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Abstract: The coconut rhinoceros beetle (CRB, Oryctes rhinoceros L.) is a serious pest of coconut
(Cocos nucifera L.) in many tropical regions, however the influences of CRB herbivory on the coconut
leaf chemistry are unknown. This limits our ability to predict the afterlife decomposition dynamics
of the damaged coconut leaf litter. Mature green and senesced leaflet tissues were collected from
coconut trees on the island of Guam, where coconut is native and CRB is invasive. Mineral, metal, and
lignin concentrations were quantified to determine the nutrient limitations and the litter quality traits.
Nitrogen was increased and the elements that are not resorbed during leaf senescence were decreased
by the CRB damage. The important litter stoichiometric traits carbon/nitrogen and lignin/nitrogen
were decreased by the CRB damage. The results indicate that CRB herbivory may limit green leaf
nutrition in Guam’s soils and increase the senesced leaf litter decomposition speed and nutrient
turnover rates.
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1. Introduction

The pantropical coconut (Cocos nucifera L.) is a palm tree that provides all of the necessities
of life [1,2]. The buoyant fruits lead to the hydrochory of seeds, which enables long distance
oceanic dispersal, and means that the islands throughout Oceania possess high density coconut
tree populations. In tropical island nations with widespread agroforests, the coconut is almost always
a prominent component of the emergent canopy. Under these settings, horticultural care is provided,
but few or no fertilizer inputs are included in the agroforest management. Therefore, an understanding
of nutrient turnover is needed to sustainably manage these agroforests.

The coconut rhinoceros beetle (Oryctes rhinoceros L., Coleoptera: Scarabaeidae) is native to the
Asian tropics [3,4]. The large adults damage coconut trees by boring into the young green tissues
which are positioned at the apex of the stem, to feed on the sap. In the process, they cut through the
emerging leaves, causing damage to the unfolded leaflets. Characteristic V-shaped cuts in the leaflets
(Figure 1) and large holes through the petiole or rachis become visible, as the damaged leaves expand
from the stem apex.

In geographic regions where both coconut and the beetle are indigenous, the pest infests
widespread populations, but causes minimal damage to individual tree health (Figure 1a). However,
in geographic regions where the coconut is native and the beetle is invasive, the damage can be
extreme (Figure 1b) and ultimately lethal for the trees. The indirect consequences of coconut rhinoceros
beetle (CRB) herbivory, such as the modifications to the leaf and the litter chemistry, and how these
modifications affect the litter decomposition have not been studied to date. The direction and extent
of changes to the litter quality caused by insect herbivory are not universal. Following herbivory,
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the litter quality and the speed of litter decomposition can be increased or decreased, depending
on the host-herbivore combination [5-7]. Therefore, information on the leaf and litter chemistry
changes following CRB herbivory is needed to better inform horticultural decisions and to improve
the management of plant nutrition in low input agroforest systems containing coconut trees with
CRB infestations.

(b)

Figure 1. The appearance of coconut leaves following herbivory by coconut rhinoceros beetle (CRB).
(a) CRB herbivory in northern Samar, Philippines showing characteristic sparse damage in the
geographic regions where CRB is native (green arrow); (b) CRB herbivory on Guam showing the
extensive health-compromising damage in geographic regions where CRB is invasive.

My primary objective is to quantify the changes in the coconut leaflet chemistry following CRB
herbivory on the island of Guam, where the coconut is native but CRB is non-native. My secondary
objective is to determine if changes in the senesced leaflet quality predict a change in the speed of litter
decomposition. The results will add the coconut-CRB system to the accumulating case studies which
help to build a predictable universal model of how insect herbivory alters litter decomposition and
other ecosystem properties.

