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Oikos Many plant species are widely distributed and consequently are exposed to multiple
2023: 09909 abiotic factors and diverse herbivores, each of which may distinctly affect the mag-
doi: 10.1111/0ik.09909 nitude of different defense traits. Alternative theories for optimal allocation to plant
o ’ defense traits predict both positive and negative associations between magnitude of

Subject Editor: Robin Pakeman defense and resource availability. These predictions may apply even within species.
Editor-in-Chief: This suggests potential for a single species’ patterns of association of defense traits
Gerlinde De Deyn and resources to vary with both the type of defense and identity of resource, but
Accepted 27 April 2023 relatively few studies have explored intraspecific variation in multiple defense traits

along several resource gradients simultaneously. In order to address this gap, espe-
cially in an ecosytem dominated by large mammalian herbivores, we assessed rela-
tionships between multiple resources (rainfall, soil N, and soil P) and plant defense
traits (prickle density, phenolics, and lignin content) using a widely distributed tropi-
cal savanna herb, Solanum incanum, growing in naturally occuring resource gradients
within the Serengeti National Park. We found substantial intraspecific variation in
all three defense traits across sites (n=43). Variation in prickle density was positively
associated with rainfall and soil P, but not soil N. In contrast to prickle density, phe-
nolics and lignin were uncorrelated with all three resource gradients. This independent
association of soil P with a carbon-based defense, prickle density, suggests potential for
resources that are not components of defenses to influence allocation to defense traits.
Such influence may reflect association between resource and herbivore abundance and/
or preference. These varied patterns in resource—defense associations further emphasize
the tremendous variation in anti-herbivore traits which may be influenced by differ-
ent plant resources and highlight the need to consider multiple resource gradients in
understanding evolution of plant traits.
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Introduction

Plants invest in a variety of anti-herbivore defenses such
as physical (Hanley et al. 2007, Barton 2016), chemical
(Levin 1976, Bennett and Wallsgrove 1994) and mutualistic
defenses (Heil and McKey 2003). Even within species, there
is a significant amount of variation in the type and quantity
of defense due to plasticity and local adaptation and some
of this variation may be driven by plants’ access to resources
(Castillo et al. 2013, Abdala-Roberts et al. 2016, Lynn and
Fridley 2019). Plant resource availability may influence the
costs and benefits of allocating resources to defense traits
rather than plant growth and reproduction (Coley etal. 1985,
Herms and Mattson 1992, Stamp 2003, Endara and Coley
2011, Hahn and Maron 2016). Such cost-benefit relation-
ships can be further modified by risks of tissue loss from dif-
ferent types of herbivores (insect versus mammal, generalist
versus specialist) and intensity of herbivory (Carmona et al.
2011, Perkovich and Ward 2022).

Resources may influence defense traits in unexpected ways
if plant growth and herbivory risk are limited or driven by
different resources. Several studies have shown that plants
and herbivores can be simultancously limited by muldple
resources such as water/light, nitrogen (N), and phospho-
rus (P) (Elser et al. 2007, Harpole et al. 2011, Sperfeld et al.
2012). But previous hypotheses (Hahn and Maron 2016,
Koffel et al. 2018) largely assume that plant and herbivore
abundance are limited by the same resource (or that herbi-
vores prefer plant tissue rich in nutrients limiting to plants
in that system such as N), in which case plants have more
resources to allocate to defense and face higher herbivory
risks at higher resource availability. In contrast, the herbivory
risk might be associated with availability of resources that do
not strongly limit plant growth such as when plants may be
most limited by N or P and herbivores may be most lim-
ited by sodium (Na) (Kaspari et al. 2017, Borer et al. 2019,
Welti et al. 2019, Kaspari 2020). Thus, allocation to plant
defenses may respond to different resources in distinct ways
depending on resources limiting plant growth and herbivore
abundance/preference. Additionally, resources that are not
major structural components of defenses such as P or Na
may also influence allocation to defense indirectly. However,
these different possibilities have received little attention as
studies on variation in defense traits along multiple resource
gradients are relatively rare. Given the growing evidence of
the importance of resources other than carbon (C) and N to
both plants and herbivores (Fay 2015, Kaspari et al. 2017,
Prather et al. 2018, Borer et al. 2019), it is crucial to under-
stand their impact on plant defense traits.

