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ABSTRACT

that hydrocarbon pollution influenced leaf herbivory.

This study was done to test the palatability of leaves of mangroves growing in a highly and lowly polluted environment.
We hypothesized that bottom-up transfer of pollutants from soil to leaves would influence herbivory due to the toxic
effect of pollution. Exclusion experiment was done to test for leave herbivory in lowly and highly polluted plots
while cafeteria experiment was done to determine the feeding preference of 20 West African red mangrove crabs
(Goniopsis pelii). In the first experiment a total of 453 mangrove leaves were sampled for six months, one year and two
years. Results indicate that there was significant difference in herbivory between highly and lowly polluted treatment
in the six months (F2, 160=3.33, P=0.04), one year (F2, 184=1.90, P=0.02) and two years (F1, 169=7.58, P=0.01)
samples. There was more leave herbivory in highly than in lowly polluted plot. The pattern of incisions indicates
that crab herbivory was the highest (53%) followed by insects (25%) and undetermined (22%). In the laboratory-
based experiment, there was significant difference in leave incisions from both plots (P=0.01) with more leaves from
highly polluted plot consumed (4, 521.69 cm2) than leaves from lowly polluted plot (2, 769.83 cm?2). This implies
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INTRODUCTION

Herbivory is the act of feeding on the tissues or internal fluids
of living plants or algae [1]. Herbivory changes the physical and
chemical traits of plants [2], which may have ripple effect on the
food chain. Insects are the most destructive herbivores [3,4], and
show greater presence in higher latitudes [5] such as tropical areas
e.g., Africa. Leaf herbivory is higher in nutrient rich sites and
amongst younger leaves [6]. Younger leaves have higher herbivory
because they have higher photosynthetic ability than older leaves.
Insect incision on premature leaves cause the loss of apical buds,
lowers productivity and changes plant architecture [7,8]. Insect
herbivory causes defoliation, which reduces the survival potential
of mangroves [9]. Wood-boring moths and beetles create tunnels
through leaves of mangroves [10]. A species of mangrove called
Kandelia obovata had reduced life span as a result of leaf damage [11].
Similarly, consumer activities of herbivores impact the structure
of plant communities and influence species succession [12].
Succession occurs when herbivory alters the regional differences
in plant diversity [4].

Crabs, on the other hand, are a major herbivore of mangroves.
This is because their predation of mangrove propagules affects
natural regeneration and species distribution across intertidal
zones [13]. Crabs form obligatory relationship with mangroves for
survival [14]. Grabsidae, a family of crabs, in the Indo-west Pacific
region live and forage directly on mangrove trees [13]. Similarly,
Sesarma leptosome of East Africa is an active climber, and feed on
mangrove materials [15]. However, crab preference for mangrove
depends on the age [16], and nutritional value of the tree [17,18].
Mangrove leaves are nutritious; and influence the survival, growth
and reproduction of crabs [15].

Hydrocarbon pollution therefore, affects plant resistance and
makes it vulnerable to herbivore attack [19]. Plants growing in
polluted soil may have more damage- tolerance than plants growing
in non-polluted soil [12]. Leaves from polluted soil can become
unpalatable for herbivores when pollutants lodge in the leaves [20].
But, high concentration of crude oil can out rightly kill mangrove
fauna and flora [21], which affects nutrient cycle [22] and leaf
production in mangroves. These situations reduce the ability of
mangroves to resist herbivore attack [23]. Crude oil can also act as
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antiseptic and destroy parasites [24], leading to the enhancement
of growth in mangroves [20].

The goal of this study, therefore, was to firstly compare herbivory in
highly and lowly polluted treatments (exclusion), and secondly to
compare the feeding preference of crabs of leaves from highly and
lowly polluted plots (cafeteria experiment). We specifically selected
the red mangrove leaves (Rhizophora species) because they are the
most dominant and most palatable species in the study area. The
objective of the study is therefore: (1) To determine leaf herbivory
in excluded and control mangrove branches, (2) to determine leaf
herbivory in upper and lower mangrove branches, (3) to determine
leaf herbivory in highly and lowly polluted mangrove forest.

