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Abstract

Substantial evidence suggests plants and herbivores are limited by multiple resources but their role in
driving plant-herbivore interactions is still poorly understood. Here we model multiple resource
limitation of plants and herbivores and derive analytical solutions for steady-state plant biomass,
herbivore biomass and herbivore impact. The model predicts “apparent” limitation of herbivore biomass
by resources that otherwise do not limit herbivore growth. Consequently, higher supply of plant-growth
limiting resources allows herbivores to persist at lower supplies of herbivore growth-limiting resources.
Likewise, increased supply of these non-limiting resources to herbivores can dramatically increase
herbivore impacts on plants. Additionally, the outcomes of herbivore exclusion experiments should
differ along different resource gradients, depending on herbivore response to plant resource
concentrations. Analysis of existing and new data from marine, freshwater and terrestrial systems
supports several of these predictions. Our analysis expands ecologists’ understanding of plant-herbivore

dynamics to accommodate multiple limiting resources.
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Introduction

Herbivory is a foundational trophic interaction central to the secondary production and stability of food
webs. The magnitude of herbivory varies across ecosystems (Cyr & Face 1993) and understanding the
factors that drive such variation is a long-standing objective in ecology (Hairston et al. 1960; Oksanen et
al. 1981; Ritchie & OIff 1999; OIff et al. 2002; Cebrian & Lartigue 2004). An important question is
whether herbivore abundance and herbivore impact on plants change in response to the type and
magnitude of resources that limit plant growth. Most previous studies, motivated by Liebig’s Law of the
minimum, view plant growth as limited by a single resource in any given ecosystem. However, research
over the past two decades has demonstrated that plant growth can be simultaneously limited by more
than one resource (Elser et al. 2007; Harpole et al. 2011; Fay 2015). If so, such multiple resource-
limitation may have significant impacts on how the suite of important plant resources influence

herbivores.

The impact of multiple resource limitation on herbivores is still poorly understood. Classical studies on
herbivore dynamics have transitioned from arguing that herbivore abundances are solely under top-
down control of predators (i.e. independent from resource supply to plants)(Hairston et al. 1960), to the
idea that variation in the supply of a single limiting resource to plants produces gradients of herbivore
biomass or intensity (Oksanen et al. 1981; Oksanen 1992; Chase et al. 2000; Wilkinson & Sherratt 2016).
In many of these modeling scenarios (Mazancourt et al. 1998; Chase et al. 2000; Loladze 2000; Thébault
& Loreau 2003, 2005) consumers and producers are often assumed to be limited by the same resource
directly or indirectly via plant biomass, e.g., P in freshwater aquatic and N in terrestrial systems (Elser &
Urabe 1999; Holdo et al. 2007). While it is possible that herbivores are limited by the same set of
resources as plants, the differences in cellular demand for different resources between autotrophs and
heterotrophs (Elser et al. 2000; Sterner & Elser 2002; Lemoine et al. 2014) suggests that the resource(s)

that limit herbivore growth may be a subset of or exclusive of the set of resources that limit plants.
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Resources that only limit plant growth and thus drive plant resource concentration ratios and biomass
might indirectly or “apparently” limit herbivore dynamics. Altering the supply of resources that might
exclusively co-limit plants but not herbivores may also modify herbivore impacts on plant biomass
across different resource gradients. Ultimately, relatively little is known about the impact of multiple

resource limitation on higher trophic interactions.

Multiple resource limitation of plants may also impact herbivores by modifying plant quantity, quality
(nutrient content or ratio of nutrients), and allocation to defensive compounds (Bryant et al. 1983; Coley
et al. 1985; Herms & Mattson 1992). Additionally, some resources such as carbon are allocated to both
metabolic and structural components, further affecting plant mortality and palatability to herbivores.
Herbivores preferentially feed on tissue rich in certain resources such as P in aquatic systems (Sterner &
Schulz 1998; Urabe et al. 2003) or N in terrestrial systems (Mattson 1980; Griffin et al. 1998) or
alternatively feed on tissue with higher resource: carbon ratio such as P:C or N:C, respectively (Hessen
1992; Awmack & Leather 2002; Hessen et al. 2002; Welti et al. 2020). Plant biomass and tissue
concentrations of different resources generally increase with resource addition (Bracken et al. 2015) in
the absence of consumers. However, it is harder to predict biomass responses of plants under herbivory.
Biomass reflects a balance between growth and consumption, and consumption may outstrip growth
under certain plant resource concentrations, leading to a pattern of decreasing plant biomass at higher
plant resource supplies. Therefore, different scenarios of herbivore response to plant biomass and
resource concentrations (e.g. plant biomass, single resource concentration, or ratio of resource

concentrations) need to be explored.