The association of defense traits with resource gradi-
ents may vary depending on the identity of the resource.
Even though most plant defense theories (Feeny 1976,
Coley et al. 1985, Herms and Mattson 1992, Hahn and
Maron 2016, Koffel et al. 2018) treat resources generi-
cally (but see Bryant et al. 1983), they may offer a broad
framework to understand patterns in resource—defense rela-
tionships. Some plant defense theories have predicted that
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even within species, defenses should decrease with increas-
ing resources, especially if the plant is adapted to a physi-
ologically stressful condition (Hahn and Maron 2016).
Alternatively, plant defenses may be positively associated
with resources, especially if allocation to defenses is indi-
rectly mediated by high herbivory pressure at resource rich
sites (Hahn and Maron 2016). Evidence from systems with
predominantly insect herbivores provides some support
to both the predictions (Hahn and Maron 2016, Abdala-
Roberts et al. 2016, Moreira et al. 2018, Hahn et al. 2019).
The contrasting patterns for the intraspecific resource—
defense relationships highlight the importance of the type
of defense and identity of resource and herbivores for
understanding these patterns. Moreover, plants subjected to
intense mammalian herbivory are relatively poorly studied
and might not show the same patterns as plants subjected
to insect herbivory. Consequently, there is a clear need to
explore intraspecific relationships between the magnitude
of different plant defense traits and availability of different
resources.

Plant defense response to mammalian herbivory may
differ from that of the more heavily researched response to
insect herbivory (Carmona et al. 2011). Firstly, chemical
defenses may be less effective against mammalian herbivores
that consume larger quantities and diverse group of plants,
thus diluting the impact of any single chemical (Mattson
1980). Secondly, mammalian consumption of whole or
large portions of an individual plant in a single bite poses
a different set of challenges to plants than invertebrate
herbivory (Sanson 2006) and possibly results in different
types of anti-herbivore strategies, such as avoidance through
divaricate branching or structural defenses such as prickles
(Hanley et al. 2007, Tomlinson et al. 2016, Coverdale et al.
2019, Wigley et al. 2019). Unlike most chemical defenses,
resources allocated to physical defenses cannot be meta-
bolically reverted to resources for future plant growth and
reproduction. Thirdly, the resources, predation risk and
environmental conditions (e.g. temperature) that deter-
mine insect herbivore abundances (or herbivory intensity)
and defenses may be different than those of mammalian
herbivores. These factors may inherently affect the cost—
benefit ratio of allocation to defenses and consequently may
influence the ‘dominant’ type of defense depending on the
identities of herbivores (Perkovich and Ward 2022) and
resources but have rarely been tested for ecosystems with
mammalian herbivory.

In this paper, we studied intraspecific variation in three
types of C-based defenses: prickle density, phenolic con-
tent, and lignin content, at 43 sites for a widely distrib-
uted perennial herbaceous plant species, Solanum incanum.
These sites spanned substantial natural gradients of rain-
fall (a proxy for water availability) and total soil N and
P (Ruess and Seagle 1994, Anderson et al. 2007) in the
Serengeti National Park, Tanzania which also features a
wide range of mammalian herbivory intensity across the
landscape. We assessed associations between the different
plant defense traits and plant resources.
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Material and methods
Field site

The Serengeti National Park in northern Tanzania is among
the last remaining contiguous grassland savanna ecosystems
in the world. It is home to a highly diverse group of resi-
dent and migratory large mammalian herbivores includ-
ing wildebeest Connochaetes taurinus, plains zebra Equus
quagga, Thomson’s and Grant’s gazelles Eudorcas thom-
sonii, Nanger soemmerringii, impala Aepyceros melampus,
eland Zaurotragus oryx, elephants Loxodonta africana, topi
Damaliscus lunatus and Coke’s hartebeest Alcelaphus buse-
laphus (Sinclair and Norton-Griffiths 1979, McNaughton
1985). These herbivores often exert intense herbivory
pressure with plant losses as high as 60-90% of the annual
aboveground biomass (McNaughton 1985) with likely
minimal loss to insect herbivores as in other savanna eco-
systems (Davies et al. 2016). More recent research has also
shown that variation in herbivory intensity is associated
with resource gradients such that herbivory intensity is
negatively associated with rainfall, positively associated
with P availability to plants and unassociated with N
availability to plants (Mohanbabu and Ritchie 2022) in
the park. These associations are a result of resource sup-
plies influencing herbivory intensity as the patterns hold
even with nutrients from fenced plots (i.e. no herbivory)
indicating that nutrient recycling from herbivory, if any,
were weak (Mohanbabu and Ritchie 2022). The inference
is further supported by the fact that the underlying varia-
tion in soil N and P in the Serengeti has been attributed
to volcanic ash deposits in the southeast to highly leached
granite-derived sands in the north (Anderson and Talbot
1965, Sinclair et al. 2008).

