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Abstract

The herbivore assemblage, intensity of herbivory and factors determining herbivory levels on the mangrove
Kandelia obovata (previously K. candel, Rhizophoraceae) were studied over a 13-month period at two
forests with contrasting growing conditions in Hong Kong. Mai Po was part of an eutrophic embayment in
the Pearl River estuary and generally offered more favourable conditions for mangrove growth, whereas
Ting Kok had a rocky substratum and oceanic salinity. Twenty-four insect herbivore species were recorded
on K. obovata, with lepidopteran larvae that consume leaf lamina being the dominant species. While leaf
litter production was similar at the two forests, herbivory level at Mai Po (mean = 3.9% in terms of leaf
area loss) was more severe than that at Ting Kok (mean = 2.3%). Peak herbivory levels were found in
summer at both locations (6.5% for Mai Po and 3.8% for Ting Kok). Young leaves of K. obovata at both
locations were generally preferred by the herbivores from the period of late spring to summer. Concen-
trations of most feeding deterrents (ash, crude fibre, and total soluble tannins) were significantly higher in
both young and mature leaves at Ting Kok, whereas leaf nutrients (total nitrogen and water) were the same
at the two sites. Young leaves at Ting Kok contained about 30% more tannins than their counterparts at
Mai Po. Significant differences in leaf chemistry also existed between young and mature leaves at either site.
The differences were concomitant with the observed patterns of leaf herbivory on K. obovata, and suggest a
potential relationship between environmental quality and plant defence against herbivory.

Introduction

Mangroves survive in an environment that is
fundamentally stressful to woody plants. As with
other forest ecosystems, mangroves are damaged
by herbivores, but the interplay between environ-
mental harshness, plant defence and herbivory is
largely unknown. In northeastern Australia, under
non-outbreak conditions, grazing by insect

herbivores in mangrove communities removed
from 0 to 36% of leaf area, but damage levels
fluctuated greatly between species and sites (Rob-
ertson and Duke 1987). Mass defoliation leading
to substantial quantities of leaf area lost has,
however, occasionally been reported from man-
groves (Pikakarnchana 1981; Whitten and Dama-
nik 1986; Anderson and Lee 1995). The indirect
effect of environmental and seasonal conditions on
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herbivory levels through influences on leaf chem-
istry is equivocal (e.g. Alonso and Herrera 2000;
Adams and Reiske 2003). The picture is even more
obscure for mangroves because of the small
research effort on herbivory compared with other
ecological processes in mangrove ecosystems.
Intersite variations in herbivory have been docu-
mented by Onuf et al. (1977) who found that
Rhizophora mangle in a high nutrient site were
consumed more extensively by insects than their
counterparts in a low nutrient site, although con-
trasting findings have also been reported (Farns-
worth and Ellison 1991; Feller 1995). The latter
studies did not find any significant relationship
between the severity of insect damage and nutrient
enrichment (either natural or artificial).

Most reports on mangrove herbivory provide
negligible information on the herbivore assem-
blages, with the exception of Murphy (1990) and
Burrows (2003) who provide comprehensive cata-
logues of insect herbivores on mangroves, respec-
tively, in Southeast Asia and northeastern
Australia.

In this study, we report the herbivore assem-
blages, levels of herbivory and leaf quality of two
forests of the mangrove Kandelia obovata (previ-
ously K. candel (Shueu et al. 2003) at two sites with
contrasting growth conditions in Hong Kong over
a 13-month period.

Materials and methods

Study sites

The Mai Po Marshes mangrove forest (90 ha,
22�30¢ N, 114� 02¢ E) is situated in inner Deep Bay,
bordering the eastern fringe of the Pearl River
Estuary, China. The brackish salinity (0–30&) and
availability of soft alluvial mud (Morton and Wu
1975) provide conditions conducive to mangrove
development, and Mai Po supports the best-
developed (as indicated by tree height and density)
mangroves in Hong Kong. Work in this study was
undertaken in a K. obovata (L.) Druce (Rhizo-
phoraceae) forest with an average height between 3
and 4 m. Five sampling plots each with an area of
about 0.13 ha were selected for study.

Ting Kok (22�28¢ N, 114�13¢ E) lies along the
north shore of inner Tolo Harbour, whose coast-
line is inhabited by a belt of intertidal mangroves

with a total area of 8.8 ha. Contrary to Mai Po,
Ting Kok has a sandy rocky substrate and much
higher salinity (>20&, Morton and Wu 1975).
Ting Kok is dominated by K. obovata and Aegic-
eras corniculatum Blanco (Myrsinaceae). Unlike
Mai Po, the mangroves here are generally dwarf
and stunted (<2 m, average height between 1 and
1.5 m) and support a lower tree density. The study
site was chosen in the northern part where the
mangrove community mainly consists of K. obov-
ata. Same as at Mai Po, five sampling plots each of
about 0.13 ha were chosen for study.

Sediment properties of the study sites

In order to establish differences in growth condi-
tions between the study sites, sediment tempera-
ture, redox potential, salinity, organic matter
content, total nitrogen and particle size were
measured monthly (except particle size and total
nitrogen) during the study period from April 1994
to April 1995. Sampling was carried out between
1100 and 1400 h when the tide had usually re-
ceded. Two sampling points per plot (see above)
were located haphazardly at each visit.