In this paper, we develop an analytical model to explore the impact of multiple resource limitation on
plant-herbivore dynamics. We use the terms plants and herbivores to broadly refer to any primary
producers and consumers, respectively, in the ecosystem even though they may not classically be

considered “plants,” e.g., cyanobacteria, corals, or “herbivores,” e.g., heterotrophic bacteria, salps. We
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derive analytical steady-state solutions for the responses of plant and herbivore biomass to resource
limitation by four types of resources (Box 1, Fig. 1a) under three different scenarios of herbivore
responses to resources in addition to plant biomass. Herbivores may respond a) only to plant biomass
and not plant resource concentrations (Fig. 1b); b) to concentration of a single plant resource (Fig. 1c);
and c) to ratios of resources in plant tissue (Fig. 1d). Our model predictions suggest potential for
resources that do not directly limit herbivore growth to influence biomass and conditions for persistence
of herbivores. The model also provides several new hypotheses for variation in herbivore biomass and
impacts on plants along different resource gradients. Finally, we discuss examples from both aquatic and

terrestrial ecosystems as evidence to highlight the utility of the modelling framework.

Methods

Limitation by three essential resources

We consider a system in which plants are limited by three interactively essential resources (Sperfeld et
al. 2012; also called multiplicative colimitation in Saito et al. 2008). Examples include plants limited by
water, N and P in terrestrial ecosystems (Elser et al. 2007; Harpole et al. 2007; Cleland & Harpole 2010),
by light, P and N in freshwater systems (Elser et al. 2007; Karlsson et al. 2009; Harpole et al. 2011) or by
light, iron (Fe) and P in marine pelagic systems (Sunda & Huntsman 1997; Downing et al. 1999; Elser et
al. 2007). By considering three different resources including carbon which is ubiquitous to life, we will
explore several different scenarios addressing the impact of resources on both plants and herbivores.
The general set of eq 1.1-1.5 (Box1) will be used to explore plant-herbivore dynamics under specific

paradigms of herbivore limitation.

Plant-resource dynamics

Resources are taken up by plants as defined by eq. 1.1 (Box1). Eq. 1 provides the general form of

resource dynamics for resource x as a function of plant biomass S.
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109 Once resources are taken up by plants they are incorporated into metabolic activity and experience

110  turnover (eq. 1.2, Box1). Although most resources are directly absorbed by plants, carbon assimilation
111 occurs with an efficiency g, that depends on the supply of “surrogate resources for acquiring carbon” or
112 SRCresources (/src) like water or light. Further, we assume a proportion g of internal plant concentration
113 of carbon (r¢) is metabolically active, and 1-g is “non-metabolic”, that is, allocated to structure or

114  defense or other purposes. Eq. 2 tracks the rate of change of concentration of resource in the tissue.
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(2)
116  Therefore, the steady-state internal concentrations (r«*) of the four types of resources are-

117 qre* = elspc oo Ipan o Iop . Ion
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(3)

118 Production proportional to the product of multiple plant resource concentrations

119 Previous research suggests that growth should be approximately proportional to the product of

120  essential resource concentrations under multiple resource limitation (Saito et al. 2008; Sperfeld et al.
121 2012). Therefore, we assumed plant production is a function of internal resource concentrations

122 [rc][rean][re]. We can easily justify the product approximation using a terrestrial plant example. Biomass
123 production is driven by fixation of C-based biomolecules from internal leaf [CO;], catalyzed by N-rich
124  enzymes such as RuBisCo (Spreitzer & Salvucci 2002) or PEP carboxylase (lzui et al. 2004), and can

125 approximately be described as a second order reaction rate proportional to [Enzyme][CO.]. The

126 concentration of CO; is proportional to evapotranspiration, which increases with supply of water to the
127  leaf [Water] (SRC resource). Furthermore, enzyme concentration [Enzyme] is a function of the rate of

128  conversion of N-based compounds (PAH resource) into amino acids and proteins, as “catalyzed” by P-



129  rich RNA (OP resource), which can be captured by a second order reaction proportional to the product
130 [N][RNA-P] (Loladze & Elser 2011). Substituting [Water] for CO, and [N][RNA-P] for [Enzyme] yields plant
131  growth being proportional to the product of three concentrations [Water][N][RNA-P]. Similarly,

132 producer production in aquatic systems will likely be a function of [Light][N][P] while for marine pelagic

133 systems it might be [Light][Fe][P].
134  Optimal allocation of carbon to metabolic and non-metabolic components

135 Plants acquire and allocate carbon either to metabolic components that participate in chemical

136  reactions that support growth or to other compounds, such as structural tissue, cell walls, and consumer
137  defenses, that presumably improve the ability of plant cells to persist (e.g., increase leaf longevity).