2. Materials and Methods

Ten locations in northern Guam were identified with high density, mature, unmanaged coconut
trees, and these were treated as ten replications. At least five trees at each location were used to collect
the leaflets during 10-15 September 2017. Trees were selected that exhibited some CRB-damaged
leaves and some undamaged leaves, which were within the stem height range of 34 m. These trees
were not among those that were heavily damaged and close to death, which could directly affect the
quality of the undamaged leaflet tissue. The youngest fully expanded green leaves were selected as
the green leaves. To ensure that the litter was recently senesced, desiccated litter leaflets were collected
from the oldest leaves that still had green petiole and rachis and were still attached to the trees. Leaflets
were collected in the vicinity of the CRB herbivory for the damaged leaves, and the undamaged leaflets
were collected from leaves that exhibited no herbivory at a similar location along the rachis as the CRB
herbivory on the damaged leaves. The entire leaflets were harvested from the median position of the
rachis to ensure that the sampling was not biased by the position on the rachis or by the leaflet axes.
All leaflets from a single location were combined into a composite sample for each of the leaf age and
leaf damage categories.

The soils for all ten locations were formed from sediment overlying porous limestone on
uplifted plateaus (Clayey, gibbsitic, nonacid, isohyperthermic Lithic Ustorthents) [8]. In order to
fully understand the edaphic traits of the experimental sites, a soil sample from a depth of 0-15 cm
was collected from each site and was combined into a composite sample. The pH was 7.5 and the
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elemental content was 7.2 mg-g~! nitrogen, 62.9 ug-g~! phosphorus, 129.2 mg-g~! carbon, 0.7 mg-g !
potassium, 1.2 mg-g~! magnesium, 56.1 ug-g~! manganese, 16.9 ug-g~! iron, 2.31 ug-g~! copper, and
83.4 ug~g_1 zinc.

These field methods ensured that the known factors that may influence the leaf chemistry were
controlled to the selection bias during the test of the CRB damage. The soils were homogeneous,
all leaves were full sun emergent leaves, their position along the massive rachis was homogeneous,
the tree height was constrained, and seasonal effects were not a factor due to the mid-September
collection dates. Moreover, the influence of fertilizer on the leaf chemistry was addressed by ensuring
that all of the sampled trees were never recipients of fertilizer applications.

The leaflets were stored in ambient conditions until they were prepared for chemical analysis.
The leaflets were dried at 75 °C and were milled to pass through a 1-mm screen. All green and
litter tissue were analyzed for essential micro and macronutrients. Total nitrogen and carbon were
determined by dry combustion (FLASH EA1112 CHN Analyzer, Thermo Fisher, Waltham, MA, USA),
and all other elements were determined by inductively coupled plasma optical emission spectroscopy
(ICP-OES) following digestion by diethylenetriaminepentaacetic acid (Spectro Genesis; SPECTRO
Analytical Instruments, Kleve, Germany) [9]. The green leaf tissue was further analyzed for metal
concentration using nitric acid digestion and ICP-OES. The senesced leaflet tissue was further analyzed
for lignin using the acetyl-bromide method [10].

Three statistical analyses were performed. All of the prerequisites for the parametric tests were
verified. (1) The element data that were quantified in both of the leaf age categories were subjected
to a two-way ANOVA, with two levels of leaf age (green leaflets and senesced leaflets) and two
levels of CRB herbivory (healthy and CRB-damage). To better understand the plant nutritional
status, the quotients of nitrogen/phosphorus, nitrogen/potassium, and potassium/phosphorus were
calculated. These stoichiometry traits were also subjected to the two-way ANOVA. (2) The metals
that were quantified in the green leaf tissue were subjected to a paired f-test to determine the
influence of CRB herbivory on these leaf chemical traits. (3) The data collected from the senesced
leaflet tissue were used to better understand the influence of CRB herbivory on litter quality.
The nitrogen, phosphorus, and potassium resorption efficiencies were calculated as the percent
reduction of each nutrient between the green and senesced leaves [11,12]. The relationship between
the structural components and the nutrient components was determined by calculating the quotients
of carbon/nitrogen, carbon/phosphorus, carbon/potassium, lignin/nitrogen, lignin/phosphorus,
and lignin/potassium. Lignin, resorption efficiency, and litter stoichiometric traits were subjected to
a paired t-test to determine the influence of CRB herbivory on litter quality. For all three analyses,
means separation was conducted by the least significant difference for the response variables that
exhibited significant differences.

