.
These statistical procedures may be found in Sokal and
Rohlf (1979), Wonnacott and Wonnacott (1980), Draper
and Smith (1981), and Zar (1996).

The obtained regressions were grouped by compart-
ments: leaves and reproductive parts (8 regressions);
twigs (4 regressions); branches, main branches and
trunks (10 regressions); roots (7 regressions); and trunks
and woody roots (6 regressions). To test them for
similarity, the regressions of each of their groupings
were compared in terms of slopes (coefficient b) and
elevations (coefficient a).

An analysis of variance (ANOVA), following Byrne
and Wentworth (1988), and Zar (1996), and a Student’s
t-test, following Day et al. (1987), Amarasinghe and
Balasubramaniam (1992a), and Turner et al. (1995),
guided the comparisons. After comparing slopes (b) and
elevations (a), we pooled the data from the various
regressions to compute common regressions based on
the comparison results.

Biologically, regression curves should go through the
origin (elevation equal to zero). Consequently, constant
“a” was tested through a Student’s #-test. For each value
of “a” not significantly different from zero, a new linear
regression was calculated, by forcing through the origin
(a=0). In cases where the procedure yielded a#0, the
original regressions were maintained.

Then, an ANOVA and a Student’s ¢-test were applied
to test all the regressions for significance. In addition,
the adjusted coefficient of determination predicted by
the regression (R%a) and the standard error of estimate
for the slope (Sb) (this one according to the estimated
value for the slope b) were examined. An analysis of
residuals (Draper and Smith, 1981; Zar, 1996) tested all
regressions for assumptions of normality and constant
variance.

The subsequent procedure determined the total dry
weight by compartment, for each sampled individual.
The final regression equations were applied to fresh
weights obtained in the field, except for individuals for
which there had been total sampling of some compart-
ments. In these cases, the corresponding dry weight was
directly obtained from the dry weight of the material in
the laboratory.

Table 2 presents the regression equations for the total
and by-compartment estimates of biomass for the two
species, in the two research areas. It also illustrates the
several combinations of regression models and indepen-
dent variables (Soares, 1997) we have drawn on. The
units considered for each variable were DBH (centi-
meters), height (meters), wood density (g cm ™), basal
area (m?), crown area (m?), and mean crown diameter
(meters), respectively.

An ANOVA (¢=1%) tested the significance of the
regressions and an analysis of the adjusted standard
error of estimate (SEEa) identified the best biomass
estimator for each location, species, and, compartment,
following Zar (1968, 1996), Draper and Smith (1981),
Payandeh (1981), and Soares (1997).

3. Results

Table 3 shows the regressions that relate dry weights
and fresh weights by compartment, for both species,
in both locations, Guaratiba and Bertioga mangroves.
In the case of material that has been partially sampled in
the field, we obtained the total and by-compartment dry
weights for each tree of the two species in Bertioga and
Guaratiba, by applying the regressions in Table 3, as
Tables 4—7 clarify.

We tested a total of 182 models, if the combination of
regression models and independent variables presented
in the methodology is considered. Many of these models
were initially assessed, in terms of fittings and estimates
(parameters R*a, F and SEEa). Because the use of
variables presupposes their simplicity, we eliminated
models that yielded the same fittings and errors of
estimate of the biomass. Consequently, a total of 85
models were considered and completely evaluated. Of
these, 53 models were applied to all compartments and
32 exclusively to compartments of the crown. Given that
Laguncularia racemosa had a total of 7 compartments, 5
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Table 2

Regression models and independent variables tested for the development of models for the estimation of mangrove species biomass (Soares,1997).
Y=Biomass; a, b, ¢, d, e, f=constants. Parabolic volume = (basal area X height)/2 (Whittaker, 1961; Newbould, 1967; Whittaker and Marks, 1975)

Models Independent variables (X, Z, W)

In Y=Ina+bIn X

DBH; height; DBH?; DBH?X height; DBH? X height X wood density; DBH?+ height + (DBH?X height);

basal area; basal area X height; crown area; mean crown diameter; parabolic volume; DBH X height;
(basal area)® X height; (height)?; (DBH X height)?; (crown area)’; (mean crown diameter)?;
DBH X height X wood density; basal area X height X wood density; (DBH X height X wood density)?;

cone volume; cylinder volume

In Y=In a+b
In X4+cln Z

In Y=In a+bX

DBH and height; DBH and crown area; DBH and mean crown diameter; height and crown area;
height and mean crown diameter; basal area and height

DBH; height; DBH X height; crown area; mean crown diameter; parabolic volume; cone volume;

cylinder volume; basal area; DBH? X height; (basal area)® X height; DBH?; height?; (DBH X height)?;
(crown area)’; (mean crown diameter)?; DBH X height X wood density; basal area X height X wood density;

(DBH X height X wood density)
Y=a+bX

DBH; height; basal area; parabolic volume; cone volume; cylinder volume; basal area X height X wood density;

DBH X height X wood density; DBH X height; basal area X height; DBH? X height; DBH? X height X wood density;
crown area; mean crown diameter; DBH?; height?; (DBH X height)?; (parabolic volume)?®; (cone volume)?;
(cylinder volume)?; (basal area)’; (DBH X height X wood density)?; (basal area X height X wood density)*;
(DBH?X height)?; (crown area)’; (mean crown diameter)?

In Y=a+b In(X)"?
In Y;a+b In X+cX
(V) P=a+bx
(Y) "P=a+bXx
Y=a+bX+cZ+dW DBH?, Height, DBH?X Height.

Y=a+bX+cZ

DBH; height; basal area; parabolic volume; cone volume; cylinder volume; DBH X height X wood density;
basal area X height X wood density: DBH X height; basal area X height; DBH2X height;
DBH? X height X wood density; crown area; mean crown diameter

DBH and height; DBH Xheight and height; DBH X height and DBH; basal area and height;

basal area X height and height; basal area X height and basal area; DBH? X height and DBH;

DBH? X height and height; DBH X height X wood density and DBH; DBH X height X wood density and height;
basal area X height Xwood density and height; basal area X height X wood density and basal area;
DBH? X height X wood density and DBH; DBH?X height X wood density and height; DBH and crown area;
DBH and mean crown diameter; height and crown area; height and mean crown diameter; DBH X height and
crown area; DBH X height and mean crown diameter; DBHtheight and crown area; DBHtheight

and mean crown diameter; basal area and crown area; basal area and mean crown diameter; basal area X height
and crown area; basal area X height and mean crown diameter; DBH X height X wood density and crown area;
DBH X height X wood density and mean crown diameter; basal area X height X wood density and crown area;
basal area X height X wood density and mean crown diameter; DBH? X height X wood density and crown area;
DBH?2 X height X wood density and mean crown diameter; DBH? and height; DBH? and DBH X height;

DBH? and DBH?X height; DBH? and DBH X height X wood density; DBH? and DBH?X height X wood
density; DBH? and basal area X height X wood density; DBH? and crown area; DBH? and mean crown diameter

Y=a+bX+cX?+dX°
+eX*+1x°

DBH; height; basal area; basal area X height; parabolic volume; cone volume; cylinder volume;
basal area X height X wood density; DBH X height X wood density; DBH X height; crown area; mean crown diameter

of them part of the crown, and Rhizophora mangle 9
compartments, 4 of which part of the crown, we ran and
analyzed a total of 2272 regressions for the two species,
in the two locations.

To obtain the best estimator of the total and by
compartment biomass for both species, in each of the
study sites (Tables 8 and 9), we analyzed the SEEa of
each one of the generated regressions.

Most selected models are multiple regression models
and their main representative is the group “Biomass”
(without transformation), mainly in the Bertioga area.
In Guaratiba, there was a larger division between the
groups “Biomass” and “In (Biomass)” (with logarithmic
transformation). In only one case, the best estimator
was “(Biomass)'*=a+bX" and in only two cases
“(Biomass) "*=a+bX . The models that best estimated
the biomass of each compartment revealed considerable

variability. In none of the cases was same model the best
estimator for a given compartment for both areas,
Bertioga and Guaratiba. The regression fittings (R’a)
were robust for trunks and the total biomass (R*a>
0.95). They were weak for some models of the re-
productive parts and quite weak for the emergent prop
roots and non-woody prop roots (R’a<0.50). The
regression fittings for the other compartments were
good, most of them yielding R*a greater than 0.80.

4. Discussion

The analysis of the R allowed the linear relationship
between the dry weight and the fresh weight of the
compartments of sampled trees to become clear (see
Table 3). This parameter describes the general fitting of





M.L.G. Soares, Y. Schaeffer-Novelli | Estuarine, Coastal and Shelf Science 65 (2005) 1—18 7

Table 3

Regressions (Y=a+bX) relating dry weights (g) and fresh weights (g) by compartments, region and species (n=sample size; R>=coefficient of

[TPRLIN

determination; Y=dry weights; X=fresh weights; Sa=standard error of intercept “‘a”; Sb=standard error of regression coefficient “5”; Rh,

Rhizophora mangle; Lg, Laguncularia racemosa)

Compartments — species — region n R? a b Sa Sb

Leaves and reproductive parts — Rh — Guaratiba 53 0.995 0 0.348526 - 0.003
Leaves and reproductive parts — Rh — Bertioga 51 0.999 0 0.328651 — 0.002
Leaves and reproductive parts — Lg — Guaratiba 54 0.995 0 0.298848 - 0.003
Leaves and reproductive parts — Lg — Bertioga 73 0.996 0 0.317777 - 0.002
Twigs — Lg and Rh — Guaratiba and Bertioga 144 0.998 0 0.512287 - 0.002
Branches and main branches — Lg and 101 0.988 0 0.580636 - 0.006

Rh — Guaratiba and Bertioga

Trunks — Lg — Guaratiba and Bertioga 248 0.996 —5.706510 0.611510 1.856 0.003
Trunks — Rh — Guaratiba 88 0.997 —18.941037 0.656459 3.372 0.004
Trunks — Rh — Bertioga 145 0.985 0 0.596870 - 0.006
Prop roots (emergent) — Guaratiba and Bertioga 41 0.993 —1.801900 0.393290 0.534 0.005
Prop roots (woody) — Guaratiba 201 0.996 —39.752860 0.591587 3.613 0.003
Prop roots (woody) — Bertioga 296 0.990 —20.869840 0.533205 2.578 0.003
Prop roots (not woody) — Guaratiba 138 0.992 0 0.380604 - 0.003
Prop roots (not woody) — Bertioga 258 0.995 —2.867915 0.391706 2.578 0.002
Prop roots (aerial) — Bertioga 7 0.994 0 0.432780 - 0.014

the model for the selected cases, and, in most cases,
yielded a value greater than 0.99. The values of the
regression coefficients (b) indicate the relationship
between dry weight/fresh weight and roughly reveal
the proportion of organic matter for each compartment.
In other words, the value “1—5"" is equal to the amount
of water in the compartment. The larger the “A” value,
the smaller the amount of water in the compartment.
Such a tendency became clear when we noticed values of
“p” of approximately 0.30 for compartments such as
leaf and reproductive parts, of approximately 0.50 for
twigs and branches, and of 0.60 for trunks. These values
indicate a reduction in the amount of water from
the green parts to the woody parts of the plant. The
same tendency has been observed in the case of the
Rhizophora mangle prop roots; its emergent and non-
woody prop roots (with “spongy” structure) yielded <5
values between 0.30 and 0.40 while the woody prop
roots yielded b values between 0.50 and 0.60. These
results fully agree with Slim and Gwada (1993) findings
about Rhizophora mucronata. According to them,
R. mucronata shows 66% (leaves), 44% (branches),
41% (trunk), and 53% (roots) for the amount of water
in the several compartments.