MATERIALS AND METHODS

Study area

This study was conducted in a mangrove forest in Okrika, located
near a major refinery in the southern part of Nigeria known as
the Niger River Delta (Figure 1). This refinery is a major outlet
for exportation of crude oil out of Nigeria. The climate is tropical
monsoon with rainfall occurring all throughout the year except in
December, January and February. The mean annual precipitation
ranges from 2500-4500 mm [25]. The mean annual temperature
ranges from 26°C-30°C. The soil is swampy and grades from red to
brown, while the soil pH ranges from acidic to neutral i.e., 6.10-
6.53 (Table 1). The soil is more acidic than alkaline because of the
ammonia and methane gases produced through decomposition
of plant matter. Its mangrove forest is uniquely divided into two
sections by a tarred road (75 m wide). Running parallel to the road
and about 1 m apart are ten sets of giant nickel/steel alloy-plated
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crude oil pipelines (" diameter 8-10 inches) that convey crude oil
and petroleum products from the refinery to the jetty. These two
features created an artificial partitioning of the mangrove forest into
two sections of highly and lowly polluted plots that are 20 m and
40 m away from the crude oil pipelines respectively. The average
total hydrocarbon content of the lowly polluted plot is 344.1 mg/1
while the average THC of the highly polluted plot is 2361.3 mg/1.
The THC of the highly polluted plot is higher because of higher
crude oil spillages recorded in this area. This delineation is further
validated by an earlier studies carried out in the area [26,27].

Study species

Rhizophora racemosa Meyer (Rhizophoracea), known as red
mangroves, are the most dominant species in the study area
[28,29]. These mangroves survive hyper saline conditions and are
widespread in the estuarine wetlands of the Niger Delta [30,31] and
the Atlantic [32]. Rhizophora species have the largest propagule size
(i.e., 12-21 cm) when compared to other species such as black and
white mangroves. The leaves and propagules of the red mangroves
are a delicacy for crabs, fish and other herbivores because of their
nutritive value.

The West African Red Mangrove crabs (Goniopsis pelii) inhabit
mangrove forests in the Niger River Delta, and parts of the At
lantic coast. For the purpose of our study the crabs are grouped
into three sizes namely: small (Ilength: 5-6 cm; width: 4-5 cm), me-
dium (length: 7-8 cm; width: 4-6 cm) and large (length: 8-10 cm;
width: 5-6 cm). This species of crabs are the most dominant in the
red mangrove forests (Rhizophora species), and have a black, white
and orange color on their dorsal, ventral and limb regions respec-
tively. They are decapods with five pairs of limbs, four hairy (pelii)
and one non-hairy (chelipads). The chelipads have sharp edges for
shredding the leaves and propagules of mangroves.

b g

Figure 1: Map of study area indicating the area where herbivory experiment was conducted in Okrika, Niger Delta, Nigeria.
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I()S::t‘;'gn °°“dc”n‘;" WS/ bW TOC (%) P (mg)) (Smog"II) (r:;") Pb (mg/l) Zn (mgll) (r::“) Mn (mgll) Ca(mgll) K(mg/l) Mg (mg/l) THC (mgll)
OK1 1133 5.94 1.989 0.07 25 0.06 6.21 4.86 1.26 1.52 33.28 54.95 229.48 2682
OK2 783 6.4 1.716 0.03 28 0.001 0.001 1.26 0.001 0.44 45.17 38.31 143.73 2155
OK3 9920 5.97 3.315 0.09 60 0.001 0.001 2.6 0.001 4.71 36.95 334.8 513.2 2247
Mean 3945.33 6.10 2.34 0.06 37.67 0.02 2.07 2.91 0.42 2.22 38.47 142.69 295.47 2361.33

sD 5177172 0257 0.855 00306 19.399 0034 35848 1.8195 0727 22202  6.0884 166583 193373  281.490
SE 2989.042 0.147 0.494 0.0176 11.200 0.019 2.0697 1.0505 0.419 1.2818 3.5151 96.177 111.64 162.518
Table 1A: Soil physico-chemistry of mangrove soil in highly polluted plot in mangrove forest in the Niger Delta, Nigeria.
Study Conduct. TOC SO, * Cd Pb In Cu Mn Ca Mg THC
H P 1 4 K 1