Temperature between 5 and 10 cm below soil
surface and redox potential of sediment pore water
were measured in situ by an Oyster meter (Extech
Instruments). Three measurements were carried
out for each sampling point. The ambient air
temperature at each sampling plot, taken at 1 m
above soil surface, was recorded using a mercury-
in-glass thermometer. Sediment pore water was
collected in plastic vials and kept frozen for later
determination of salinity and pH in the laboratory
by using a hand-held refractometer (Reichert) and
a pH meter (Hanna Instruments), respectively.

Percentage organic matter of sediment was
determined by loss-on-ignition. Triplicate sedi-
ment samples between 5 and 10 cm below soil
surface were collected from each sampling point
and kept frozen until analysis. Dried soil samples
were combusted at 550 �C for 4 h to determine
organic matter content.

Total nitrogen content of sediment was deter-
mined on a quarterly basis following the Kjeldahl
procedure. Sediment samples were oven-dried at
40 �C in order to minimize loss of the volatile
material. About 2 g of each sediment sample was
digested with 10 ml concentrated sulphuric acid at
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420 �C for 1 h. Total nitrogen in the digested
samples was then determined using a Kjeltec Auto
1030 Analyzer (Tecator AB).

Sediment particle size of the two sites was also
compared. Ten samples (two per plot), down to a
depth of 30 cm, were collected haphazardly by
using a core sampler made from PVC pipe of
55 mm diameter. Approximately 100 g of soil
from 5 cm or lower below the soil surface was
taken along the entire length of each core sample.
Analysis of the proportion of sand, silt and clay in
the soil samples was carried out according to the
hydrometer method in English et al. (1994).

The herbivore assemblages

Sampling of insect herbivores present in the K.
obovata forests at Mai Po and Ting Kok was
conducted from April 1994 to April 1995. During
each monthly visit, a 1-h survey of herbivores was
carried out including all trees in the plots. Any
herbivore encountered on the trees within acces-
sible height (<1.7 m) was collected for later
identification. No quantitative sampling was per-
formed on the abundance of the herbivores. All
larvae collected were reared to adulthood to
facilitate identification.

Measurement of herbivory intensity

Leaves were sampled monthly for 13 months to
estimate the leaf area consumed by herbivores
following the discrete sampling approach. Discrete
sampling tends to under-estimate herbivory impact
(e.g. Filip et al. 1995; Burrows 2003) by ignoring
impacts other than direct loss of photosynthetic
biomass, such as leaf longevity (e.g. Lee 1990,
1991). In this study, however, the main objective
was to investigate the relationship between leaf
quality and level of herbivory at two study loca-
tions, and the discrete sampling approach was
judged to be satisfactory for the purpose. No at-
tempt was made to measure the herbivory rate, i.e.
the loss of leaf tissue per unit time.

Two trees per plot were chosen haphazardly on
each sampling occasion and rosettes of leaves were
cut from the individual trees at various canopy
heights using a pruner attached to a long pole.
Samples were then transported to the laboratory

and processed as soon as possible. Leaves were
stripped off and groups of 25 were selected ran-
domly from each sample. All leaves were stuck to
sheets of paper and photocopied. Only holes,
mines and scraped leaf surfaces caused by insect
herbivores were considered for the estimation of
herbivory intensity. The most common herbivory
on K. obovata is the removal of the leaf lamina
margin. The original area of these damaged leaves
was estimated by reconstructing leaf outline from
the intact margins. Mines were traced from the
photocopies. The missing areas and the estimated
potentially damaged areas were then measured by
image analysis using a Leica Quantimet 500+
Image Analyzer. Herbivory intensity was
expressed as percentage of leaf area lost.

New leaves of K. obovata emerge both in sum-
mer (July) and early winter (November) (Lee
1991). Leaves produced in summer have a median
longevity of 270 days while winter leaves have a
median of 423 days. In this study, damage levels
on leaves within specific age groups were com-
pared to explore the relationship between herbiv-
ory intensity and leaf age. Leaves from each
sample were sorted into two groups, young and
mature. Leaves were considered young from bud
emergence until they had expanded fully and ac-
quired adult colouring and toughness (Coley
1983). These usually included the first two pairs of
leaves on each shoot. Mature leaves were repre-
sented by the third to fifth pairs of leaves on each
shoot, and were dark green and fully expanded.
Twenty-five leaves were picked randomly from
each group and damage levels measured by the
above method.

Significance of monthly difference in herbivory
levels, either between sites or between leaf age
groups, were tested by t-tests. Discontinuity of
some of the data prevented the use of repeated-
measure analysis of variance methods. All per-
centage data were arcsine transformed and tested
for normality beforehand. In cases where the
assumptions of normality and homogeneity of
group variances were not satisfied, Mann–Whitney
tests were used instead.

The relative importance of insect herbivory at
the two study sites was compared by comparing
herbivory intensity with an indicator of annual net
above-ground primary productivity (NAPP). Since
most of the ‘snapshot’ methods for measuring
NAPP are irrelevant to the temporal scale of the
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present study, litter production was used to pro-
vide an approximate measurement of NAPP. Two
litter traps, each with a square wooden frame of
0.25 m2 and with a plastic mesh of 1 mm2 mesh
size, were set randomly at each sampling plot at
�1 m above ground level (well above the spring
high tide level), making a total of 10 traps per site.
Contents of the traps were gathered monthly from
April 1994 to April 1995. Litter collected was dried
at 80 �C for 48 h and sorted into the three com-
ponents and their dry weight measured.