138  Thus, we hypothesized that plant mortality would be inversely proportional to the allocation of carbon
139  to non-metabolic purposes. Using equation 1.3 (Box1) we define the rate of change of plant biomass in

140 the absence of herbivores as

1 dSy d

141 SUE = UTpay Top Q" — m

(4

142  where u [t'grangor g ] is the conversion efficiency of resources into plant tissue. We can find an

143  optimal allocation of carbon to metabolic function, g*, that maximizes plant growth rate.

144 =1 ! 4 (5)
a9 =1- = [T =
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145  Steady-state plant and herbivore biomass

146 Substituting eq. 5 into 4 we get the steady state plant biomass in the absence of herbivores-

1 1
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Using eq. 1.4 (Box1), we can obtain the steady state standing biomass for plants when herbivores are
present. To describe herbivore biomass dynamics, we assume a Type 2 functional response of
herbivores to plant biomass implying that herbivores are satiated at high plant biomass and further

explore three different scenarios of herbivory by changing the herbivory function, h(a, rc*, rean®, roe*t):
a) Herbivore growth responds to plant biomass

This is similar to the other classic models of plant-herbivore interactions where herbivores change
proportionally in response to available plant biomass. Eq. 1.4 and 1.5 (Box1) can be modified to fit

this scenario when h{(.) is just a function of the attack rate, a.

1dS; . aH d
Sg dt _ TPaH ToP e T e T (1 — gt

ua®(e — Dt)*elspclpanlop B

e
D YcYpanYopeD?

H* = (7)

The herbivore dynamics can be represented as-

1dH  eaSg D

— = _D; S =———— 8
Hdt 1+ atS; & " a(e—Dt) ®)

Eg. 7 and 8 show steady-state herbivore (H*) and plant biomass (S¢*). Using steady-state plant

biomasses from eq. 6 and 8, we estimate impact of herbivores as a response ratio (S*,/S*s).

11
a(e — Dt)ez2ua 1 1

RR = T 1 IsrcZUpanlop)* )
(YpanYord)*yc?

b) Herbivore growth responds to a plant resource concentration and biomass

In addition to plant biomass, herbivore growth may also respond to plant concentrations of a single

resource such as nitrogen or sodium (Mattson 1980; McNaughton 1988; Griffin et al. 1998; Kaspari
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2020), causing herbivores to seek food rich in those elements. In order to incorporate this resource
limitation of herbivore growth in the model, we assume that herbivory function, h(.), is also a function of
tissue concentration of the herbivore growth-limiting resource (rean). The resulting equations for plant

and herbivore dynamics are

1dSe . v w . arpag’H d
S de _ TPaH Top ATC Ty e T — gyt

x _ € u(Dat)zyPAHgISRCIPAHIOP _ udlpaplop (10)
D |ycyor(ealpay — DYpan)? YpaHYopP
1dH earpsy’S 1 real
&7 _dean 56, SG*:_[ﬂ_D] a1
H dt 1 + atSG Dat YPAH

Eqg. 10 provides the steady-state herbivore biomass, H*. We calculate herbivore impact, RR, by

substituting steady-state plant biomasses from eq. 6 and 11 in eq. 1.5.

3 1 1
Dt 4(Iopce)2(Ulp aylpp )%
RR = Ypan*(Usrc€)2(ulpay OP)1 (12)

D 1 1
[eIPAH - ygAH] Yc2(yYopd)*

c) Herbivore growth responds to plant resource to carbon ratio and biomass

Alternatively, herbivores may also respond to ratios of different resources in addition to plant biomass.
Herbivores often favor plants with higher reay : rc ratio (Awmack & Leather 2002; Hessen et al. 2002).
The herbivory function with a response to rean: rc changes the dynamics of plants and herbivores to

resources.

