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"What is the reason that seawater nourishes not 
trees? Is it not for the same reason that it nour- 
ishes not earthly animals? . . .  Nor, though seawa- 
ter be aliment to marine plants as to its fishes, will 
it therefore nourish earthly plants, since it can 
neither penetrate the roots, because of  its gross- 
ness, nor ascend, by reason of its w e i g h t . . .  Or is 
it because drought is a great enemy to trees?" 

Plutarch, 70 AD (translated by Bowman, 
1917) 
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Introduction 

"Mangrove" is an ecological term referring to a 
taxonomically diverse association of woody trees 
and shrubs that form the dominant  vegetation in 
tidal, saline wetlands along tropical and subtropi- 
cal coasts. One striking feature of mangrove for- 
ests is the distribution of species in a marked zo- 
nation pattern normal to shore (e. g. Saenger et al. 
1977; Semeniuk and Wurm 1987). These zonation 
patterns are generally well correlated with the fre- 
quency and duration of tidal immersion (Watson 
1928; Chapman 1944; Macnae 1968). Such corre- 
lations between vegetation patterns and idal 
characteristics tend to be site-specific because the 
two factors are not directly related. Tidal charac- 
teristics exert their influence on vegetation 
through intermediate factors, which either directly 
affect growth or are resources required for 
growth. Such factors include the degree of  soil 
saturation, the form and availability of  nutrients 
and the salinity of surface and soil water. The pre- 

sent review considers the physiological bases of  
coping with two of the outstanding environmental 
features of mangrove swamps, waterlogging and 
salinity, and how these physiological attributes 
might contribute to the differential distribution of 
mangrove species along tidal gradients. 

Waterlogging 

Aerobic metabolism in anaerobic environments 

Coping with waterlogged, or more correctly hy- 
poxic, environments largely involves strategies of 
avoidance. The structure of mangrove roots, 
which are shallow and have numerous lenticels 
and extensive aerenchyma, increases the availabili- 
ty of oxygen to roots growing in oxygen deficient 
sediments (Tomlinson 1986). In addition, many 
species have aerial roots that vary widely in form 
(Tomlinson 1986) and include stilt roots (e.g. 
Rhizophora stylosa), knee roots (e. g. Bruguiera ex- 
aristata), pneumatophores (e.g. Avicennia marina) 
and plank roots (e.g. Xylocarpus granatum). The 
major feature of all these root systems is that the 
aerial roots are exposed to the atmosphere at least 
during periods of low tidal inundation. Such con- 
tact is essential because the diffusion of  oxygen 
occurs 10, 000 times more rapidly through air than 
through water, and aeration of  the root system de- 
pends on the diffusion of  oxygen down partial 
pressure gradients from the atmosphere to sites of  
respiration in the roots (Scholander et al. 1955). 
This is a highly efficient means of  root ventilation 
in A. marina, in which the aerenchyma accounts 
for as much as 70% of the total root volume (Cur- 
ran 1985). Indeed, leakage of  oxygen from the 
roots of .4. germinans causes the surrounding soil 
to be more oxidized than would be expected in 
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anaerobic sediments (Nickerson and Thibodeau 
1985; Thibodeau and Nickerson 1986). Thus, 
while the root systems may cope with temporary 
periods of anaerobiosis (McKee and Mendels- 
sohn 1987), root functioning depends on the 
maintenance of aerobic conditions in tissues 
growing in an otherwise anaerobic environment. 

Nutrient availability in relation to soil saturation 

Recent studies have provided intriguing data link- 
ing tidal regimes and the nutritional status of 
coastal wetlands (Boto 1982; Valiela 1984). Tidal 
waters distribute both free and particulate-bound 
nutrients throughout the swamp systems, with the 
nutrient inputs being greatest in frequently 
flooded areas of sediment deposition. However, 
this is not the only effect of  tidal flooding on the 
availability of nutrients along inundation gradi- 
ents. The degree of soil saturation influences the 
redox status of  the sediment which, in turn, af- 
fects both the form and availability of inorganic 
nutrients. 

Boto and Wellington (1983, 1984) have found 
variations in the relative limitations of nitrogen 
and phosphorus to mangrove growth along a tidal 
inundation gradient. At one extreme of frequent 
tidal flooding, the saturated sediments are gener- 
ally depleted of  oxygen. In these reducing envi- 
ronments, the major form of combined inorganic 
nitrogen is ammonia. Ammonia  is not easily 
leached from the sediments because it readily ad- 
sorbs onto organic particles. This can cause the 
levels of  ammonia to be relatively high in highly 
organic sediments. However, the supply of phos- 
phorus generally exceeds that of  ammonia, caus- 
ing nitrogen to be limiting to mangrove growth in 
flooded, anaerobic sediments at low tidal eleva- 
tions (Boto and Wellington 1983, 1984). 

At less frequently flooded elevations, drainage 
of flooded soils can cause them to become partial- 
ly aerobic and hence more oxidized. Under these 
conditions, the major form of combined inorganic 
nitrogen is nitrate. The lower rate of input from 
flooding waters combined with the ease with 
which nitrate can be leached from the sediments 
would be expected to result in even greater nitro- 
gen limitations to growth in oxidized soils at high 
tidal elevations than in reduced soils at low tidal 
elevations. However, mangrove growth in the 
more oxidized soils is apparently limited by the 
availability of  phosphorus, which may become 
depleted by adsorption onto clay and precipita- 
tion with calcium, aluminium and iron (Boto and 
Wellington 1983, 1984). 

There is also a pronounced interaction of sa- 
linity and waterlogging on nutrient availability, 
which is not well understood. For example, toler- 
ance to increasing salinity is generally lowered by 
hypoxia, which apparently interferes with both 
salt exclusion and selectivity for K + over Na + 
(Kriedemann and Sands 1984; Drew and Dikum- 
win 1985). In A. marina, which has a high capaci- 
ty for selective uptake of K § the K § levels in 
leaves decline with increasing salinity (Downton 
1982; Ball and Farquhar 1984b; Clough 1984; 
Ball et al. 1987) and are lower in plants grown un- 
der waterlogged than under well-drained condi- 
tions (Naidoo 1985). Indeed, the levels found in 
field grown A. marina (Popp 1984a) are at or near 
the lowest K § level, which can be maintained 
without metabolic disorders (Ball et al. 1987). 

The cost(s) o f  waterlogging tolerance 

The carbon costs of  tolerating waterlogged soils 
are difficult to assess. There are, perhaps, greater 
carbon costs of root functioning in waterlogged 
than in well-drained soils in that carbon invested 
in structures for root ventilation might otherwise 
be invested in structures for absorption of water 
and nutrients. Curiously, the rates of water uptake 
are lower in waterlogged than in well-drained 
soils (Naidoo 1983, 1985), such that the supply of 
water to the shoot is lower in environments with 
an infinite supply of water. As carbon cannot be 
gained without the expenditure of water, a limita- 
tion in the supply of water is also a limitation to 
growth. Interspecific differences in the ability 
to cope with waterlogged conditions, including 
effects of hypoxia on the uptake of water and 
nutrients, may well contribute to the character- 
istic segregation of species along tidal inundation 
gradients. 

Salinity 
Halophytes and the physiological continuum of  
salinity tolerance 

Mangroves are halophytes, plants which naturally 
complete their life cycles under saline conditions 
(Flowers et al. 1986). Salinity in the mangrove en- 
vironment is due largely to NaCI and varies in 
time and space from freshwater to hypersaline 
conditions. The salt concentration in seawater is 
approximately 35 g/l, which in solution includes 
483 m M N a  § and 558 mMC1-  (Harvey 1966). 

Assessment of the salinity tolerance of a spe- 
cies is complicated by the variation in sensitivity 
to salinity with the developmental status of the 
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plant. For example, A. marina is viviparous, in 
that germination and subsequent development in- 
to a juvenile seedling or propagule occur on the 
mother tree. Following release of the propagules, 
further growth and development into an estab- 
lished seedling are maximal in 50% seawater 
(Connor 1969; Clarke and Hannon 1970; Ball 
1981). However, effects of  salinity on growth of 
propagules are confounded by effects of  salinity 
on redistribution of cotyledonary reserves (Ball 
1981). Once the seedlings are mature and no lon- 
ger dependent on reserves, the optimal salinity for 
growth is substantially lower, ranging from 
10%-25% seawater (Downton 1982; Burchett et 
al. 1984; Clough 1984; Naidoo 1987; Ball 1988). 
Similar results have been found in other species in 
which reserves apparently enable seedling estab- 
lishment under conditions which are otherwise 
unsuitable for growth (Ball and Pidsley 1988). 