3. Results

3.1. Leaf Age and CRB Damage Interactions

Leaf age and CRB damage did not interact for the macronutrients that were resorbed during
leaf senescence. Three macronutrients exhibited a significant leaf age effect (mean of both herbivory
damage categories). Nitrogen declined by 41% (F 7 = 86.34, p < 0.0001), phosphorus declined by
19% (F127 = 20.98, p < 0.0001), and potassium declined by 68% (F;27 = 96.26, p < 0.0001), as the
leaves aged from mature green to senesced (Figure 2). The greatest influence of CRB herbivory on
these macronutrients was on nitrogen (Table 1), as the leaves with CRB damage exhibited a nitrogen
concentration that was 15% greater than the healthy leaves (mean of both age categories). Leaf age and
CRB herbivory did not interact for two of the nutrients that accumulated with leaf age. Magnesium
increased by 47% (F1 27 = 38.39, p < 0.0001) and boron increased by 46% (Fy o7 = 10.33, p = 0.0034), as the
leaves aged from green to fully senesced (Figure 3). Magnesium concentration was not influenced by
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CRB herbivory. The leaves with CRB damage exhibited boron concentration that was 30% greater than
the healthy leaves (Table 1).
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Figure 2. The influence of coconut leaf age on leaflet chemistry. (a) Nitrogen concentration; (b) Phosphorus
concentration; (c) Potassium concentration. Green bars represent the youngest fully expanded leaves.
Brown bars represent the senesced leaves. ** = p < 0.01. n = 20.

Table 1. The influence of coconut rhinoceros beetle (CRB) herbivory on coconut leaflet chemistry.
Means are a combination of the green leaves and the senesced leaves. Mean =+ standard error, n = 20.

Variable Healthy CRB-Damaged Statistic Significance

Nitrogen (mg-g 1) 12.96 + 0.76 15.20 £1.18 F=8.17 0.0081
Phosphorus (mg-gfl) 1.06 £ 0.05 1.16 £ 0.05 F=3.58 0.0693
Potassium (mg-g ') 5.61 +0.87 6.74 + 0.88 F=3.10 0.0895
Magnesium (mg-gfl) 3.56 £0.22 3.54+£0.21 F=0.00 0.9622
Boron (pg'g_l) 155+ 15 221 +1.8 F=9.17 0.0054
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Figure 3. The influence of coconut leaf age on leaflet chemistry. (a) Magnesium concentration; (b) Boron
concentration. Green bars represent the youngest fully expanded leaves. Brown bars represent the
senesced leaves. *** =p < 0.01. n = 20.

Leaf age and CRB herbivory interacted for most of the nutrients that accumulated as the leaves
increased in age. The interactions for carbon (F; p7 = 54.29; p < 0.0001), calcium (F; 7 = 17.21; p = 0.0003),
iron (F; o7 = 16.71; p = 0.0004), manganese (F; o7 = 14.08; p = 0.0008), and zinc (F; 27 = 9.08; p = 0.0056)
were significant because the green leaves exhibited concentrations that did not differ between the
two CRB herbivory categories, however the healthy senesced leaflet concentrations were greater than
those of the CRB-damaged senesced leaflets (Table 2). Copper was the only nutrient that was resorbed
during leaf senescence that exhibited an interaction between leaf age and CRB herbivory (Fy 27 = 5.42;
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p = 0.0276). The pattern for copper concentration was the same as for the other elements that exhibited
a significant interaction, in that the green leaf tissue did not exhibit a difference between the two CRB
herbivory categories, however the healthy senesced leaflet tissue exhibited a greater concentration
than the CRB-damaged senesced leaflets (Table 2).

Table 2. The influence of leaf age and coconut rhinoceros beetle (CRB) herbivory on the coconut leaf
chemical traits. Mean = standard error, n = 10.

Variable Green Healthy = Green CRB-Damaged  Senesced Healthy = Senesced CRB-Damaged
Carbon (mg-g—1) 469.1 £9.6a” 478.2 £119a 521.9 +7.9b 489.9 £ 6.3ab
Calcium (mg-g~1) 3.68 = 0.35a 4.06 & 0.44a 9.82 £ 0.61c 6.59 £+ 0.47b

Iron (ug-g~1) 29.2 £ 15.5a 58.9 + 14.5a 181.9 £ 16.3¢ 113.4 £17.0b
Manganese (ug-g ) 240+ 5.1a 351+6.7a 719 £ 7.1c 48.4 £ 5.6b
Zinc (ug-g 1) 21.1 £ 14a 247+ 17a 324+ 3.8b 21.1 £2.6a
Copper (ug-g™h 10.2 + 0.7be 9.5+ 0.6b 7.9 +0.7b 45+ 04a

* Means followed by the same letter within each row are not different according to the Least Significant Difference.

