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ARTICLE INFO ABSTRACT

Keywords: The severity of the effects of herbivory on plant fitness can be moderated by the ability of plants to compensate
Melaleuca quinquenervia for biomass loss. Compensation is an important component of the ecological fitness in many plants, and has been
Herbivory shown to reduce the effects of pests on agricultural plant yields. It can also reduce the effectiveness of biocontrol

Biological control
Carbon and nitrogen allocation
Compensation

through introduced herbivores in controlling weedy invasive plants. This study used a modeling approach to
predict the effect of different levels of foliage herbivory by biological control agents introduced to control the
invasive tree Melaleuca quinquennervia (melaleuca) in Florida. It is assumed in the model that melaleuca can
optimally change its carbon and nitrogen allocation strategies in order to compensate for the effects of herbivory.
The model includes reallocation of more resources to production and maintenance of photosynthetic tissues at
the expense of roots. This compensation is shown to buffer the severity of the defoliation effect, but the model
predicts a limit on the maximum herbivory that melaleuca can tolerate and survive. The model also shows that
the level of available limiting nutrient (e.g., soil nitrogen) may play an important role in a melaleuca’s ability to
compensate for herbivory. This study has management implications for the best ways to maximize the level of
damage using biological control or other means of defoliation.

1. Introduction

The effects of herbivory on plant fitness can be highly variable, as
the plants are capable of exercising various compensatory responses. In
this regard, McNaughton (1983) has proposed three alternative hy-
potheses: (1) plant fitness declines consistently as the intensity of her-
bivory increases; (2) plants are able to compensate for herbivory up to
some level, then fitness declines with increasing herbivory; (3) plant
fitness is increased by moderate levels of herbivory, then declines and
becomes negative at higher levels of herbivory (herbivory optimization
hypothesis, e.g., Hilbert et al. (1981)). The second hypothesis is widely
reported in the literature (e.g., Kulman, 1971; Trumble et al., 1993).
This is one of the important components of the ecological fitness in
many plants, and is of interest to agricultural scientists in terms of crop
plant yields (Southwood, 1973). It is also a matter of interest in the
management of weedy invasive plants involving introduced biological
control agents, such as arthropods that can inflict defoliation at dif-
ferent levels. For instance, Sevillano et al. (2010) reported empirical
evidence of compensation for damage by biocontrol agents on the
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invasive tree Melaleuca quinquennervia (melaleuca). The degree to
which plants can compensate for herbivore damage is important to
understand in planning control efforts, as it would indicate the intensity
of control measures needed to suppress the plant populations to a de-
sired level.

The purpose of this paper is to illustrate the key components of
compensation in a tree and to explore the consequences for biocontrol
under different resource conditions. In this study, we will use modeling
to simulate the specific case of the use of biocontrol agents to suppress
the population of an invasive tree Melaleuca quinquenervia (Cav.) Blake
(hereafter referred to as “melaleuca”). This invader possesses strong
invasive attributes and, from its introduction around 1900, had invaded
over 200,000 ha of the ecologically sensitive freshwater ecosystems of
southern Florida by the end of the century (Dray et al., 2006).

Biological control methods that deploy natural enemies such as
herbivores and pathogens have been advocated as an environmentally
friendly and cost effective management strategy for this noxious weed
(Balciunas and Center, 1991; Bodle et al., 1994). Therefore, a melaleuca
biological control program was implemented in Florida beginning in
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1997 with the release of Oxyops vitiosa Pascoe, a melaleuca weevil
whose larvae and adults feed on foliage and bud tissues (Center et al.,
2000). Impacts caused by this weevil to melaleuca populations began to
appear in research plots during 2001. A second biological control agent,
the melaleuca psyllid, Boreioglycaspis melaleucae (Moore), attacking
foliage and inflorescences, was released during spring 2002. An un-
known sooty mold, indiscriminately covering foliage and green stems,
also became abundant, usually in association with heavy infestations of
this scale (Rayamajhi et al., 2010). In addition, an adventive rust fungus
Puccinia psidii G. Wint became prevalent and attacked young foliage of
melaleuca trees (Rayachhetry and Elliott 1997).

