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Summary

A major paradigm in biosphere ecology is that organic production, carbon turnover
and, perhaps, species diversity are highest at tropical latitudes, and that each
decrease toward the higher latitudes. To examine these trends in the pantropical
mangrove forest vegetation type, we collated and analysed data on above-ground
biomass and annual litterfall for these communities. Regressions of biomass and
litterfall data show significant relationships to height of the vegetation and latitude. It
is suggested that height and latitude are causally related to biomass, while the
relationship with litterfall reflects the specific growing conditions at the respective
study sites. Comparison of mangrove and upland forest litterfall data shows similar
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trends with latitude but indicates that mangrove litterfall is higher than upland forest
litterfall. The regression equations allow the ratio of litterfall/biomass to be
simulated, and this suggests that differences occur with latitude in the patterns of
organic matter partitioning.
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A major paradigm in biosphere ecology is that organic production, carbon turnover
and, perhaps, species diversity are highest at tropical latitudes, and that each
decrease toward the higher latitudes. Although the pantropical mangrove forest
vegetation type has a remarkably low and uniform species diversity (Tomlinson
1986), we hypothesized that this halophytic plant community would nevertheless
exhibit similar latitudinal trends in both organic production and carbon turnover. To
test this hypothesis, we have assembled and analyzed data from published and
unpublished sources pertaining to mangrove forest biomass and forest height
(indices of organic production), and annual litterfall (an index of carbon turnover).

Materials and Methods

Above-ground biomass: Our analysis is limited to above-ground biomass because
there are relatively few reported estimates of below-ground biomass for mangroves
(Lugo and Snedaker 1974; Golley et al. 1975; Clough and Attiwill 1975; Komiyama
et al. 1987; Komiyama et al. 1988). Whereas most of the data were derived from
published sources, unpublished reports were included for those sites and studies
with which we were familiar.

Criteria for inclusion of published and unpublished data for the biomass analyses
included the following requirements: (1) biomass data sets had to include all aboveground components including root structures, e.g., penumatophores and prop roots;
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(2) forest height and latitude data had to have been reported or otherwise readily
ascertainable; and (3) all harvest and weighing methods had to have been
adequately explained to ensure that appropriate techniques had been used;
allometry was accepted when an account of the statistical variance was provided.
When upper and lower canopy heights were given, median values were used in the
analysis.

Annual litterfall: In view of the problems of data comparison identified by Proctor
(1983), criteria for inclusion of the data for the litterfall analyses included the
following requirements: (1) all components of the litter had to be included in the
study, not merely the leaf component; (2) height of the study-site vegetation and the
latitude of the study area had to have been given, or be ascertainable from other
sources; (3) only litterfall data collected over at least one calender year were
accepted regardless of season of commencement or termination; and (4) all
collecting and weighing methods were accepted as long as sufficient replicate traps
were used to take variability into account.

Statistical analyses: For all analyses, northern and southern hemisphere latitudes
were treated as equivalent. Since there were no consistent differences in biomass or
litterfall between mixed mangroves and monospecific communities of the various
species, data from all mangrove community types were pooled for detailed
analyses.

Linear regressions (y = ax+b) were used without transformations. However, as
height and latitude were highly negatively correlated in both data sets (see below),
the ratio of latitude-to-height was used as a combined variable with logarithmic
transformation. More complex transformations (e.g., exponential, quadratic, and
curvilinear) or regression models (e.g., joint function regressions such as y =
ax1+[b+cx2]x3+d) were investigated but were not used further because, in general,
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they did not explain the variance in the data to any markedly greater extent than did
the simpler linear models. Also, the linear models were deemed to be sufficient in
illustrating the major trends.

Analyses of variance were calculated for all regressions because not all data were
normally distributed, specificially latitude and biomass. All statistical analyses were
carried out on standard software packages for the Macintosh computer, including
Statview 512+™.

Results

Above-ground Biomass

The assembled data (n = 43) are presented in Table 1. The biomass ranged from
436.4 t.ha-1 in tall Rhizophora apiculata forests in Indonesia (Komiyama et al. 1988)
to 6.8 t.ha-1 in low Avicennia marina communities (Woodroffe 1985). Other biomass
data, not included in these analyses because of failure to meet the stated criteria,
showed values up to 281.0 t.ha-1 for mixed mangroves in Thailand (Tamai et al.
1983).