The nitrogen/phosphorus, nitrogen/potassium, and potassium/phosphorus quotients were not
influenced by the CRB main effect or by the interaction between leaf age and CRB herbivory. The main
effect of leaf age influenced all three quotients. Nitrogen/phosphorus increased from 10.75 to 14.76
(F127 = 17.63; p = 0.0003), nitrogen/ potassium increased from 2.19 to 4.31 (F 27 = 18.66; p = 0.0002),
and potassium/phosphorus declined from 7.60 to 3.04 (F; o7 = 60.94; p < 0.0001) as the leaves aged
from mature green to senesced leaflets.

3.2. Metals in Green Leaves

Nickel, chromium, cobalt, and lead contents of the green coconut leaves were greater in the
CRB-damaged leaves than in the healthy leaves (Table 3). In contrast, cadmium was not influenced by
CRB herbivory.

Table 3. The influence of coconut rhinoceros beetle (CRB) herbivory on green coconut leaflet metal
content. Mean = standard error, n = 10.

Variable Healthy CRB-Damaged Statistic Significance
Nickel (ug-g ™) 117 + 0.07 2.01 4+ 0.17 t=4.96 0.0008
Chromium (ug-g~ ) 0.43 £ 0.02 0.51 £ 0.02 t=3.06 0.0135
Cobealt (ug-g~1) 0.04 & 0.00 0.06 & 0.00 t=284 0.0195
Cadmium (ug-g~!) 0.19 £ 0.01 0.20 £ 0.01 t=0.26 0.8013
Lead (ug-g~') 0.54 £0.03 1.15+ 0.04 t=12.16 <0.0001

3.3. Litter Quality

Herbivory of coconut leaves by CRB did not influence senesced leaf lignin concentration
(p = 0.2813), and the overall mean was 260.4 mg-g~!. Similarly, herbivory of coconut leaves by
CRB did not influence nitrogen resorption efficiency (p = 0.8638), phosphorus resorption efficiency
(p = 0.3741), or potassium resorption efficiency (p = 0.1203). The mean resorption efficiency for these
coconut trees was 39% for nitrogen, 20% for phosphorus, and 65% for potassium. Carbon/nitrogen
and lignin/nitrogen were greater in the healthy senesced coconut leaves than in the CRB-damaged
senesced coconut leaves (Table 4). In contrast, the stoichiometric relations of carbon or lignin with
phosphorus or potassium were arithmetically, but not significantly, greater for the healthy senesced
leaflets than for the CRB-damaged senesced leaflets.
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Table 4. The influence of coconut rhinoceros beetle (CRB) herbivory on senesced coconut leaflet
chemical traits. n = 10.

Variable Healthy CRB-Damaged  Statistic Significance
Carbon/Nitrogen 53.6 + 2.6 444+ 48 t=5.97 0.0002
Carbon/Phosphorus 551 + 38.5 493 +14.1 t=145 0.1801
Carbon/Potassium 240.1 + 425 180.6 £ 56.5 t=1.54 0.1570
Lignin/Nitrogen 264+ 1.1 240+ 1.3 t=2.40 0.0399
Lignin/Phosphorus 271.4 £21.2 265.7 £12.1 t=027 0.7907
Lignin/Potassium 117.8 £ 21.3 99.4 +11.6 t=0.98 0.3532

4. Discussion

The influence of CRB herbivory on senesced coconut leaf nutrition was more robust than on the
green leaf nutrition. This was mostly borne out of muting the up-accumulation of the elements that
were not resorbed during leaf senescence. All of the nutrients that exhibited a significant interaction
between leaf age and CRB herbivory (Table 2) revealed the same pattern. There was no difference
between the healthy and the CRB-damaged young leaf tissue, however the element concentration
of the healthy senesced leaf tissue was greater than that of the CRB-damaged senesced leaf tissue.
Since carbon was one of the nutrients that behaved in this manner, its influence on the litter quality
exhibited the potential to drastically alter decomposition dynamics. Based on the decrease in carbon
concentration alone, CRB herbivory may speed up coconut litter decomposition and increase the rate
of nutrient turnover.