Leaf quality

Leaves collected from Mai Po and Ting Kok were
analyzed for nutrient (nitrogen, soluble carbohy-
drates, and water) and deterrent (soluble tannins,
crude fibres, sodium, chloride, and ash) contents.
Leaf samples were collected monthly from April
1994 to April 1995 according to the method de-
scribed above. Triplicate sub-samples each of 25
leaves were collected haphazardly from each of the
sites. All leaves were oven-dried at 40 �C for 24 h
and ground into powder prior to chemical analy-
sis. Determination of chemical properties for
young and mature leaves was carried out sepa-
rately.

Another sub-sample of leaves was oven-dried at
80 �C for 24 h for the determination of their water
content. Again, the water content of young and
mature leaves was measured separately. Samples
of 0.5 g dried material were combusted at 550 �C
for 4 h to determine their organic content.

Measurement of total soluble tannins, total
soluble carbohydrates, crude fibre, nitrogen con-
tent, sodium and chloride were performed by

methods described by Allen (1989). All values are
expressed as percentage dry weight of the samples.

Statistical analyses

Percentage data on leaf chemical contents were
arcsine transformed and tested for normality be-
fore proceeding to further statistical analyses. For
each chemical parameter, the significance of
monthly differences, either between sites or be-
tween leaf age groups, was determined using Stu-
dent t-tests. In cases where the assumptions of
normality and homogeneity of group variances
were not satisfied, Mann–Whitney U-tests were
used instead. All calculations were performed
using Sigmastat software, Jandel Scientific.

Results

Sediment properties of the study sites

A summary of sediment properties of Mai Po and
Ting Kok is given in Table 1. The results confirm
the more favourable growth conditions for K.
obovata at Mai Po: lower pore water salinity,
higher organic matter and N contents (up to
eightfold higher), and a higher silt and clay frac-
tion.

Redox potentials of sediment pore water fluc-
tuated greatly at both study sites throughout the
year. Most of the monthly average values of the
two sites were negative. The substrata of both sites
were, therefore, usually reducing. Redox potential
of Mai Po ranged between �264 and 38 mV. At
Ting Kok, the range was �248 to 336 mV. The

Table 1. A summary of sediment properties of Mai Po and Ting Kok.

Edaphic properties Mai Po Ting Kok

Mean (±1SE) Range Mean (±1SE) Range

Salinity (&) 19.0±1.2 10.2–25.5 26.9±6.4 11.2–33.7

Redox potential (mV) – �264 to +38 – �248 to +336

Sediment temperature (�C) 24.5±4.2 17.6–30.3 24.9±5.3 16.3–31.0

Organic matter (% dry wt.) 27.4±1.5 25.1–29.8 3.8±0.7 2.6–5.2

Total nitrogen (% dry wt.) 0.32±0.03 0.26–0.40 0.05±0.01 0.02–0.06

Texture (% dry wt.) (i) sand (<2 mm) 57.9±6.5 52.1–72.4 87.2±2.7 80.8–89.7

(ii) silt (<62 lm) 30.4±9.8 15.1–43.2 7.2±3.2 4.2–15.4

(iii) clay (<3.9 lm) 11.7±6.6 4.7–26.4 5.6±1.0 3.9–6.9

Means were obtained by averaging the 13 months of data.
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degree of anaerobiosis in the soil at Ting Kok was,
therefore, less serious than at Mai Po.

The herbivore assemblages

Nineteen species from five orders, namely, the
Coleoptera, Lepidoptera, Orthoptera, Diptera and
Hymenoptera, were collected from K. obovata
leaves at Mai Po whereas only 10 species, all
Lepidoptera, were encountered at Ting Kok (Ta-
ble 2). Five species were common to both sites,
resulting in an overall total of 24 species. The
frequency of encounter of these species was,
however, much higher at Mai Po than at Ting
Kok, especially during the period from late spring
to summer (May–September).

In general, lepidopteran larvae were the most
common herbivores on K. obovata at both sites.
Nearly all inflicted damage on green leaves by
chewing, causing marginal damage of the lamina.

Herbivory intensity

Herbivory intensities in terms of leaf area loss at
the two study sites demonstrated considerable
temporal variations (Figure 1). At Mai Po, higher
damage levels (>5% leaf area lost) were recorded
in July and January. Herbivory level rose to a
maximum of 6.5% in July and declined gradually
to a minimum of 2.1% in December. Thereafter, a
second, smaller peak occurred in January. The
mean herbivory level was 3.9±0.3% (SE). The
pattern of herbivory intensity at Ting Kok was
similar to that of Mai Po, but with a lesser fluc-
tuation amplitude. The peak values at the two
study sites, however, did not coincide with each
other. The highest herbivory level of 3.8% was
recorded in August at Mai Po. The herbivory
levels then fluctuated slightly in subsequent
months, with the lowest recorded in October
(1.6%). The mean herbivory level at Ting Kok was
2.3±0.2%. Herbivory intensities at Mai Po were
higher in magnitude than at Ting Kok throughout
the study period (Figure 1). In 9 out of the
13 months, herbivory levels at Mai Po were sig-
nificantly higher than at Ting Kok, indicating that
herbivore damage is generally more severe in the
K. obovata mangrove at Mai Po.