The frequency distribution of the biomass data shows it to be somewhat skewed
(skewness = 1.13), with several high values contributing to the skewing. Plots of
biomass against latitude and height of the vegetation are shown in Figs. 1a and b,
together with their respective simple regressions. The highly significant regression
equations found were:

BIOMASS (t.ha-1) = 10.800*Height (m) + 34.994
(r = 0.774, F1, 41 = 61.93, p <0.0001)

Eq. 1

5
BIOMASS (t.ha-1) = 244.994 - 5.570*Latitude (o)

Eq. 2

(r = -0.686, F1, 41 = 36.47, p <0.0001)

The linear regression of biomass against the ratio of latitude and height is shown in
Fig. 1c with the following equation:

BIOMASS (t.ha-1) = 161.405 - 46.393*loge (Latitude/Height)

Eq. 3

(r = -0.814, F1, 41 = 80.68, p <0.0001)

Annual Litter Fall

The assembled data (n = 91) are presented in Table 2. The litterfall values ranged
from 18.7 t.ha-1 in Bruguiera sexangula forests in China (Peng and Wenjiao, not
dated) to 1.3 t.ha-1 for low Rhizophora mangle communities in southern Florida
(Teas 1979). The frequency distribution of the litterfall data shows it to be normally
distributed (skewness = 0.27).

Plots of litterfall against latitude and height of the vegetation are shown in Figs. 2a
and b together with their respective simple regressions. The regression equations
found were:

LITTERFALL (t.ha-1) = 0.342*Height (m) + 5.976



Eq. 4

(r = 0.444, F1, 89 = 21.86, p <0.0001)

LITTERFALL (t.ha-1) = 11.786 - 0.160*Latitude (o)

Eq. 5

(r = -0.364, F1, 89 = 13.61, p <0.0004)

The linear regression of litterfall against the ratio of latitude and height is shown in
Fig. 2c with the following equation:
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LITTERFALL (t.ha-1) = 10.366 - 1.669*loge (Latitude/Height)

Eq. 6

(r = -0.495, F1, 89 = 28.84, p <0.0001)

Discussion

The assembled data and corresponding analyses fully support the principal
hypothesis that, within the global mangrove community, the indices of organic
production and carbon turnover are highest at the lower latitudes (Eq. 2 and 5).

The analyses of height, latitude, and biomass (Eq. 1 and 2) suggest that there is a
strong relationship between biomass and both height (structural development) and
latitude (solar insolation). In other words, when there are no site-specific growth
constraints, the accumulation of biomass is proportional to the ambient solar
insolation. In turn, this finding reflects the generally increased structural complexity
of mangrove communities under the optimal growing conditions of the tropics.

The fact that a strong correlation also exists between the latitude and height (r=0.678, p<0.0001) suggests that latitude influences height of the vegetation through
insolation, temperature, and, perhaps, water availability, which in turn influence the
biomass. This strong correlation between height and latitude is reflected in the ratio
that combines latitude and height into a single variable and accounts for 66% of the
variance in the biomass data.

Pool et al. (1977) presented data on height and latitude of mangroves from 25
western hemisphere study sites. Their data, although not statistically significant,
showed a similar relationship between height and latitude.
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Similar considerations apply to the litterfall data. As equations 5 and 6 show, latitude
and height individually account for 13% and 20% of the variance respectively, while
the ratio of latitude to height explains 25%. In this regard, however, we do not
suggest a causative relationship between height and litterfall for two principal
reasons: (1) the use of the height parameter across the latitudinal gradient is merely
a general index of structural development; and (2) the correlation between the
litterfall and height may simply reflect other variables indicative of more suitable
growing conditions that result in increased organic production and carbon turnover
via leaf or litterfall.

Mangroves frequently express a high within-region diversity of structural patterns,
and an equally high diversity of functional roles (Lugo and Snedaker 1974; Pool et
al. 1977). As observed in Figs. 1a and 2a, there is considerable variation in all
reported parameters for any given latitude. Based on a knowledge of the study sites,
high values for height, biomass, and litterfall indicate optimum habitats, particularly
with respect to reduced salinity regimes, more optimal climatic conditions, and better
site fertility. In contrast, the low-value sites are mainly characterized by natural
stress situations, e.g., aridity and poor fertility (Cintron et al. 1978). Although the
correspondence is not precise, these general trends are consistent with the more
specific conclusions drawn by Pool et al. (1977).