Although the statistical comparison of the regression
coefficients from the leaves and reproductive parts of the
two species, both in Bertioga and Guaratiba, indicated
similarity, Rhizophora mangle tends to yield slightly
higher coefficients for leaves. This suggests its leaves
carry a smaller amount of water than those of
Laguncularia racemosa.

The same result has been found by Lamberti (1969),
when studying the succulence (mass of water/leaf area)
of leaves of mangrove species in Itanhaém (Sdo Paulo,
Southeast Brazil). He observed that the leaves of
Laguncularia racemosa are more succulent than those

of Rhizophora mangle. He cites Biebl and Kinzel (1965),
who also found a larger succulence for the leaves of
L. racemosa in the mangroves of Puerto Rico. Medina
(1992) goes further, affirming that succulence is greater
in leaves that are exposed to the sun, a condition that is
met by the leaves of L. racemosa in the stands we have
investigated. Because of the low density of its crown, its
leaves are more exposed to the sun, and self-shading is
hardly observed.

However, the use of regression curves to determine
biomass did not go without problems. One of the
greatest problems was choosing the best-estimate curve
for the biomass. Several authors, in an erroneous way,
have been using R? as the parameter for this choice. But
R? simply offers a general idea of the fitting for the
model (Payandeh, 1981; West and Wells, 1990; Zar,
1996). Several studies have illustrated this problem, such
as Whittaker and Woodwell (1969), Whigham and
Simpson (1978), Tanner (1980), Rai (1984a, b), Rai
and Proctor (1986), Brown et al. (1989), Imbert and
Rollet (1989), Grundy (1995), Steinke et al. (1995), Tam
et al. (1995). Others, as for example Payandeh (1981),
not only discuss the problem, but also state that such
a choice should be based on the standard error of
estimate (SEE), which, according to Zar (1968, 1996)
and Draper and Smith (1981), is a global indication of
precision of regression in predicting the dependent
variable. However, only a few studies have adopted this
procedure (Rutter, 1955; Rochow, 1974; Byrne and
Wentworth, 1988; Schacht et al., 1988; Zak et al., 1989;
Busing et al., 1993; Slim and Gwada, 1993; Haase and
Haase, 1995; Ibrahim, 1995).

Tables 8 and 9 demonstrate that “Biomass” models
were the best estimators for most compartments. Most
biomass studies through regressions, in mangroves or in
plant communities, do not use linear models. They prefer
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Table 4

Total and by-compartments dry weights of each sampled tree: Laguncularia racemosa, Bertioga

Tree DBH  Height Crown diameter (m) Dry weights (g)
(cm)  (m)
D1 D2 Leaves Reproductive ~ Twigs Branches  Main Trunks Total
parts branches

01 4.60 6.90 1.18 1.51 314.62 4.08 563.34 28.55 0 5410.03 6320.62
02 0.80 1.32 0.62 0.79 12.84 0 20.65 0 0 67.74 101.23
03 5.30 7.40 1.30 1.08 130.72 0.07 442.89 0 0 7271.77 7845.45
04 0.60 1.40 0.59 0.56 14.63 0 21.53 0 0 60.84 97.00
05 4.70 7.00 1.60 1.60 249.14 0 346.26 0 0 4796.72 5392.12
06 1.40 2.40 1.40 1.25 82.11 0.47 135.27 0 0 422.78 640.63
07 2.80 2.40 0.70 0.65 65.99 0 45.38 0 0 731.27 842.64
08 6.50 9.50 1.86 1.70 241.09 3.18 949.87 140.38 0 11 845.85 13 180.37
09 1.30 1.90 - - 11.27 0 32.95 0 0 173.42 217.64
10 10.00 9.10 2.20 1.65 744.41 0.05 2450.67 9390.20 0 17 374.79 29 960.12
11 3.10 2.40 1.48 1.46 185.85 0.75 377.32 338.47 0 819.00 1721.39
12 8.80 8.70 2.71 1.70 1271.57 23.12 2659.01 8654.51 0 12 882.80 25491.01
13 1.60 1.86 0.57 0.22 12.08 0 19.06 0 0 162.59 193.73
14 10.00  10.70 3.15 1.70 738.62 0 2267.58 1778.96 9920.41 20 848.35 35553.92
15 2.50 1.20 1.15 0.95 33.67 0 82.28 0 0 66.10 182.05
16 6.40 7.70 1.86 1.95 587.81 61.32 1163.58 1200.77 0 10 520.01 13 533.49
17 2.80 2.15 1.56 1.00 125.62 0 146.70 0 0 631.11 903.43
18 3.10 3.50 1.53 1.04 175.82 1.31 164.22 0 0 1125.17 1466.52
19 5.80 9.10 1.37 1.15 234.03 0.18 776.64 0 0 9700.15 10 711.00
20 3.90 5.90 1.31 0.98 70.46 0.30 230.45 0 0 2404.84 2706.05
21 1.20 2.30 1.00 0.55 16.55 1.05 23.20 0 0 73.95 114.75
22 6.40  10.30 0.70 0.63 347.75 0 657.00 139.09 0 10 157.05 11 300.89
23 1.30 1.25 0.75 0.45 14.05 0 33.74 0 0 57.08 104.87
24 2.40 2.50 1.65 1.48 89.67 3.01 157.32 0 0 542.02 792.02
25 4.70 7.00 1.17 1.30 335.79 0.50 721.13 0 0 5868.66 6926.08
26 5.10 7.30 0.58 0.66 311.39 8.67 732.83 120.49 0 6166.06 7339.44
27 7.40 7.90 2.18 2.25 215.80 4.57 816.67 1393.86 0 14 079.56 16 510.46
28 7.30 9.70 1.83 0.99 982.64 0.72 1902.54 3301.94 0 17 623.63 23 811.47
29 3.00 2.90 1.40 2.10 160.08 2.04 397.18 0 0 885.03 1444.33
30 9.40 9.40 4.20 2.70 762.63 0.13 2582.22 2560.54 4374.08  25027.16 35306.76
31 11.20 9.10 2.50 2.30 613.10 0 3477.34 4228.30 0 33 435.17 41 753.91
32 10.10 8.70 2.60 1.74 840.85 0 2577.16 3509.00 0 29 687.29 36 614.30
33 9.30 8.00 2.68 2.35 1168.32 0 2578.85 1530.60 0 23 038.97 28 316.74
34 7.50 7.40 1.90 2.40 679.60 0 1746.46 1455.72 0 14 168.02 18 049.80
35 8.00 9.20 2.00 1.50 671.25 0 2065.60 2055.84 0 18 709.61 23 502.30
36 9.30 8.60 1.94 1.37 991.25 0 2590.59 5459.04 364891 23 462.06 36 151.85
37 8.30 7.80 3.50 2.85 2165.78 0 3535.28 3723.65 0 19 455.49 28 880.20
38 15.60  10.40 3.95 3.60 3266.93 0 6076.90 18997.83  15967.49 50 808.55 95 117.70
39 18.60  10.80 3.70 5.10 2236.59 0.17 4756.89 17 009.49 0 99 256.79  123259.90
40 13.40  10.00 5.60 5.35 4141.00  333.60 9202.00 11514.44 2273274 42339.51 90263.29
41 16.30 8.60 4.33 4.25 5254.33  332.60 10 268.63  32790.27 0 74 149.81 122 795.60
42 1290  10.40 4.00 4.70 4297.56  455.62 7773.54 715773 12170.36 48 042.19 79897.00
43 14.00 10.20 4.70 4.50 5217.05  718.50 9524.32 18 254.61 0 58 834.10 92548.58
44 20.00  10.70 4.90 4.51 4455.37  526.11 10 146.07 1437595 64 131.25 99617.84 193 252.60
45 17.20  12.10 3.80 4.30 6709.80  889.96 11236.47 17437.50 20199.64 80301.03 136774.40
46 12.30 9.80 3.60 3.67 3385.87  965.94 6218.53  12789.48 0 47970.44 71 330.26

logarithmic transformations (Soares, 1997). The problem
is that such studies do not test other models. They simply
adopt models that had already been used in other studies
and that are not the best estimators, although they yield
acceptable results such as the models of the type
“In (Biomass)=a+5 In (DBH)” or “In (Biomass)=a+b
In (DBH? X height)”. For mangrove communities we can
describe some studies that adopt logarithmic trans-
formations: Golley et al. (1962), Ong et al. (1979, 1980,
1984, 1985), Suzuki and Tagawa (1983), Cintron and
Schaeffer-Novelli (1984, 1985), Putz and Chan (1986),

Schaeffer-Novelli and Cintron (1986), Silva (1988),
Clough and Scott (1989), Imbert and Rollet (1989), Lee
(1990), Silva et al. (1991), Amarasinghe and Balasubra-
maniam (1992a, 1992b), Sukardjo and Yamada (1992),
Mackey (1993), Slim and Gwada (1993), Chen et al.
(1995), Gong and Ong (1995), Steinke et al. (1995), Tam
et al. (1995), Turner et al. (1995) and Ross et al. (2001).