1 dSG _ " . o % anAH*H d
SG dt = UTpay Tor 4 Tc (1 _ q*)rc*(l + atSG) (1 _ q*)rc*

(13)

The optimal allocation of carbon to metabolism was re-derived for this scenario by maximizing the plant

growth function in eq. 13.
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185 Lastly, the dynamics of herbivore biomass was mathematically defined as-
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187 By plugging Sc* in steady state solution for eq. 13, we get steady state herbivore biomass, H* as a

188  function of resource supplies.

e ua*loplpay(evclpay — tD elspc)? d(D elspc)?
189 H* = Yc oplpan(eyvclpan Ypan€lsrc) (DYpan€lsrc) (16)
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190 Similar to the previous cases, we calculate impact of herbivory from the steady-state plant biomasses

191 from eq. 6 and 15. The estimated impact of herbivory is-

1

a(ulpsylop)lel —tD el
192 RR = (ulpanlop)*[elpanyc Ypan€lsrcl
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193  Since resource types PAH and OH are similar in their effect on herbivore biomass, we derive the
194  equations for resources that only limit herbivore growth (OH resource) in the Supporting Information

195  (Appendix S1 eq. S1-10) and discuss those results with those for PAH resource.
196  Results

197  We find that the response of plant biomass, herbivore biomass and impact of herbivory, RR, to resource
198 supplies varies considerably across scenarios of herbivore growth response to plant biomass and
199 resource concentrations. As expected, the steady-state biomass of plants in the absence of herbivores

200 increased in response to supply of plant-growth limiting resource (Fig. 2a, filled black circles are higher
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than filled grey circles) with plant biomass being more sensitive to supply of SRC resource compared to

PAH or OP resources.

Herbivore growth responds to plant biomass

When herbivore growth responded only to plant biomass rather than a specific resource or resource
ratio, we found that plant biomass under herbivory, S¢*, was invariant with resource supply (Fig. 2a and
Table 1a). In contrast, herbivore biomass H* increased linearly with supply of plant growth-limiting
resources (Isre, lran, lop) (Fig. 2a and Table 1b). The response ratio of excluding herbivores, RR, therefore,
was also proportional to greater supply of plant growth-limiting resources. Response ratio is predicted
to be more sensitive to Issc than to lop and lpay (Table 1c). Finally, increasing the supply of resources that
only limits plant growth, /s, lowers the thresholds of other resource supplies required for herbivore
persistence (Fig 3a). As oy does not limit plant growth, herbivore biomass and grazing intensity do not

change with its supply (Table 1).

Herbivore growth responds to a plant resource concentration

When herbivore growth responds to a concentration of resource that limits growth of both plants and
herbivores, rean (e.g. N, P), steady-state biomass of plants under herbivory (S¢*) increases with the
supply of resource that limits growth of both plants and herbivores (/pan), (Fig. 2b). In contrast, S¢* does
not change in response to supply of the resources that only limit plant growth, Isgc or lop (Table 1a).
Herbivore biomass increases linearly with supply of resources that only limit plant growth (/szc and /5),
similar to the biomass limitation scenario. Counterintuitively, however, herbivores biomass declines
with increasing lpan (Fig. 2b and Table 1b). The response ratio increases weakly with increasing lop and
strongly with Isgc but declines with increasing lpan. Finally, increasing lop allows herbivores to exist at high

Ipan Without any associated increases in Iszc supply (Fig 3b). These results hold qualitatively even for



223 supply of resources that limit only herbivore growth, los, such as Na limitation of mammalian herbivores

224  (See Supporting Information Appendix S1 for details).

225 Herbivore growth responds to plant resource to carbon ratio

226 Herbivores may convert more of the plant biomass consumed to growth when plants are higher in a

227 ratio of certain resources, rather than their absolute concentration of a particular resource. We explored
228  plant ratio of the PAH resource to carbon (Fig 2c). Any increase in supply of PAH resource, increases

229  plantinternal rean: rc content, leading to an increase in herbivore biomass at equilibrium. In contrast,
230  increase in supply of SRC resource decreases plant rean: rc, thus reducing herbivore biomass. Patterns for
231 resources that only limit herbivores, OH, are similar to those for PAH resources (Appendix S1 eq. S7-10).
232 Consequently, the change in response ratio, RR, to excluding herbivores varies along different resource
233 supply gradients. RR will increase with greater lpay and lop (ex. nitrogen or phosphorus) and decline with
234 greater Isgc (Table 1c). Finally, greater supply of only plant-limiting resource /or again allows herbivores

235 to thrive in regions with lower supplies of herbivore growth-limiting resources (Fig 3c).