Herbivory patterns on young and mature leaf
samples from Mai Po and Ting Kok are similar
(cf. Figures 1 and 2). Again, monthly differences in
herbivory intensities on young and mature leaves
were apparent from both sites. At Mai Po, higher
levels of herbivory were recorded on young leaves
in the summer months of July and August (>6%).
Damage levels on young leaves were compara-
tively lower during the winter months, October to
December (<2.5%). For the mature leaves the
herbivory level again peaked in July (6.1%) and
was significantly higher than those recorded in
winter (October–December). In addition to the
summer peak, a second, distinct increase in the
herbivory level on both leaf age groups was re-
corded in January. The mean herbivory levels of
young leaves and mature leaves collected from
Mai Po were 4.5 and 3.7%, respectively. At Ting
Kok, there was only one remarkable increase in
the herbivory intensities of young and mature
leaves from June to August. The highest herbivory
levels on young and mature leaves recorded in
August were 4.7 and 3.7%, respectively. The mean
herbivory levels on young and mature leaves col-
lected from Ting Kok were 2.6 and 2.1%, respec-
tively.

Herbivory levels on young leaves collected from
both sites were comparatively higher than on
mature leaves (Figure 2). Significant differences
between the two leaf age groups were, however,
identified in only 4 months at Mai Po and only
3 months at Ting Kok, throughout the study
period. The patterns suggest that young leaves of
K. obovata at both sites are generally preferred by
the herbivores only during the period of late spring
to summer.

Herbivory intensity and litter production

The seasonal pattern of litter production was
similar between the two sites, in that maximum
production occurred both between April and May.
Annual total litter production at Mai Po varied
from 8.8 to 15.1 t ha�1 year�1, with a mean of
12.4±2.2 t ha�1 year�1 (mean +S.D.). This
comprised leaf litter (4.8 t ha�1 year�1), wood
(1.5 t ha�1 year�1) and reproductive plus frass
components (6.2 t ha�1 year�1) in proportions of
38.4, 12.0 and 49.6% of the total value, respec-
tively. At Ting Kok, mean annual total litter
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Table 2. Herbivorous insect species found on K. obovata by hand collection from Mai Po and Ting Kok.

Site Taxon Relative abundance

Mai Po Coleoptera

Scarabaeidae

Chaetadoretus sp. UC

Lepidoptera

Geometridae: Ennominae

Cleora injectaria (Walker) C

Cleora repulsaria (Walker) UC

Aretiidae:

Dysphania militaris VC

Limacodidae:

Parwa lepida (Cramer) R

Thosea sinensis (Walker) R

Lymantriidae:

Euproctis fraterna (Moore) UC

Euproctis subnotata (Walker) C

Orgyia postica (Walker) C

Dasychira chekiangensis Collenette R

Torfficidae: Torfficinae

Homona coffearia (Nietner) Meyrick VC

Lasiocampidae:

Gastropachapardale (Walker) R

Psychidae: Psychinae

Eumeta minuscule Butler UC

Acanthoecia larminati Heylarets VC

Chalioides kondonis Matsumura UC

One unidentified species (Sp. 1) VC

Orthoptera:

Tettigoniidae:

HolochlorajaponicaBrunner UC

Diptera:

Agromyzidae:

Unidentified leaf miner UC

Hymenoptera:

Paratrechinasp. UC

Ting Kok Lepidoptera:

Geometridae: Ennominae

Cleora injectaria (Walker) C

Geometridae:

Thalassodes hypocrites Prout R

Aretiidae:

Dysphania militaris VC

Lirnaeodidae:

Cania robusta (Hering) R

Lymantriidae:

Euproctis subnotata (Walker) C

Pieridae: Pierinae

Delias pasithoe pasithoe (Linuaeus) R

Tortricidae: Tortricinae

Homona coffearia (Nietner) Meyrick C

Psychidae: Psychinae

Acanthoecia larminati Heylarets R

Two unidentified species (Sp. 1 and Sp.2) C (Sp. 1); R (Sp.2)

Key to relative abundance: VC, very common; C, common; UC, uncommon; R, rare. Relative abundance was determined by

frequencies of encounter of individual species at each site during the study period.
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production was at 11.3±2.8 t ha�1 year�1, with
a range of 6.9–15.0 t ha�1 year�1. Leaf litter,
wood and reproductive plus frass components
accounted for 39.4% (4.5 t ha�1 year�1), 9.2%
(1.1 t ha�1 year�1) and 51.4% (5.8 t ha�1 year�1)
of the total litter production, respectively. Total
litter production of the two sites was not signifi-
cantly different (t-test, t = 0.94, p = 0.36).

Leaf quality

Table 3 summarizes the mean concentrations of
various chemicals in young leaves and mature
leaves of K. obovata collected from Mai Po and
Ting Kok during the 13 months of study. Two
samples, either between-site or between-age, were
considered to have true differences in their leaf
chemical characteristics only if significant differ-
ences were recorded in ‡7 months over the sam-
pling period.

Between-site differences in leaf chemical parameters

There were prominent between-site differences in
the contents of ash, crude fibre, sodium and
chloride regardless of leaf age. These chemicals
were significantly higher in leaves from Ting Kok
than their counterparts fromMai Po in most of the
sampling months (‡7). There were no between-site
difference on soluble carbohydrate, water content
and total nitrogen.