The mangrove species exhibit a broad spec- 
trum of growth responses to salinity, as shown in 
a recent study of 16 mangrove species (Ball and 
Pidsley 1988). At one salinity extreme, growth of 
Sonneratia lanceolata is maximal in salinities 
ranging from freshwater to 5% seawater, and de- 
clines to minimal values in 50% seawater. Most 
mangrove species also grow in freshwater, but 
growth is stimulated by saline conditions, with the 
optimal salinities for growth ranging from 5% to 
50% seawater. In some cases, e.g. Ceriops decand- 
ra and S. alba, extremely poor growth and time- 
dependent  decline in vigour indicate that the 
plants are n o t  likely to grow to maturity under 
freshwater conditions. In this ecological sense, 
these species could be considered obligate halo- 
phytes. Long-term growth studies may identify 
other obligate halophytes, as the presence of high 
salt concentrations in seed and propagule reserves 
may enable temporary growth in freshwater habi- 
tats but not sustain growth to maturity. Finally, 
some species may be obligate halophytes in the 
physiological sense that they require saline condi- 
tions for growth. Propagules of two species, Bru- 
guiera parviflora and C. tagal var. australis, failed 
to grow in freshwater. The addition of  as little as 
5% seawater to the culture solutions was sufficient 
to produce vigorous specimens of all four appar- 
ently obligate halophytes. The physiological basis 
of  either growth stimulation or the apparent re- 
quirements for saline conditions are unknown 
(Flowers et al. 1986). Thus, the growth responses 
of  mangroves to salinity are as varied as the envi- 
ronments in which they are found and reflect a 
physiological continuum of salinity tolerance 
ranging from the responses of a moderately salt 

tolerant glycophyte to those of highly salt tolerant 
and apparently obligate halophytes (Ball and 
Pidsley 1988). 

Physiological bases o f  salt tolerance 

Mangroves have frequently been classified ac- 
cording to three strategies of salt tolerance: salt 
exclusion, salt accumulation and salt secretion. 
This classification scheme is misleading as none 
of  these so-called strategies are means of salt tol- 
erance in themselves. All of  the mangroves ex- 
clude salt at the roots, with those possessing salt 
secretion glands apparently being the least effec- 
tive at salt exclusion (Scholander et al. 1962, 
1966; Atkinson et al. 1967; Scholander 1968; 
Clough 1984). All of  the mangroves accumulate 
ions for osmoregulation (Popp 1984a, b; P o p p e t  
al. 1984), although they presumably differ in the 
extent to which ions can be accumulated without 
metabolic dysfunction. A few species have salt se- 
cretion glands, which may allow more flexibility 
in coping with fluctuations in the salt influx to the 
shoot, but do not free the plant from the rigors of 
coping with saline environments: osmoregulation, 
ion compartmentation, selective ion uptake, and 
maintenance of a balance between the supply of 
ions to the shoot and the capacity to accommo- 
date the salt influx. 

Osmoregulation and ion compartmentation 

Naturally, there are interspecific differences in 
the capacity to maintain favourable water rela- 
tions along gradients of  increasing salinity. Such 
gradients are notoriously difficult to quantify, not 
only because of spatial and temporal variation, 
but because the sources of water actually used by 
a plant may not reflect the prevailing salinities of  
surface waters. For example, freshwater seepage 
can be an important determinant of  the distribu- 
tion of mangroves in hypersaline habitats (Seme- 
niuk 1983). Sternberg and Swart (1987) have de- 
vised an elegant method to determine the sources 
of water used by mangroves. The method is based 
on comparison of  the hydrogen and oxygen iso- 
tope composition of  stem water with the isotope 
compositions characteristic of  freshwater and sea- 
water. In general, the isotopic ratios of stem 
water indicated a spectrum of water usage, rang- 
ing from freshwater to seawater in mangroves 
growing along a tidal inundation gradient from 
the inland to the seaward margins of a swamp, re- 
spectively (Sternberg and Swart 1987). They also 
found that some species whose surface roots were 
bathed in seawater were primarily obtaining wa- 
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ter from a lens of brackish to freshwater salinity. 
These studies underscore the enormous importance 
of  stable isotopes in understanding physiological 
responses to environmental factors. 

A positive water balance can only be main- 
tained if tissue water potentials are lower than the 
osmotic potentials of  the substrate in which the 
plants are growing (Clough et al. 1982). For exam- 
ple, leaf water potentials in mangroves growing in 
seawater, which has an osmotic potential of  ap- 
proximately - 2 . 5  MPa, range from - 2 . 7  to 
- 5 . 7  MPa (Scholander et al. 1964; Scholander 
1968). The water potential of  a plant cell is deter- 
mined by the hydrostatic pressure and osmotic po- 
tential of  the cell sap, with the latter being the ma- 
jor component. The osmotic potential is generated 
by dissolved solutes in the cell sap. Thus, the in- 
tracellular concentrations of such solutes must in- 
crease with increasing salinity if cellular osmotic 
potentials are to be maintained at levels lower 
than those in the root environment. 

Mangroves, like most other salt tolerant plants 
(Flowers et al. 1986), accumulate high concentra- 
tions of inorganic ions that function in the os- 
moregulation of leaves and other tissues (Popp 
1984a). For example, the salt concentrations in 
leaves of A. marina increase from 300-600 m M  
NaCI with increase in salinity from 50-500 m M  
NaCI, respectively (Downton 1982; Ball and Far- 
quhar 1984b; Clough 1984). The vacuole is the 
major site of  ion accumulation, with the concen- 
trations of ions in other intracellular compart- 
ments probably differing little from those in salt 
sensitive species, except perhaps during salinity 
stress. Osmotic adjustment in chloroplasts (Han- 
son et al. 1985), cytoplasm and presumably other 
metabolic compartments is apparently achieved 
by synthesis of  compatible solutes, low-molecu- 
lar-weight organic compounds that do not inter- 
fere with metabolism (Popp 1984a, b; Poppe t  al. 
1984). In this manner,  intracellular compartmen- 
tation of ions protects biochemical processes that 
are just as sensitive to high concentrations of 
NaC1 in vitro as those isolated from glycophytes. 

The importance of ionic compartmentation to 
physiological functioning is exemplified by the 
ionic relations of chloroplasts, in which inorganic 
ions play a major role in the regulation of photo- 
synthetic processes (Barber 1976). To date, there 
is no convincing evidence of  fundamental differ- 
ences in the properties of either enzymes or pho- 
tosynthetic membranes that would identify chlo- 
roplasts as a site of  adaptation to the high internal 
salt concentrations typical of  leaves of salt toler- 
ant plants (see review: Ball 1986). These similari- 

ties in the photosynthetic machinery are consis- 
tent with similarities in the ionic composition of 
chloroplasts isolated from salt sensitive and salt 
tolerant species. For example, chloroplasts isolat- 
ed from the pea, Pisum sativum, contain 100 m M  
CI- (Robinson and Downton 1984). Similar con- 
centrations of CI- also occur in chloroplasts of  
the salt tolerant species, Suaeda maritima (Har- 
vey et al. 1981), Beta vulgaris (Robinson and 
Downton 1984), Spinacia oleracea (Kaiser et al. 
1983; Robinson et al. 1983; Robinson and Down- 
ton 1984), and Suaeda australis (Robinson and 
Downton 1985). Potassium is the major monova- 
lent cation, but the N a §  + ratios in chloroplasts 
of  salt tolerant species are much higher than those 
found in salt sensitive species (Harvey et al. 1981; 
Kaiser et al. 1983; Robinson et al. 1983; Robin- 
son and Downton 1984, 1985). This difference in 
the composition of cations raises questions about 
the extent to which Na § may substitute for K § in 
chloroplasts of salt tolerant plants. 

Failure to maintain the ionic composition of 
the chloroplast as high concentrations of ions ac- 
cumulate within the leaf could have disastrous 
consequences for photosynthetic metabolism. 
High concentrations of NaCI would interfere with 
enzymatic reactions (Greenway and Osmond 
1972) as well as cause disorganization of photo- 
system II through release of electrostatically 
bound polypeptides of the oxygen-evolving com- 
plex (Andersson et al. 1984). Such damage to pho- 
tosystem II would result in loss of photochemical 
capacity and in vulnerability to photoinhibition 
(Ball and Anderson 1986). Thus, accumulation of 
NaC1 in chloroplasts, even those of highly salt 
tolerant mangroves, would result in rapid loss of 
photosynthetic activity, particularly in the light. 