Caution should be exercised in using any of the equations not only beyond the
range of the data, but also at the extremes of their range. However, equations 3 and
6 allow a ratio of litter production-to-biomass to be calculated. This ratio is similar to
the production/biomass ratio proposed by Margalef (1963) with the caveat that
litterfall is a variable fraction of total production. Nevertheless, our simulated
litterfall/biomass ratios (Fig. 3) show that, particularly at higher latitudes, short
communities produce more litter per unit of biomass than taller communities. For
example, low communities have a reported biomass around 7 t.ha-1 (Table 1) and a
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litterfall of 2 t.ha-1 (Table 2), which represents a litterfall/biomass ratio of 286 kg litter
t-1 biomass. In contrast, taller communities, with a biomass around 200 t.ha-1 and a
litterfall around 13 t.ha-1 have a litterfall/biomass ratio of 65 kg litter t-1 biomass.

Proctor (1984) collated global data on litterfall for tropical and subtropical forest
communities together with latitudes of the study sites. These data, exclusive of the
mangrove data, have been regressed as follows:

LITTERFALL (t.ha-1) = 9.949 - 0.201*Latitude (o)

Eq. 7

(r = -0.404, F1, 153 = 29.88, p <0.0001)

The slope of this regression (0.201) is not significantly different (t = 0.475 with df =
242, p>0.7) from the slope of the mangrove regression (0.160 in Eq. 5), suggesting
that similar latitudinal factors influence both upland forest and mangrove
communities. The intercepts, however, suggest that mangrove communities have a
higher litterfall (11.8 t.ha-1 on the equator) than do upland forests (9.9 t.ha-1 on the
equator).

Analyses of the assembled data on mangrove biomass and litterfall fully support the
principal hypothesis that, within the global mangrove community, the indices of
organic production are highest at the lower latitudes, and decrease linearly with
increasing latitudes as do upland forests. Positive relationships between height and
biomass or litterfall can also be recognised, reflecting the reduced constraints to
structural and functional development in the generally more benign growing
conditions in the tropics (Saenger and Holmes 1991). Nevertheless, the shorter
mangrove communities at the higher latitudes apparently produce larger litterfalls
relative to their biomass than do more tropical ones, suggesting that patterns of
organic matter partitioning change with latitudinal gradients and that at higher
latitudes, the carbon turnover is high relative to biomass.

9

Acknowledgements

This review was initiated while the senior author was on study leave at the
Rosenstiel School of Marine and Atmospheric Science, Miami, and the library staff
at that institution are gratefully acknowledged for their assistance. We also thank Dr.
Mark Harwell for his critical review of the manuscript.

References
Adaime RR (1985) Produçao do Bosque de Mangue da Gamboa Nobrega. Ph.D.
Thesis, Universidade de Sao Paulo
Amarasinghe MD, Balasubrananiam S (1992a) Structural properties of two
mangrove forest stands on the northwestern coast of Sri Lanka. Hydrobiologia
247:17-27
Amarasinghe MD, Balasubrananiam S (1992b) Net primary productivity of two
mangrove forest stands on the northwestern coast of Sri Lanka. Hydrobiologia
247:37-47
Briggs SV (1977) Estimates of biomass in a temperate mangrove community. Aust.
J. Ecol. 2:369-373
Burchett MD, Pulkownik A (1983) Distribution of habitat types and their
productivities. In: Moss J (ed) Investigation of the natural areas of Kooragang Island.
N.S.W. Dept. Environment and Planning, Sydney pp. 145-165
Christensen B (1978) Biomass and primary production of Rhizophora apiculata Bl. in
a mangrove in southern Thailand. Aquat. Bot. 4:43-52
Cintron G, Lugo AE, Pool DJ, Morris G (1978) Mangroves of arid environments in
Puerto Rico and adjacent islands. Biotropica 10:110-121
Clough BF, Attiwill PM (1975) Nutrient cycling in a community of Avicennia marina in
a temperate region of Australia.

In: Walsh GE, Snedaker SC, Teas HJ (eds)