In general, leaves collected from Ting Kok
usually had a higher ash content. Between-site
differences in ash content of young leaves varied
from 0 to 3.6%. The differences in mature leaves
varied from 0.5 to 2.4%. Both young and mature
leaves at Mai Po were less fibrous and approxi-
mately 75% as tough as those at Ting Kok. Con-
centrations of chloride in young and mature leaves
from Ting Kok were about 23% and 28% higher
than that of their counterparts from Mai Po,
respectively. Differences in crude fibres and chlo-
ride in leaves of the two study sites, whether young
or mature, were significant through the year.
Young and mature leaves at Ting Kok, on aver-
age, contained approximately 48% and 40% more
sodium than their counterparts at Mai Po,
respectively.

Young leaves at Ting Kok, on average, con-
tained approximately 30% more tannins than

Figure 2. Monthly means of percentage leaf area lost (+1SE)

of young leaves (d) and mature leaves (n) collected from A, Mai

Po; and B, Ting Kok during the study period. *p<0.05,

**p<0.001 for t-test or Mann–Whitney U-test on differences

between the two sites.

Figure 1. Herbivory intensity as measured by percentage leaf

area lost, of K. obovata at Mai Po (d) and Ting Kok (n). Values

are means±1SE.* p<0.05, **p<0.001 for t-test or Mann–

Whitney U-test on differences between the two sites.
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those at Mai Po. Significant differences were re-
corded in 10 out of 13 occasions. Soluble tannins
in leaves of both age groups rose to a maximum
level in summer at both sites. The annual mean
values show that the overall concentration of sol-
uble tannins in mature leaves from both sites were
rather similar, although significant monthly dif-
ferences did exist.

Although young and mature leaves from Ting
Kok contained significantly higher contents of
nitrogen than those from Mai Po in a few months,
such differences were rare. It is not apparent that
there was between-site difference in nitrogen content.

Significant monthly differences were recorded
for soluble carbohydrates for both leaf age groups.
When considered on a yearly basis, however, there
was no general trend to indicate which site had
leaves more abundant in carbohydrates than those
of the other. The picture was similar for water
content. With the exception that young leaves at
Ting Kok were slightly richer in nitrogen than
those at Mai Po, it seems that, in terms of the
concentration of essential nutrients, neither site
offered leaves of more superior quality than the
other to insect herbivores.

Relationship between leaf age and chemical
parameters

In the 13 months of study, young and mature
leaves collected from Ting Kok and Mai Po were

found to have significant between-age differences
in ash, total soluble carbohydrates, total soluble
tannins, crude fibre and chloride in most of the
months (‡7 months). For other parameters such as
sodium, water content and total nitrogen, signifi-
cant between-age differences occurred either in
only a few months (<7 months) or not at all.
These parameters were thus regarded as factors
independent of leaf age.

Mature leaves from both study sites had higher
concentrations of ash and crude fibres than young
leaves at the same site. Differences in ash content
between-age groups were significant in all the
months at Mai Po and all except August at Ting
Kok. The differences were, however, larger in
samples obtained from Ting Kok. The mean
monthly differences in ash content between the age
groups were 2.0 and 3.0% at Mai Po and Ting
Kok, respectively.

The concentrations of total soluble carbohy-
drates and total soluble tannins were higher in
young leaves than mature leaves. The mean of
monthly differences in soluble carbohydrates be-
tween the two age groups at Mai Po and Ting Kok
were 2.5 and 3.8%, respectively. Temporal varia-
tion of soluble tannins in young and mature leaves
was obvious, especially at Mai Po. In general,
higher concentrations were detected in summer
(May–August) and declined gradually thereafter.
The mean of monthly differences in soluble tannins
between leaf age groups at Mai Po and Ting Kok
were 2.3 and 4.9%, respectively.

Table 3. A summary of the chemical characteristics of young leaves and mature leaves of K. obovata at Mai Po and Ting Kok.

Chemical parameters Mai Po Ting Kok

Young leaves Mature leaves Young leaves Mature leaves

Mean

(±1SE)

Range Mean

(±1SE)

Range Mean

(±1SE)

Range Mean

(±1SE)

Range

Total soluble tannins* 9.85±0.62 6.92–14.34 7.51±0.51 5.07–10.92 12.11±0.54 7.34–15.17 7.25±0.40 3.92–9.40

Soluble carbohydrates* 9.89±0.66 4.93–13.68 7.44±0.55 3.11–10.67 10.95±1.00 6.53–17.53 7.16±0.75 2.84–12.99

Total nitrogen 1.73±0.03 1.44–1.95 1.79±0.04 1.51–2.04 1.86±0.05 1.50–2.06 1.83±0.06 1.43–2.11

Water 67.92±0.55 66.05–72.56 66.19±0.51 62.74–69.08 68.04±0.30 65.82–70.06 66.21±0.39 63.37–68.14

Ash* 7.57±0.22 6.54–8.80 9.59±0.30 8.31–11.80 8.45±0.34 6.69–11.65 11.31±0.25 10.25–13.20

Crude fibre* 14.87±0.26 13.33–16.79 16.58±0.21 15.70–18.26 19.88±0.19 18.87–20.82 21.20±0.19 21.09–23.39