Study organism

Solanum incanum (hereafter Solanum), is a pan-African
and pan-Asian herbaceous plant which is consumed by
several browser and mixed-feeding herbivore species such
as impala, elephant, gazelles and eland (based on avail-
able data from other members of Solanum genus from East
Africa (Kartzinel et al. 2015, Coverdale et al. 2019). Even
within the Serengeti, Solanum is widely distributed, natu-
rally occurring in a variety of habitats, and invests in both
physical and chemical defenses. Their stems have prickles
which can vary drastically in density and is likely induc-
ible by herbivory similar to other Solanum species in the
region (Coverdale et al. 2019). Additionally, it produces
both phenolics and alkaloids, the latter of which is more
prominently present in reproductive parts such as flowers
and fruits (Al Sinani and Eltayeb 2017). Therefore, we mea-
sure only leaf phenolic content. In terms of the leaf struc-
tural content, like other plants, they also invest in structural
carbon such as lignin and cellulose which may also confer
some anti-herbivore properties due to increased leaf tough-
ness and reduced palatability.

Study design

From 2000 to 2002, several sites (n=102) across the national
park were identified to form a network of vegetation survey
plots; the trans-Serengeti plots (Anderson et al. 2007). These
plots encompass much of the substantial spatial variation in
rainfall (700-1125 mm), total soil N (0.2-3.7 mg g™!) and
total soil P (0.007-0.53 mg g™') across Serengeti National
Park (Ruess and Seagle 1994, Anderson et al. 2007). As can
be expected in natural systems, some of the gradients are cor-
related: soil P and rainfall are negatively associated, and soil
P and soil N are positively associated (Supporting informa-
tion). We account for this correlation statistically by using all
three resources in the same regression, but only experimental
manipulations can result in truly uncorrelated predictors.

Plots were sampled by randomly dropping points in 10
% 10 km grids and choosing one accessible point per grid
such that the plot network includes a wide range of varia-
tion in abiotic factors. In 2018, we sampled 61 of these
plots of which Selanum was present in 43 of them (Fig. 1),
only slightly less than the abundant grasses, Digizaria mac-
roblephara (at 50 sites) and Themeda triandra (at 47 sites).
At each site, we sampled five randomly selected individuals
of Solanum that were at least 5 m apart. For each individual,
we recorded prickle density as the number of prickles on a
5 cm length of stem at approx. 5 cm from the base and we
also collected five fully expanded mature leaves which were
air-dried at 45°C and shipped to Syracuse University, USA
for further analyses. We collected soil cores at each site to
characterize soil nutrient availability. Total soil N and P were
estimated at the Sokoine University of Agriculture, Tanzania
using Kjeldahl method (Carter and Gregorich 2007) and
persulfate digestion method (Carter and Gregorich 2007),
respectively. We use a 10 year average for rainfall at these
sites that was extracted from the Climate Hazard Group
InfraRed Precipitation with Station data (CHIRPS) database
(Funk et al. 2015) which provides high resolution precipita-
tion estimates based on both long-term climate averages and
weather station data.

Chemical defense traits

We estimated total foliar phenolic content using the Folin-
Ciocalteu assay (Ainsworth and Gillespie 2007). Briefly, 5
mg of the dried and ground leaf sample per individual was
homogenized in 2 ml of ice-cold 95% v/v methanol and cen-
trifuged at 13 000g for 5 min at room temperature after 48
h of incubation in the dark. One hundred pl of the super-
natant was diluted with 100 pl of distilled water and 200 pl
of 10% (v/v) Folin-Ciocalteu reagent (Sigma Aldrich) was
added and mixed thoroughly. After 2 min, 800 pl of 700
mM sodium carbonate solution was added to each tube and
the reaction mixture was incubated at room temperature for
20 min. One ml of the reaction mixture was transferred to a
cuvette and absorbance at 765 nm was recorded for blanks,
gallic acid standards and samples. Phenolic content was cal-
culated as gallic acid equivalents based on the standard curve.
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Rainfall