Fromard et al. (1998, 2004) studied the mangroves of
French Guinana, which have a floristic composition
similar to the Brazilian forests (they estimated the total
biomass, leaf biomass, branch and trunk biomass of
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Total and by-compartments dry weights of each sampled tree, Laguncularia racemosa, Guaratiba

Tree DBH  Height

Crown diameter (m)

Dry weights (g)

(em)  (m)
Dl D2 Leaves Reproductive  Twigs Branches  Main Trunks Total
parts branches
1 6.10 5.70 1.40 1.65 390.26 9.82 1116.30 377.78 0 6657.62 8551.78
2 6.40 6.10 1.85 1.26 359.59 7.77 1349.80 816.98 2082.02 8219.61 12 835.77
3 4.20 5.60 2.10 1.40 173.12 2.90 532.80 0 0 4538.63 5247.45
4 8.60 7.30 1.85 2.20 692.16 8.50 2779.98 2996.52 5483.97 14 518.88 26 480.01
5 7.90 8.60 3.68 3.25 1420.80 443.14 4035.60 2080.76 0 18 477.11 26 457.41
6 7.70 6.40 1.30 1.70 340.19 3.59 1095.20 709.20 0 11 070.37 13 218.55
7 5.20 6.00 1.37 1.15 169.20 0.17 455.38 162.96 0 6924.67 7712.38
8 4.30 5.55 1.36 1.76 103.15 0 520.86 275.16 1335.46 2465.20 4699.83
9 3.50 5.45 1.28 1.09 91.15 0 250.10 460.50 0 2383.59 3185.34
10 10.50 9.60 3.70 3.70 1970.12 18.53 5731.91 6270.83  10947.61 28 044.93 52983.93
11 7.10 7.12 3.90 3.40 992.92 6.24 2408.75 1218.24 2587.04 13 453.82 20 667.01
12 6.80 7.60 2.11 2.42 964.20 1.70 2058.32 3890.02 0 10 162.68 17 076.92
13 13.40  10.60 3.12 2.31 877.20 0 3304.24 5750.50 0 48 293.67 58 225.61
14 4.50 6.80 1.15 1.30 92.79 0 728.50 0 0 4320.52 5141.81
15 15.30 9.00 - - 2961.34 6.95 7229.40 10 244.50 0 52 864.14 73 306.33
16 17.50  10.20 — — 2254.85 0.30 7079.98 1492296  21956.22 68931.71 115 146.00
17 1.40 2.30 1.20 1.08 44.07 0 132.26 0 0 331.46 507.79
18 1.80 1.94 2.20 1.10 59.27 0 124.24 0 0 470.48 653.99
19 8.10 8.60 3.93 2.80 1114.30 49.00 3123.93 4811.68 0 19 071.87 28 170.78
20 11.40 9.60 3.75 4.45 2266.60 129.60 5521.08 8825.67 0 48 475.86 65 218.81
21 2220  10.80 5.90 4.50 3587.26 878.77 10067.82 30 569.92 0 14593520 191 039.00
22 9.40 9.60 2.92 3.20 1285.63 246.60 3804.70 5429.41 0 29 123.26 39 889.60
23 7.50 8.60 2.20 2.20 228.00 3.40 802.15 1858.49 0 15700.73 18 592.77
24 3.10 3.70 1.42 0.52 64.20 0 382.52 0 0 1217.31 1664.03
25 2.10 3.60 0.93 0.94 81.20 1.00 233.53 0 0 911.56 1227.29
26 2.40 4.65 0.74 0.55 35.90 0 311.65 0 0 1033.86 1381.41
27 19.60  10.60 6.17 6.59 587543  4318.92 20407.23 43 344.48 0 138905.10 212 851.20
28 5.80 6.70 1.60 1.40 254.57 0.50 1409.90 0 0 9021.82 10 686.79
29 2.80 4.60 1.05 1.25 48.80 0 147.90 0 0 1400.77 1597.47
30 1.10 2.30 0.70 0.55 9.10 0 92.70 0 0 178.30 280.10
31 5.00 5.50 1.28 1.10 139.60 3.50 608.90 693.16 0 4783.23 6228.39
32 3.80 5.15 1.80 1.40 146.70 6.00 695.30 424.60 0 2587.50 3860.10

Avicennia germinans, Rhizophora spp., and Laguncularia
racemosa). The authors tested various forms of re-
gression through the analysis of correlation coefficients
and residuals distribution and found that the logarith-
mic model gave the best description of the relationships
between biomass and diameter.

The use of logarithmic transformation is motivated
by its capacity to simplify calculations (Zar, 1968;
Payandeh, 1981; Sprugel, 1983; Brown et al. 1989).
We start to adjust a straight line through the method
of the least squares, when the original data led us to
work with a nonlinear model. This transformation
guarantees homogeneity to the variance for a whole
interval of data. In fact, the originally linear models
offer the advantage of having been developed as
relationships based on original variables, without
transformation. On the other hand, logarithmic trans-
formation deforms these variables, potentially intro-
ducing bias in the estimate when we go back to the
original unit (Beauchamp and Olson, 1973). Similarly,
Baskerville (1972) states that one of the most common

problems associated with logarithmic transformation
in the analysis of regressions to estimate biomass is
the biased-estimate. According to him, the origin of
the error is the transformation of the results obtained
from a logarithmic unit into the original arithmetic
unit. Another problem is that the logarithmic trans-
formation does not reach the same results as the
original nonlinear model does. In other words,
although they are mathematically equivalent, statisti-
cally, they are not so equivalent (Zar, 1968; Payandeh,
1981). Even so, Zar (1968) considers the logarithmic
transformation approach satisfactory.

To solve the biased-estimate controversy, Sprugel
(1983) developed a correction factor. Similarly, several
other authors discussed the problem of logarithmic
transformation and the use of correction factors, among
them Baskerville (1972, 1974), Munro (1974), Madgwick
and Satoo (1975) and Whittaker and Marks (1975).
While Sprugel (1983) says the non-use of this factor
results in a small error of estimate, about 10% or less,
Baskerville (1972) says the error is approximately 10—20%.





Table 6

Total and by-compartments dry weights of each sampled tree. Rhizophora mangle, Bertioga

Tree DBH  Height Crown diameter (m) Dry weights (g)
(cm)  (m)
D1 D2 Leaves Reproductive  Twigs Branches Trunks Woody roots  Not woody  Emergent  Aerial Total
parts roots roots roots

1 3.20 4.30 2.00 1.47 270.00 0 699.52 0 1797.77 411.22 56.18 0 0 3234.69
2 1.80 2.00 - - 18.39 0 85.85 0 310.43 0 9.21 0 0 423.88
3 8.40  10.10 1.70 1.75 1412.32 33.82 4066.65 2704.96 18 338.83 976.60 0 0 0 27 533.18
4 3.20 4.90 1.68 1.67 259.65 0 711.98 0 1793.00 288.59 23.71 1.26 0 3078.19
5 4.70 6.50 2.74 1.87 698.42 1.00 1153.35 870.79 4245.75 1156.04 24.42 12.67 0 8162.44
6 1.70 1.95 1.80 0.90 67.24 0 244.99 0 557.08 136.47 0 0 0 1005.78
7 2.30 2.20 0.95 0.77 10.88 0 96.70 0 576.68 136.47 0 0 0 820.73
8 4.60 4.40 2.95 1.46 143.06 0 784.39 0 5233.06 611.47 26.66 0 0 6798.64
9 7.80 8.50 2.74 2.90 994.87 56.10 2128.69 2980.43 14 921.75 6679.62 231.62 0 0 27 993.08
10 5.60 6.40 1.29 1.21 272.02 0 671.58 0 7488.04 1226.37 0 0 0 9658.01
11 5.50 7.70 2.00 1.59 551.63 6.72 1130.39 1197.48 7860.47 1022.80 297.34 0 0 12 066.83
12 9.30  10.50 3.05 3.70 2356.11 98.98 6762.19 6967.63 24 173.24 9567.53 376.46 0 0 50 302.14
13 3.80 5.40 1.15 1.80 450.43 3.74 998.26 0 3414.80 515.74 10.20 0.74 0 5393.91
14 2.20 222 1.15 0.91 28.85 0 176.55 91.93 359.80 0 16.29 0 0 673.42
15 2.20 2.25 1.70 1.30 79.14 0 330.88 0 541.01 78.51 1.65 0 0 1031.19
16 2.60 2.25 2.00 2.30 132.51 0 712.56 0 797.94 135.96 0 0 0 1778.97
17 2.30 1.80 1.90 1.55 152.11 0 461.93 0 371.79 11.46 69.77 0 0 1067.06
18 1.30 2.23 1.00 0.70 26.25 0 34.03 0 227.57 0 28.99 0 0 316.84
19 4.10 5.35 1.75 2.40 591.29 0 1510.86 0 3925.11 306.09 296.91 9.72 0 6639.98
20 5.20 5.90 1.98 2.60 745.46 0 1905.57 0 4804.80 974.45 365.78 0 0 8796.06
21 16.30 8.00 8.20 5.80 7799.95  1428.97 17 272.19 60 159.91 60 060.04 48 677.52 1332.57 0 1453. 198 184.30
22 6.70 8.00 2.60 2.20 738.06 0 2769.81 51.80 13 778.73 1920.75 139.65 0 0 19 398.80
23 7.10 8.20 1.90 2.60 783.66 37.87 2322.30 853.12  15488.78 3899.29 17.25 0 0 23 402.27
24 6.20 8.00 1.50 1.35 346.18 8.81 1259.22 0 11 131.63 3439.12 28.83 0 0 16 213.79
25 12.00  10.80 4.20 3.40 3664.42 233.40 10 213.48 11340.84 49 062.71 17 793.78 816.79 0 0 93 125.42
26 10.50 9.00 3.70 4.60 1330.23 146.95 8324.34 5453.29 3251044 11 460.89 2104.62 0 0 61 330.76
27 13.10  10.60 4.53 4.76 5153.45 330.79 12 521.98 9816.77 59 582.55 23 741.86 1130.28 0 0 112277.70
28 15.10  11.00 4.40 5.00 6566.91 379.10 13 449.14 3215599  81010.18 32 583.86 2058.28 0 0 1 68 203.50
29 11.40 9.40 4.70 4.10 4858.83 790.34 9570.26 12 008.39 40 393.18 14 368.80 1808.46 47.45 0 83 845.71
30 14.60 11.20 5.00 6.10 7712.34 548.77 15266.44 27 15291 61 149.33 19 756.53 6604.39 0 0 1 38 190.70
31 17.00  11.40 - - 8776.74  1753.32 24 456.02 60288.42  85484.02  51247.37 3453.72 5.32 0 2 35464.90
32 18.00  10.80 5.20 5.70 6590.12  1065.20 20230.29 107301.50 90 142.29  37242.33 658.09 194.36 0 263 424.20
33 19.40 7.60 6.70 7.10 9120.75 414191 2266531 11153330 96 633.25  65244.55 894.32 0 0 310 233.30
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Table 7

Total and by-compartments dry weights of each sampled tree, Rhizophora mangle, Guaratiba

Tree DBH Height Crown diameter (m) Dry weight (g)
(cm) (m)
D1 D2 Leaves Reproductive Twigs Branches Trunks Woody Not woody Emergent Total
parts roots roots roots