Overall, the natural enemies listed above are known to inflict da-
mage to all melaleuca life-stages, and mortality to melaleuca seedlings
and saplings (Pratt et al., 2005; Center et al., 2006; Morath et al., 2006).
Among biological control agents, the melaleuca weevil has been espe-
cially effective in consuming leaves, forcing melaleuca to switch re-
source allocation from seed production to the production of new, often
unseasonal growth (Rayamajhi et al., 2008; Tipping et al., 2008). Field
studies (Tipping et al., 2009) show that the melaleuca weevil attacks
new leaf tissue preferentially and relentlessly, thereby contributing to
continuous defoliation and re-foliation cycles. Because complete re-
covery of leaf tissue is rare, the usual temporary reallocation of plant
assimilates to leaf production may become virtually permanent under
this sustained herbivory. As a strategy for resilience, a vascular plant
such as melaleuca might be assumed to reallocate its photosynthetic
energy among its components (foliage, roots, and stem) in a way that
compensates for damage and maximizes growth rate.

2. Components of plant compensation

The way that plants can compensate for arthropod herbivory can be
highly complex, involving both the way that internal resources are al-
located, and aspects of canopy architecture, leaf morphology, and
phenology. Furthermore, plant compensation is also affected by ex-
trinsic factors such as resource availability (Zhao and Chen 2012). Our
model takes into account some of the key mechanisms and factors.

2.1. Compensation for defoliation

One mechanism of compensation arises naturally from defoliation.
Consider a control measure such as mechanical, chemical, or biological
control that reduces a tree’s foliage by a certain amount. Although these
measures reduce the surface area of the foliage, the decrease in the
actual rate at which light is captured may be less than proportional,
because the self-shading of leaves is reduced with leaf area reduction.
This effect can be expressed mathematically in a simple standard re-
presentation of the relationship between leaf foliage and the growth
rate, G;

G = Ro(1—e %Y 9)E (vy) [6))

where R, is the maximum possible rate of growth based on photo-
synthesis, Cy is the leaf carbon per unit area, by is the leaf area per unit
carbon (thus bCy = Leaf Area Index, LAI), ky is the rate of extinction of
light per leaf layer passing through the foliage (typically between 0.3
and 0.7), and E(vy represents the effect of the leaf nutrient to carbon
ratio. The factor (1—e~%% <), the Beer-Lambert law of light extinction,
represents the fraction of incident light captured as a saturating re-
sponse to foliar biomass. If LA is initially large, say about 5 or greater
for many closed canopies, such that (1—e~%% %) can be close to 1, even
reducing LAI by one half might not appreciably reduce the amount of
light captured by the leaves. This is a compensatory mechanism, re-
flecting the fact that trees commonly have much foliage that is rela-
tively shaded, which can compensate for the loss of foliage shading it by
being exposed to a higher level of radiation. The above expression could
represent increased efficiency of the remaining leaves in other ways as
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well, such as reduced transpiration surface that improves the water
status of those leaves (Ericsson et al., 1980, Perry, 1994, page 447).

The second factor in Eq. (1), E(vy), represents the effect of the nu-
trient to carbon ratio, N:C, in leaves; and has the form

V
E (Vf) = -

Vo + Vy (2)
where vy = N;/C, the ratio of leaf nutrient per unit area to leaf carbon
per unit area, representing the fact that higher leaf N:C ratio enables
higher productivity, and v, is a constant. E(vy) is a saturating function
of v; an effect of diminishing returns for higher v;. This is a potential
source of compensation. If v, is initially large, then a plant would be
able to reduce nutrient uptake, by reducing fine root biomass, without
resulting in a proportional reduction in primary production. The saved
assimilates could be allocated to foliage.

2.2. Compensation for loss of fine root biomass

Plant nutrient uptake is another process where compensation might
play a role. Although nutrient resources differ from light in that there is
not the equivalent of self-shading, roots compete for nutrients, so that a
decrease in fine root biomass density could decrease competition,
buffering the effect of biomass loss. This has been demonstrated in
models and verified with data (e.g.,, Caassen and Barber, 1976,
Silberbush and Barber, 1983). An additional compensatory mechanism
can occur when decreased root biomass leads to a decreased rate of
nutrient uptake. As a tree reduces its uptake of nutrients from the soil,
nutrient concentration in the vicinity of fine roots will increase due to
the lower uptake rate (Rendig and Taylor, 1989), which will thus have a
positive effect on the rate of uptake of the remaining roots, as described
by a Michaelis-Menten function for uptake (e.g., Silberbush and Barber,
1983). While the compensatory effects of nutrient uptake properly need
to be described with complex mechanistic models (e.g., Rengel, 1993,
Somma et al., 1998), we can succinctly capture the two effects of fine
root biomass change and soil pore nutrient concentration with a simple
function for nutrient uptake, U:

gNNPfW )(1—6"‘"1’"0")