236 Discussion

237  Changing climate and anthropogenic manipulations of global biogeochemical cycles are altering natural
238  ecosystems at unprecedented rates (Pefiuelas et al. 2013; IPCC 2014) and affect multiple potentially
239  limiting resources to plants and herbivores. Our model analyzes how plant-herbivore dynamics change
240  under varying supply of multiple resources. A key result is that resources that limit growth for only one
241  trophic level can influence the dynamics of the other even though growth of the second trophic level is
242 limited by a different resource. This outcome can occur in several ways. First, OP resources that only
243 limit plant growth can “apparently” limit herbivore biomass, as inferred from predicted positive

244  association between herbivore biomass and OP resources (Table 1b, lop). Secondly, this apparent

245 limitation allows herbivores to persist under low supply rates of herbivore growth-limiting PAH or OH
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resources at higher supplies of OP resources (Fig. 3a-c). Secondly, increasing resources that only limit
herbivore growth can also increase (single resource limitation) or decrease (resource ratio limitation)
plant biomass, even though plants are not limited by that resource (Table 1b, /on). Moreover, responses
of plants and herbivores to a given resource depend on the type of resource that limits either plant or

herbivore growth.

A second major result is that herbivore biomass and impact (RR) are contingent on herbivore growth
response to plant concentration of a single resource or to plant resource ratio (reau:rc or ron:rc). Under
the former scenario, increasing supply of herbivore growth-limiting resource reduces herbivore biomass
(Table 1b, Fig. 2b). Although counterintuitive, this result occurs because plant biomass increases faster
with increasing lpan than does the tissue concentration (rran*) of PAH resource, and ultimately causes
plant growth rate to decline with increasing /ran due to density (biomass) dependence. Slower plant
growth supports lower herbivore consumption rate and thus herbivore biomass declines with increasing
Ipan. In contrast, herbivore growth response to a resource ratio leads to an increase in herbivore biomass
and impact with the resource in the ratio numerator (Table 1b, Fig. 2c) but a decline in both measures
with increasing SRC resource (which controls C acquisition and/or assimilation). These predictions
provide alternative testable hypotheses about how herbivore biomass and impact on plant biomass

change across different environmental resource gradients; however, few such tests have been made.

Although our modelling approach evaluated several alternative assumptions about the functional form
for growth and loss for both plants and herbivores, we discuss here two other assumptions. They are 1)
excluding herbivore feedbacks on resource turnover and supply rate and 2) treating all resources as
essential. First, herbivores can impact turnover rate of the resource that limits their growth, e.g., PAH or
OH resources, and thereby modify environmental and plant tissue concentrations of that resource
(Frank & Groffman 1998; Ritchie et al. 1998; Pifieiro et al. 2010; Plum et al. 2020). Including such

herbivore effects might result in altered sensitivity of herbivore biomass to environmental supply of PAH
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or OH resources. For example, acceleration of N cycling by herbivores otherwise N-limited in their
growth (McNaughton et al. 1997) in some terrestrial systems may make herbivore biomass less sensitive
to soil N supply but increase the sensitivity of both plants and herbivores to supplies of other OP and
SRC resources, such as phosphorus or water (Veldhuis et al. 2014). Alternatively, herbivores may slow
down resource turnover by consuming tissue with higher rpan:rc, thereby leaving litter with lower rpan:rc
and yielding slower decomposition rates and reducing the supply rate of PAH resource (Bardgett &
Wardle 2010). Under such scenarios, herbivore biomass may become more sensitive to supply of /pay
and other resources. Secondly, there are instances where environmental resources for plants might be
substitutable rather than essential. For example, Fe, Zn, Cd and Co, have been shown to bind inter-
changeably to enzyme active sites (Morel et al. 1994; Sunda & Huntsman 1995), thus allowing organisms
to compensate for low supply of one ligand by consumption of another. Likewise, herbivores may in
some cases substitute energy-rich soluble carbohydrates for PAH or OH (Behmer & Joern 1994)
resources. However, analysis of plant-herbivore dynamics in the context of multiple substitutable

resources is more complex and, while beyond the scope of this paper, is a worthy open research topic.

Model evaluation

As a preliminary evaluation of the model, we identified putative SRC, PAH and OP resources for different
autotrophs and their consumers in aquatic and terrestrial systems and reviewed or explored in new data
relationships of herbivore abundance or biomass with measured availability of different environmental
resources. Consistent with scenarios of herbivore growth response to plant biomass only or to plant
resource ratios, herbivore abundance has been shown to increase with N (putative /pay) in terrestrial
systems (McNaughton 1985; Fritz & Duncan 1994; Griffin et al. 1998; Griffith & Grinath 2018) and with
phosphorus (putative /pay) in aquatic systems (Sterner & Schulz 1998; Urabe et al. 2003). In contrast, we
present new data consistent with the scenario that herbivore growth responds only to plant PAH

resource concentration. Abundance of some putatively N-limited herbivores such as krill (Euphausia
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superba) decreases with increasing nitrate and nitrite availability (Fig. 4a), even after controlling for
dissolved P and Si. Similarly, in a terrestrial ecosystem, grasshoppers known to be limited by N
(Strengbom et al. 2008) decreased in abundance with increasing soil N content (Fig. 4b) in a set of

abandoned old fields at Cedar Creek (Knops & Tilman 2000).