Variation in salinity also affects the foliar con- 
centrations of K § a nutrient required in relatively 
high concentrations for photosynthesis and other 
metabolic processes (Huber 1985). Studies of pho- 
tosynthetic properties in relation to the ionic com- 
position of leaves have shown that the decrease in 
photosynthetic capacity in A. marina with in- 
crease in salinity from 50 to 500 m M  NaCI is due 
to salinity-induced K § deficiency rather than to 
toxic effects of  NaC1 accumulation (Ball 1981; 
Ball and Farquhar 1984b; Ball et al. 1987). With 
increase in salinity from 50 to 500 m M  NaCI, the 
concentration of CI- increased from 352 to 
628 mM; sodium concentrations also increased, 
but decline in the K § concentration from 157 to 
98 mMcaused  the N a + / K  § ratio to increase from 
1.53 to 5.68 (Ball and Farquhar 1984b). The pho- 
tosynthetic capacity in these leaves decreased 50% 
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with increase in salinity from 50 to 500 m M  NaC1. 
In contrast, the photosynthetic capacity of 
A. marina was unaffected by the same range of  
salinity and NaC1 accumulation in leaves when 
the plants were grown such that the K § concentra- 
tion in leaves remained relatively constant (Ball 
1981). It appeared from these experiments that 
loss of  photosynthetic capacity with increasing 
salinity was related to metabolic requirements for 
K § and a decreasing capacity to satisfy those 
needs with increasing salinity (Ball et al. 1987). 

Selective ion uptake by the roots 

There have been few studies of  the structure and 
function of roots in mangroves, and most recent 
research has concentrated on roots of A. marina. 
This is one of  the most salt tolerant species, fre- 
quently occurring in environments that are at 
least seasonally hypersaline, with salinities rang- 
ing from 2 to 3 times that of seawater. In an ele- 
gant study, Moon et al. (1986) found that most of  
the root system in ,4. marina is isolated from the 
external solution by a barrier to apoplastic trans- 
port in the periderm and exodermis. Access of  the 
external solution to the symplasm is restricted to 
the distal 17 mm of third- and fourth-order roots. 
Moon et al. (1986) noted that the location of  an 
apoplastic barrier at the root periphery has two 
major consequences for root functioning in saline 
environments. First, it prevents the cortex from 
experiencing salt concentrations equal to those of  
the external solution. Second, the NaC1 concen- 
trations in the cortical apoplast could increase to 
deleterious levels if ion exclusion from the stele 
were to occur only at the endodermal Casparian 
band. 

The mechanism(s) of  salt exclusion are un- 
known. It has been argued that the apoplastic up- 
take of  from 1% to 5% of  the external salt solution 
would be sufficient to account for the rates of salt 
transport to the shoot (Pitman 1977). However,  
several lines of  evidence indicate minimal apo- 
plastic uptake of water and ions in A. marina. 
Using a fluorescent tracer dye which is confined 
to the apoplast, Moon et al. (1986) found that the 
concentration of  dye in xylem fluid expressed 
from A. marina was less than 0.17% of that in the 
solution bathing the roots. Further, the concentra- 
tions of  ions in the xylem would be expected to 
remain nearly constant with variation in the vol- 
ume flux if apoplastic uptake were the major 
source of  ions in the transpiration stream. Howev- 
er, the xylem C1- concentrations in Aegiceras 
corniculatum and Avicennia marina are inversely 

related to the transpiration rates such that the salt 
flux to the leaves does not increase with increase 
in rates of  water loss at a given salinity (Ball 
1988). Similarly, the concentrations of  Na § K § 
and C1- in the xylem of A. marina were minimal 
during periods of  maximal evaporation under 
field conditions (Waisel et al. 1986). All of  these 
results imply that the major means of  ion entry in- 
to the transpiration stream is via symplastic path- 
ways, consistent with studies on root functioning 
in another halophyte, Suaeda maritima (Yeo and 
Flowers 1986). 

Clearly, the structural and functional attri- 
butes of  roots in A. marina are admirably suited 
to coping with highly saline environments. The 
extent to which similar characteristics occur in 
other mangrove species is unknown. It seems like- 
ly that interspecific differences in the relative con- 
tributions of  apoplastic and symplastic pathways 
to ion uptake and in the ability of  the symplasm 
to regulate ion uptake with increasing external 
salinity may be major factors affecting differences 
in salt tolerance. 

Coping with the salt influx to the shoot 

Salt tolerance depends on balancing the transport 
of  ions to the shoot with the requirements or ca- 
pacities of  the shoot to accommodate the salt in- 
flux. Once supplied to the leaf, the ions must ei- 
ther remain in the apoplast, be taken up by the 
leaf cells or be re-exported from the leaf (Flowers 
et al. 1986; Flowers and Yeo 1986). The apoplast 
occupies only 1.9% to 3.3% of the mesophyll cell 
volume and hence has a small ion storage capaci- 
ty (Flowers and Yeo 1986). An imbalance be- 
tween the supply of  ions to the apoplast and their 
removal either by cellular uptake or re-export 
wou ld  lead to excessive ion levels in the apoplast 
and dehydration of  the mesophyll (Oertli 1968). 
Of  the cellular compartments, the cytoplasm oc- 
cupies only 5% to 10% of  the mesophyll cell vol- 
ume and must maintain relatively low concentra- 
tions of  ions in order to protect sensitive metabol- 
ic processes from ion stress. Thus the vacuole, 
which occupies at least 80% of  the cell volume, is 
the only significant ion storage site within the 
leaf. An imbalance between the uptake of  ions by 
the symplasm and the capacity for storage in the 
vacuole would lead to the toxic accumulation of  
ions in the cytoplasm and metabolic dysfunction. 

Species in the genera Acanthus, Aegialitis, Ae- 
giceras, and Avicennia possess salt secretion 
glands in the leaves (Scholander et al. 1962; At- 
kinson et al. 1967; Cardale and Field 1971; Fara- 
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Table 1. Salt balance in shoots of Aegiceras corniculatum and Avicennia marina in relation to salinity (after Ball 1988) 

Parameter A. corniculatum A. marina 

Growth salinity (m M NaC1) 50 250 500 50 

Net water use efficiency (mg dw mol-~ water) 73.8 45.0 41.4 81.0 

Net CI - uptake (I.tmol CI-  1 mol -  ~ water) 
Accumulation:  

Roots 15.6 25.1 19.2 44.0 
Stems 20.8 7.7 2.2 10.5 
Leaves 26.1 26.0 16.9 34.2 
Total 62.5 58.8 38.3 88.7 

Secretion 28.7 85.6 157.0 13.4 
Total Uptake 91.2 144.4 195.3 102.1 

Shoot salt balance 

CI-  uptake to shoot per unit  shoot growth (mmol g-  ~ dw) 1.2 3.5 8.5 1.1 

CI-  accumulation (% shoot uptake) 62.0 28.2 10.8 76.9 

CI-  secretion (% shoot uptake) 38.0 71.8 89.2 23.1 

250 500 

79.2 91.8 

35.1 
17.0 
34.6 
86.7 
64.2 

150.9 

112.9 
28.3 
47.3 

188.5 
94.8 

283.3 

2.3 3.0 

44.6 44.4 

55.4 55.6 

dw, dry weight 

day and Thomson 1986). In these salt-secreting 
species, some of the salt borne in the transpiration 
stream to the leaves is absorbed for osmoregula- 
tion of growing tissues, with the ion concentra- 
tions maintained within physiologically accept- 
able levels by salt secretion (Atkinson et al. 1967; 
Ball 1988). Ions apparently diffuse down concen- 
tration gradients in the apoplast and symplast 
(depending on the flow of solution through the 
leaf) to the salt secretion glands (Shimony et al. 
1973). These glands are non-specific. A. marina, 
for example, naturally secretes a variety of  ions, 
but primarily Na § and CI- (Leshem and Levison 
1972; Boon and Allaway 1986). The composition 
of  the secretion can be varied by changing the 
supply of  cations to the leaf (Boon and Allaway 
1986). Curiously, the capacity for ion secretion in 
A. marina, as determined by supplying the trans- 
piration stream of excised leaves with 1 M NaC1 
(Boon and Allaway 1986), greatly exceeds the 
rates measured in leaves of  intact plants (Scholan- 
der et al. 1962, 1968; Boon and Allaway 1982; 
Drennan and Pammenter 1982; Ball 1988). Such 
an excessive capacity for secretion may be advan- 
tageous when structural damage to root systems 
allows the uncontrolled entry of  external salt solu- 
tion into the transpiration stream. 