U=(
kN + J\Iporc (3)

The first factor is the Michaelis-Menten function for nutrient uptake
as a function of soil pore nutrient concentration, Npor., with half-sa-
turation constant ky and maximum nutrient uptake rate gy. The second
factor is a phenomenological expression analogous to light capture by
foliage, in that (1—e~*brG) asymptotes to 1 for large fine root carbon,
where b, is the fine root area per unit fine root carbon and k; is the effect
of fine root density on nutrient uptake per fine root area, representing
the effect of mutual competition among roots for nutrients. Therefore, a
moderate reduction in fine roots from an initially high density will not
reduce nutrient uptake to a proportional degree, because a compensa-
tory effect occurs in reducing the degree of competition among the
plant’s roots. Although data from (Silberbush and Barber (1983), their
Fig. 1) for agricultural plants show some nonlinear effect that might be
due to root competition, and we can conjecture this occurs for mela-
leuca also, there is little information on possible parameters values, so
we ignore this saturating effect here and assume a linear function of C,
instead, so that U = g C,Ny/(kn + Nypore), Where g = gyk,b,; see
Appendix A for details.

2.3. Compensation through changes in allocation

A tree can change the way it allocates its carbon and limiting nu-
trient (usually nitrogen) resources to capture not just light, but water
and nutrients as well. Woody plants allocate their acquired resources,
energy (or carbon) and various nutrients, to meet their several essential
functions. The ability of plants to adjust carbon allocation in response
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Fig. 1. Schematic of model for allocation of carbon and for nutrient cycling. The solid
lines represent the flow of the limiting nutrient, while the dashed lines represent the
allocation of carbon that is produced through photosynthesis. Storage outflows are not
explicitly represented. Allocation ratio to foliage (470, to root (17), to wood (,,); G: net
carbon production, or growth rate; Carbon and nitrogen in the three tree components, Gy
and Ny foliage, C; and N;: fine roots, C,, and N,,: wood; U: uptake rate of plant-available
nutrient; Njo.: nutrient concentration in soil-pore bound water.
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to environmental conditions is widely documented (e.g., Friend et al.,
1994). The trade-off in carbon investment between root and shoot
(foliage) is well known and has been the subject of many studies and
models (e.g., Wilson ,1988; Ingestad and Agren, 1991; Thornley, 1995;
Hermans et al., 2006). These allocations can be adjusted to optimize
growth following foliage removal. In particular, the allocation of these
carbon and nutrient resources is often altered to increase resources
going to foliage by reducing the amount going to roots and/or woody
materials, as the leaves serve as the primary producers of photosynth-
esis in most woody plants (Morath et al., 2006). The reason behind the
reallocation from roots to foliage in some cases may be due to a tree’s
initial capacity for nutrient uptake through roots being more than
sufficient to balance the internal plant processes of carbon fixation to
maximize growth. Just as a tree can lose some foliage without a pro-
portional loss of total photosynthesis, under some conditions it may
sometimes be able to lose some fine root area without a proportional
loss of water and nutrient uptake. In that case, transfer of a greater
fraction of resources from roots to foliage would not come at a high a
cost to nutrient uptake. Because complete recovery of leaf tissue is rare,
the usual temporary reallocation of plant assimilates to leaf production
may become virtually permanent under sustained herbivory.

Each of the compensatory effects described above can be significant,
so it is necessary to understand the net effect of foliage removal by
considering the whole plant and soil as a system in which the plant can
alter the way it allocates resources in an optimal way in response to the
defoliation. This can be done through modeling both the passive effects
of decreased LAI and the active adjustment of allocation of the tree in
response to insect herbivory under its given environmental conditions.