Herbivore biomass association with putative surrogate carbon assimilation (SRC) resources appear
equally varied. Some studies are consistent with the scenario of herbivore growth response to plant
biomass only: mammalian herbivore biomass or abundance often increases with supply rates of water
(Fritz & Duncan 1994; Griffin et al. 1998; Griffith & Grinath 2018). However, other herbivore biomass
associations with putative SRC resources are consistent with the scenario of herbivore response to plant
resource ratios. For example herbivore biomass or abundance decreases with increasing precipitation in
terrestrial systems (Hempson et al. 2015; Wade et al. 2017; Walter 2018; Andrade et al. 2020) and light
in freshwater systems (Urabe & Sterner 1996; Sterner & Schulz 1998; Scheuerell et al. 2002). Likewise,
planktonic herbivores decrease with increasing light and silica in marine systems (Pondaven et al. 2007,

Hessen et al. 2008; Panci¢ et al. 2019).

Evidence for apparent resource limitation of herbivores

All herbivore response scenarios predict “apparent limitation” of herbivore biomass by OP resources,
i.e., those not involved in C assimilation or limiting to herbivore growth. This apparency takes the form
of a positive association between herbivore biomass or abundance with an OP resource in the
ecosystem. Putatively phosphorus-limited Daphnia spp abundance (Urabe et al. 2003), from Northern
Temperate Lakes Long Term Ecological Research (LTER)(Carpenter et al. 2017a,b) were positively
associated with dissolved N concentration after statistically accounting for dissolved P (Fig. 4c). Similarly,
in the oceans, N and/or Fe are non-limiting to growth of certain herbivores but are limiting to primary

production (Coale et al. 1996; Elser et al. 2007; Plum et al. 2020). Data from Palmer LTER site in the
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Southern Ocean (Palmer Station Antarctica LTER et al. 2019, 2020) shows that abundance of putatively
P-limited salps (Salpa thomsonii) (Alcaraz et al. 2014; Plum et al. 2020) increases with nitrate and nitrite
content (Fig. 4d), implying an apparent limitation of salps by N. Apparent limitation of marine herbivores
by Fe has also been reported in the Western Subarctic Pacific (Saito et al. 2005), where heterotrophic
nanoflagellates numbers responded positively to and reduced algal abundance more strongly in
response to Fe addition (Fig. 4e). In terrestrial systems, studies are scarcer, but a few field and
experimental studies have also shown that putatively N-limited insect herbivores increase with soil P
(Bishop et al. 2010; Joern et al. 2012; La Pierre & Smith 2016). In addition, we present new data that
show higher densities of ostensibly N-limited grasshoppers (Orthoptera) in P-fertilized fenced grassland
plots in Serengeti National Park in Tanzania (Fig. 4f). These examples suggest that “apparent limitation”
of herbivores by non-growth-limiting resources may be common, but further work is needed to explore

such patterns.

Response to resources limiting only herbivore growth (resource OH)

Our model allows for incorporating resources that do not affect plant growth but may limit herbivore
per capita growth (OH resources). For example, studies increasingly note the importance of
micronutrients such as sodium on plant-herbivore interactions (McNaughton 1988; Wallisdevries 1996;
McNaughton et al. 1997; Kaspari et al. 2017; Kaspari 2020). Even though sodium has no direct impact on
plant growth under a wide range of plant growth conditions, plants high in sodium are often more
palatable to herbivores. As a result, increasing Na may lead to higher impact of herbivores or a reduction
in plant biomass that is unrelated to any effect of Na on plant growth. Herbivore abundance and plant
consumption has been reported to increase with increasing environmental Na (Kaspari et al. 2017,
Prather et al. 2018). Although current hypotheses argue for limitation by Na alone, the positive
association between Na and herbivory is actually only consistent with the hypothesis that herbivores

respond to Na:C rather than just Na content. Limitations of herbivore growth by other micronutrients
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such as Ca might produce similar effects. These possibilities represent opportunities for further

exploration of cross-trophic level resource dependencies driven by herbivore growth-limiting resources.