location  p/em PR @) POV ) g me) mg) mg) mgd mg) KT g ey
BG1 308 6.53 2.81 0.15 18 1.34 19.14 8397 19.28 51.84 1149.1 133.85 737.35 434.45
BG2 186 6.83 2.145 0.1 15 0.93 2282  88.55 3885 6255 1156 157.05 715.49 352.50
BG3 19280 6.58 3.939 0.24 240 0.001  0.001 8.4 0.001 477 28285 4074 794.61 24532
Mean 6591.33 6.65 2.96 0.16 91 0.76 13.99 6031 19.38  39.72 862.65 232.77 749.15 344.09

SD 10988.88 0.16 0907 0.0710 129.05 0.6861 12.251 45.011 19.425 30.738 502.133 151.681 40.89 94.845
SE 6344.431 0.09 0524 0.0410 74505 0.3961 7.0732 25987 11.215 17.746 289.907 87.573 23.590 54.759
Table 1B: Soil physico-chemistry of mangrove soil in lowly polluted plot in mangrove forest in the Niger Delta, Nigeria.
FL 20m =, 20 m }
Laboratory analysis Insect | High (THC = 2362mg/ml) || Low (THC = Tnsect
study study
To test for the level of pollution of the mangrove forest soils the

total hydrocarbon content (THC) and some physicochemical
parameters were determined in the laboratory (Table 1), and
include: Cadmium (Cd), Copper (Cu), Zinc (Zn) and Lead (Pb)
and nutrient elements namely Calcium (Ca), Magnesium (Mg),
Manganese (Mn), Phosphorous (P), Potassium (K), Sulphate (SO,)
and total organic content (TOC). In the laboratory TOC was
analyzed with Wakley Black method [33] while for other metals
colorimetric method was applied [34]. THC was analyzed with
UV/visible spectrophotometric method (7420 nm).

Data collection

Both field-and laboratory-based experiments were conducted in
this study. The field-based study was carried out in a mangrove
forest situated 1 km from a refinery, and close to a crude oil
evacuation jetty. The oiling activities around the forest it has made
it a polluted area, a situation that had made it difficult to find
a non-polluted site around the mangrove forest. We thus used
previously established study plots [26].

Experimental design

The experimental design summarizes the experimental activities in
the field-based study (Figure 2). Furthermore, Figure 3 illustrates
the two major mangrove herbivores, a picture of the exclusion
experiment conducted (Figure 3d) and an example of leaf herbivory
I mangrove forest (Figures 3e and 3d).

Exclusion experiment

Five trees were randomly selected from each plot (i.e., high and
low pollution), and geo-referenced with a Garmin GPS (USA) as
follows: low (N 04" 43.497; E 007°05.338; Elevation: 11.3) and
high (N 04° 43.512; E 007°05.266, Elevation: 11.9). On each tree,
opposing branches with three to seven leaves were selected at both
upper and lower branches and covered with a nylon wire mesh
(Size<0.05 m) (Figure 2d). Experiment was done at both upper and
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Figure 2: Experimental design of exclusion method used to study herbivory
in mangrove forest (Rhizophoracea) in the Niger Delta, Nigeria in highly
and lowly polluted plots.

lower branches because there are both lower and upper branch
herbivores. The mesh was tied firmly with aluminum ropes to
prevent the entry of small insects. The opposite non-excluded
branches served as control and were also tagged. At both the upper
and lower levels, four exclusions and four controls were established
(i.e., eight exclusions and control per tree x five trees x six plots) to
give a total of 240 samples.

We determined the total herbivory by conducting exclusion
experiments in line with previous works [35] for three time
intervals: (i) six months; (ii) one year, and (iii) two years. For each
study periods the following parameters were investigated: the
exclusion effect (i.e., control vs excluded), branch effect (i.e., up vs
down) and pollution effect (low vs high). To characterize herbivory,
we quantitatively estimated the number of bite marks or incisions
made per leave [36], which we interpreted as an attempt to consume
the leaves by herbivores.