This concept may be further developed by considering the stoichiometric traits of the senesced
leaf tissue. Indeed, at the global scale, climate [13,14] and soil traits that define the substrate chemical
and biological quality [15] exert control over the decomposition speed. However, at the local level,
litter quality is the main driver of the decomposition speed [16]. The chemical and structural traits of
the individual components of the leaves exert “afterlife” effects on the litter decomposition speed [17].
For example, carbon/nitrogen and lignin /nitrogen were reduced by CRB herbivory of the coconut
leaves (Table 4). These litter traits are among those that often predict a more rapid litter decomposition
speed and they have been highlighted as traits that insect herbivory can directly influence [5]. Based
on the combined results, CRB herbivory of coconut leaves will speed up decomposition and nutrient
turnover during leaf afterlife effects in agroforestry settings. This information is important to inform
the sustainable production of coconut and other cash crops in these low input systems.

Much has been learned in the decades since insect herbivory was proposed as a primary regulator
of primary forest productivity [18]. Moreover, the analyses of global resorption efficiency data sets have
focused on identifying the universal principles to describe the various groupings, such as life-forms,
phylogenies, soils, or biomes [11,19]. The direct influence of insect herbivory on leaf nutrient resorption
has not received much attention. Insect herbivory may influence the leaf litter quality by inducing early
leaf abscission, which circumvents the nutrient resorption that occurs during leaf senescence [20-22].
This contrasts with a second manner in which insect herbivory may influence the leaf litter quality:
the induction of defensive compounds in response to the herbivory [23-25]. If the induced secondary
compounds are retained during leaf senescence, then the litter is more heavily defended against by
the organisms that are involved in litter decomposition, and the decomposition speed is decreased.
In general, deciduous tree species with short-lived leaves may exhibit more induced biochemical
responses, however evergreen tree species with long-lived leaves may exhibit more early leaf abscission
responses [5,26]. My results indicate that, as a whole, CRB herbivory exerted a minimal influence on
the resorption traits of the phloem-mobile macronutrients, with few and minimal differences between
the CRB-damaged and the healthy leaves for most elements that were resorbed by coconut leaves
during senescence. Nitrogen stands alone as the only resorbed element that was significantly affected
by CRB herbivory. In contrast, CRB damage seemed to disrupt the bioaccumulation of elements that
were not resorbed during leaf senescence, with healthy leaves accumulating more carbon and metals
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with leaf age than CRB-damaged leaves. Moreover, lignin was the only secondary metabolite that
was measured in response to CRB herbivory, and my results indicate that CRB damage exerted no
influence on this leaf metabolite.

This is the second case study from Guam to determine the influence of exotic insect herbivory
on the leaf chemistry of a native tree species. Our other case study was Cycas micronesica K.D. Hill,
which has been under attack by three invasive specialist insects [27]. The infestation by an armored
scale insect, leaf chewing by larvae of a butterfly species, and leaf mining by larvae of a moth species
influenced numerous nutrient and secondary compounds of senesced leaves, and the direction of
the changes in the leaf chemistry by all three insects generated an increase in the litter quality [28].
The combined results of both of these studies, with two dominant native host trees and four exotic
specialist pests, indicate that pests will influence the ecosystem traits by increasing the decomposition
speed and the nutrient turnover rates. A full understanding of carbon and nutrient cycling within the
insular forests on the Western Pacific islands is needed, and these two case studies from Guam begin
to fill the current information void. More studies from the region will inform the worldwide agenda,
as the literature on litter decomposition has a clear bias towards temperate climates [29].