Salt secretion becomes increasingly important 
to the maintenance of  favourable ion levels in the 
shoots of  Aegiceras corniculatum and Avicennia 
marina with increasing salinity as shown in Table 1 
(Ball 1988). Salt exclusion at the roots increased 
from 90% to 97% with increase in salinity from 50 
to 500 m M  NaC1 in both species. Some of the salt 
was retained in the roots and the remainder was 

borne to the leaves in the transpiration stream. Al- 
though the flux of salt to the leaves was similar in 
both species, the transport of  CI- to the shoot per 
unit of  shoot growth was greater in Aegiceras 
corniculatum than in Avicennia marina because the 
net water use efficiencies were lower in the former 
species. As both species accumulate similar con- 
centrations of  CI- per unit growth, the amount of 
salt secreted per mole water transpired (and hence 
also per mole cabon gained) increased more with 
increasing salinity in Aegiceras corniculatum than 
in Avicennia marina. It is apparent that the leaves 
would be overwhelmed by the salt influx in the 
absence of salt secretion. 

Most mangrove species lack salt secretion 
glands and must accommodate the salt influx to 
the shoot by growth, increasing succulence, and 
re-export from the leaves. The leaves of  non-se- 
creting species characteristically maintain rela- 
tively constant concentrations of  Na § and C1- on 
a bulk-leaf water basis, although the concentra- 
tions of ions per unit dry weight increase with leaf 
age (Atkinson et al. 1967). This contrasts with salt 
sensitive species in which the concentration of 
ions in leaves increases with time (Flowers et al. 
1986). The demand for ions is presumably greatest 
during leaf area expansion as ions play an im- 
portant role in the water relations of  developing 
tissues (Kriedemann 1986). As leaf area expan- 
sion ceases, the leaves may increase in succulence 
(i. e. water content per unit leaf area), which ap- 
parently maintains leaf ion concentrations at rela- 
tively constant levels (Flowers et al. 1986). In 
mangroves, the increase in succulence is due 
largely to development of  hypodermal tissue 
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(Tomlinson 1986). Naturally, there are limits in 
the extent to which ions can be accumulated in 
the leaf cells and this may affect leaf longevity. 
For example, the longevity of leaves of Rhizopho- 
ra apiculata, R. stylosa, and several other man- 
grove species under investigation declines with in- 
creasing salinity, presumably as a result of  in- 
creased salt transport to the leaves (Ball and Pids- 
ley, unpublished results). 

Any re-export of  ions from these leaves must 
take place via the phloem. There is no convincing 
evidence that excess ions are transported via the 
phloem to scenescing leaves for disposal. Howev- 
er, growing tissues receive ions from the phloem. 
The ionic composition of these and other phloem 
fed tissues reflects that of  the phloem, with rela- 
tively low Na § concentrations and much lower 
N a + / K  § ratios than occur in the xylem (Flowers 
and Yeo 1986). Indeed, the Na § concentration in 
phloem is lower the greater the salt tolerance of 
the species (Lessani and Marschner 1978; Munns 
et al. 1986). Finally, the rates of salt re-export to 
growing tissues are not sufficient to balance the 
rates of salt influx to the leaves because salt accu- 
mulates in the leaves with time (Atkinson et al. 
1967). However, re-export of  as little as 10% of the 
salt influx could lead to a 10% increase in the 
productive life span of the leaves. This could be 
significant to the carbon balance of many species 
such as those in the Rhizophoraceae whose leaves 
live for 6-18 months, depending on the environ- 
mental conditions (Tomlinson 1986). However, 
none of the above observations are consistent 
with a major role for the phloem in maintaining 
the salt balance of leaves. It appears that balanc- 
ing the salt influx with the capacity for salt stor- 
age remains the major means of maintaining the 
internal ion concentrations within physiologically 
acceptable levels in non-secreting species. 

In summary, the uptake and distribution of 
ions must be controlled so as to maintain turgor 
and yet protect sensitive metabolic sites from ion 
stress. The problem arises because even highly 
salt-tolerant species only partially exclude salt 
from entry into the transpiration stream. The 
mechanisms by which mangroves achieve salt bal- 
ances are poorly known. While salt-secreting spe- 
cies can (within limits) expel excess salt from the 
leaves, growth must keep pace with the rates of 
salt uptake in the non-secreting species (Atkinson 
et al. 1967). Hence, the balance between carbon 
gain and the expenditure of water with its asso- 
ciated salt uptake may be critical to growth under 
saline conditions. The implication is that differ- 
ences in salt exclusion at the roots, coupled with 

differences in water use and water-use efficiency 
at the leaves, may play major roles in interspecific 
differences in salt tolerance. 

Carbon gain in relation to water loss 

The photosynthetic characteristics of mangroves 
are clearly those of plants utilising C3 photosyn- 
thetic biochemistry. The CO2 compensation point 
at 25 ~ C and saturating light intensity ranges from 
45 to 60 txl 1-1 and increases with increasing leaf 
temperature (Moore et al. 1972; Ball 1981; An- 
drews et al. 1984) consistent with the photorespi- 
ratory activity typical of  C3 photosynthesis. The 
photosynthetic rates are maximal at leaf tempera- 
tures less than 35 ~ C (Moore et al. 1972, 1973; Ball 
1981; Andrews et al. 1984; Ball et al. 1988) and 
generally become light saturated at quantum flux 
densities ranging from 30% to 50% sunlight 
(Moore et al. 1972, 1973; Attiwill and Clough 
1980; Ball 1981; Ball and Critchley 1982; An- 
drews et al. 1984). The quantum yield of healthy 
leaves averages 0.106 mol O2 evolved per mole 
quanta absorbed in leaves grown under field 
(Bjorkman and Demmig 1987) or laboratory con- 
ditions (Ball et al. 1987), consistent with the bio- 
energetic demands of C3 photosynthesis (Ehler- 
inger and Bjorkman 1977). The carbon isotope 
composition of mangrove foliage ranges from 
8~3C values of -24 .6  to -32.2%0 (Farquhar et al. 
1982; Andrews et al. 1984), which are well within 
the range reported for C3 plants (Smith and Ep- 
stein 1971). Finally, there is no convincing evi- 
dence in mangroves of  environmentally induced 
shifts from C3 to C4 or CAM photosynthetic bio- 
chemistry (Clough et al. 1982). 

There is, however, an unusual feature of the 
gas exchange characteristics of mangroves. De- 
spite growing in environments with an infinite 
supply of water, the rates of water loss and the 
water-use efficiencies are unusually conservative 
for C3 species (Ball 1986). The amount of water 
spent in gaining carbon varies between species as 
well as between environmental conditions. How- 
ever, it appears that the water-use characteristics 
become increasingly conservative with increase in 
the salinity tolerance of both salt-secreting (Ball 
and Farquhar 1984b; Ball 1988) and non-secret- 
ing species (Ball et al. 1988). 

Such conservative water use has implications 
for leaf functioning under natural field condi- 
tions. Although salinity varies both temporally 
and spatially in a mangrove swamp, the soil salin- 
ity changes much more slowly at the roots than 
the microclimatic conditions, which affect the di- 
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Fig. 1. Schemat ic  d i ag ram of  the ecological  and  physiological  
responses  of  three  hypothe t ica l  m a n g r o v e  species to var ia t ion  
in salinity. The  topfigure shows the  d is t r ibut ion  of  three  spe- 
cies (A, B, C) a long a na tu ra l  salinity gradient .  Each species is 
d o m i n a n t  over  a d i f ferent  range  of  salinities. The  bottom figure 
shows the  physiological  responses  of  the same species to the  
sal ini ty gradient .  Species A is d o m i n a n t  in salinit ies op t imal  
for  its growth,  whereas  species B and  C are d o m i n a n t  in salini- 
ties which  are sub-op t imal  for thei r  growth  but  which  prevent  
or  l imit the growth  of  o ther  species 

urnal expenditure of  water in relation to carbon 
gain in the leaves. The evaporation rates depend 
on both the leaf conductance to water vapour and 
the vapour pressure gradient between the leaf and 
air (vpd). Diurnal variation in the latter is due 
mainly to variation in leaf temperature because 
the ambient vapour pressure changes little during 
the course of  a day. The closer leaf temperature 
stays to air temperature, the closer the evaporative 
demand of the leaf will reflect the saturation va- 
pour  deficit of  the air. 