3. Materials and methods: mathematical model

We used a steady state tree dynamics model with the above com-
ponents to determine the allocation strategy that maximizes growth
under given conditions of light, nutrient availability, and defoliation. A
well-known model of tree growth and nutrient cycling is the G’'DAY
model (Comins and McMurtrie, 1993). This model simulates both
carbon and nitrogen in tree and soil compartments. Ju and DeAngelis
(2009, 2010) used a variation of this model in which nutrient recycling
was simplified (Fig. 1). Following Comins and McMurtrie (1993), we
used Eq. (1) for the growth rate, G, and Eq. (3) for nutrient uptake, U
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But to avoid soil process complexity the explicit compartments for litter
and soil in the original model were removed and nutrient (assumed
nitrogen from here on) mineralization from litter was assumed to occur
instantaneously, going directly to the soil-pore bound water, where it
becomes available for uptake by roots, as described in Eq. (2) for U. It
was also assumed that some nutrient could be lost during recycling at a
rate proportional to its flux through the plant biomass.

The model simulates tree carbon (C) and nutrient (N) per unit area
(m?) in foliage, fine roots and wood components, but the tree was as-
sumed able only to change the allocation ratio between foliage and fine
roots, woody material being assumed to have a fixed allocation rate. We
did not model allocation to tree reproductive biomass or the population
dynamics of the herbivores that feed on the plant’s foliage. The possible
resource allocation by trees between leaf and foliage components in
response to the different levels of herbivore inflicted defoliation was
simulated. We tested three hypotheses with regard to the effects of
herbivores on reducing melaleuca’s growth rate: (1) Melaleuca’s growth
rate, biomass and nitrogen contents change when its energy allocation
to the three components changes; (2) melaleuca responds optimally to
higher levels of herbivory by allocating more energy to foliage and less
to roots; and (3) melaleuca can tolerate higher levels of herbivory when
soil nutrient level is higher. Therefore, our goal was to estimate the rate
of defoliation needed to achieve a specified reduction in the growth rate
under various conditions of nutrient availability to the tree and how it
might change its allocations to foliage and roots in an optimal way. The
full set of equations for the model is shown in Appendix A. All variables
and parameters are listed in Table 1.

4. Application to melaleuca

This study focused on understanding the optimal carbon allocation
under a range of defoliation rates by herbivory. Starting with zero
herbivory, we next assumed a low herbivory level, ¢g of 0.25yr™!,
than an intermediate level, 0.75yr~ !, and finally a high value,
1.25yr~! (Erbilgin et al., 2014). All parameters are defined in Table 1
for the numerical evaluation. Some key parameters were determined for
melaleuca, while a few that could not be estimated were slight mod-
ifications of those in Comins and McMurtrie (1993). Their G’DAY model
is intended to be generic. Because the feasible range on the parameters
is relatively narrow, we believe the parameter values borrowed from
G’DAY are sufficient for realistic model projections.

5. Results

We first simulated the change of the equilibrium values of the
growth rate of total carbon per square meter (G', but left as G here for
simplicity), along a range of the carbon allocation fractions to foliage
(ng), from 0.03 to 0.6 (the range for which G > 0) such that the allo-
cation to fine roots, was 1, = 1-n1, for fixed n,, = 0.4 (see equations
in Appendix A), for four defoliation rates (), for nutrient input con-
centration at a baseline level (Nipp,: = 0.000001 kg kg~! water), such
that the input flux of nutrient is Ny, Q= 0.000001 x
100 = 0.0001kgm™~2yr~!, where Q is precipitation input
(kgm~2yr~1). We found that Max(G) was negatively affected by in-
creasing @y, but the tree’s response, both due to the reduction of foliage
self-shading and by the tree’s increasing its carbon allocation to foliage,
buffered the impact. When no herbivore defoliation was included in the
simulation (¢f = 0.0, so that there was only a natural annual foliage
loss rate, yf = 0.25), G reached its maximum value (Max(G)) when
ne = 0.14 (Fig. 2A, dots), then decreased with higher n;. When ¢ was
increased from zero to 0.25, to simulate weak herbivory impact, Max
(G) occurred at ng = 0.22, indicating that melaleuca needed to allocate
a larger fraction of carbon to foliage to maximize growth rate. Im-
portantly, the decrease in Max(G) from the case of no herbivore defo-
liation was small, only about a 15% decrease for a doubling of the relate
of foliage loss, suggesting that the compensatory effects in the model
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Table 1