Sodium 1.47±0.04 1.27–1.78 1.74±0.02 1.62–1.91 2.16±0.04 1.96–2.38 2.42±0.04 2.10–2.61

Chloride 3.17±0.03 3.00–3.32 3.44±0.04 3.20–3.64 3.93±0.06 3.00–4.44 4.37±0.05 4.05–4.64

Overall herbivory

level (% area lost)

4.5±0.5 3.7±0.4 2.6±0.2 2.1±0.2

Mean values were obtained by averaging the 13 months of data. Characteristics marked with an asterisk (*) were consistently different

between Mai Po and Ting Kok.
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The levels of total nitrogen in leaf samples of the
two age groups from Mai Po and Ting Kok
showed considerable variations throughout the
study period. At both study sites, young leaves had
significantly higher concentrations of nitrogen
than mature leaves in the summer months (Au-
gust–September).

The sodium concentration in mature leaves
collected from Mai Po and Ting Kok were higher
than in young leaves in all the months. Neverthe-
less, the differences between the age groups were
seldom significant. Concentration of sodium in
leaves did not show any significant temporal trend.
The concentration of chloride in mature leaves was
generally higher than that in young leaves
throughout the 13 months of study at both sites.
In most of the months (‡7), the two age groups at
both sites had significant differences in the con-
centrations of chloride. No obvious pattern of
change was noticeable in young and mature leaves
at either site.

The monthly differences in water content be-
tween young and mature leaves were small and not
significant for both study sites. Monthly values of
water content in samples, either young or mature,
were constant at both sites.

Discussion

The herbivore assemblage

The assemblage of 24 species of insect herbivores
recorded from Mai Po and Ting Kok is relatively
small compared with those recorded from other
tropical mangrove forests. Murphy (1990) and
Veenakumari et al. (1997) and more recently,
Burrows (2003) recorded, respectively, 17, 39 and
34 species of insect herbivores on other members
of Rhizophoraceae (Rhizophora spp.). Lepi-
dopteran larvae that feed on the leaf lamina
dominate in most of these assemblages. The lower
species richness recorded in the present study may
have been a result of the bias of the sampling
method towards the less mobile lepidopteran lar-
vae, while members of the Hemiptera and
Orthoptera are under-estimated.

In this study, herbivory level seems to be cor-
related with the species richness of the herbivory
assemblages, but this factor is unlikely to be
important in controlling the level of attack. Most
episodes of massive defoliation of mangroves are

due to outbreaks of single species of herbivores
(e.g. Pikakarnchana 1981; Whitten and Damanik
1986; Anderson and Lee 1995; Duke 2002).

Herbivory intensity on K. obovata

The herbivory levels on K. obovata recorded in this
study ranged from 1.6 to 6.5%, revealing that K.
obovata foliage is not highly susceptible to herbivore
attack. As compared with herbivory levels recorded
in othermangroves, the damage toK. obovata in this
study is relatively modest. For example, Robertson
and Duke (1987) reported upon highly variable
interspecific herbivory damage on Australian
mangroves, with a range of 0.3–35.0%. Farnsworth
and Ellison (1991) recorded between 3.4 and 36%
leaf area loss in their survey of Rhizophora mangle
andAvicennia germinans in Belize. Attack levels are
likely to be influenced by site characteristics (e.g.
nutrient content), species and season. For example,
Onuf et al. (1977) reported 9.0–27% loss on R.
mangle in a nutrient rich forest in Florida, while the
same species suffered only 0.2% loss in a site in
Guadeloupe that had previously been affected by
hurricane. Damage level on Avicennia marina, a
species co-dominant with K. obovata at Mai Po,
could be as high as 80% (Anderson and Lee 1995).

Like many other forest systems, young leaves of
Kandelia obovata suffered a higher level of attack
by insect herbivores than mature leaves. This is
evident in the timing of the peak of herbivory
levels at between 1 and 2 months after the main
leaf production periods (June and November, Lee
1991). The differences between the two leaf age
groups were, however, significant only in the
summer months. The most common argument for
this preference is because young leaves are more
nutritious and less defended physically (Lowman
and Box 1983; Raupp 1985) and chemically
(Fenny 1970; Coley 1983). As young leaves have
higher photosynthetic capacities than mature ones
(Larcher 1995), preferential damage by herbivores
to young leaves will inevitably have a greater
impact on the productivity of the whole plant.

Primary production of K. obovata consumed
by herbivores

Comparison of leaf area consumption and
the litter fall data suggests that only a minor
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proportion of the NAPP of Kandelia obovata for-
est was consumed by herbivores at both sites
during the study period. Lee (1991) reported that
proportion of NAPP of the same species consumed
by herbivores was between 2.8 and 3.5%. These
figures agree with other similar studies on insect
herbivory that the percentage of total production
consumption by herbivores in forest ecosystems
seldom rises above 10% (Hodkinson and Hughes
1982; Crawley 1983; Schowalter et al. 1986). This
finding suggests that, as in other terrestrial forests,
herbivore pathway is only a minor route of organic
matter transfer in a K. obovata forest, normally,
the majority being processed through the usual
detritus pathway. After consumption, the majority
of this small proportion of NAPP will return
shortly to the detritivores in the form of either
faeces or insect frass, while the other proportion
will be converted to herbivore biomass or trans-
ferred to higher trophic levels through predation
of the herbivores. Since only a small proportion of
NAPP seemed to have been consumed by the
herbivores in this study, it seems that insect her-
bivory is normally unlikely to play a significant
role in nutrient cycling and energy transfer of the
K. obovata forest ecosystem.