Leaves that operate with high evaporation 
rates can take advantage of  the high irradiances 
required to maintain high photosynthetic rates 
with minimal increase in leaf temperature over air 
temperature. In contrast, leaves with more conser- 
vative expenditures of water must avoid high irra- 
diances if leaf temperatures are to be maintained 
within physiologically acceptable ranges. In such 
leaves, avoidance of  high light intensities during 
midday, when the heat load on the leaf is greatest, 
could allow the leaves to sustain relatively con- 
stant, albeit lower assimilation rates throughout 
the photoperiod. This would result in a greater net 
gain of  carbon than would occur if the leaves 
were horizontal and subject to temperature-de- 

pendent inhibition of  photosynthesis for extended 
periods during the day (Cowan 1982). Thus, maxi- 
mizing carbon gain for a fixed total expenditure 
of  water involves a complex balance between 
stomatal behaviour in relation to photosynthesis 
and variation in leaf properties in relation to light 
interception and evaporative demand (Cowan 
and Farquhar 1977; Cowan 1986). 

In mangroves, as in other C3 species (Farquhar 
and Sharkey 1982), the relationship between 
stomatal conductance and photosynthetic capaci- 
ty is such that the leaf expends an amount of wa- 
ter consistent with maintenance of  the assimila- 
tion rates at or very near the photosynthetic ca- 
pacity except under extreme conditions when 
such coordination may be lost (Ball 1981; Ball 
and Farquhar 1984a, b). Both assimilation rate 
and stomatal conductance are maximal at leaf 
temperatures ranging from 25 ~ to 30 ~ C, and de- 
cline precipitously with increase in leaf tempera- 
ture above 35~ (Moore et al. 1972, 1973; An- 
drews et al. 1984; Andrews and Muller 1985; Ball 
et al. 1988). The decline in stomatal conductance 
at high leaf temperatures is not sufficient to re- 
duce the evaporation rate, which increases with 
temperature-induced increase in vpd. This causes 
the water cost of carbon gain to increase with in- 
crease in leaf temperature above optimal levels. 
Nevertheless, the positive correlation between 
stomatal conductance and assimilation rate with 
variation in irradiance, temperature and vpd has 
been shown in simulations (Farquhar 1979) to be 
consistent with minimizing water loss relative to 
carbon gain even as water-use efficiency varies 
(Cowan and Farquhar 1977). 

Interspecific differences in water-use charac- 
teristics in the Rhizophoraceae are manifest in 
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Table 2. Variation in gas exchange characteristics and in the display and properties of sun leaves in relation to salinity tolerance in 
the Rhizophoraceae 

Species A / g  Rosette area (cm 2) Individual leaf area (cm 2) Specific Succulence 
(l~mol/mmol) leaf weight (g water m -2) 

(g dw m-2) Total Projected Total Projected 

Bruguiera gymnorrhiza 0.072 635 356 58 32 133.1 262.5 
Rhizophora apiculata 0.096 553 196 69 25 148.8 348.4 
Rhizophora stylosa 0.101" 419 126 44 13 169.3 387.9 
Ceriops tagal 0.113 102 39 8 3 189.2 463.2 

Species are listed in order of increasing salinity tolerance, with Bruguiera gymnorrhiza being the least salt tolerant. Values for A / g  
are slopes obtained by linear regression of  the assimilation rate (Ixmol CO2 m-2s  -~) as a function of stomatal conductance to 
water vapour  (mmol m -2 s-1) with variat ion in irradiance, leaf temperature and leaf-to-air vapour  pressure difference over a range 
naturally experienced by the leaves under  tropical field conditions. All data from Ball et al. (1988) except* from Andrews and 
Muller (1985) 
dw, dry weight 

differences in the slope of  stomatal conductance 
as a function of  the assimilation rate with varia- 
tion in leaf temperature, irradiance and vpd 
(Table 2). The slope increases as water use be- 
comes more conservative with increasing salinity 
tolerance of the species. Thus, for a wide range of  
environmental factors affecting photosynthesis 
during the course of  a day, the assimilation rate at 
a given stomatal conductance is greater (and wa- 
ter use is more conservative) the greater the salini- 
ty tolerance of  the species (Ball et al. 1988). 

As in other mangroves, the optimal leaf tem- 
peratures for photosynthesis in the Rhizophora- 
ceae are very close to the average air temperatures 
in the tropical (Andrews et al. 1984; Andrews and 
Muller 1985; Ball et al. 1988) and sub-tropical 
(Moore et al. 1972, 1973) environments in which 
the plants are grown. However,  the rates of  trans- 
piration in all of the species examined are not suf- 
ficient to prevent heating of  the leaves above am- 
bient air temperatures during periods of  intense 
insolation. For example, when exposed canopy 
leaves of  Rhizophora apiculata were constrained 
in a horizontal position, the leaf temperatures in- 
creased from 4 ~ to 1 I~  above ambient air tem- 
peratures of  approximately 30 ~ C, with increase in 
incident irradiation from 1430 to 2585 IxE m -2 s-1, 
respectively. In contrast, leaves left in their natu- 
ral, almost vertical orientation avoided the maxi- 
mum heat load during midday when irradiance 
and air temperatures are greatest. During midday, 
these leaves received only 20% of available sun- 
light and were approximately 10~ cooler than 
than they would have been if fully exposed to the 
sun. Earlier and later in the day, the leaves re- 
ceived about 1000 lxE m -2 s -l and leaf tempera- 
tures were 30 ~ C, conditions nearly optimal for 
photosynthesis (Ball et al. 1988). Thus the increase 
in leaf angle is a compromise between the require- 

ments for illumination and for maintenance of  fa- 
vourable leaf temperatures with minimal evapora- 
tive cooling. Indeed, Andrews and Muller (1985) 
found that similar avoidance behaviour in a stand 
of  R. stylosa leading to maintenance of  leaf tem- 
perature close to air temperature is critical to 
maximizing the total integrated gain of  carbon for 
a minimum expenditure of  water during a day. 

Variation in the display and properties of  fo- 
liage reflect the increasingly conservative water- 
use characteristics associated with increasing sa- 
linity tolerance. In particular, there are interspecif- 
ic differences in three major characteristics of  
leaves that relate to maintenance of  favourable 
leaf temperatures with minimal evaporative cool- 
ing. Leaf angle (i. e. the inclination to the horizon- 
tal) affects the radiant heat loading on the leaf. 
Leaf angle increased with increasing exposure to 
the sun among members of  the Rhizophoraceae 
growing together in a mixed community in North 
Queensland. The angle was greater, and hence the 

"proportion of projected leaf area was smaller the 
greater the salinity tolerance of  the species (Table 
2). Apparently, the species which are more con- 
servative in water use are those that tend most to 
avoid intense radiation (Ball et al. 1988). 

Leaf temperatures are also influenced by leaf 
size. Heat convection between a leaf and its envi- 
ronment depends on resistance to transfer im- 
posed by a boundary  layer, the characteristics of  
which are a function of  leaf geometry and wind 
speed. Decrease in leaf size enhances boundary 
layer conductance and results in the temperature 
of  the leaf being closer to ambient air temperature 
without putting the leaf at a disadvantage in terms 
of  light interception. In the Rhizophoraceae, leaf 
size decreases with increasing exposure (Ball et al. 
1988) and is smallest in the most salt-tolerant spe- 
cies (Table 2). Similarly, leaves of  mangrove spe- 



138 

cies that dominate hypersaline environments 
along the arid coasts of  Northern Australia (i.e. 
Avicennia marina, Ceriops tagal var. australis, Ex- 
coecaria ovalis, Lumnitzera-racemosa and Osbor- 
nia octodonta) are much smaller than those of spe- 
cies dominating humid, low salinity wetlands 
(e.g. Bruguiera gymnorrhiza and R. apiculata). 
Thus, mangrove leaves are smallest under condi- 
tions in which, due to intense radiation and /o r  
limitations to evaporative cooling, they sustain 
the greatest heat load (Ball et al. 1988). 