Variables, functions, and parameters used in the model.
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Variable Notation Value Reference
C; Cp, Cy Carbon pool for foliage, root and wood
(kgm™?)
Ny N,, N, Nitrogen for foliage, root and wood
(kgm™ 2)
Npore Soil pore water nitrogen concentration (kg
nutrient kg ~* water)
g e Allocation fraction of carbon to foliage and
root
Functions Form
1<) (1—-e7kr<r) See text
E(vp vf See text and footnote' below
vo+vf
U(Npores Cr) 85 NporeCr See text
kN + Npore
Parameters  Notation Value Reference
Ro Maximum possible growth rate 7.03 Jabowa simulation, Zhang et al. (2017)
(kgm™2yr™h)
Hw Allocation fraction of carbon to wood 0.40 Comins and McMurtrie (1993)
P Ratio of root N:C to foliage N:C ratio 0.70 Comins and McMurtrie (1993)
Uy N:C ratio for wood, N,, /C,, 0.0001 Comins and McMurtrie (1993)
Yf Senescence rate for foliage (yr™?) 0.25 Rayamajhi et al. (2010)
o Herbivory on foliage (yr™") 0.5, 1 and 1.5 for low, medium, high  Rayamajhi et al. (2010)
herbivory
Yr Senescence rate for root (yr~ ) 0.60 Rayamajhi et al. (2010)
Yw Senescence rate for wood (yr~!) 0.005 Rayamajhi et al. (2010)
A Recycling ratio 0.98 Ju and DeAngelis (2009)
Vo Foliar N:C half-saturation constant 0.02 Rayamajhi et al., 2010
gy Maximum possible steady nutrient uptake 0.15 See footnote® below
rate per ground area (kg m~2 yr~?)
kn Half-saturation coefficient for N plant 0.00002 Close to value from Leadley et al. (1997)
uptake (kg kg™ )
by Foliage area per unit C 10.0 Comins and McMurtrie (1993)
ke Radiation light extinction coefficient 0.50 Comins and McMurtrie (1993). Other references for a variety of trees closely
bracket this range; e.g., Pierce and Running 1988, Cannell et al. (1987), Perry
(1994, Table 15-1).
Ninpus Input nutrient concentration (kg nutrient 0.0000005, 0.000001, 0.000002 and  See footnote® below
kg™ ! water) 0.000004, four nutrient levels
Q Flow of water (kg m~? yr_1) 100 See footnote’ below

! The effects of nutrient to carbon ratio in foliage, v; = Ny /C; are modeled by the function, E (vy) = vy/(vo + vy), where v, is the half saturation point; vo = 0.02. This is a modification

of the function E (vr) in Comins and McMurtrie, where they used E (vy) = vr/vy for vy < 0.04 and E (vr) = 1 for vy > 0.04.

’

2 The parameter gy is set to the value 0.15. This allows the lowest value of Niy to reduce the tree to near extinction.

3 Nutrient concentrations in input water was given values to produce inputs per hectare of 0.5-4 kg per year, which is within the range of literature values for forests.
4 Assumed to be input from 1 meter of rainfall per year and thus 100 kg per square meter per year, typical for southern Florida.

buffered the losses to herbivory (Fig. 2A x’s). When herbivory became
stronger (¢ = 0.75 and 1.25), Max(G) occurred at still higher levels of
Nr. Max(G) was then substantially lower compared with zero or weak
herbivory (Fig. 2A, squares and triangles, respectively). The carbon
biomasses per unit area in foliage, fine roots and wood, C;; C,, and C,,
are linear functions of G and, like G, but C; and C, reach different
maxima as functions of 1, because CnG and C,—nG. with the peak of
Cy skewed to larger values of ¢ (Fig. 2B) and C, skewed toward smaller
values of n¢ (Fig. 2C). Only the peak in wood was identical to that of
Max(G) because the fraction allocated to wood did not vary (Fig. 2D).
The optimal values of Cy, C,, and C,, occur at the value of ns where Max
(G) occurs.

The trends in foliar and fine root nutrients per unit area, Ny and Nr,
tended to follow the trends of carbon losses both because nutrient in the
leaves was lost along with carbon in the foliage and because the tree
compensated for defoliation by allocating less carbon to roots, de-
creasing the amount of nutrient uptake and thus the values of Nrand N,
(Fig. 3A and B). As a result, the N¢ /Cs ratio in foliage was relatively
stable across the four levels of defoliation (Fig. 3D), due to the fact that
defoliation recycled nutrient back to the nutrient pool through litterfall,
for melaleuca to take up. Although for any given value of ns, Ny /C
increased with @y, the optimal value of n¢ also increases, such that the
optimal value of Ny /Cy stayed roughly the same.