The discrete sampling method used in this study,
however, probably under-estimated the impact of
herbivory. Leaf damage has been shown to reduce
leaf lifespan in K. obovata (Lee 1990, 1991) and
leaf area loss fails to document other, less apparent
herbivory losses, such as those inflicted by leaf
miners and sap-sucking species. These herbivore
guilds do contribute significantly to the total her-
bivore assemblage in mangroves (Murphy 1990;
Burrows 2003).

Sediment properties and leaf quality at the study
sites

Sediment physicochemical patterns at Mai Po were
substantially different and are generally more
conducive to growth of K. obovata from those at
Ting Kok (Table 1), especially in terms of salinity
and nutrient availability. The difference in sedi-
ment properties between Mai Po and Ting Kok
suggests that this can be an important factor
accounting for the apparent between-site differ-
ences in leaf chemistry probably reflecting local-
ized adaptive processes of the mangroves. There

was also a larger number of herbivore species at
Mai Po (Table 2). K. obovata at Ting Kok are
characterised by higher concentrations of salt, ash,
tannins (young leaves only), and crude fibre than
their counterparts at Mai Po. In contrast, the
water and N contents were not significantly dif-
ferent at the two locations. In short, there seems to
be higher levels of structural and chemical defenses
to herbivory at Ting Kok, while the nutrient
content was not different. These differences seem
to conform to the previous findings and predic-
tions on the relationship between environmental
conditions and leaf characteristics of halophytes
(Larcher 1995).

In view of the between-site difference in growth
conditions, a larger investment in the production
of tannins by the mangroves at Ting Kok as
compared with those at Mai Po seems to have
ecological significance. This is because the more
nutrient deficient and more saline stressed envi-
ronment at Ting Kok means that replacement of
biomass lost to herbivory at this site would be
more costly. The environmental constraints at
Ting Kok also imply that the leaves are more
valuable at this site than at Mai Po. In theory,
leaves at Ting Kok should, therefore, deserve
better protection.

The concentration of essential nutrients such as
nitrogen was, however, not higher at the more
favourable site. The mean total nitrogen contents
of young and mature leaves of Kandelia obovata
from Mai Po and Ting Kok are comparable with
those reported by Lin and Lin (1990) for the same
species and other mangrove species such as A.
marina (Rao et al. 1994) and Rhizophora apiculata
(Aksornkoae and Khemnark 1984). Spatial dif-
ferences in total nitrogen were recorded from
young leaves of K. obovata, those at Ting Kok had
considerably higher nitrogen contents. There were
significant but infrequent monthly differences in
the nitrogen contents of mature leaves between the
two sites. In a fertilization experiment, Boto and
Wellington (1983) showed that there was a highly
significant correlation between leaf nitrogen and
sediment ammonium in a north Australia man-
grove forest. Leaves of Rhizophora mangle grown
in a low-nutrient site near Fort Pierce, Florida,
contained a significantly lower percentage of
nitrogen than those at a high-nutrient site enriched
by guano (Onuf et al. 1977). Since the mean soil
nitrogen content of Ting Kok was much lower
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than that of Mai Po (Table 1), the results of this
study do not support the positive correlation be-
tween sediment nitrogen and foliage nitrogen as
suggested by the above studies. Similar results
have been noted for Eucalyptus tereticornis
(Marsh and Adams 1995) and other wetland
plants (Lacerda et al. 1986; McJannet et al. 1995).
These authors failed to demonstrate any correla-
tion between leaf nitrogen and nitrogen availabil-
ity in sediment, indicating that this phenomenon
may not be common.

A comparison between Mai Po and Ting Kok

Plants under stresses have been reported to be
more vulnerable to herbivore attack (e.g. White
1984). In the study of insect herbivory, plant
chemical characteristics have been commonly
regarded as the major factor regulating insect
feeding intensity (Cates 1980; Schultz 1988; Slan-
sky Jr. 1993; Bernays and Chapman 1994). Plants
stressed by fluctuating abiotic environmental fac-
tors, such as flooding, drought or nutrient defi-
ciencies, often are more susceptible to insect attack
(White 1984; Bazzaz et al. 1987; Chapin III et al.
1987; Louda et al. 1987). Between-site differences
in abiotic conditions have been proposed as the
main cause of intraspecific differences in herbivory
intensity in populations of Betula pubescens
(Haukioja et al. 1985) and some tropical tree
species (Coley 1983). Conversely, it is also imper-
ative for plants growing in harsh environments to
limit biomass loss to herbivores through better
physical and chemical defences.

In the absence of conflicting pressures that
require trade-off, herbivorous insects are expected
to prefer nutritionally superior foliage in order to
satisfy their energetic needs. Herbivory intensity of
K. obovata and higher species richness of the her-
bivore assemblages recorded at Mai Po were
higher than those recorded at Ting Kok. The
prominent difference in leaf chemistry of K. obov-
ata at the two study sites suggests that leaf quality
is important in explaining the between-site differ-
ence in susceptibility of this mangrove to the
attack of insect herbivores.