Outcomes of herbivore exclusion experiments along resource gradients

Impacts of herbivores on plant biomass may change considerably with the magnitude and type of
different resource supplies (Tablelc, Appendix S3 Fig. S1) and the herbivore growth response scenarios
we explored yield different expected patterns. The response ratio (RR), typically reported as In (RR), is
defined as the ratio of biomass in a fenced plot to that of an unfenced plot. Our results suggest that RR -
resource supply relationships are best described by power or exponential functions with fractional
exponents (Table 1c); we find that generally RR is more sensitive to increasing resources at low supply
and less so at high supply. In addition, predictions of herbivore exclusion experimental results differ
drastically among our herbivore growth response scenarios for increasing SRC and PAH resources but
not for OP resources. For all scenarios, herbivore impacts should increase moderately with supply of
“apparently limiting” OP resources (Fig. S1a), and in the scenario when herbivores solely respond to
plant biomass, herbivore impacts should be greater with increasing supplies of all resources except OH
resource (Table 1, Fig. S1a-c, solid line). These patterns invite a general prediction that herbivore
impacts increase in general with resource supply. In contrast, in the scenario of herbivore growth
response only to plant PAH or OH concentration, exclosure experiments should have larger effects at
higher SRC resource supply (e.g., light, precipitation) but weaker effects at increasing PAH resource (e.g.,
N, P) and OH resource (e.g., sodium) supply (Fig. S1b-d dotted line, Table 1c). Finally, in the scenario
where herbivore growth response is to a resource ratio, rean:rc or rou: rc , experimental results become
exponentially and positively sensitive to the supply of PAH resource (Fig. S1b, dashed line), positively
sensitive to OH resource (Fig. S1d, dashed line), but are weakened by increasing SRC resource (Fig. Slc,

dashed line). These different outcomes suggest that herbivore exclosure experiments carried out across
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multiple resource gradients might test which of these scenarios is most applicable to the ecosystem of

interest, such as a mammalian-grazed grassland vs pelagic marine.

Another consequence of plant limitation by multiple resources is that sensitivity of herbivore impacts to
a change in resource supply may also depend on the supply of other resources. Unfortunately, despite
literally thousands of reported herbivore exclosure studies, almost none have measured supply rates or
availabilities of candidate OP resources, such as P in terrestrial systems, N in freshwater aquatic systems
and Fe in marine systems, that would allow these hypotheses to be tested. More field studies are
needed that measure multiple resources for plants and herbivores in addition to plant biomass inside

and outside exclosures.

Thresholds for herbivore persistence

Our theoretical framework reimagines the emergence of herbivore control of productivity as resource
availability increases (Exploitation Ecosystems Hypothesis (EEH) (Oksanen et al. 1981; Oksanen 1992) in
a multiple resource supply context. Minimum thresholds for herbivore persistence based on supplies of
different resources help identify conditions or habitats where herbivores can occur. Particularly, our
model predicts that OP resources that limit plant but not herbivore growth also determine minimum
thresholds of PAH or OH resources for herbivore persistence and by extension conditions for herbivore
distributions. For example, in terrestrial systems, higher P associated with young volcanic soils otherwise
low in N may allow for more herbivores to occur in such habitats. Alternatively, extensive addition of OP
resources, such as might occur in agricultural ecosystems, may support larger populations of insect
pests. Different species of herbivores may vary in their resource thresholds depending on their body size
and metabolism (OIff et al. 2002), and modifications of supplies of multiple resources might affect which
herbivores may co-occur and thus patterns in richness and diversity of herbivores. Our model suggests

that multiple resource limitation of plants may be important for many of these patterns.
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In conclusion, we developed a framework to understand the cross-trophic level influence of multiple
resource limitation of plants. We explore the effect of different types of resources and herbivore
resource response scenarios on herbivore biomass and impact. Our findings regarding “apparent”
limitation of herbivores by resources that do not limit herbivore growth, and dependence of herbivore
biomass on herbivore response to single resource concentration or resource ratios, provides
explanations for some hitherto ignored patterns in herbivory. Additionally, multiple resource limitation
framework also suggests that increasing supply of resources non-limiting to herbivore growth too can
allow herbivores to persist even when herbivore growth-limiting resources are sparse. These wide
variety of responses of herbivore biomass and impact to different resource supplies provide a lens to
study different types of herbivores responding to changing climate and anthropogenic manipulation of

resources.
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Tables

Table 1: Summary of the approximate predicted relationships from different model assumptions for

steady-state plant biomass, herbivore biomass and response ratio of herbivory based on a model with

supply of resources Isgc (surrogate resource for assimilating carbon), /pan (limiting to Producers And

Herbivores), and lop (limiting to Only Plants). Relationship with /oy (resource limiting to Only Herbivores)

is based on a model with /oy, Isrc, and lop. The overall trends from the OH resource model are congruent

with the trends from PAH model but exponents associated with SRC and OP resources may differ

between the two models (See Supporting Information Appendix S1).