An important question is whether changed levels of available nu-
trient change the ability of the plant to compensate, so we considered
both decreased and increased values of nutrient input Ny To show
the effects of different values of Nj,,, on maximum production, we plot
the maximum value of G (Max(G)) over the range of ¢ from 0.25 to 4
for each Ny, input concentration (0.0000005, 0.000001, 0.000004,
and 0.000015). Extension of ¢y, to 4 gives a larger range to visualize the
results. First, for each level of Nj,,., Max(G) decreased approximately
linearly with increasing foliage loss, v¢ + @ (Fig. 4A). Second, with
higher Nin,u, a higher rate of herbivory, ¢, could be reached before
melaleuca suffered negative growth rate (G < 0) and died (Fig. 4A), so
that only the three lowest values of Ninp, resulted in mortality when ¢y
exceeded some value below 4. For instance, Fig. 4A shows that the
tree’s growth cannot be sustained when Niqp, is only half of the baseline
level, 0.0000005, and ¢ exceeds 0.75. This led to similar trends in
carbon amount in foliage and fine roots (Fig. 4C and D). In conclusion,
the same herbivory intensity had weaker impact on decreasing plant
growth rate if nutrient was more available, suggesting that higher levels
of herbivory was necessary for a desired limitation of melaleuca growth
rate.

With increasing ¢y, the numerical evaluation showed that the ny
value for Max(G) increased, as melaleuca increased its fraction of C
allocated to foliage with increasing n¢ to achieve Max(G) (Fig. 4B),
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Fig. 2. Simulated relationships between carbon allocation to foliage, n: (0-0.6) and (A) G: net carbon production, or growth rate (B) Cx carbon amount in foliage, (C) C,- carbon amount in
fine roots and (D) C,: carbon amount in wood, at four levels of herbivory intensity (¢f = 0; @ = 0.25; @¢ = 0.75 and ¢y = 1.25). Nutrient input Nj,,, = 0.000001, the baseline nutrient

level.

although at a decreasing rate. When the five nutrient levels are com-
pared, it is shown that, remarkably, for a given low level of defoliation,
vi + @y, the melaleuca actually allocated a smaller fraction of C to fo-
liage, ng, as Nj, increased (Fig. 4B). This is counterintuitive, as it
would seem that greater nutrient availability would allow the mela-
leuca to divert a fraction carbon initially going to roots to foliage to
compensate for foliage loss. However, at these relatively low levels of
defoliation, nutrient was limiting the growth rate, through the function
E(vp (see Eq. (2)), so that it was advantageous for overall plant fitness
to grow more fine roots to absorb nutrient when nutrient was limiting
in this parameter range. When herbivory reached a threshold (y; + ¢
greater than about 2), it became optimal for melaleuca to increase al-
location of carbon to foliage when Nj,,,, increases.

6. Discussion

This study provides results of a model showing the possible com-
pensatory response of trees, melaleuca in this case, to increased defo-
liation. We are not aware of prior theoretical studies that have ex-
amined the influence of herbivory on the resource allocation and
compensation in woody perennials with the explicit aim of estimating
the possible way that plant compensation alters the effects of defolia-
tion on an invasive plant, although relevant empirical work has been
done (Holland et al., 1996; Pratt et al., 2005; Rayamajhi et al., 2008;
Tipping et al., 2008). In our study compensatory mechanisms include
the fact that there is substantial self-shading of leaves of trees (LAI = 10

in the absence of herbivory), so that loss is somewhat compensated for
by the greater light-capturing efficiency of the remaining foliage. A
second compensatory mechanism that a plant has is to increase its al-
location to the component, in this case foliage, that suffers damage. A
third component is greater nutrient uptake efficiency of individual fine
roots as fine root biomass decreases due to greater relative allocation of
carbon to foliage.

Melaleuca’s optimization of growth resulted in a shift in allocation
to foliage in the model. The response of G to energy allocation to foliage
(ng) was unimodal, reaching a maximum and then decreasing. Biomass
and nitrogen contents follow a similar trend to growth rate. Such un-
imodal distribution indicated that there is an optimal allocation ratio
among foliage and fine roots to obtain the maximum growth rate (Iwasa
and Roughgarden, 1984; Poorter et al., 2012).