Soil Nitrogen

Soil Phosphorus

Rainfall 800 1000 1200 SoilN 10 20 3.0 Soilp 01 02 03 04
(in mm) (in mg/g) “ (in mg/g)
High Low No strong association Low High
herbivory herbivory with herbivory herbivory herbivory

Figure 1. Illustration of the different resource gradients — rainfall, total soil N, and total soil P- across the Serengeti National Park. ‘+ indi-
cate all 61 sites sampled and dots indicate sites with Solanum incanum. The associations of herbivory intensity with the different resource
availabilities to plants are based on previous research from the national park (Mohanbabu and Ritchie 2022).

Although Solanum may also produce alkaloids, they disin-
tegrate quickly unless stored at —80°C, which limited our
ability to quantify alkaloids from air-dried samples.

We estimated structural lignin content of Solanum leaves
using a multi-step sequential digestion with ANKOM 200
Fiber Analyzer. The leaf samples for each site were pooled
and - 0.5 g of the dried leaf material was sealed in a special
25 p porous bags from ANKOM. The bags were weighed and
sequentially treated with neutral detergent solution at 100°C
for 75 min, acid detergent solution at 100°C for 60 min and
98% sulfuric acid at room temperature for 3 h. Between each

step, the bags were washed with hot water and acetone to
remove any remaining detergents, dried at 105°C overnight
and weighed. Finally, the filter bags were ashed at 500°C for
330 min in a muffle furnace. The difference in the weights
between concentrated sulfuric acid treatment and ashing
were used to estimate the percentage of lignin per dry mass
of plant tissue.

Statistical analysis

All the data analyses were run in R (www.r-project.org).
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Figure 2. Variation in prickle density along gradients of (a) rainfall, (b) soil N, and (c) soil P represented as partial residual graphs, i.c.
covariation due to other variables in the model are already accounted for. In the figure, each dot is the residual of log transformed mean
prickle density at a site, dark lines represent significant relationships and grey lines represent insignificant relationships based on univariate

models, and grey areas represent the 95% confidence intervals.
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Variation in defense traits

As sites (n=43) are the experimental units in this scudy, we
averaged data for the five individuals per site for all traits
except lignin, for which samples were already pooled at the
site level before ANKOM analyses as the procedure required
larger amounts of plant tissue. To explore variation in defense
traits along gradients of resource availability, we ran linear
models using ‘Im()” with a given defense trait as the depen-
dent variable and rainfall, total soil N and P as the indepen-
dent variables. Including interaction terms did not improve
the models and therefore, we leave them from the analyses.
Such a model allowed us to account for correlations among
the measured environmental variables. As all three resources
are in the model, and ‘Im()’ uses type I1I sums of squares, the
effect of each variable is calculated after accounting for the
effects of other variables in the model. For the traits for which
we have data for within site variation, we also ran mixed
models using ‘ImerTest’” package (Kuznetsova et al. 2017)
including ‘Site’ as a random effect and the environmental
variables as the fixed effects and found that the inference does
not change (Supporting information). Finally, all models sat-
isfied the assumptions of normality, homoscedasticity, and
low multicollinearity (we use VIF < 3 as the cut-off similar
to Zuur et al. 2010 as completely uncorrelated predictors are
hard to find in natural systems).

—_
Q
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~

For the purposes of visualizing associations of defense
traits with different resources, we present partial residual
plots (Fig. 2, 3) of variation in both dependent (log(prickle
density + 1)) and independent (rainfall, total soil N and soil
P) variables once the covariance between the remaining inde-
pendent variables is accounted for.

Results

All three defense traits showed substantial intraspecific varia-
tion: prickle density ranged from no prickles (undefended)
to ~ 72 prickles per 5 cm, and total phenolic and structural
lignin content varied by about a factor of three, ranging
between 1.75 and 8.77 nmol of gallic acid equivalents/mg of
sample, and 4.57-13.43%, respectively. Differences between
individuals within a site accounted for some of the variability
(41% for prickle density and ~ 11% for phenolic content),
but this variability did not change patterns at the landscape
scale (Supporting information).