Leaves of K. obovata, both young and mature,
collected from Mai Po and Ting Kok, differed in
their contents of ash, crude fibre, chloride and
sodium. Those from Ting Kok had comparatively

higher concentrations in all of these materials.
Young leaves at Ting Kok also borne higher
concentrations of hydrolysable tannins, known to
be common feeding deterrents. The effects of these
attributes on herbivory are well known. For
example, the role of crude fibre (Coley 1983;
Janzen and Waterman 1984; Hochuli 1996) and
tannins (Fenny 1976; Coley 1986) as defensive
substances against herbivores is widely recognized.
Young leaves of K. obovata collected from Ting
Kok contained on average approximately 30%
more tannins than those collected from Mai Po.
Young leaves of K. obovata grow at Ting Kok
should, therefore, be better protected from attack
by insect herbivores than those at Mai Po.

Environmental conditions have been reported
to influence leaf chemistry of halophytes (e.g.
seagrass Cymodocea nodosa, Cebrián et al. 1996),
which may explain observed latitudinal differ-
ences in attractiveness of the same species of
plants to herbivores (Pennings et al. 2001). The
data collected in this 13-month study revealed
that the major between-site differences in the
chemistry of leaves of K. obovata, both young
and mature, involved mainly those chemicals with
potential deterrent effects on herbivores. Leaves
of K. obovata from Ting Kok generally had
higher levels of these chemicals than those from
Mai Po throughout the year. This finding means
that K. obovata at Ting Kok has a greater
defensive ability against insect herbivores than
their conspecifics at Mai Po. This extra defensive
ability is likely to be a by-product of the suite of
physiological adaptations of K. obovata to the
local environment rather than something actively
developed by the plant.

Leaves of K. obovata, both young and mature,
from the two sites contained similar levels of sol-
uble carbohydrates, water and total nitrogen
throughout the year, indicating that there is no
substantial between-site difference in the nutritive
value of K. obovata leaves. To conclude, leaves of
K. obovata collected from Ting Kok and Mai Po
had similar contents of essential nutrients but
those from the former site had higher levels of
feeding deterrents. Leaves at Ting Kok are,
therefore, nutritionally inferior food for herbivores
than those collected from Mai Po. This finding
may provide a possible answer to why the levels of
herbivory recorded at Ting Kok were generally
lower than at Mai Po.
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A comparison between leaf age groups

Leaf characteristics relevant to herbivores have
been demonstrated to depend on leaf age (e.g.
Alonso and Herrera 2000), thus explaining differ-
ences in patterns of herbivore damage (e.g.
Schweitzer 1979). Herbivory levels on mangroves,
however, are not necessarily higher in young leaves
(e.g. Farnsworth and Ellison 1993). Mature leaves
collected from Mai Po and Ting Kok had signifi-
cantly higher levels of ash, crude fibres and chlo-
ride than the young leaves on most of the sampling
occasions. As noted earlier, accumulation of these
substances in leaves as they age are acclimation
responses to a saline environment. These sub-
stances may render mature leaves less suitable than
young ones to insect herbivores. Although the
sodium contents of the two age groups were not
significant different on any of the sampling occa-
sions at both study sites, the considerably higher
levels of sodium in mature leaves indicate that the
possible undesirable effects of sodium on insects
feeding on mature leaves should not be ignored.
On the other hand, young leaves at both study
sites had significantly higher tannin contents than
mature leaves. Preferential accumulation of phe-
nolic compounds such as tannins in young leaves
has been reported upon in other tropical trees
(Coley 1983, 1986; Turner 1995). This finding
suggests that young leaves also possess potential
feeding deterrents, which protect them against
herbivores.

With regard to nutrient contents, young leaves
generally had significantly higher levels of total
soluble carbohydrates than mature ones. Soluble
carbohydrates are the major energy source for
most larval phytophagous insects (Hagen et al.
1984) and have been shown to correlate positively
with herbivory intensity of mangroves in Brazil
(Lacerda et al. 1986). Water contents of the two
age groups were rather similar throughout the year
at both study sites. In addition, the results of this
study have not provided enough evidence to show
that young leaves were generally more N-rich than
mature ones).

It has been suggested that young leaves are a
better food source than mature ones because they
are more nutritive and less well defended (Fenny
1976; Rhoades and Cates 1976), but there are
variations according to species and defence
chemicals (Larcher 1995). Based on the leaf

chemical parameters measured here, however, it is
impossible to provide a clear indication of whether
young or mature leaves of K. obovata are more
palatable to herbivores.

Conclusions

Despite the lack of a difference in litter production
rate, the forests of K. obovata at Ting Kok and
Mai Po demonstrated consistent differences in loss
of foliar biomass to insect herbivores. Trees at Mai
Po suffered significantly higher levels of foliar loss
due to herbivory, probably a result of the lower
concentrations of common feeding deterrents but
similar leaf nutrient levels compared with their
counterparts at Ting Kok. Young leaves also suf-
fered higher losses to herbivory at both sites
compared with mature leaves, again related to
differences in leaf chemistry. There was also a
larger assemblage of insect herbivores at Mai Po.
This study demonstrates how environmental con-
ditions may affect herbivory intensity through
influences on leaf chemistry and quality in man-
groves.
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