The net effect of the compensation was to greatly buffer the nega-
tive effect of defoliation. Comparing the three herbivory levels (low,
medium and high), we found that growth rates consistently decreased
with higher rates of defoliation, as observed empirically by (Rayamajhi
et al., 2010), and the maximum growth rates appeared at higher foliage
allocation ratios when defoliation increased. Besides growth rate, fo-
liage carbon and nitrogen contents all decreased with stronger her-
bivory, which agrees with Rayamajhi et al. (2010), that nitrogen and
carbon are both removed from affected leaf tissues. In addition, by
comparing foliage N:C ratios across the values of v + @¢ from low to
high, it is observed that there is relatively little difference in these ra-
tios, although there is an apparent slight increase for the highest value.
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Fig. 3. Simulated relationship between carbon allocation to foliage, n¢ (0-0.6) and (A) N nutrient content in foliage, (B) N,: nutrient content in fine roots, (C) N,,: nutrient content in
wood and (D) nutrient/carbon ratio in foliage, at four herbivory intensities (¢ = 0.0; @ = 0.25; ¢ = 0.75 and ¢y = 1.25). Nutrient input Ny, = 0.000001, the baseline nutrient level.

The model predicts that melaleuca growth rate declines linearly
with increases in @y, although, as noted above, the plant’s compensa-
tory mechanisms result in the slope of the growth rate decline versus
herbivory being small. Therefore, the model does not show a ‘threshold’
behavior in which increasing herbivory leads to a sudden drop in the
growth rate, which might have been expected.

Allocation to reproduction was not included in the model. But the
plant’s compensatory allocation of carbon and nitrogen to foliage would
come at a significant cost to reproduction. As a result, the resulting loss
in reproductive capacity should ultimately lead to decline in melaleuca
populations (Pratt et al., 2005). This finding has significant manage-
ment implications, in particular that the degree of biocontrol herbivory
to reduce the plants growth to a desirable level will depend on the
environmental conditions in which the plant is growing; this suggests
that selection and integration of control strategies should carefully
consider the environmental context in which management is required
(Shea et al., 2005; Sevillano et al., 2010; Shea et al., 2010; Raghu et al.,
2014). Because a tree may respond at a less than proportional decrease
in growth rate to herbivore defoliation, due to compensation, this effect
must be taken into consideration in both the design of biocontrol and
evaluation of its effects.

Our study corroborates the findings in other plant systems in which
nutrient conditions played an important role in their ability to defend
against herbivory through compensation (Dickson, 1989). In this study,
we simulated five levels of nutrient input and we found that growth rate
and carbon production were lower under lower nutrient conditions,
consistent with photosynthetic rate and biomass production being
lower with lower nutrient inputs (Goolsby et al., 2004; Stevens et al.,

2008). We found that when herbivory was weak, an increase in nutrient
input concentration, Ninyys, led to lower optimal carbon allocation ratio
to foliage, and more to fine roots, as nutrient limitation exceeded
carbon limitation in that case. However, at high levels of herbivory,
higher Njn,. led to greater allocation to foliage to compensate for the
loss in carbon. As a result, this study showed that high soil nutrient
level ameliorates the impact of herbivory and increases tolerance.

Our findings support the report by Tipping et al. (2008) that the
impact of herbivory can lead to a decline of melaleuca growth rate and
further limit its invasion potential, but that plant compensation me-
chanisms can reduce the effect of herbivory. Moreover, the effect of
defoliation on growth seems to follow McNaughton’s first alternative
hypothesis, that plant growth (or fitness) declines consistently with the
level of herbivory. Our model does not show any sign of herbivory
optimization of the plant, i.e., increase in growth rate for low levels of
herbivory (McNaughton’s Hypothesis 3).

We should note some limitations of the way the model has been
constructed that may need to be modified in the future work. For in-
stance: the model does not have a carbon storage component that can
be utilized for short-term response to herbivore. Also, the lack of soil
processes in our model could cause some of the effects of rapid defo-
liation on litter and soil dynamics to be ignored, which may be im-
portant to the plant’s function (Bardgett et al., 1998). Better parameter
values for melaleuca are also needed. For example, we chose the value
of light extinction, k = 0.5, based on Comins and McMurtrie (1993).
Lower values of k will lead to less ability for compensation. However,
nearly all literature that we can find support values in the range
0.3 < k < 0.7. Further studies with the model will attempt to correct
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Fig. 4. Simulated relationship between defoliation ratio (0.1-4) and (A) Max(G): maximum growth rate, (B) Cx carbon amount in foliage, (C) C,: carbon amount in root and (D) C,,:
carbon amount in wood, at four soil nutrient inputs (Njyp,e = 0.0000005; Nippye = 0.000001; Nippye = 0.000002; Nippye = 0.000004, Ny = 0.000015).

these limitations.