1 3.30 6.00 1.83 1.85 185.93 0 463.53 0 3139.71 225.23 0 5.52 4019.92
2 2.70 4.46 1.13 1.24 161.79 0 372.29 0 1734.11 98.01 0 0 2366.20
3 2.90 4.80 1.20 1.37 86.11 0 303.49 0 2074.26 103.23 0 0 2567.09
4 3.50 5.20 — — 240.68 0 809.19 0 2941.85 95.41 6.41 0.96 4094.50
5 1.80 2.50 0.90 1.00 28.51 0 113.74 0 592.06 77.82 4.55 0 816.68
6 1.60 1.96 0.75 1.14 66.41 0 193.47 0 323.72 71.42 21.81 0 676.83
7 1.50 1.90 0.60 1.05 38.89 0 115.46 0 186.56 0 4.97 0 345.88
8 2.70 3.88 2.10 1.40 99.99 0 251.86 0 1293.98 296.07 29.81 0 1971.71
9 4.60 5.60 2.00 1.80 666.93 0 1605.82 0 5153.41 2118.63 303.51 0 9848.30
10 6.00 6.70 2.11 2.93 859.48 1.56 2943.59 332.72 10 527.27 5793.82 228.42 0 20 686.86
11 5.10 6.00 2.07 2.40 533.71 0 1764.85 138.35 6242.65 2253.74 262.02 0 11195.32
12 7.00 8.60 1.70 1.50 1189.79 3.20 2315.25 0 15 598.43 5226.92 526.06 0 24 859.65
13 6.40 7.10 2.28 2.17 986.62 1.19 2773.87 827.90 12 206.31 5578.58 214.93 0 22 589.40
14 4.20 5.10 1.40 1.56 430.88 4.75 1484.06 0 4718.92 1231.75 248.38 0 8118.74
15 8.00 9.20 2.55 2.35 1910.44 16.27 4859.30 561.31 21 482.56 10 301.28 2053.73 0 41 184.89
16 7.30 9.20 2.45 2.80 2106.75 62.68 5129.60 526.65 18 549.96 9216.51 345.01 0 35937.16
17 5.40 5.90 3.00 2.30 592.29 0 1872.20 0 7914.09 3270.91 266.27 0 13 915.76
18 4.80 6.20 2.30 1.90 623.80 1.09 1996.70 0 6226.24 2858.93 136.17 0 11 842.93
19 5.80 7.10 1.50 2.10 735.68 179.92 1330.60 577.74 9897.35 1261.95 165.16 23.23 14 171.63
20 3.90 5.70 1.80 1.60 515.27 111.76 1005.20 0 4407.10 1150.99 116.14 40.80 7347.26
21 6.80 7.00 1.88 1.90 871.87 148.99 2991.10 0 16 583.12 1237.22 50.86 15.11 21 898.27
22 10.00 10.00 2.25 3.45 2558.50 971.14 4987.92 492541 42 119.45 11 126.34 205.89 57.71 66 952.36
23 9.50 8.00 2.75 2.55 2661.27 346.41 9240.22 1683.37 30 709.57 22 445.48 2252.01 597.87 69 936.20
24 11.50 11.00 4.55 4.95 3712.77 4186.27 11 459.74 8709.54 54273.86 21 474.57 533.91 297.18 1 04 647.80
25 15.20 13.10 4.00 3.85 6531.90 418.00 15 652.43 8564.38 1 04 320.50 36 405.17 1334.65 412.57 1 73 639.60
26 13.90 11.60 3.10 3.90 4068.80 70.50 10 394.33 8775.36 83 900.27 28 800.61 493.69 49.20 1 36 552.80
27 17.90 14.10 4.65 4.02 4521.16 178.98 18 451.40 61 102.86 112 987.60 36 470.83 913.29 56.40 2 34 682.60
28 22.00 15.10 5.20 5.25 6165.40 176.52 20 175.46 36 991.79 169 376.10 31 084.13 909.53 0 2 64 878.90
29 10.80 9.60 4.00 3.20 2175.42 21.03 6070.48 4180.56 39 425.30 6489.39 628.94 6.72 58 997.84
30 8.70 9.20 3.27 2.65 1225.00 3.30 5446.60 2672.85 26 743.05 4033.36 142.50 0 40 266.66
31 7.40 7.80 2.90 1.68 820.70 5.10 2948.60 929.69 17 450.40 2908.15 162.59 0 2522523
32 19.50 14.60 5.00 5.10 5265.94 110.94 15923.90 34 713.46 1 50 205.00 72 506.13 985.83 0 279 711.20
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Table 8

Final models for the estimation of total and by-compartments biomass (g) for Laguncularia racemosa in Bertioga and Guaratiba

Compartments R%a SEEa F

Bertioga

Leaves Biomass=—87.75333+0.54642 (DBH” X height) 0.818 735.844 99.595
+181.59020(crown area)

Reproductive parts Biomass=—39.83038 +28.38034 (crown area) 0.451 177.799 37.153

Twigs Biomass=—474.58417+21.24002 (DBH X height) 0.895 1051.385 188.448
+337.13616 (crown area)

Branches Biomass =—497.11886+232.50267 (DBH)? 0.801 3195.271 61.267
—298.50812(height)—15.08719 (DBH? X height)

Main branches (Biomass)~!*=0.08494—0.00303 (DBH) 0.755 6461.185 22.612

Trunks Biomass=—590.18014+266.81851 (DBH)* 0.978 3894.605 2012.069

Total Biomass=—441.05021 +464.47815 (DBH)? 0.975 7032.947 874.551
—645.89716 (height)

Guaratiba

Leaves In(biomass)=2.79278 +1.11395 In (height) 0.929 201.227 189.735

+0.90691 In (crown area)

Reproductive parts In(biomass) = —1.45023+1.53975 (mean crown diameter) 0.734 115.771 53.480

Twigs (Biomass)'”*=3.22566+3.65288 (mean crown diameter) 0.889 785.512 233.246

Branches In(biomass)=3.15091+1.70106 In (DBH)+0.65406 In (crown area) 0.868 2250.217 63.259

Main branches In(biomass)=1.74443+1.18296 In (DBH)+2.08874 In (height) 0.956 823.548 55.123

Trunks In(biomass)=4.1561740.00377 (DBH X height) 0.987 6441.192 1183.582

+1.26092 In (DBH X height)
Total Biomass = 1645.12584+40.09963 (DBH? X height) 0.951 1.148E+04 600.368

This author defends the adoption of the correction
factor because known errors can be minimized.

The great diversity of selected models with best
estimators for each compartment, species and location
give us the impression of confusion and lack of pattern.
However, we should keep in mind that such models are
best-found estimators and probably reflect subtleties in
the relationship between the biomass and the considered

variables. The subtleties express variations that have not
been considered by other models, such as variability of
environmental characteristics or characteristics which
are typical of the species and sampled individuals in the
two research locations. Most models that were selected
as best estimators (Tables 8 and 9) are composed of
multiple regressions, which demonstrates that the in-
clusion of variables can improve the estimate of

Table 9
Final models for the estimation of total and by-compartments biomass (g) for Rhizophora mangle in Bertioga and Guaratiba
Compartments R*a SEEa F
Bertioga
Leaves Biomass=—161.37278+1.37202 (DBH? X height) + 142.51237 (crown area) 0.957 580.417 335.797
Reproductive parts Biomass=73.09127 +20.46809(DBH)*—65.45230 (height)—1.30051 (DBHZXheight) 0.884 257.191 82.618
Twigs Biomass=—112.82205+4.13105 (DBH?X height) +260.84352 (crown area) 0.990 661.977 1493.026
Branches Biomass=—1372.12535+ 133714071.04 (basal area)’ 0.963 5598.541 837.710
Trunks Biomass=—1586.62311+131.45408 (DBH)>+421.67081(height) 0.985 3804.836 679.707
+14.50127 (DBH? X height)
Emergent roots Biomass=—2.12100+0.00001(DBH? X height)? 0.291 29.048 14.130
Woody roots Biomass=—434.21140+224.68206 (DBH)>—123.30217(DBH X height) 0.958 3543.494 369.322
Not woody roots (Biomass) " '*=0.51821—0.04019 (height) 0.496 947.947 27.613
Total In(biomass)=4.89219+2.61724 In (DBH) 0.991 4161.693 3462.828
Guaratiba
Leaves In(biomass)=2.15738—0.00012 (DBH? X height)+0.83094 In (DBH? X height) 0.953 495.053 312.950
Reproductive parts Biomass = —414.60279—11.32908 (DBH)*+274.80040 (crown area) 0.616 470.717 25.096
Twigs In(biomass)=14.67539—25.88961 (basal area)+1.16464 In (basal area) 0.966 1223.648 439.748
Branches Biomass=5116.04009—-3338.23769 (DBH)+ 342.03486 (DBH X height) 0.768 6477.952 52.428
Trunks In(biomass) =4.16291—0.00060 (DBH? X height)+0.93200 In (DBH? X height) 0.996 3904.646 3803.200
Emergent roots Biomass=—57.88544+5.33219 (DBH)*—0.34468 (DBH? X height) 0.224 117.482 5.463
Woody roots In(biomass)=17.96919—45.69003 (basal area)+1.68949 In (basal area) 0.891 7063.611 124.208
Not woody roots Biomass=—76.86273+19.92975 (DBH)’—1.18598 (DBH? X height) 0.351 453.648 9.390
Total In(biomass)=17.79752—20.74652 (basal area)+ 1.34908 In (basal area) 0.993 9839.505 2307.984
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biomass. Following this line of reasoning, Wonnacott
and Wonnacott (1980) confirm that the use of multiple
regressions improve the estimate of a dependent vari-
able, decreasing random error. Payandeh (1981) cor-
roborates this idea, stating that the use of multiple linear
models constitutes a good alternative to avoid logarith-
mic transformation. This is what we obtained with the
data collected at Bertioga and Guaratiba. The procedure
led us to obtain an expressive number of multiple linear
models as best-found estimators. Ross et al. (2001), as in
the present study, developed allometric equations for the
estimation of total above-ground biomass of Rhizophora
mangle, and Laguncularia racemosa, as well as, Avicen-
nia germinans, using multiple regression models.

Several studies that have used regressions to in-
vestigate biomass adopt the DBH or the perimeter at
breast height as the independent variable (Soares, 1997).
For mangrove communities we can describe some
studies that adopt these independent variables: Ong
et al. (1980, 1984); Cintron and Schaeffer-Novelli (1985);
Putz and Chan (1986); Silva (1988); Clough and Scott
(1989); Imbert and Rollet (1989); Amarasinghe and
Balasubramaniam (1992); Sukardjo and Yamada
(1992); Slim and Gwada (1993); Gong and Ong (1995);
Steinke et al. (1995); Tam et al. (1995); Fromard et al.
(1998). However, some studies used equations based on
height and DBH for the estimation of above-ground
biomass of mangrove species (Suzuki and Tagawa, 1983;
Cintron and Schaeffer-Novelli, 1985; Imbert and Rollet,
1989; Lee, 1990; Saintilan, 1997).

Mackey (1993) calculated the biomass of individuals
using predictive regression of biomass on height or girth.
In the same way, Sherman et al. (2003) found high
significant allometric relationships between tree para-
bolic volume (which is based on height and DBH) and
above-ground biomass components (total, leaf, trunk,
branch and prop roots).