10
Proceedings of the international symposium on biology and management of
mangroves. Institute of Food and Agricultural Sciences, University of Florida,
Gainesville, Vol. 1, pp. 137-146
Clough BF, Attiwill PM (1982) Primary productivity of mangroves. In: Clough BF (ed)
Mangrove ecosystems in Australia - structure, function and management. Australian
Institute of Marine Science, Townsville, pp. 213-222
Courtney CM (1980) Production and decomposition in an impounded black
mangrove forest. Fla. Sci. 43 (suppl.):23
Davie JDS (1984) Structural variation, litter production and nutrient status of
mangrove vegetation in Moreton Bay. In: Coleman RJ, Covacevich J, Davie P (eds)
Focus on Stradbroke. New Information on North Stradbroke Island and surrounding
areas, 1974-1984. Boolarong Publications, Brisbane, pp. 208-223
Day WD, Conner WH, Ley-Lou F, Day RH, Navarro AM (1987) The productivity and
composition of mangrove forests, Laguna de Terminos, Mexico. Aquat. Bot.
27:267-284
Duke NC (1988) Phenologies and litter fall of two mangrove trees, Sonneratia alba
Sm. and S. caseolaris (L.) Engl. and their putative hybrid, S. x gulngai N.C. Duke.
Aust. J. Bot. 36:473-482
Duke NC, Bunt JS, Williams WT (1981) Mangrove litter fall in northeastern Australia.
I. Annual totals by component of selected species. Aust. J. Bot. 29:547-553
Flores-Verdugo FJ, Day JW, Briseno-Duenas R (1987) Structure, litter fall,
decomposition, and detritus dynamics of mangroves in a Mexican coastal lagoon
with an ephemeral inlet. Mar. Ecol. Progr. Ser. 35:83-90
Golley FB, Odum HT, Wilson RF (1962) The structure and metabolism of a Puerto
Rican red mangrove forest in May. Ecology 43:9-19
Golley FB, McGinnis JT, Clements RT, Child GI, Duever MJ (1975) Mineral cycling
in a tropical moist forest ecosystem. University of Georgia Press, Athens, Georgia

11
Gong WK, Ong JE, Wong CH, Dhanarajan G (1984) Productivity of mangrove trees
and its significance in a managed mangrove ecosystem in Malaysia. Proc. Asian
Symp. Mangr. Env.- Res. & Manag., pp. 216-225
Goulter PFE, Allaway WG (1979) Litter fall and decomposition in a mangrove stand,
Avicennia marina (Forsk.) Vierh., in Middle Harbour, Sydney. Aust. J. Mar. Freshw.
Res. 30:541-546
Heald EJ (1971) The production of organic detritus in a south Florida estuary. Univ.
Miami Sea Grant Tech. Bull. No. 6, pp. 110
Komiyama A, Ogino K, Aksornkoae S, Sabhasri S (1987) Root biomass of a
mangrove forest in southern Thailand. I. Estimation by the trench method and the
zonal structure of root biomass. J. Trop. Ecol. 3:97-108
Komiyama A, Moriya H, Prawiroatmodjo S, Toma T, Ogino K (1988) Primary
productivity of mangrove forest. In: Ogino K, Chihara M (eds) Biological system of
mangroves. A report of east Indonesian mangrove expedition 1986. Ehime
University, Ehime, pp. 97-117
Lahmann EJ (1988) Effects of different hydrological regimes on the productivity of
Rhizophora mangle L. A case study of mosquito control impoundments at
Hutchinson Island, Saint Lucie County, Florida. Ph.D. Thesis, University of Miami.
Leach GJ, Burgin S (1985) Litter production and seasonality of mangroves in Papua
New Guinea. Aquat. Bot. 23:215-224
Lee SY (1989) Litter production and turnover of the mangrove Kandelia candel (L.)
Druce in a Hong Kong tidal shrimp pond. Est. Coastal Shelf Sci. 29:75-87
Lopez-Portillo J, Ezcurra E (1985) Litter fall of Avicennia germinans L. in a one-year
cycle in a mudflat at the Laguna de Mecoacan, Tabasco, Mexico. Biotropica 17:186190
Lu C (not dated) Studies on some ecological characteristics of mangrove of Jiulong
River estuary, Fujian. Abstract, pp. 2

12
Lugo AE, Snedaker SC (1974)
Systematics 5:39-64

The ecology of mangroves. Ann. Rev. Ecol.