Cafeteria experiment

Forty crabs were captured alive by hand using protective gloves.
Leave samples were plucked from the mangrove trees or picked
from the forest floor and brought to the laboratory for analysis.
The captured crabs were placed in four rectangular containers with
similar dimensions i.e., length (35 cm), width (23 cm) and height
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Figure 3: Major mangrove herbivores in the Niger Delta, Nigeria (a) West
African Red Mangrove crab (Goniopsis pelii), (b) a pair of chelipeds (c)
insect species found in mangrove forest; (d) mesh bag used for exclusion
experiment; (e) pre-processed and (f) processed leave sample in Image J
software window used to calculate area of leave consumed.

(24 c¢m), and has a volume of 19, 320 cm®. The containers were
one-eighth filled with river water collected in-situ. Green and yellow
leaves without marks were plucked from the trees and preserved
in black cellophane bags. To determine the total leave consumed
and the preference for each leave-type, seven cafeteria experiments
were conducted. The Ist experiment estimated the total leaves
consumed by the crabs; the 2nd to 6th experiments determined the
preference based on leaves from highly and lowly polluted plots,
while the 7th experiment investigated preference based on color of
leaves (i.e., yellow or green). Twenty medium to large adult crabs
were later selected from the 40 crabs and placed in the containers.
Ten leaves from each plot (i.e., high vs low) was placed in each of the
four containers making a total of 40 leaves. The leaves were marked
to differentiate those coming from highly and lowly polluted plots.
The crabs were starved for 24 hours before the leaves were placed
in the containers. At the end of the experiment the leaves were
removed, and the area of leave consumed calculated.

Image analysis in Image ]

An image impression of the leaf samples were made with a digital
camera (Nikon) at focal length of 30 cm. To confirm the validity
of the images a portable handy scan model TSN410 was used to
acquire images in line with [8]. The leaf area in pixel was converted
to millimeter in image measurement software called Image ] for
the “pre” and “post” consumption values [37] at a scale of 7.983
pixel mm-1. The pre-consumption estimates were made after
reconstructing the leaves with a freehand drawing tool and fill
utilities in Image J. In addition, the leaves were visually inspected
to calculate total herbivory by determining the number of holes
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made on the leaves. The type of herbivore bite marks made on
the leaves were assessed and assigned count numbers following the
example [36]. The rate of herbivory for the exclusion experiment
was calculated by computer estimation of area of leave consumed in
Image J. The leave area eaten (LA _ ) was calculated by subtracting
leave area after herbivory (LA ;) from original leaf area before

herbivory (LA, . ).

before

Statistical analysis

Herbivory estimations were done based on highly vs. lowly polluted
plot, excluded vs. control and up vs. down branches of mangrove
trees. We used ANOVA to analyze leaf area consumed as a function
of pollution, exclusion and branch for the six months, one year
and two years samples (Table 2). A Tukey HSD post hoc test was
conducted for all data. All analyses were performed in R statistical
environment, v. 3.0.1 [38].

For the cafeteria experiment, we interpreted the leaves with and
without bite marks as response variables, and pollution levels as
predictor variable [39]. Contingency tables were made for leaves
with bite marks (“yes”) or leaves without bite marks (“no”). Since
the explanatory variables were binary, chi-square test was used to
analyze the results. The outcome of “bite marks” versus “no bite
marks” i.e., yes or no respectively was compared with a paired
sample t-test [40].

RESULT AND DISCUSION

Exclusion experiment

We collected a total of 453 leave samples for two years from the
field-based herbivory analysis as follows: Six month (160 leaves), one
year (184 leaves) and two years (169 leaves). Our study revealed that
hydrocarbon pollution significantly influenced leaf consumption
by herbivores in the six months (F=3.33, P=0.04), one year (F=1.90,
P=0.02) and two-years (F=7.58, P=0.001) samples (Figure 4).