Ross et al. (2001) studying American mangroves,
used both simple and multiple regression models for the
estimation of above-ground biomass of Avicennia
germinans, Laguncularia racemosa and Rhizophora
mangle. They developed models for stem, branch, leaf,
proproot and total biomass estimation, based on
diameter at 30 cm above-ground, height and crown
volume. Fromard et al. (1998) also estimated the biomass
of A. germinans, L. Racemosa and Rhizophora spp.
through the use of DBH as independent variable.

Komiyama et al. (2002) describe that the allometric
relationship for stem weight is usually expressed as
a function of stem diameter and height, such as dbh*H,
which differs between tree species, forcing the de-
termination of a series of allometric equations for all
tree species. After the authors the species segregation in
the dbh? H—weight relationship occurred because of the
difference in the specific gravity of stem. In this way the
authors took into consideration the specific gravity of

stem and established a common equation for the five
mangrove species they studied. They analyzed species-
specific allometric relationships based on the specific
gravity of stem, with the aim of establishing a common
equation for predicting the stem weight of mangroves.

After Cintron and Schaeffer-Novelli (1985) and
Steinke et al. (1995) the inclusion of height do not
improve the models for the estimation of mangrove
above-ground biomass, as the relation between DBH
and height is very variable.

Generally, in the case of Laguncularia racemosa in
this study, the crown compartments (leaves, reproduc-
tive parts, twigs, branches) show variables that relate to
the crown measurements (crown area or mean crown
diameter) separately or jointly with other variables. By
inference, we may say that these models involve two
aspects: the first one deals with variables such as DBH
and height. This component would then express the
relationship between the biomass of the crown compart-
ments and the plant development (structural variable).

On the other hand, the measurements of the crown
might be the projection of environmental variables on
the biomass, in other words, the reflex of environmental
characteristics on branching and tree architecture. This
effect may be explained by Kuuluvainen’s reasoning
(1991): the trunk biomass reflects the portion of organic
matter allocated to the trunk during the life-time of the
tree (structural variable), and the biomass of the crown
compartments (branches and leaves, mainly), in a more
direct way, reflects the current conditions of growth of
a tree (environmental effect). In a similar way, Ross
et al. (2001) describe that the inclusion of a term for
crown volume improved diameter-based predictions
(equations) of branch, leaf, and total biomass for
Avicennia germinans, Laguncularia racemosa, and Rhi-
zophora mangle. They attribute this to the wide range of
crown shapes included in their sample, which ranged
from dwarf trees 45 cm tall to fast-growing individuals
nearly 7 m in height. Ross et al. (2001) chose a model
based on trunk diameter (they used the diameter at
30 cm above ground, as they studied dwarf mangroves)
and crown volume, which, as described by Kuuluvainen
(1991) reflects both the biomass allocated to the trunk
and the biomass associated to the crown. On the other
hand, for the estimation of trunk biomass alone the
selected model was based on diameter and height and
for the estimation of prop-root biomass they used
a model based on the diameter. Ross et al. (2001) also
emphasize that while the models based on height and
crown dimensions generally provided a better fit than
models based on stem diameter alone, models based on
the latter may provide useful biomass estimates for
studies in which those variable were not measured.

Woodroffe (1985) highlights the importance of crown
measurements as independent variables in the regres-
sions. This is why he finds a highly significant correlation
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between the mean crown diameter and the total
above-ground biomass. Kuuluvainen (1991) also esti-
mates the biomass of a species by using regressions based
on the crown area. Likewise, Kittredge (1945) adopts
models based on crown measurements when the studied
community includes individuals with ramifications close
to the soil, preventing thus the use of the diameter of the
trunk as an independent variable. Catchpole and
Wheeler (1992), for their turn, state that the use of
measurements of trunk diameter is unreasonably difficult
for forests where great ramification of the trunks occurs
at soil level. According to these authors, crown diameter
is the best measurement in these cases.

Tam et al. (1995) did not find significant regressions
when they used models based on DBH and/or height to
estimate the biomass of Avicennia marina. According
to them, the architecture of the species in the studied
location, irregular and with ramifications below breast
height (often close to the substratum), was responsible
for the insignificant results. This type of architecture is
the same as we observed for Avicennia schaueriana
in Bertioga and Guaratiba. In these cases, Tam et al.
(1995) suggest the development of models based on
crown measurements. However, Saintilan (1997) used
the height to estimate the weight, through the use of
a height/weight relationship, for smaller trees and shrubs
of A. marina and Aegiceras corniculatum, which have
numerous stems, often not reaching breast height.
Fromard et al. (1998) describe that the most frequently
used predictive variable for the estimation of mangrove
above-ground biomass is the DBH, ecither alone or
associated with the height and rarely, with the diameter
of the crown. To generate regressions that would yield
a good estimate for the biomass of the Avicennia species,
we would have had to use elaborate models, combining
independent variables and/or using a quite high sample
size. Fromard et al. (1998) describe that the tip of
Avicennia germinans often breaks off and apical growth is
replaced by that of axillary branch, changing the
diameter/height correlation. In this way they used the
diameter as predictive variable, as it can be accurately
measured. Similarly, Cintron and Schaeffer-Novelli
(1985) highlight the variability in the diameter/height
relationship for A. germinans. Because of variability in
the individual forms of this species, it is difficult to
estimate its biomass by means of regressions. Likewise,
Clough and Attiwill (1975) describe a great ramification
of trunks below 0.5 m above the surface of the sediment
for A. marina, not to mention the great variability of leaf
distribution. According to these authors, these facts
hinder individual grouping in classes of DBH to
elaborate allometric relationships. Christensen (1978),
for his turn, describes the case of a Rhizophora apiculata
forest that was cut down. Its re-growth originated trees
with quite an irregular structure, which made it
impossible to divide it into DBH classes.

Fromard et al. (1998) found for Avicennia germinans
pioneer population and adult populations regression
equation for total biomass estimation with R? values of
0.82 and 0.97, respectively. For Laguncularia racemosa
they found a R value of 0.97 and for Rhizophora spp.
a R? value of 0.92. Putz and Chan (1986) found a R* of
0.98 for the regression model for the estimation of total
above-ground biomass of Rhizophora apiculata. Clough
and Scott (1989) found, for six mangrove species studied
in Australia, a good fit (R® generally greater than 0.9)
for all the compartments, except for leaves, which
yielded more variable data. Because of the seasonal
variation of the compartment, this result was already
expected. Studies by Cintron and Schaeffer-Novelli
(1985), Amarasinghe and Balasubramaniam (1992a, b),
Sukardjo and Yamada (1992), and Tam et al. (1995)
also reveal that the leaf compartment yields lower results
than the others. Sukardjo and Yamada (1992) attribute
these lower fittings to seasonal variability, wind action
and, in the specific case of their study, to differences in
crown architecture. Our data yielded similar results, that
is, relatively low fittings for the leaf compartment.
However, it is difficult to attribute such a fact to
a seasonal variation, given other possible interference on
biomass partition and tree architecture. Ross et al.
(2001) studied the same species considered in this study,
as well as A. germinans. These authors found R? greater
than 0.9 for all compartments (total, stem, branch and
leaf) except for prop-roots (R>=0,74). For leaves they
obtained R? greater than 0.95. Sherman et al. (2003) also
found good fits (R* greater than 0.94) for all compart-
ments (total, leaf, trunk, branch and prop-roots) of
the studied species (Rhizophora mangle, L. racemosa and
A. germinans). However for leaf of R. mangle the R* was
0.86. For Avicennia marina Mackey (1993) found R>
values of 0.93 (trunk), 0.88 (stem), 0.99 (leaf), and 0.84
(leaf).

With regards to the main branches of Laguncularia
racemosa, higher values of R%a for Guaratiba have
originated from a model with logarithmic transforma-
tion that did not take into consideration cases in which
the compartment biomass was zero. Consequently, the
variability of the sampled population was reduced and
hid the biomass variability of that compartment by
biotic characteristics (growth form, architecture and
density) and abiotic characteristics (light availability, for
example). Imbert and Rollet (1989) also observed such
a behavior for Rhizophora mangle, Laguncularia race-
mosa, and Avicennia germinans branches, where values
of R* were below 0.90 for the three species, in
regressions of the type “log (Biomass)=a-+b log
(DBH)” and “log (Biomass)=a+b log (DBH?X
height)”. These values were always lower than those
obtained for other compartments. Newbould (1967) also
gives an account of a larger variability (error) in the
estimate of branch production.
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Table 10
Alternative models (not based on variables related to the crown), for the estimation of the biomass (g) of crown compartments
Species / local / compartment Model R%*a SEEa F
Laguncularia racemosa
Bertioga
Leaves (Biomass)"/*=2.0769+0.85346 (DBH) 0.865 998.586 289.480
Reproductive parts (Biomass)"/>=0.44646 +22.43945 (basal area X height) 0.388 218.388 29.541
Twigs In (biomass)=1.97689+0.8619 In (DBH> 0.937 1473.151 666.714
+height + DBH? X height)
Guaratiba
Leaves In(biomass) =2.77575+2.36706 In (DBH)—0.62266 In (height) 0.888 661.752 123.620
Reproductive parts (Biomass)'/*=0.83016+24.16175 (basal area X height) 0.462 687.628 27.610
Twigs In(biomass)=3.87569+1.81169 In (DBH) 0.909 2085.927 309.580
Branches (Biomass)!/*=—2.29285+1.71256 (DBH) 0.878 4082.067 223.295
Rhizophora mangle
Bertioga
Leaves (Biomass)'/*=2.12257+1.06499 (DBH) 0.943 971.194 525.607
Twigs In (Biomass)=3.67671+2.18622 In (DBH) 0.938 1389.617 482.491
Guaratiba
Reproductive parts (Biomass)'>=—2.00246+0.65284 (height) 0.373 765.509 19.410

Reproductive parts yielded weak fittings, perhaps
because the biomass of this compartment does not only
depend on the development of the tree. That is, the
biomass of reproductive parts does not adjust well to
measurements related to structural development, such as
DBH, height and measurements of the crown. This fact
may be explained by the variable production and
development of these components throughout the year.