My primary focus was to better understand senesced leaf traits to predict the influences of CRB
herbivory on the afterlife dynamics of coconut leaf litter decomposition. However, my green leaf results
also inform the paucity of information on nutrient limitation to primary productivity for terrestrial
plants in Micronesian islands. The increase of the green coconut leaf nitrogen concentration following
CRB herbivory contrasts with the remainder of the leaf macronutrients that were measured. While some
nutrients increased in concentration with CRB damage, the concentrations of others were unaffected.
Moreover, the relative increase in the concentration following CRB herbivory was not substantial
for the significant elements. The nitrogen/phosphorus mean of 10.75, the nitrogen/potassium mean
of 2.19, and the potassium/phosphorus mean of 7.60 indicate that nitrogen was the most limiting
nutrient for these coconut trees, followed by phosphorus [30-34]. The increase in nitrogen following
CRB damage was greater than phosphorus or potassium (Table 1). Based on this response alone,
CRB herbivory was beneficial for alleviating the most limiting nutrient in the green coconut leaves.

The sympatric Elaeocarpus joga Merr. that grows in these same soils exhibited extremely low
potassium concentration in its green leaves [35]. The coconut trees in this study did not exhibit this
same potassium limitation, which indicates that, within the context of the worldwide leaf economic
spectrum [36], there may be substantial variability among the native tree species with regards to
nitrogen:phosphorus:potassium limitations. This leaf economic spectrum is a global database that has
emerged from the contention that leaf trait trade-offs occur within and among communities [37]. More
species need to be studied to determine the prevalent limiting nutrients of the native trees growing
in this dominant soil series in Guam, and to determine if the range in nutrient traits conform to the
predictions within the leaf economic spectrum.

The increase in the coconut leaflet’s nitrogen concentration following CRB herbivory may be of
critical importance in compensatory responses to partial defoliation. Three exotic pests of C. micronesica
in Guam also increased the leaf nitrogen concentration [28], however the butterfly larvae partial
defoliation led to the greatest increase. Of the three insects, the damage caused by this butterfly most
closely resembled the damage to the coconut leaves caused by the CRB. First, the herbivory was
restricted to young, expanding leaves, which allowed compensatory responses to occur throughout
most of the leaf’s lifespan. Second, the chewing caused the complete removal of some leaflet
tissue, while exerting no direct damage to the leaflet portions that were not eaten. Photosynthetic
compensation following partial defoliation may occur with many species, where the remaining leaf
portions increase photosynthesis during recovery [38]. The increased leaflet nitrogen following the
partial defoliation of coconut and C. micronesica may be indirect evidence of the increased investments
into photosynthetic machinery. This could be tested during future studies.

Numerous other non-lethal insect herbivores, which are beyond the scope of this paper, reportedly
feed on coconut. My objective was restricted to CRB damage, however the results indicate that other
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herbivores may possess the ability to alter coconut leaflet chemistry. Further studies with each
herbivore will be required to determine the direction and the extent of these alterations. Moreover, the
leaflet chemical responses to CRB damage may be a direct result of the leaflet removal per se, rather
than the herbivory. This could be tested by using shears to artificially remove the leaflets, conforming
with the pattern that mimics that of CRB herbivory. Although this cannot be accomplished inside
the stem apex, as occurs with CRB herbivory (Figure 1a), it could be accomplished as soon as new
leaves emerge.

Further research is needed to refine how CRB damage interacts with other factors that are known
to influence leaflet chemistry. Season of year, edaphic chemical and physical properties, incident light
within the full sun-shade spectrum, leaf age, plant size, and the location of leaflets on compound leaves
are some of the environmental and plant traits that influence leaf chemistry. All of these traits were
homogeneous among the sampled coconut trees in this study, however continued research could be
used to determine how CRB damage behaves among variations of these other factors.

The management of fertilizer has received considerable attention within the palm horticulture
literature as several palm species provide commercial products. A review of these studies is beyond
the scope of this paper, as my focus was on the influence of CRB herbivory on leaflet chemistry.
Applications of fertilizer alter the absolute levels of minerals and metals in palm leaves, however it
also modifies the stoichiometry among the elements. Therefore, this first attempt at understanding
the influence of herbivory on palm leaf chemistry was conducted without fertilizer manipulations.
Moreover, this approach most closely resembled the low input agroforestry settings that characterize
most of the coconut populations throughout tropical island nations. The ranges of the leaf mineral
concentrations under high input horticulture management have been reported for several palm species
that are important in the international food and beverage industry, including coconut [39]. My results,
however, do point out that the leaf tissue sampling protocols in palm horticulture should be refined to
explicitly state that no insect damage is allowable on the sampled leaves.
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