A third leaf property influencing leaf tempera- 
ture is that of  heat capacity per unit area, which 
increases with increase in the dry weight and wa- 
ter content per unit area. Among the Rhizophora- 
ceae, specific leaf weight and succulence, and 
hence also the heat capacity, increase with salinity 
(Camilleri and Ribi 1983), exposure (Ball et al. 
1988) and with increase in the salinity tolerance of  
the species (Table 2). The heat capacities of  the 
leaves in Table 2 range from 1.1 to 2.2 x 103 J m -2 
C-~ in Bruguiera gymnorrhiza and Ceriops tagal 
var. australis, respectively. Leaf temperatures of  
both species would increase during a lull in air 
movement because of  reduction in boundary lay- 
er conductance. However,  the rate of  temperature 
increase would be slower in the leaf with a greater 
heat capacity, thereby damping fluctuations in 
leaf temperature due to transient variations in leaf 
microclimate. For example, the period of  a fluctu- 
ation in environment on a typical day in North 
Queensland such that the amplitude of  fluctuation 
in leaf temperature is halved would be 1.8 min in 
Bruguiera gymnorrhiza and 3.6 min in Ceriops ta- 
gal. Thus, although succulence may be primarily 
involved in the maintenance of  favourable inter- 
nal ion concentrations (Flowers et al. 1986), there 
is a tendency for mangrove leaves to be more suc- 
culent under conditions in which, due to intense 
irradiation and /o r  limitations to evaporative 
cooling, they are most vulnerable to rapid fluctua- 
tions in leaf temperature (Ball et al. 1988). 

On the cost(s) of salt tolerance 

Salinity regimes under natural field conditions 
vary in time and space, with the time scale and 
magnitude of  fluctuations dependent on the cli- 
mate and hydrological characteristics of  the coast- 
al environment. Naturally, the extent to which a 
species can cope with fluctuations in salinity will 
be an important determinant of  the distribution 
and relative importance of  that species along sa- 
linity gradients. Mangroves generally exhibit max- 
imum growth under relatively low salinity condi- 

tions, but differ in the range of salinities over 
which high growth rates are sustained (Fig. l). 
Apparently, natural selection has favoured the ex- 
tension of ranges of salinity tolerance rather than 
major shifts in the salinity optima for growth. The 
ability to sustain growth over a wide range of  sa- 
linities is clearly advantageous in fluctuating envi- 
ronments. However, the increase in salinity toler- 
ance is not without costs to the species. In general, 
the broader the range of  salinity tolerance of a 
species, the slower is its growth rate under opti- 
mal conditions (Ball 1988; Ball and Pidsley, un- 
published results). 

Recent studies have identified two major 
trade-offs between salt tolerance and growth. 
First, salt exclusion during water uptake appears 
to entail considerable carbon costs to the plant. 
For example, maintenance of a particular shoot 
evaporation rate, say 1 mmol m -2 s -1, in Aegice- 
ras corniculatum with increase in salinity from 50 
to 500 m M  NaCl was associated with an increase 
iaa the root mass/ leaf  area ratio from 38 to 79 g 
m -2 and a decrease in the rates of  water uptake 
from 26.3 to 12.7 ~mol g-I S-I, respectively (Ball 
1988). Avicennia marina, a more salt-tolerant spe- 
cies, took up water at half the rate of  Aegiceras 
corniculatum, and hence the cost of water gain in 
the former species was twice that in the latter (Ball 
1988). These results are consistent with previous 
studies showing that the hydraulic conductances 
of  roots of  Avicennia marina, even those grown in 
freshwater, are as much as two orders of  magni- 
tude lower than those of  salt-sensitive plants and 
decrease with increase in salinity (Field 1984). It 
may be that restricting the rate of  water uptake is 
involved in salt exclusion and maintenance of  
specificity for uptake of  K § over Na § Thus, if the 
rates of  water uptake were to decline with increas- 
ing salinity and /o r  with the effectiveness of  ion 
exclusion, then a greater root mass might be re- 
quired to supply a given quantity of  water at a 
given tolerable salt concentration. However, pref- 
erential distribution of  carbon to roots is at the 
expense of canopy development and hence also 
growth. 

Second, conservative water use may also en- 
tail considerable carbon costs to the plant. Con- 
servative water use may be a consequence of  the 
high carbon costs of water uptake and may also 
contribute to the maintenance of  favourable car- 
bon/sa l t /water  balances (Ball 1988). However, 
restriction of  the rates of  water efflux also restricts 
the rates of CO2 influx, causing the leaf to operate 
at low internal CO2 concentrations, but with a 
high water-use efficiency (Cowan 1977). Thus, 
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conservative water use within the constraints of 
C3 photosynthetic metabolism is at the expense of 
the assimilation rate (Cowan and Farquhar 1977) 
and hence also the growth rate. 

Conservative water use also incurs costs to the 
plant in terms of the variation in display and 
properties of leaves required for maintenance of 
favourable leaf temperatures with minimal eva- 
porative cooling. First, increasing the angle of in- 
clination reduces heat loading on a leaf, but is at 
the expense of the amount of the light available to 
support photosynthesis. Second, decrease in leaf 
size enhances the heat transfer rates, but this re- 
quires greater investment in supportive and con- 
ductive tissue per unit of exposed leaf area than 
large leaves. Finally, increase in leaf succulence, 
or more correctly in heat capacity, buffers against 
rapid changes in temperature, but at the expense 
of leaf carbon which might otherwise be invested 
in expansion of leaf area. Thus, maintenance of fa- 
vourable leaf temperatures with minimal evapora- 
tive cooling is at the expense of the assimilative 
capacity of the plant, with the expense increasing 
as water use becomes more conservative (Ball et 
al. 1988). 

In summary, there are many attributes asso- 
ciated with increasing salt tolerance, but two in 
particular have major implications for interspecif- 
ic differences in physiognomy and growth. First, 
the carbon cost of water uptake increases with in- 
creasing salinity and is greater in the more salt 
tolerant species (Ball 1988). This is manifest in the 
field by increase in root biomass along gradients 
of increasing soil salinity. Indeed, the root bio- 
mass of tropical mangrove forests is generally 
greater than that measured in other forest systems 
(Komiyama et al. 1987). Second, water use be- 
comes increasingly conservative with increasing 
salinity and with increase in the salinity tolerance 
of the species (Ball and Farquhar 1984a, b; Ball 
1988; Ball et al. 1988). This is manifest in the field 
by the decreasing degree of canopy coverage 
along gradients of increasing salinity. Enhance- 
ment of these two attributes is at the expense of 
the growth rate, such that species tolerant of 
broad ranges of salinity tend to grow more slowly 
than less tolerant species even under optimal con- 
ditions (Fig. 1). 

Ecological implications 

Differences in water-use characteristics in asso- 
ciation with interspecific differences in salinity 
tolerance have implications for the organization 
of mangrove forests along salinity gradients (Ball 
et al. 1988; Ball 1988). Species tolerant of lower 

ranges of salinity, such as Bruguiera gymnorrhiza, 
operate with lower water-use efficiencies and 
hence can maintain larger leaves with greater pro- 
jected leaf areas than those with greater salt toler- 
ance. Under low salinity conditions, stands of this 
species have dense canopies that allow little trans- 
mission of light to the forest floor. In contrast, 
species that are highly salt tolerant, such as Ceri- 
ops tagal var. australis, operate with very high wa- 
ter-use efficiencies and hence maintain small 
leaves with a low proportion of projected leaf 
area. This slowly growing species characteristical- 
ly forms stands with open canopies, which under 
low salinity conditions could not exclude the 
more rapidly growing, densely canopied species 
characteristic of low salinity environments. Thus, 
despite growing maximally under low salinity 
conditions, the attributes that enable species such 
as C. tagal to tolerate highly saline conditions ap- 
pear to exclude it from being an effective compe- 
titor under low salinity conditions. Indeed, vigo- 
rous individuals of C. tagal occasionally occur in 
low salinity environments, but the species is limit- 
ed largely to highly saline habitats where competi- 
tion from other species is reduced or absent. 

Conclusion 

Mangrove forests are of major ecological and 
commercial importance, yet the future of these re- 
sources is threatened by pollution, development 
and over-exploitation. There is an urgent need to 
develop sound management practices based on a 
functional understanding of the physical and bio- 
logical processes underlying mangrove ecosystem 
dynamics. Such biological processes include 
dispersal (Rabinowitz 1978), herbivory (Smith 
1987) and the physiological bases of species inter- 
actions and responses to environmental factors. 
Understanding these processes is essential for the 
development of more comprehensive and predic- 
tive modelling of mangrove ecosystem dynamics 
than has previously been possible. 