Acknowledgments

We are thankful to the USGS’s Greater Everglades Priority
Ecosystem Science for supporting Bo Zhang, Lu Zhai and Donald L.

Appendix A. Appendix Mathemetical model

DeAngelis’s research by providing necessary funds. We also appreciate
collaborative efforts of researchers from USDA-ARS Aquatic Weed
Research Laboratory in Fort Lauderdale, FL. We are grateful for review
comments from Jacoby Carter and one anonymous reviewer. Any use of
trade, firm, or product names is for descriptive purposes only and does
not imply endorsement by the U.S. Government.

With the modifications made the on the original G’'DAY model (Comins and McMurtrie, 1993), it reduces to six equations for carbon and nitrogen
in the three tree components, foliage (Cr and Ny, fine roots (C, and N,), and wood (C,, and N,,);

% =Gy G—¢C
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plus a seventh equation for the nutrient concentration (N,or.) in soil-pore bound water;

d]\rpare

dr = Q(anul_]vpure)_U + A(Yfl\]]" + ¢fl\]f + err + vawcw)

(Alg)
Npore is the equivalent of R of the simple model. Separate equations for carbon and a limiting nutrient allow the N:C ratio in foliage, fine roots, and
wood to be variable.
In the above equations, the function G represents net carbon production, or growth rate. In particular,
G = net carbon production, or growth per unit time (kg m~2yr™1)

= RoI (CpE (v) (A2)
I(Cp = light interception factor
= 1—e oG (A3)

E(vp = rate-limiting effect of leaf N:C ratio on growth, where
vy = N:C ratio in foliage = Ny /Cy
Vr
E(y) = ——
Vo + vf (A4)

The parameter R is the maximum possible primary production, by is the foliage per unit carbon, and k¢ is the light extinction factor. The factor E
(vp) represents the assumption that the photosynthetic efficiency of foliage is dependent on the N:Cratio. The three parameters vy, vy, and y,, are the
loss rates, through litterfall, of foliage, fine roots, and wood, while ¢ is the loss rate of foliage through herbivory. The three parameters, iy, i1, and 17,
govern the allocation of energy between foliage, fine root biomass, and wood, respectively, where 7¢ + . + 5,, = 1. For convenience, we assume
here that 5, is fixed; that is, whatever the relative allocations to foliage and roots, the fraction allocated to wood stays the same. The constants v, v,
and v,, are senescence (i.e., litterfall) rates. The constant @y represents additional loss rate of foliage due to herbivory. It is assumed that a fixed ratio,
vy, of N to C, is first allocated to wood, and then the rest of the nutrient is allocated to foliage and fine roots in the proportions #¢/(n + pn,) and pr,/
(75 + piy), respectively.

The function U represents nutrient uptake,

U = uptake rate of plant-available nutrient (kgm~2yr™1),

where

’
gN]Vpnre

U=( .
kN + Npore (A5)

where the parameter g’N gy is the maximum possible nutrient uptake rate and ky is the half saturation constant. In Eq. (1) g,

Q = flow of water through the soil (kgm™2yr~")

Ninpie = Nutrient concentration in external input water (kg nutrient kg™~ water)

A = fraction of nutrient recycled; the remainder is assumed tied up in recalcitrant forms or, if nitrogen, also lost to gaseous forms.

If some loss of available nutrient to recalcitrant forms or to the atmosphere potentially occurs during decomposition of litter, then 0 < A < 1. The
model does not assume any carbon or nutrient storage within the plant.

The mathematical analysis of the model to find the equilibrium value of G, as a function of parameters, is presented in Ju and DeAngelis (2010)
and also in our On-line Supplementary Material Appendix B. The analysis produces an implicit equation for the plant production as a function of

-1

herbivory, nutrient availability and other factors, and was evaluated numerically.

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.biocontrol.2017.11.002.
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