There was significant difference in the area of leave consumed by
herbivores for both the excluded and control (F=32.0, P<0.0001)
(Figure 5). But there was no significant difference in the amount of
leaves consumed at the up and down branches of the trees (F=1.4,
P=0.2) (Figure 6). The lower branches of the trees having more
leave area consumed especially in the lowly polluted plot. The
Turkey’s HSD post hoc test, however, indicates that for both the
highly and lowly polluted plots the control branch had the highest
leave consumption.

There was a significant interaction between pollution and branch
for the two year sample (F2, 160=23.20, P<0.0001), but no
interaction between pollution and branch for the six months and
one year samples (Table 2).

Based on observations and type of bite marks made on leaves,
insects and crabs were the two most dominant herbivores in the
mangrove forests. The total herbivory for all the leaves sampled
(n=453) in all pollution gradients indicate that 97% of the leaves
were either consumed or incised while 3% was not consumed and
incised. Crabs had a significantly higher number of bite marks 117
(42%) followed by insects 55 (20%) and undetermined 50 (18%)
(Figure 7). This gave an overall herbivory of 53%, 25% and 22%
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Herbivory period SOV DF SS MS F P
6 Months Exclusion vs control 1 1.56 1.56 1.03 0.313
High vs Low 2 10.17 5.08 3.33 0.038*
Up vs. Down 1 0.06 0.057 0.04 0.848
Exclusion * Pollution 2 2.27 1.136 0.75 0.477
Treatment * Branch 1 21.74 21.74 14.26 0.0002***
Pollution vs. Branch 2 4.70 2.35 1.54 0.2170
Exclusion: Pollution: Branch 2 7.24 3.62 2.37 0.0964
Residuals 160 244.01 1.53
1 Year High vs Low 2 6.05 3.026 1.90 0.0153*
Up vs. Down 1 0.67 0.671 0.42 0.517
Pollution: Branch 2 2.17 1.086 0.68 0.507
Residuals 184 293.28 1.594
2 year Exclusion vs. control 1 0.28 0.277 0.44 0.509
High vs Low 1 4.80 4.796 7.58 0.007**
Up vs. Down 1 10.88 10.88 17.20 0.0001***
Pollution: Treatment 1 0.70 0.700 1.11 0.294
Pollution: Branch 1 14.68 14.678 23.20 0.0001***
Branch: Treatment 1 2.05 2.049 3.24 0.074
Treatment: Pollution: Branch 1 0.59 0.589 0.93 0.336
Residuals 169 106.92 1.633
*Significant

Table 2: Summary of statistical analysis for exclusion experiment conducted in highly and lowly polluted plots in the mangrove forest (Rhizophora

racemosa) in the Niger Delta, Nigeria.
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Figure 4: Amount of herbivory in highly and lowly polluted plots for the
sample period of 6 months, 1 year and 2 years in the mangrove forest of
the Niger Delta, Nigeria.

for crabs, insect and undetermined respectively. The dominant
insect species recorded at both treatments were ants, followed by
grasshoppers and spiders.

Crab cafeteria experiment

In the 1% experiment more area was consumed in leaves from highly
polluted plot (806.38 cm?) than leaves from lowly polluted plot
(160.57 cm?). There was a significant difference in the number of
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Figure 5: Amount of herbivory in highly and lowly polluted plots for
excluded and control branches in the mangrove forest of the Niger Delta,
Nigeria. Vertical lines show + 95% confidence interval.

incisions made on leaves from highly and lowly polluted treatments
(df=1, P=0.01). This means crabs made more incisions on leaves
from lowly polluted plot (68) than leaves from highly polluted plot
(64), but practically consumed more leaves from highly (4, 521.69
cm?) than leaves from lowly (2, 769.83 cm?) polluted plot when
the area of leaves consumed from 1* to 7™ experiment were added
together.