References 

Andrews TJ, Muller GJ (1985) Photosynthetic gas exchange of 
the mangrove, Rhizophora stylosa Griff., in its natural en- 
vironment. Oecologia 65:449-455 

Andrews TJ, Clough BF, Muller GJ (1984) Photosynthetic gas 
exchange and carbon isotope ratios of some mangroves in 
North Queensland. In: Teas HJ (ed) Physiology and man- 
agement of mangroves. Tasks for vegetation science, 
vol. 9. Junk, The Hague 

Atkinson MR, Findlay GP, Hope AB, Pitman MG, Saddler 
HDW, West KR (1967) Salt regulation in the mangroves 
Rhizophora rnucronata Lam. and Aegialitis annulata R. Br 
Aust J Biol Sci 20:589-599 



140 

Attiwill PM, Clough BF (1980) Carbon dioxide and water va- 
pour exchange in the white mangrove. Photosynthetica 
14:40-47 

Ball MC (1981) Physiology of photosynthesis in two mangrove 
species: responses to salinity and other environmental 
factors. PhD thesis, Australian National University, 
Canberra 

Ball MC (1986) Photosynthesis in mangroves. Wetlands (Aus- 
tralia) 6 :12 -22  

Ball MC (1988) Salinity tolerance in the mangroves, Aegiceras 
corniculatum and Avicennia marina. I. Water use in rela- 
tion to growth, carbon partitioning and salt balance. Aust 
J Plant Physiol 15:447-464 

Ball MC, Anderson JM (1986) Sensitivity of photosystem II to 
NaC1 in relation to salinity tolerance. Comparative stud- 
ies with thylakoids of  the salt-tolerant mangrove, Avicen- 
nia marina, and the salt-sensitive pea, Pisum sativum. Aust 
J Plant Physiol t3 :689-698 

Ball MC, Critchley C (1982) Photosynthetic responses to irra- 
diance by the grey mangrove, Avicennia marina, grown 
under different light regimes. Plant Physiol 74: 7-11 

Ball MC, Farquhar GD (1984a) Photosynthetic and stomatal 
responses of the grey mangrove, A vicennia marina, to 
transient salinity conditions. Plant Physiol 74: 7-11 

Ball MC, Farquhar GD (1984b) Photosynthetic and stomatal 
responses of two mangrove species, Aegiceras cornicula- 
tum and Avicennia marina, to long term salinity and hu- 
midity conditions. Plant Physiol 7 4 : 1 - 6  

Ball MC, Pidsley SM (1988) Seedling establishment of tropical 
mangrove species in relation to salinity. In: Larson H, 
Hanley R, Michie M (eds) Darwin Harbour: proceedings 
of  a Workshop on Research and Management in Darwin 
Harbour. Australian National University Press, Canberra, 
pp 123-134 

Ball MC, Chow WS, Anderson JM (1987) Salinity-induced po- 
tassium deficiency causes loss of functional photosystem 
II in leaves of the grey mangrove, Avicennia marina, 
through depletion of the atrazine-binding polypeptide. 
Aust J Plant Physiol 14:351-361 

Ball MC, Cowan IR, Farquhar GD (1988) Maintenance of leaf 
temperature and the optimisation of carbon gain in rela- 
tion to water loss in a tropical mangrove forest. Aust J 
Plant Physiol 15 : 263-276 

Barber J (1976) Ionic regulation in intact chloroplasts and its 
effect on primary photosynthetic processes. In: Barber J 
(ed) The intact chloroplast. Elsevier/North Holland, Am- 
sterdam New York, 89-134 

Bjorkman O, Demmig B (1987) Photon yield of 02 evolution 
and chlorophyll fluorescence characteristics at 77 K 
among vascular plants of diverse origins. Planta 170: 
489- 504 

Boon PI, Allaway WG (1982) Assessment of leaf washing tech- 
niques for measuring salt secretion in Avicennia marina 
(Forsk.) Vierh. Aust J Plant Physiol 9 :725-734 

Boon PI, Allaway WG (1986) Rates and ionic specificity of 
salt secretion from excised leaves of the mangrove, Avi- 
cennia marina (Forsk.) Vierh. Aquat Bot 26: 143-153 

Boto KG (1982) Nutrient and organic fluxes in mangroves. In: 
Clough BF (ed) Mangrove ecosystems in Australia. Aus- 
tralian National University Press, Canberra, pp 239-258 

Boto KG, Wellington JT (1983) Phosphorus and nitrogen nu- 
tritional status of a northern Australian mangrove forest. 
Mar Ecol Prog Ser 11 : 63-69 

Boto KG, Wellington JT (1984) Soil characteristics and nu- 
trient status in a northern Australian mangrove forest. Es- 
tuaries 7 :61 -69  

Bowman HHM (1917) Ecology and physiology of the red 
mangrove. Proc Am Philos Soc 56:589-672 

Burchett MD, Field CD, Pulkownik A (1984) Salinity, growth 
and root respiration in the grey mangrove, Avicennia mar- 
ina. Physiol Plant 60 :113- I  18 

Camilleri JC, Ribi G (1983) Leaf thickness of mangroves 
(Rhizophora mangle) growing in different salinities. Bio- 
tropica 15:139-141 

Cardale S, Field CD (1971) The structure of the salt gland of 
A egiceras corniculatum. Planta 99: 183 - 191 

Chapman VJ (1944) The 1939 Cambridge University expedi- 
tion to Jamaica. J Linnean Soc Bot 52:407-533 

Clarke LD, Hannon NJ (1970) The mangrove swamp and salt 
marsh communities of the Sydney district III. Plant 
growth in relation to salinity and waterlogging. J Ecology 
58:351-369 

Clough BF (1984) Growth and salt balance of the mangroves, 
Avicennia marina (Forsk.) Vierh. and Rhizophora stylosa 
Griff. in relation to salinity. Aust J Plant Physiol 11: 
419-430 

Clough BF, Andrews TJ, Cowan IR (1982) Physiological pro- 
cesses in mangroves. In: Clough BF (ed) Mangrove eco- 
systems in Australia. Structure, function and manage- 
ment. Australian National University Press, Canberra, 
pp 193-210 

Connor DJ (1969) Growth of grey mangrove (Avicennia mari- 
na) in nutrient culture. Biotropica 1 : 36-40 

Cowan IR (1982) Regulation of water use in relation to carbon 
gein in higher plants. In: Lange OL, Nobel PS, Osmond 
CB, Ziegler H (eds) Physiological plant ecology II. Water 
relations and carbon assimilation. Springer, Berlin Hei- 
delberg New York, pp 589-614 

Cowan IR (1986) Economics of carbon fixation in higher 
plants. In: Givnish TJ (ed) On the economy of plant form 
and function. Cambridge University Press, Cambridge, 
pp 133-170 

Cowan IR, Farquhar GD (1977) Stomatal function in relation 
to leaf metabolism and environment. In: Jennings DH 
(ed) Integration of activity in the higher plant. Cambridge 
University Press, Cambridge, pp 471-505 

Curran M (1985) Gas movements in the roots of  Avicennia 
marina (Forsk.) Vierh. Aust J Plant Physiol 12: 97-108 

Downton WJS (1982) Growth and osmotic relations of the 
mangrove Avicennia marina, as influenced by salinity. 
Aust J Plant Physiol 9 :519-528 

Drennan P, Pammenter NW (1982) Physiology of salt secre- 
tion in the mangrove, Avicennia marina (Forsk.) Vierh. 
New Phytol 91:597-606 

Drew MC, Dikumwin E (1985) Sodium exclusion from the 
shoots by roots of Zea mays (cv. LG 11) and its break- 
down with oxygen deficiency. J Exp But 36 :55-62  

Ehleringer J, Bjorkman O (1977) Quantum yields for CO 2 up- 
take in C 3 and C 4 plants. Dependence on temperature, 
CO2 and 02 concentrations. Plant Physiol 59:86-90 

Faraday CD, Thomson WW (1986) Structural aspects of the 
salt glands of the Plumbaginaceae. J Exp Bot 37:461-470 

Farquhar GD (1979) Carbon assimilation in relation to trans- 
piration and fluxes of ammonia. In: Marcelte R, Clijsters 
H, van Poucke M (eds) Photosynthesis and plant develop- 
ment. Junk, The Hague, pp 321-328 

Farquhar GD, Sharkey TD (1982) Stomatal conductance and 
photosynthesis. Annu Rev Plant Physiol 33:317-345 

Farquhar GD, Ball MC, von Caemmerer S, Roksandic Z 
(1982) Effect of salinity and humidity on 6~3C values of 
halophytes - evidence for diffusional isotope fractiona- 
tion determined by the ratio of intercellular/atmospheric 
CO2 under different environmental conditions. Oecologia 
52:121-137 

Field CD (1984) Movement of ions and water into the xylem 
sap of tropical mangroves. In: Teas HJ (ed) Physiology 



141 

and management of mangroves. Junk, The Hague, pp 
49-52 

Flowers TJ, Yeo AR (1986) Ion relations of plants under 
drought and salinity. Aust J Plant Physiol 13:75-91 