Resources explained some of the variation in defense
traits. Prickle density increased with both rainfall (0.46
(0.20), p=0.03) (Fig. 2a, Table 1) and soil P (0.78(0.26),
p=0.004) (Fig. 2¢, Table 1), but did not change with soil N
(—0.06 (0.22), p=0.78) (Fig. 2b, Table 1). In contrast, total
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Figure 3. Variation in phenolic and lignin contents along gradients of (a, d) rainfall, (b, ¢) soil N, and (c, f) soil P represented as partial
residual graphs, i.e. covariation due to other variables in the model are already accounted for. In the figure, each dot is the residual of phe-
nolic or lignin content at a site, dark lines represent significant relationships and grey lines represent insignificant relationships based on
univariate models, and grey areas represent the 95% confidence intervals.
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Table 1. Summary of the linear models, associated coefficients
(and standard error) and adjusted R? for each of the defense traits
prickle density, total phenolic content and lignin. Bold values indi-
cate p < 0.05.

Factors  Prickle density  Total phenolic content Lignin
MAP 0.46(0.20) —-0.50(0.35) 0.13(0.43)
Soil N —0.06(0.22) 0.39(0.39) —0.40(0.48)
Soil P 0.78(0.26) —0.63(0.44) 0.59(0.54)
R? 0.23 —0.01 -0.04

phenolic content (Fig. 3a—c, Table 1) and lignin (Fig. 3d-f,
Table 1) were uncorrelated with rainfall and soil resource
gradients.

Discussion

We explored patterns of intraspecific variation in defense traits
along multiple resource gradients in a plant species that can
experience substantial herbivory by large mammals. We found
that prickle density was positively associated with both rainfall
and total soil P in the system (Fig. 2a, c). To our knowledge,
this is the first-time total soil P has been shown to be asso-
ciated with a physical defense trait even though P is not a
major structural component of largely carbon-based defense
traits. One explanation for this association is the potential for
resources to influence herbivores and their associated risk of
plant damage (Hahn and Maron 2016, Koffel et al. 2018).
Interestingly, contrary to our expectation, prickles were posi-
tively associated with rainfall even when herbivory intensity
at this site decreases along this gradient (Mohanbabu and
Ritchie 2022). Lastly, our results for phenolics and lignin con-
trast with most prior research, which generally shows positive
associations between climate factors (temperature and pre-
cipitation) or N supply and chemical defenses (Moreira et al.
2015, Hahn and Maron 2016, Abdala-Roberts et al. 2016,
Hahn et al. 2019). Thus, our work highlights the potential for
associations of various types of defense traits to three common
resources that limit plant growth.

Our results on the positive association between soil P
and prickle density (Fig. 2¢) adds to the evidence from ear-
lier research on insect herbivores showing that P supply may
affect anti-herbivore defenses (Cuevas-Reyes et al. 2004,
2011, De Long et al. 2016, Graff et al. 2020). However,
the proximate mechanisms still remain unclear. A potential
explanation is that resource-rich sites may support higher her-
bivore biomass and herbivory intensity causing the plants to
allocate more to defenses (Hahn and Maron 2016). As plant
P supply in the Serengeti is positively associated with her-
bivory intensity at the landscape scale (Fig. 1) (Mohanbabu
and Ritchie 2022), there is some support for this explana-
tion. Furthermore, resources may also affect allocation to
defense even in the absence of resource-herbivory intensity
associations. An alternate mechanism could be elevated rates
of photosynthesis and C assimilation at higher soil P result-
ing in C allocation towards a C-based physical defense, such
as prickle density (Herms and Mattson 1992). More work
is needed to elucidate mechanisms by which P may affect
defense allocation.
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The positive association between prickle density and rain-
fall (Fig. 2a) is unlikely to have been affected by herbivory
risk since herbivory intensity in the Serengeti is negatively
associated with rainfall (Mohanbabu and Ritchie 2022). In
contrast to herbivory, rainfall, productivity and plant C:N
ratios are positively associated in grasslands (Sinclair 1975,
McNaughton 1985, Holdo et al. 2009). Increasing rainfall
may allow for higher rates of CO, uptake relative to N- or
P-based biochemical machinery (OIff et al. 2002). If plants
assimilate additional C above what is needed for growth at
high rainfall sites, that C may be allocated to C-based struc-
tural defense at relatively lower costs (Herms and Mattson
1992). This expectation and result are different from some
of the ecarlier studies that have linked spinescence to aridity
in interspecific comparisons from arid sites (Milton 1991)
but more recent evidence suggest that spinescence may not
be strongly or generally associated with climate (Anest et al.
2021). Regardless, we find the opposite pattern than expected
for an intraspecific comparison for a relatively wetter region.
An intriguing possibility is that across a broad water availabil-
ity gradient, resource-defense associations may be non-linear,
that is, negative over low ranges of precipitation and positive
over higher ranges.