Conversely, in terms of color, there was no significant difference
(df=1, P=0.14) in the number of incisions made on leaves. Crabs
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Figure 6: Amount of herbivory in highly and lowly polluted plots for
up and low branches in the mangrove forest of the Niger Delta, Nigeria.
Vertical lines show + 95% confidence interval.
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Figure 7: Graph of herbivory by different herbivores in highly and lowly
polluted plot in mangroves forest in the Niger River Delta, Nigeria.
Vertical lines show # standard error of the mean.

made 9 marks on yellow leaves and 13 marks on green leaves. But
they practically consumed more area in green leaves (1,739. 89
cm’) than yellow leaves (209. 53 cm®). Furthermore, there was a
significant difference between the pre and post leave consumption

(ttest: t187=5.12, P=0.0001).
DISCUSSION

Results from this study showed that hydrocarbon pollution directly
influenced the consumption of mangrove leaves by herbivores. The
field study was conducted in an area that has been impacted by oil
and gas exploration activities for decades. Higher amount of leaves
were consumed from lowly than highly polluted plots from both
the field and laboratory-based experiments. Palatability of leave
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influenced consumption [41,42]. Other studies had shown that
the presence of chemicals in leaves can deter herbivore feeding [8].
This is in line with the hypothesis that hydrocarbon pollution will
deter herbivory of mangrove leaves. In contrast, studies have shown
that there are no correlations between heavy metals in sediments
and in mangrove leaves [43]. Although, previous studies [20] had
earlier revealed that hydrocarbons can be transferred from the
soil through the root to mangrove leaves. However, another study
had indicated that soil nutrients improve plant quality trait, and
determines herbivore preference for leaves of mangroves on polluted

soils [44].

Incisions made on mangrove leaves do not mean consumption
because crabs have the habit of shredding mangrove leaves without
consuming them. Bite marks without actual consumption could be
a “taste test” by the crabs to determine the palatability of the leaves
[41]. Leave-shredding is a common behavior exhibited by mangrove
crabs [45]. Shredded leaves provide raw materials for decomposers
[45], which helps to drive the process of nutrient cycling [27].
Decomposed leaves are more palatable for crabs because of the
reduced tannin content of the leaves [8,46].

During the field work it was observed that crowding of small to
medium sized crabs at the lower branches of mangrove trees may
have contributed to higher herbivory at lower branches. This means
large population of crabs at a particular region of the mangrove
trees can lead to increased feeding on the leaves. Similarly, tidal
movement can also influence foraging habit of crabs. This is because
it was observed that during high tide, crabs climb the lower parts
of the tree from the ground to forage while, during low tide crabs
come to the ground to feed. During oil spillages crabs forage more
on the trees than on the ground. The crabs also avoided trees with
dead and yellow leaves but crowded trees with green leaves. This
behaviour was observed during the lab-based study, which showed
that crabs made more incisions on yellow leaves, but consumed
more green leaves when given the choice of both types of leaves.
This finding is supported by previous works [16,47] who found out
that crabs preferred yellow leaves than green leaves.

The feeding dominance of crabs in our study system indicates that
mangrove forest is their major habitat and enhances their survival.
Although insects are more diverse and have higher population size
in the mangrove forest, they still cause little damage as compared
to the crabs. The territorial behaviour and the formation of feeding
guilds by crabs contribute to the differential feeding pattern on
leaves at different sections of mangrove trees. The big crabs
colonized the upper branches while the small and medium-sized
crabs occupied the lower branches. Crabs play key role in mangrove
ecosystem by indirectly providing food for other organisms through
their leaf-shredding and propagule dispersal behaviour, which has
consequences in food redistribution in the mangrove ecosystem.

Additional studies are needed to clarify whether other factors
such as nutrients level and chlorophyll content are responsible for
higher herbivory in lowly polluted plot.

CONCLUSION

The result shows that herbivory was influenced by soil hydrocarbon
pollution, which led to an increased consumption of mangrove
leaves in lowly polluted plot. Green leaves had better appeal for
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crabs, this is why more green leaves were consumed than yellow

leaves. Similarly, higher population of crabs was found on trees

with green leaves than trees with yellow leaves. The outcome of

this study indicates that crabs were the top herbivores of mangrove
forest and survive by feeding on the leaves.
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