Non-woody prop roots and emergent prop roots
yielded weak fittings too. According to Soares (1997),
their case may be explained by the dependence of their
production on specific environmental factors. That is,
the production of roots (which here may have reflected
on the biomass of emergent and non-woody roots) does
not only depend on the structural development of the
forest, but also on environmental factors which are site
specific; for example microtopography, salinity, flood
frequency by the tides, nature of the substratum, stress,
among others. The development of these roots (woody
prop roots) may also have been affected by these factors.
However, there may have been a larger influence of
forest structural variables. That is, in addition to
external factors (abiotics), part of the variability in the
biomass could be explained by the development of the
tree, if we take into consideration how the plant needs
mechanical support. Fittings of biomass curves for the
woody prop roots may confirm this conclusion, if we
compare them with fittings from emergent and non-
woody prop roots. Woody prop roots yielded better
fittings (higher values of Ra) because of their higher
relationship with structural characteristics. However,
because of the influence of external factors such as the
ones already mentioned, these values are not so high.
The same result has been found by Day et al. (1987), in
their study of prop roots of Rhizophora mangle, in
Mexico, by Ross et al. (2001), for R. mangle in Florida,

and by Amarasinghe and Balasubramaniam (1992a), in
their study of prop roots of Rhizophora mucronata, in
Sri Lanka. In these studies the fittings were not good.
Silva et al. (1993) did not find a good correlation
between prop roots biomass with DBH and tree height.
On the other hand Sherman et al. (2003) found a good
fit (R?=0.97) for a model based on the parabolic volume
for the estimation of R. mangle prop roots biomass.

If we consider the weak fittings of regressions that
estimated the biomass of emergent and non-woody prop
roots and those of reproductive parts, an alternative to
the estimate of a more variable compartment biomass
would be to group these compartments with others,
forming units with a less variable biomass and a more ac-
curate estimate, as for example total roots and green parts.
Table 10 illustrates this idea, introducing some alternative
models to estimate the biomass of crown compartments.
Such models are the best estimators for these compartments
and are not based on crown-related variables.

To estimate the above-ground biomass of Rhizophora
mangle and Laguncularia racemosa, in the two study
locations, we recommend the use of the models
presented in Tables 8, 9, and 10. In the case of common
regressions, to estimate both the biomass of the same
and different species in both locations, further studies
are necessary to generate regressions with wider
application, thus minimizing the estimate error. With
regard to the most variable compartments (reproductive
parts, emergent prop roots, and non-woody prop roots),
the grouping of the regressions of these compartments
into total roots and green parts still needs to be tested.
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The mangrove, Avicennia marina var. resinifera in a tidally-flooded explosion
crater, Tuff Crater, near the southern latitudinal limit of mangroves in New
Zealand adopts two distinct growth forms, taller tree-like mangroves up to 4 m
tall along the banks of the tidal creek, and low stunted shrub mangroves less
than 1 m tall on the mudfiats. Twelve trees were felled and on the basis of a
biomass/height relationship for the taller trees and a biomass/canopy width
relationship for the lower, above-ground biomass (excluding pneumatophores)
was estimated. Average above-ground biomass for the taller mangrove was
estimated to be 104-1 tha™ ! and for the lower 6-8 tha~!. While the value for the
taller mangroves is similar to figures reported for more complex tropical
mangroves, the fact that 94°, of the basin is covered by low generally sparse
mangroves means that total biomass for the basin is estimated to be 1531, an
average of only 7-6 t ha™!. Litter-fall beneath the taller mangroves is estimated
as 7:6+2-5tha”!a ! and beneath the lower mangroves 3-3+0-5tha"'a~ L.
The value for the taller mangroves is similar to that reported from mangroves in
many other parts of the world, but because of the extensive low sparse
mangroves the total for the basin is estimated as 53-7t a~ !, an average rate of
2‘7tha”'a™!, a very low rate of litter-fall when compared with elsewhere.
Decomposition of mangrove leaves occurs relatively rapidly with leaves losing
half their dry weight in 10 weeks and then continuing to degrade but at a
slower rate. Substrate sediment samples contain high organic matter content,
and although some organic matter appears to be exported via the tidal creek, a
proportion of the detrital production is evidently recycled in situ.

Introduction

Coastal wetlands, comprising both salt marshes and mangrove swamps, are considered
to be areas of high primary productivity which support economically important
detrital-based marine food webs. Considerably more work has been done on the struc-
ture and functioning of salt marsh ecosystems and their role as sources or sinks of organic
matter (Nixon, 1980), than has been done on mangrove ecosystems. Nutrient cycling
occurs, in mangrove swamps as in other terrestrial ecosystems, with the uptake of nutri-
ents by the plant roots and incorporation during photosynthesis into the mangrove bio-
mass. Biomass is lost by the fall of litter and this decomposes releasing nutrients which
can be recycled. In terrestrial ecosystems this nutrient cycle may be essentially closed,
but in mangrove swamps it is open with exchange of nutrients, detritus and sediment
facilitated by tidal flushing (Lugo ez al., 1976). Significant export of mangrove detritus to
the adjacent estuary has been demonstrated in Florida (Heald, 1969; Odum & Heald,
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1972), and in Queensland, Australia (Boto & Bunt, 1981). However the relative propor-
tions of detritus which are degraded and recycled in situ and which are exported from the
system are not well understood.

This paper examines the above-ground biomass and productivity of a monospecific
stand of the New Zealand mangrove, Avicennia marina var. resinifera, in a basin formed
within a volcanic crater in Shoal Bay, Waitemata Harbour, Auckland, close to the
southern latitudinal limit of mangroves. The rate of breakdown and incorporation of
mangrove tissues into the sediment is discussed. Subsequent papers examine methods of
estimating tidal flux in the basin and report observations on the exchange of particulate
matter from the mangroves.

Materials and methods

Area of study

The Tuff Crater basin is an old volcanic explosion crater, with a surface area of 21-6 ha,
on the western margin of Shoal Bay, Waitemata Harbour, Auckland (36°48'S, 174"45'E).
The crater walls are composed of unbedded tuffs which overlie white, plastic clays and
silts and interbedded peats of the Whau Formation (Searle, 1959). The basin is connec-
ted to Shoal Bay by a breach in the crater walls to the east and inundation of the basin has
been accompanied by infilling with marine sediments. The basin is almost entirely
covered with the mangrove, Avicennia marina (Forsk.) Vierh. var. resinifera (Forst.)
Bakh. (Figure 1). The construction of the Northern Motorway (1958-1959) has further
isolated the basin from Shoal Bay and flooding of the mangrove occurs through a tidal
creek which flows through a culvert beneath the motorway.

Flooding of the basin is dominated by the semidiurnal tides; freshwater input is
minimal There is an ephemeral stream draining into the northern end of the basin and
some storm water runoff, but due to the steep crater walls the catchment area is small.

The average tidal range in the Waitemata Harbour is 2:69 m at springs and 1-99 m at
neaps. The culvert does not allow the full volume of the highest tides to enter so that
water levels at high tide remain lower in Tuff Crater than in Shoal Bay.

Methods

Above-ground mangrove biomass was calculated by felling 12 trees from similar habitats
in the Whangateau and Manukau Harbours and determining the biomass of each. These
trees were divided into trunk plus branch, and leaf plus inflorescence components and
the fresh weight of both components was measured. Subsamples were then dried at
100 °C and dry weights were recorded.

The heights and densities of mangroves in Tuff Crater were mapped initially from
black and white aerial photographs at a scale of 1:3075 taken on 25 January 1981.
Ground control was used to confirm classes and the point-centred quarter method
(Mueller-Dombois & Ellenberg, 1974) employed to measure tree density and determine
total above-ground biomass.

Litter-fall was determined over the period from 4 November 1980 to 2 November
1982 using the methods described by Woodroffe (1982). In the taller mangrove 8 litter
traps, approximately 45cm x45cm and made of 2-mm Sarlon shade cloth, were
deployed. In 1980-1981 the total sampling area was 1:60 m? and after replacement by
new traps in 1981-1982 the sampling area was increased to 1-80m?. In the lower
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Figure 1. Location of Tuff Crater showing sites of litter-fall traps and plots, decompo-
sition studies, and sediment samples.
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mangrove 2 litter plots were fenced off, sampling a total area of 7-30 m? (Figure 1). Litter
was collected from traps and picked from the substrate surface in the plots fortnightly,
dried at 90 °C for 2 days and then the dry weight of the components was determined.

Shoot extension measurements were made on three shoots on each of 12 trees by
measuring the length from the shoot apex to the sixth node back, marking that node, and
remeasuring the length after one year.

The decomposition of litter was studied using litter decomposition bags (Goulter &
Allaway, 1979; Woodroffe, 1982)—30 g (fresh weight) of leaves were placed in bags,
16 cm x 16 cm of 2-mm Sarlon shade cloth, with 13 bags placed at each site (Figure 1)
and one bag collected fortnightly. Sediment accumulated in the bags and in order to
determine leaf material remaining it was necessary to ash samples in a muffle furnace at
600 °C and ash free weights were used to calculate decomposition rate.

Surface sediment samples were collected and oven-dried at 105 °C. Combustible
organic matter was determined by weight loss on ignition in a muffle furnace at 600 "C
for 30 min. Total organic carbon was measured using a LECO carbon analyser. Total
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Kjeldahl nitrogen and total phosphate were determined using an autoanalyzer on 0-5 g of
dry sediment digested by a TKN digest containing a selenium catalyst.

Results

Mangrove biomass
Of the total basin area of Tuff Crater approximately 1-0 ha around the periphery is
covered by salt marsh composed of Leptocarpus similis Edgar and Funcus maritimus Lam.
var. australiensis Buchenau, and approximately 0-4 ha is tidal creek. The remaining
20-2 ha are covered by the mangrove Avicennia marina (Forsk.) Vierh. var. resinifera
(Forst.) Bakh.

The mangroves have been mapped into 5 classes according to height and density
(Figure 2). Mangroves of the creek banks are up to 4-0 m tall, are tree-like, and form
a band 10-20m wide. The physiognomic distinction between these and stunted
recumbent shrub mangroves, less than 1-0 m tall, of the mudfiats is pronounced.

- Salt Marsh

l:] Sparse Mangrove

Medium- density,
Low Mangrove

-m Dense, Low
Mangrove

Dense, Medium-
height Mangrove

Dense, Tall
4 Mangrove

0 100 200 m
{ i

Figure 2. The distribution of mangrove height and density classes in Tuff Crater,
interpreted from aerial photographs.
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TABLE 1. Characteristics of individual trees in biomass calculations

Leaf
Trunk diameter Trunk and Leaf and Total above- biomass as
Dg,5cmabove Canopy branch inflorescence ground  percentage
Height, H ground width, C biomass, T biomass, L biomass, B of total
Tree (cm) {cm) (cm) (g dry wt) (g dry wt) (gdrywt) biomass Site*
1 115 3.22 80 406 303 709 43 W
2 110 3-06 80 380 280 660 42 W
3 215 818 215 11586 2863 14449 20 A\
4 160 7-00 220 6857 3354 10211 33 M
5 110 2:20 67 150 151 301 50 M
6 100 2-80 70 241 192 433 44 M
7 248 9-65 220 5009 4251 9260 46 M
8 75 1-87 35 59 45 104 44 W
9 76 1-66 32 39 27 66 42 \4
10 40 4-00 127 633 702 1335 53 w
11 65 3-00 75 176 241 417 58 W
12 40 3-00 60 96 107 203 53 W

W =Whangateau Harbour, M = Manukau Harbour.