The general lack of variation in lignin and phenolics with
resource supplies may indicate that those traits may not be
as strongly influenced by mammalian herbivory as are prick-
les. Even in other systems, phenolics has been shown to be
negatively (Wallis et al. 2011, Moreira et al. 2018), positively
or neutrally associated with resource availability (Moreno
and Bertiller 2012, Abdala-Roberts et al. 2016, Wang et al.
2016). Similar variation in positive versus negative associa-
tions have been reported for intraspecific variation in lignin
as well: positive (Castro-Diez et al. 1997, Wang et al. 2016,
Moreira et al. 2018), no change (Castro-Diez et al. 1997,
Moreno and Bertiller 2012), and negative associations
(Wallis et al. 2011). The wide range of patterns in pheno-
lics and lignin might result from several mechanisms. Firstly,
both phenolics and lignin may be responding to insect her-
bivory or microbial pathogens, and abundances of insects
and pathogens in savannas may be low compared to mamma-
lian herbivores (Davies et al. 2016). Secondly, both phenolics
and lignin are leaf-level carbon-based defenses and may get
allocated to labile (total phenolics) or structural (lignin) car-
bon related to the leaf economics, plant relative growth rate
and leaf lifespan, with inadvertent covarying consequences
for plant defenses (Coley et al. 1985). Despite both defense
traits exhibiting no association with plant resources, pheno-
lics were indeed negatively associated with lignin (Pearson
correlation coefficient=-0.37, p=0.02, Supporting infor-
mation), which suggests a potential trade-off for plants in
allocating carbon to these different compounds. Finally, the
two defenses may contribute to plant fitness in ways not nec-
essarily related to defense, such as when phenolics protect
against light damage (Isah 2019, Erb and Kliebenstein 2020)
and lignin provides structural support and extends leaf lifes-
pan (Kitajima et al. 2012).

Our work adds to a limited number of field studies on asso-
ciations of defenses with multiple resources in the presence
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of mammalian herbivores. Our field survey limits our power
of inference and field experiments that manipulate different
resource levels and herbivory are likely necessary to determine
cause—cflect relationships of resources and herbivory risk on
defense traits. Although our analysis is limited to a single spe-
cies, S. incanum which exhibits multiple types of defenses, is
common in an unusually wide variety of environments (i.e.
was present at 43 of the 61 sites) and is consumed by mul-
tiple mammalian herbivore species (based on available data
from other members of Solanum genus from East Africa
(Kartzinel et al. 2015, Coverdale et al. 2019) is ideal for such
studies. Even though our work may easily be extended to a vast
majority of species in Solanaceae that invest in different types
of defenses, future work on different plant families will help
evaluate any generality of our results. Additionally, Solanum
also allocates to other defenses such as glycoalkaloids and tri-
chomes which we were unable to measure but they contribute
to the overall costs and benefits of defenses. Finally, it is possi-
ble that the herbivores imposing potential damage and defense
traits are responding to the supply of a different resource we
did not measure, such as Na or Ca. However, concentrations of
these elements in soil and/or plant tissue show low correlation
with that of herbivory intensity in the Serengeti (Mohanbabu
and Ritchie 2022). Regardless, variation in defense traits along
gradients of other resources such as Na and Ca are poorly stud-
ied and warrant attention in future research.

In conclusion, we find substantial intraspecific variation
in defense traits of Solanum incanum, especially prickle den-
sity, that is associated with variation in multiple environ-
mental resources. Interestingly, prickle density was positively
associated with soil P suggesting a potential for influence
of resources other than C and N on plant defenses. In con-
trast, a threefold variation in phenolic and lignin content was
unexplained by variation in multiple resources. Our work
indicates that future research should consider both different
types of defenses and resources in order to better understand
the complex link between resource supply and allocation to
defenses.
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