Lugo AE, Twilley RR, Patterson-Zucca C, (1980) The role of black mangrove forests
in the productivity of coastal ecosystems in south Florida. Report to E.P.A. Corvallis
Environmental Res. Laboratory, Corvallis, Oregon, 282 pp.
Margalef R (1963) On certain unifying principles in ecology. Amer. Natur. 97:357374
Mullen K, Hernandez A (1978) Productividad primaria neta en un manglar del
Pacifico Colombiano. In: Velez MV, Beltran RR (eds) Memorias seminario sobre el
Oceano Pacifico Sudamericano. Universida del Valle, Cali, Colombia, Vol. 1. pp.
663-685
Murray F (1985) Cycling of fluoride in a mangrove community near a fluoride
emission source. J. Appl. Ecol. 22:277-285
Nishira M (1978) Aspects of Japanese mangroves. Presented at the UNESCO
Regional Seminar on Human Uses of the Mangrove Environment and its
Management Implications. BANSDOC, Dacca, Bangladesh. unpubl. ms.
Ong JE, Gong WK, Wong CH (1980) Ecological survey of the Sungai Merbok
estuarine mangrove ecosystem. Universiti Sains Malaysia, Penang.
Ong JE, Gong WK, Wong CH (1981) Ecological monitoring of the Sungai Merbok
estuarine mangrove ecosystem. Universiti Sains Malaysia, Penang.
Peng L, Wenjiao Z (not dated) Study on the growth of two mangrove plants.
Abstract, pp. 2
Peng L, Lu C, Lin G, Chen R, L. Su L (not dated) Studies on the mangrove
ecosystem of Jiulongjiang River estuary in China. 1. The phytobiomass and
productivity of Kandelia candel community. Abstract, pp. 1
Pool DJ, Lugo AE, Snedaker SC (1975) Litter production in mangrove forests of
southern Florida and Puerto Rico. In: Walsh GE, Snedaker SC, Teas HJ (Eds.).
Proceedings of the international symposium on biology and management of

13
mangroves. Institute of Food and Agricultural Sciences, University of Florida,
Gainesville, Vol. 2. pp. 213-237
Pool DJ, Snedaker SC, Lugo AE (1977) Structure of mangrove forests in Florida,
Puerto Rico, Mexico and Costa Rica. Biotropica 9:195-212
Proctor J (1983) Tropical forest litterfall. I. Problems of data comparison. In: Sutton
SL, Whitmore TC, Chadwick AC (eds) Tropical rain forest: ecology and
management. Blackwell Scientific Publications, Oxford. pp. 267-273.
Proctor J (1984) Tropical forest litterfall. II. The data set. In: Chadwick AC, Sutton
SL (eds) Tropical rain forest: ecology and management, supplementary volume.
Blackwell Scientific Publications, Oxford. pp. 83-113.
Saenger P, Holmes N (1991) Physiological, temperature tolerance and behavioral
differences between tropical and temperate organisms. In: Connell DW, Hawker DW
(eds) Pollution in Tropical Systems. CRC Press, Florida. pp. 69-95.
Sasekumar A, Loi JJ (1983) Litter production in three mangrove forest zones in the
Malay Peninsula. Aquat. Bot. 17:283-290
Steinke TD, Charles LM (1984) Productivity and phenology of Avicennia marina
(Forsk.) Vierh. and Bruguiera gymnorrhiza (L.) Lam. in Mgeni Estuary, South Africa.
In: Teas HJ, (ed) Physiology and management of mangroves. Dr. W. Junk, The
Hague. pp. 25-36.
Suzuki E, Tagawa H (1983) Biomass of a mangrove forest and a sedge marsh in
Ishigaki Island, South Japan. Japan. J. Ecol. 33:231-234
Tamai S, Nakasuga T, Tabuchi R, Ogino K (1983) Ecological studies of mangrove
forests in southern Thailand: Standing structure and biomass. Mangrove ecology in
Thailand. Bulletin of the Thai-Japanese Co-operative Research Project on
Mangrove Productivity and Development 1981-1982, pp. 3-15
Teas HJ (1979) Silviculture with saline water. In: Hollaender, A (ed) The Biosaline
Concept. Plenum Press, New York. pp. 117-161

14
Tomlinson PB (1986) The botany of mangroves. Cambridge University Press,
Cambridge
Twilley RR (1982) Litter dynamics and organic carbon exchange in black mangrove
(Avicennia germinans) basin forests in a southwest Florida estuary. Ph.D. Thesis,
Univ. Florida, Gainesville
Woodroffe CD (1982) Litter production and decomposition in the New Zealand
mangrove, Avicennia marina var. resinifera. N.Z. J. Mar. Freshw. Res. 16:179-188
Woodroffe CD (1985) Studies of a mangrove basin, Tuff Crater, New Zealand: I.
Mangrove biomass and production of detritus. Est. Coastal Shelf Sci. 20:265-280
Woodroffe CD, Moss TJ (1984) Litter fall beneath Rhizophora stylosa Griff., Vaitupu,
Tuvalu, South Pacific. Aquat. Bot. 18:249-255
Woodroffe CD, Bardsley KN, Ward PJ, Hanley JR (1988) Production of mangrove
litter in a macrotidal embayment, Darwin Harbour, N.T., Australia. Est. Coastal Shelf
Sci. 26:581-598