There is a sharp break in the size of the mangroves behind the creek bank, and as the
stunted shrub mangroves are gnarled but mature with stem diameters up to 10 cm, they
were considered to be a distinct population from the creek bank stands when biomass
was calculated. The 12 trees sampled for biomass were felled from areas where
mangroves were being cleared in the Whangateau Harbour approximately 50 km north
of Tuff Crater and the Manukau Harbour a similar distance south. Trees were not taken
from Tuff Crater so that the system under study would undergo minimal disturbance.
Trees 1 to 9 inclusive, ranging from 75 to 248 cm tall, came from open embayments and
exhibited growth forms similar to those fringing the tidal creeks in Tuff Crater. Trees
10-12 inclusive were from more landward swamps and were stunted shrubs with well-
developed recumbent stems. The dry weight of components of the trees are recorded in
Table 1. Best fit linear correlations can be fitted to the cube root of biomass against
measures of tree size as has been done by Golley et al. (1975). In this way for all 12 trees
total above-ground biomass was found to be correlated to stem diameter 5 cm above the
ground:

B~ 13=0-264+2:597 D, R>=0-92, (1)

Where B is total above-ground biomass (g) and D, is stem diameter 5 cm above the
ground (cm).

A stronger correlation exists between total above-ground biomass and canopy
diameter:

B~'3=0:489+0-100 C, R*=097, (2)

where C is the average canopy width (cm) (calculated as the average of the greatest
canopy width and the width of the canopy at right angles to the greatest width).
However, as the classes of creek bank mangroves are differentiated principally on the
basis of height it is preferable to choose height as the independent variable against which
to relate the biomass of the tree growth form. This is convenient as height is more easily





270 C. D. Woodroffe

measurable in the field, or from aerial photographs, than is stem diameter or canopy
width. A correlation between total above-ground biomass and height for trees 1-9
inclusive was found:

B '3=_4.215+0121 H, R>=0-84, (3)

where H is tree height (cm).

Although this was not as strong a relationship as with stem diameter or canopy width,
it has the advantage of being easily measurable. At a survey site within the tall mangrove
40 trees were randomly selected using the point-centred quarter method and were found
to have a mean height (+ standard deviation) of 2:75+0-75 m. The biomass of each of
these trees was calculated on the basis of tree height using equation 3 and a mean value of
31-:09+27-69 kg (excluding pneumatophores) was determined. With a tree density of
3350 trees ha™ !, the average total above-ground biomass for the taller class of mangroves
is 104-13 tha~ ! (Table 2).

As the stunted Avicennia of the mudflats show little variation in height but consider-
able variation in canopy size it is inappropriate to calculate above-ground biomass by
the method used for the taller mangroves. Instead, trees 8-12, all less than 1 m tall and
with canopy widths varying from 32 to 127 cm, were found to show a correlation
between biomass and canopy width:

B '3=1909+0:072C,  R>=099. )

A sample of 40 trees was measured in the low dense mangrove. These varied little in
height, mean ( +standard deviation) of 0-44 +0-07 m, and had a mean canopy width of
0:60+0-42 m. Using equation 4 for each tree the mean above-ground biomass of these
trees was calculated to be 0-42 +0-62 kg. On the basis of a density of 16 000 trees ha™!
measured in the low dense mangrove, total above-ground biomass was estimated to be
6:79 tha~!. The percentage ground cover in each of the density classes was measured
from aerial photographs and total above-ground biomass scaled accordingly for the low
sparse and the low medium density classes of mangrove (Table 2).

The medium-height dense mangrove is the most impenetrable and the hardest in
which to measure height or density accurately. Total above-ground biomass of this class
was estimated using an average height of 1-75 m and equation 3, and a density of 5000
trees ha”!. The value of 23-67 t ha™ ! may be an underestimate for the biomass in this
class in Tuff Crater but as can be seen in Table 2 the class makes a relatively minor
contribution to the total standing crop of the basin (Figure 1).

The total above-ground mangrove biomass in Tuff Crater is estimated to be 153-1 t
(Table 2). This estimate has large margins of error for a number of reasons.

Firstly the trees used for the initial biomass calibrations came from a different site and
were sampled at different times of the year which may mean they are not representative
of mangroves in Tuff Crater. Secondly the correlations with tree height and canopy
width are not perfect. Thirdly because of the variability of trees within a stand there is a
very large standard deviation around the mean value for tree biomass.

Litter production
Preliminary litter-fall rates for the period 4 November 1980-3 November 1981
have been reported by Woodroffe (1982) as 8:10+2-74tha ' a~! beneath the tall
mangroves and 3-65tha”! a~! beneath the low mangroves. Litter-fall rates for the
period 3 November 1981-2 November 1982 were 7-12+2-40tha™ ' a~' beneath the tall
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Figure 3. Litter-fall by components beneath taller mangrove and lower mangrove in
Tuff Crater (4 November 1980-2 November 1982).

mangroves and 2-90 tha ! a~! beneath the low mangroves. Values for the second year

are slightly lower than for the first and annual means for the two years are
7-61+2-54tha'a~! for the tall mangroves and 3-28+048tha 'a~! for the low
mangroves.

The distribution of litter-fall by component is shown in Figure 3. In the tall
mangroves, leaves accounted for 69-4°, of the total in 1980-1981 and 45-5°, in
1981-1982; twigs for 18-3°, in 1980-1981 and 14-8°, in 1981-1982 while inflorescences
rose from 3:19; to 10-0%, and fruits from 9-29; to 29-7%; from 1980-1981 to 1981-1982.
In the low mangroves leaves accounted for 74-4%, in 1980-1981 to 76-0%, in 1981-1982,
twigs for 23-09%, and 13-99, respectively and fruits rose from 2:5% to 10-19,. The
method of collection from plots in the low mangroves made recovery of inflorescences
unrepresentative.

Despite the similarity of the total litter production in 1980-1981 and 1981-1982 the
relative proportions of the components changed and it appears that the mangroves
apportioned a larger fraction of their total energy budget into reproductive tissues in
1981-1982. The fall of litter was markedly seasonal with peak fall in summer between
December and April coinciding with the period of fruit production.
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TABLE 3. Mean annual litter-fall rate by component beneath tall and beneath low
mangrove, Tuff Crater, 1980-1982, and total annual litter-fall for entire basin

Litter-Fall (gm™?a™ 1)

Leaves Twigs Fruits Inflorescences Total

Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D.

Tall mangrove

4 Nov 1980-3 Nov 1981 561 169 147 120 75 42 25 17 800 274
3 Nov 1981-2 Nov 1982 323 112 104 80 213 173 71 11 712 240
1980-1981 and 1981-1982 442 185 126 101 144 141 43 28 761 254
Low mangrove

4 Nov 1980-3 Nov 1981 272 — 84 — 9 — — — 365 —
3 Nov 1981-2 Nov 1982 220 — 41 — 29 — — — 290 —
1980-1981 and 1981-1982 246 32 62 27 19 18 — — 328 48

Litter-fall (t)

Teaves Twigs Fruits Inflorescences Total
Low sparse (3-18 ha) 54 1-4 0-4 — 7-2
Low medium density (8-:20 ha) 10-8 2-8 0-8 — 14-4
Low dense (7-61) 187 4-7 1-4 — 24-8
Medium height dense (0-77 ha)* 26 07 06 0-1 40
Tall dense (0-43 ha) 19 06 06 02 33
Total 39-4 10-2 3-8 03 537

“Calculated as mean of tall and low mangrove.

Shoot extension
Measurement of shoot extension was undertaken on the stunted mangroves of the mud-
flat in order to determine whether the stunting of these mangroves had occurred because
of shoot dieback. Of the 36 shoots tagged, 33 were located and remeasured after 12
months and shoot extension varied from -3:0cm where a tip had been broken to
+7'5cm of growth. The average extension was 2:42+2-77 cm. Seven of the 33 shoots
appeared to be dead at the tip though the cause of this dieback could not be determined.

The breakdown of mangrove detritus
The decomposition rates of mangrove leaves have been examined on the sediment sur-
face at creek and mudflat sites in summer and winter in this paper and in a previous one
(Woodroffe, 1982). The rates of decomposition are summarised in Table 4. Litter

decomposition in bags exhibited local variability but the overall trend of leaf degradation
was fairly constant with 50°, weight loss in 10 weeks and thereafter a slower rate of

breakdown. Site-specific and season-specific differences are not discernible. The rates of
breakdown of the leaves were similar to the rates found by Albright (1976) for leaf
degradation both on the sediment surface and in the sediment. Degradation of roots and
pneumatophores was shown by Albright (1976) to be much slower (Table 4).

Table 5 records the nutrient status of a number of sediment samples from Tuff Crater.
The combustible organic matter in the soil, determined by weight loss on ignition varied
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TAaBLE 4. Summary of rates of decomposition (as percentages) from Tuff Crater
(Woodroffe, 1982) and Whangateau Harbour (Albright, 1976)

Week

2 4 6 8 10 12 14 16 18 20 22 24 26

Percentage of ash free weight remaining ( after Woodroffe, 1982)

Mud flat : winter (N=2) 8¢ 72 47 52 49 49 36 40 22 27 35 14 10
Mud flat: summer (N=1) 96 81 74 43 52 24 28 35 39 10 7 18 13
Creek : winter (N=3) 72 60 51 58 46 45 30 38 31 20 24 22 27
Creek : summer (N=1) 87 68 49 51 45 47 58 31 35 44 31 26 34

Average 81 68 53 53 48 43 35 37 30 27 20 20 21
Week

4 8 12 16 22

Percentage of dry weight remaining ( after Albright, 1976 )
Leaves at sediment—

water interface 67 58 38 16 6
Roots at sediment—
water interface 88 77 64 57 48

Pneumatophores at
sediment—water

interface 97 85 81 80 54
Roots in sediment 94 79 75 72 70
Pneumatophores in

sediment 87 85 76 74 71

from 6-25°,. The pattern of total nitrogen and total organic carbon is similar to that for
loss on ignition with the highest nitrogen concentrations of 5197 mg kg~ ! and organic
carbon concentrations of 7-429%, being found in the northern part of the basin. Total
phosphorus shows a similar pattern. The C/N ratio varies from 6-44 to 17-35.

Although the concentration of organic matter in the substrate is relatively high, not all
of this organic matter will have been derived from mangrove detritus or the products of
decomposition. Major visible roots of mangroves were excluded from sediment samples
but fine rootlets, micro-organisms and infauna may have been included.