Flowers TJ, Hajibagheri MA, Clipson NJW (1986) Halo- 
phytes. Quart Rev Biol 61:313-337 

Greenway H, Osmond CB (1972) Salt responses of enzymes 
from species differing in salt tolerance. Plant Physiol 49: 
256-259 

Hanson AD, May AM, Grumet R, Bole J, Jamieson GC, 
Rodes D (1985) Betaine synthesis in chenopods: localiza- 
tion in chloroplasts. Proc Natl Acad Sci USA 82: 
3678-3682 

Harvey HW (1966) The chemistry and fertility of seawater. 
Cambridge University Press, Cambridge, pp 36-54 

Harvey DMR, Hall JL, Flowers TJ, Kent B (1981) Quantita- 
tive ion localization within Suaeda maritima leaf meso- 
phyll cells. Planta 151:555-560 

Huber SC (1985) Role of potassium in photosynthesis and re- 
spiration. In: Munson RD (ed) Potassium in agriculture. 
Am Soc Agron, Madison, Wisconsin, pp 369-396 

Kaiser WH, Weber H, Sauer M (1983) Photosynthetic capaci- 
ty, osmotic response, and solute content of leaves and 
chloroplasts from Spinacia oleracea under salt stress. 
Z Pflanzenphysiol 113:15-27 

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 Tropical Ecology 3: 97-108 

Kriedemann PE (1986) Stomatal and photosynthetic limita- 
tions to leaf growth. Aust J Plant Physiol 13:15-32 

Kriedemann PE, Sands R (1984) Salt resistance and adapta- 
tion to root-zone hypoxia in sunflower. Aust J Plant Phy- 
siol I 1 : 287-301 

Leshem Y, Levison E (1972) Regulation mechanisms in the 
salt mangrove, Avicennia marina, growing in the Sinai lit- 
toral. Oecol Plant 7 :167-176 

Lessani H, Marchner H (1978) Relation between salt tolerance 
and long-distance transport of sodium and chloride in 
various crop species. Aust J Plant Physiol 5 :27-37  

Macnae W (1968) A general account of the fauna and flora of 
the mangrove swamps and forests in the Indo-Pacific re- 
gion. Adv Mar Biol 6 :73-270  

McKee KL, Mendelssohn IA (1987) Root metabolism in the 
black mangrove (Avicennia germinans (L.) L): response to 
hypoxia. Environ Exp Bot 27:147-156 

Moon GJ, Clough BF, Peterson CA, Allaway WG (1986) Apo- 
plastic and symplastic pathways in Avicennia marina 
(Forsk.) Vierh. roots revealed by fluorescent tracer dyes. 
Aust J Plant Physiol 13:637-648 

Moore RT, Miller PC, Albright D, Tieszen LL (1972) Compar- 
ative gas exchange characteristics of three mangrove spe- 
cies in winter. Photosynthetica 6:387-393 

Moore RT, Miller PC, Ehleringer J, Lawrence W (1973) Sea- 
sonal trends in gas exchange characteristics of three 
mangrove species. Photosynthetica 7: 387-394 

Munns R, Fisher DB, Tonnet ML (1986) Na+ and CI- trans- 
port in the phloem from leaves of NaCl-treated barley. 
Aust J Plant Physiol 13:757-766 

Naidoo G (1983) Effects of flooding on leaf water potential 
and stomatal resistance in Bruguiera gymnorrhiza (L.) 
LAM. New Phytol 93:369-376 

Naidoo G (1985) Effects of waterlogging and salinity on plant 
water relations and on the accumulation of solutes in 
three mangrove species. Aquat Bot 22: 133-143 

Naidoo G (1987) Effects of salinity and nitrogen on growth 
and plant water relations in the mangrove Avicennia mari- 
na (Forsk.) Vierh. New Phytol 107:317-326 

Nickerson NH, Thibodeau FR (1985) Association between 
pore water sulfide concentrations and the distribution of 
mangroves. Biogeochemistry 1:183-192 

Oertli JJ (1968) Extracellular salt accumulation: a possible 
mechanism of salt injury in plants. Agrochimica 12: 
461 - 469 

Pitman MG (1977) Ion transport into the xylem. Annu Rev 
Plant Physiol 28 :71-88  

Popp M (1984a) Chemical composition of Australian man- 
groves. I. Inorganic ions and organic acids. Z Pflanzenphy- 
sioi 113:395-409 

Popp M (1984b) Chemical composition of Australian man- 
groves. II. Low molecular weight carbohydrates. Z Pflan- 
zenphysiol 113 : 411-421 

Popp M, Larher F, Weigel P (1984) Chemical composition of 
Australian mangroves. III. Free amino acids, total methy- 
lated onium compounds and total nitrogen. Z Pflanzen- 
physiol 114:15-25 

Rabinowitz D (1978) Early growth of mangrove seedlings in 
Panama, and an hypothesis concerning the relationship of 
dispersal and zonation. J Biogeogr 5 : 113-133 

Robinson SP, Downton WJS (1984) Potassium, sodium and 
chloride content of isolated intact chloroplasts in relation 
to ionic compartmentation in leaves. Arch Biochem Bio- 
phys 228:197-206 

Robinson SP, Downton WJS (1985) Potassium, sodium and 
chloride concentrations in leaves and isolated chloroplasts 
of the halophyte Suaeda australis R Br. Aust J Plant Phy- 
siol 12:471-479 

Robinson SP, Downton WJS, Millhouse JA (1983) Photosyn- 
thesis and ion content of leaves and isolated chloroplasts 
of salt-stressed spinach. Plant Physioi 72:238-243 

Saenger P, Specht MM, Specht RL, Chapman VJ (1977) Man- 
gal and coastal salt-marsh communities in Australasia. In: 
Chapman VJ (ed) Wet Coastal Ecosystems, Elsevier, Am- 
sterdam, New York, pp 293-345 

Scholander PF (1968) How mangroves desalinate seawater. 
Physiol Plant 21:251-261 

Scholander PF, Dam L van, Scholander SI (1955) Gas ex- 
change in the roots of mangroves. Am J Bot 42 :92-98  

Scholander PF, Hammel HT, Hemmingsen EA, Garey W 
(1962) Salt balance in mangroves. Plant Physiol 37: 
722-729 

Scholander PF, Hammel HT, Hemmingsen EA, Bradstreet ED 
(1964) Hydrostatic pressure and osmotic potential in 
leaves of mangroves and some other plants. Proc Natl 
Acad Sci USA 52:119-125 

Scholander PF, Bradstreet ED, Hammel HT, Hemmingsen EA 
(1966) Sap concentrations in halophytes and some other 
plants. Plant Physiol 41 : 529-532 

Semeniuk V (1983) Mangrove distribution in northwestern 
Australia in relationship to regional and local freshwater 
seepage. Vegetatio 53 : 11-31 

Semeniuk V, Wurm PAS (1987) The mangroves of the Damp- 
ier Archipelago, Western Australia. J R Soc Western Aust 
69 :29-87  

Shimony C, Fahn A, Reinhold L (1973) Ultrastructure and ion 
gradients in the salt glands of Avicennia marina (Forsk.) 
Vierh. New Phytol 72 :27-36  

Smith BN, Epstein S (1971) Two categories of 13C/12C ratios 
for higher plants. Plant Physiol 47:380-384 

Smith TJ III (1987) Seed predation in relation to tree domi- 
nance and distribution in mangrove forests. Ecology 68: 
266-273 

Sternberg L da SL, Swart PK (1987) Utilization of freshwater 
and ocean water by coastal plants of Southern Florida. 
Ecology 68: 1898-1905 



142 

Thibodeau FR, Nickerson NH 0986) Differential oxidation 
of mangrove substrate by Avicennia germinans and Rhizo- 
phora mangle. Am J Bot 73:512-516 

Tomlinson PB 0986) The botany of mangroves. Cambridge 
University Press, Cambridge, pp 62-115 

Valiela I (1984) Marine ecological processes. Springer, New 
York Berlin Heidelberg, pp 312-344 

Waisel Y, Eshel A, Agami M (1986) Salt balance of leaves of 
the mangrove, Avicennia marina. Physiol Plant 67:67-72 

Watson JC (1928) Mangrove forests of the Malayan peninsula. 
Mala For Rec 6:1-275 

Yeo AR, Flowers TJ (1986) Ion transport in Suaeda maritima: 
its relation to growth and implications for the pathway of 
radial transport of ions and water across the root. J Exp 
Bot 37:143-159 

Received March 3, 1988 