Discussion

The mangroves in Tuff Crater are of two distinct growth forms; the taller tree-like
Avicennia of the creek banks and the stunted Avicennia shrubs of the mudflat. This
physiognomic distinction has been described from mangroves from elsewhere in New
Zealand (Chapman & Ronaldson, 1958; Kuchler, 1972), and is also a characteristic of
Avicennia at Cullendulla Creek, N.S.W., Australia (Ball, 1981). The above-ground
biomass estimates for these two types are substantially different, being 104-1tha™"! for
the tall mangroves and 6-8 tha™! for the lower. These estimates have large margins of
error, but they are comparable with values reported for above-ground mangrove biomass





Studies of a mangrove basin : 1 275

TABLE 5. Soil nutrient status, Tuff Crater

Combustible
organic Total
matter (", wt Kjeldah! Total Organic

loss on nitrogen phosphorous carbon C/N
Sample ignition) mgkg ™! mgkg™! ) ratio
1 85 1286 668 1-57 12:22
2 15-7 3446 508 293 8:50
3 143 2471 460 3-44 13-93
4 10-3 2579 421 298 11-55
5 147 2933 564 2:99 10-21
6 63 1106 677 074 6-69
7 77 1910 729 1:23 6-44
8 159 3650 650 273 7-48
9 251 5197 1009 7-42 14-28
10 21-2 4392 769 5-60 1321
11 10-9 1918 511 2-59 1352
12 12-4 3093 713 1-80 5-82
13 11-4 2942 707 1-82 6-19
14 12-0 2977 727 1-75 5-88
15 165 3296 505 5-68 1723
16 9-0 1762 373 1-87 10-61
17 131 2564 689 316 12:34
18 11-2 2428 719 2:96 1220
19 10-9 2220 408 3-85 17:35
20 150 2748 351 310 11-28
Mean 13-1 2746 608 302 10-85

Standard
deviation 4-5 980 165 1-65 3-62

from elsewhere using different methods (Table 6). The value for the tall mangrove of the
creck banks lies between 86-:0tha™! for Avicemnia in Westernport Bay (Clough &
Attiwill, 1975) and the 128-4 tha™?! for Avicennia in Sydney (Briggs, 1977). It is similar
to values recorded for Rhizophora forests in Florida (Lugo & Snedaker, 1974) and for
Rhizophora and Bruguiera forests in Japan (Suzuki & Tagawa, 1983). The value for the
stunted mangroves is slightly lower than for dwarfed mangrove in Florida. As 94°, of
the basin is covered by low and generally sparse mangrove, the estimated total
above-ground biomass for the entire basin is only 153 t. This is an average of 7-6 tha™?,
below the biomass recorded for mangroves anywhere else in the world (Table 6).

The estimated rate of litter-fall beneath the tall mangrove is 7-6 + 2-5tha~! a~ ! while
that beneath the low mangrove is 3-34+0-5tha™! a™!. Clough and Attiwill (1982) have
drawn attention to the similarity of litter-fall rates beneath mangroves around the world
of about 7 to 8tha~! a~ ! and Woodroffe (1982) has indicated that the taller creek bank
mangroves can be as productive in terms of litter-fall as mangroves in Florida and
Queensland (Pool et al., 1975, Duke et al., 1981). A similar value is reported beneath
mangroves in the Central Pacific (Woodroffe & Moss, 1984) and higher values have
been recorded in the structurally and floristically diverse mangroves of South-east Asia
(Proctor et al., 1983; Leach & Burgin, 1983).
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TABLE 6. Total above-ground mangrove biomass

Structure or  Above-ground

average height biomass
Location Latitude  Mangrove species (m) (tha™ 1) Source
Panama 9°N  Rhizophora brevistyla 30-40 279-2 Golley et al. (1975)
Thailand 8N  Rhizophora apiculata 11 159-0 Christensen (1978)
Puerto Rico 18N Rhizophora mangle 8 62-9 Golley et al. (1962)
Philippines 12 N Mixed mangrove
species — 45-9 de la Cruz & Banaag
(1967)
Florida 26"'N  Rhizophora mangle overwash 124-6 Lugo & Snedaker (1974)
Rhizophora mangle riverine 1360 Lugo & Snedaker (1974)
Rhizophora mangle fringe 118-9 Lugo & Snedaker (1974)
Rhizophora mangle scrub 79 Lugo & Snedaker (1974)
Mixed mangrove
species island 49-0 Lugo & Snedaker (1974)
Laguncularia racemosa succession 81 Lugo & Snedaker (1974)
Japan 24-N  Rhizophora mucronata 5-6 108-1 Suzuki & Tagawa (1983)
Bruguiera gymnorhiza 5-6 976 Suzuki & Tagawa (1983)
Rhizophora+ Bruguiera 5-6 78-6 Suzuki & Tagawa (1983)
Australia
Sydney 34°S Avicennia marina 6-8 128-4 Briggs (1977)
Westernport
Bay 38-S  Awvicennia marina 2-4 86-0 Clough & Attiwill (1975)
New Zealand 37'S  Avicennia marina
var. resinifera 2:5-4 104-1 this study
Avicennia marina
var. resinifera <1 68 this study

The litter-fall rate beneath the low mangroves is greater than that observed beneath
low Avicennia in Westernport Bay, Australia (Clough & Attiwill, 1975) but less than
observed beneath Awvicennia in Sydney, Australia (Goulter & Allaway, 1979). The pro-
duction of fruit varied considerably between the two years. Similar variation has been
noted in other mangroves; Clough and Attiwill (1975) recorded that Awvicennia in
Westernport Bay only set fruit once in two or three years.

A storm in April 1981 led to high litter-fall in that month, particularly in the taller
mangrove (Woodroffe, 1982). In view of the fact that the total litter-fall for 1981-1982
was of the same order of magnitude as the collection year in which the storm event was
recorded it appears that the storm did not contribute disproportionately to the annual
total.

The total fall of litter in Tuff Crater is estimated to be 53-7ta~'. This value is low
because such a large percentage of the basin is covered by stunted and sparse mangrove.
It gives an average rate of 2:66 tha™! a™'; a rate much lower than from any mangroves
studied other than those at the southernmost occurrence of mangroves in Westernport
Bay, Australia. This rate of litter-fall implies that 35%, of the total above-ground
biomass falls annually as litter.
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Leaf biomass on the 12 trees felled averaged 44", of the total above-ground biomass
and on this basis leaves accounted for 45-8 tha™! in the tall mangroves while the leaf
component of litter-fall averaged 4-4tha ! a~'. In the low mangrove leaf biomass was
3-0tha™! and leaf fall 2:5tha™!a~!. It appears from these figures that leaf turnover is
far more rapid in the stunted mangrove than in the tall. In the low mangrove it is close to
the annual turnover of leaves of 0-88 suggested by Pool et al. (1975).

The structure of a mangrove ecosystem is shown schematically in Figure 4. Nutrients
can be recycled iz situ but organic matter is also lost from the system in a number of
ways. In some mangrove stands herbivory may be important and Johnstone (1981) has
recorded up to 20°, consumption of leaves in mixed mangrove stands in New Guinea.
Herbivory is relatively unimportant in the mangroves in Tuff Crater; Johnstone
recorded low levels of leaf consumption of Avicennia in New Zealand and in Shoal Bay,
adjacent to Tuff Crater, he recorded a site where 0°, of the leaf area had been eaten
(Johnstone, 1981, table 5).

The decomposition of litter is an important stage in its utilisation in the estuarine
system. Rates of decomposition vary according to oxygen availability, substrate
characteristics, and micro-organism and scavenger activity, but are generally high in
mangrove swamps (Hesse, 1961). It has been shown that Avicennia leaves in Tuff Crater
lose approximately half their weight in 10 weeks, a decomposition rate very similar to
that found elsewhere in New Zealand by Albright (1976) and in Sydney by Goulter &
Allaway (1979). In Thailand, Boonruang (1978) recorded a much more rapid rate of
degradation with Avicennia leaves losing half their weight in 20 days.

The degradation rates may be artificially low because the method used excludes some
organisms which may accelerate the breakdown. The amphipod, Orchestia sp. was
observed to be numerous in litter decomposition bags and evidently plays an important
role in the breakdown process. Crabs are known to assist with degradation of mangrove
litter in the tropics (Malley, 1978) and the New Zealand mangrove crab, Helice crassa
Dana, which would generally have been too big to have entered the bags, may be import-
ant in breaking down mangrove tissues faster.
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Vertebrates FOOD CHAIN
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Figure 4. A schematic model of the mangrove ecosystem.
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One of the unknown factors in the functioning of the mangrove ecosystem (Figure 4) is
the proportion of the litter or detrital fragments which become incorporated into the
substrate as opposed to that which is flushed from the system by tidal action. The rate of
accumulation of detritus on and in the substrate is difficult to measure. It is likely to vary
in relation to substrate characteristics, the frequency of tidal inundation and the stage
and hence energy of the tide, as well as seasonally with the pattern of production and
supply of mangrove litter. Boto and Bunt (1981) observed that in Coral Creek, Queens-
land there was no accumulation of litter in the mangrove swamp as litter falling in the
area was effectively removed by the subsequent high tide. In Tuff Crater, leaves and
detrital fragments have been observed with a thin cover of mud which prevents their
suspension at high tide. The organic content of the sediments is high but variable and
although not all of this organic matter is derived from mangrove detritus, a proportion of
the detrital production is evidently retained on and in the sediment and recycled in situ.
On the other hand the concentration of particulate matter in the tidal creek, both detritus
floating on the surface and microscopic material in suspension, is high and some material
is flushed from the system by tidal action. Two subsequent papers attempt to estimate
the tidal flux and derive a particulate matter budget for the mangroves in Tuff Crater
(Woodroffe, 1985a, b).

Conclusions

The above-ground biomass (excluding pneumatophores) of the taller mangroves, up to
4 m tall beside the tidal creek in Tuff Crater, is estimated to be 104-1 t ha™! and that of
the lower mangroves, less than 1 m tall on the mudflats, is estimated to be 6-8 tha™!. The
litter-fall beneath the taller mangroves is estimated to be 76 +2-5tha™! a~! and that
beneath the lower mangroves 3-3+0-5tha”! a~!. When these estimates are compared
with data from mangroves from elsewhere it is found that the taller Avicennia, though
close to the southern latitudinal limit of mangroves, is comparable both in terms of bio-
mass and litter-fall with mangroves from more tropical sites. The estimates for the low
mangroves are similar to those for stunted mangroves elsewhere. However, as 94°, of
Tuff Crater is covered with low generally sparse mangroves, the total above-ground bio-
mass in the basin is estimated to be 153-1t and the total litter-fall 53-7ta~!. These
estimates suggest average biomass of 7-6 tha™ ! and average litter-fall of 2-7tha~' a1,
which are very low when compared with mangroves from elsewhere.

Decomposition has been shown to occur relatively rapidly, with leaves of Avicennia
losing half their weight in approximately 10 weeks, after which degradation continues at
a slower rate. Sediment samples indicate that the substrate has a high organic content
and although the observation of detritus in the tidal creek implies some tidal flushing
of organic matter from the basin, a proportion of the detrital production is evidently
recycled in situ.
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