Herbivore growth responds to

Plant biomass only

Plant resource conc. and
biomass

Plant resource: C and
biomass

a) Steady state plant biomass (Sc*)

Isrc No change No change /N approx. exponentially®
Ipan No change N linearly das 1/lpan

lop No change No change No change

lon No change N linearly Jdas 1/lox

b) Steady state herbivore biomass (H*)

Isgc N linearly N linearly J approx. exponentially®
lpan M linearly above a min lpay I approx. as 1/lpan /N approx. exponentially™
lop N linearly above aminlop 1 linearly above aminlop 1 linearly

lon No change J approx. as 1/lon N approx. linearly

c) Response ratio of herbivory (Su*/Sc*)

Isrc M as Ispc? A as Ispc?  as Issc? to max a leay
/pAH /]\ as /pAH1/4 \]/ as /pAH_3/4 above min /pAH /[\ as //:vA,l-/S/4

lop M as lop™* A as lop™* A as lop™*

lon No change J as 1/lon N linearly

* Steady-state condition

T Shape of the function is sensitive to values of some of the parameters
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Figure legends

Figure 1: Graphical representation of the modelling framework. (a) A three-level food chain with four
types of resources- SRC= Surrogate Resource for acquiring Carbon, C= Carbon, OP= limiting Only to
Plants, PAH= limiting to Plants and Herbivores and OH= limiting Only to Herbivores. Other model
abbreviations include, / for resource supply [units in gresourcet *area™], R for resource concentration in the
environment [gresourcedrea™], y for resource turnover in plant tissue [t], r for resource concentration in
plant tissue [gresource], S for plant biomass [gpiant- area™], g for proportion of carbon allocated towards
metabolic processes, 1-q for proportion allocated to structural compounds which reduce plant mortality,
d for plant mortality in the absence of herbivory [gresource' t™2], H for herbivore biomass [gHerbivore * area™],
a is per capita attack rate by herbivores [area: guerivore *t™2] and D for herbivore mortality [t?]. Different
scenarios where herbivore growth responds to: (b) Plant biomass only, (c) Plant resource concentration

and biomass, (d) Plant resource ratio and biomass. In ¢ and d, /pan can be replaced with lox.

Figure 2: Isoclines and predicted changes in steady state biomass of plants and herbivores for different
scenarios where herbivore growth responds to) Plant biomass only, b) Concentration of the resource
limiting both plant and herbivore growth (PAH) and plant biomass, and c) Ratio of PAH resource to
carbon concentration and biomass. Combinations of plant and herbivore biomass (isoclines) leading to
steady-state plant biomass (dS/dt = 0) are curves, while isoclines for steady-state herbivore growth are
vertical lines. Closed circles denote steady-state plant biomass in the absence of herbivores (Su*) while
open circles denote steady state equilibria under herbivory. Gray curves and circles denote low resource

III”

supply while black denotes high resource supply. “I” denotes the supply rate of resources. PAH= limiting

to Plants and Herbivores, SRC= Surrogate Resource to acquiring Carbon, OP= limiting Only to Plants.

Figure 3: Thresholds of different resource supplies required to support herbivore biomass when

herbivore growth responds to) Plant biomass only, b) Concentration of the resource limiting both plant
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and herbivore growth (PAH) and plant biomass, and c) Ratio of PAH resource to carbon concentration
and biomass. The shaded parts define regions in the SRC-PAH resource supply plane in which herbivores
can survive. Increase in supply of OP expands the thresholds for herbivores to survive. In the figures, “I”

denotes the supply rate of resources. PAH= limiting to Plants and Herbivores, SRC= Surrogate Resource

to acquiring Carbon, OP= limiting Only to Plants.

Figure 4: Data from different systems lending support to model predictions. a) A potentially N-limited
marine grazer, krill, decreases with nitrate and nitrite concentrations (R? =0.30 for the residual-residual
model) when phosphates and silicates are accounted for in a mixed model (Original data from Palmer
LTER); b) Grasshopper abundance decreases with soil N at Cedar Creek (R? =0.31) (Original data from
Cedar Creek LTER); c) Daphnia biomass increases with N content of water. While the trend is always
significant in the mixed model, the R? of the residual-residual model increases from 0.04 to 0.14 when a
single outlier point is dropped from the analysis; d) Abundance of a potentially P-limited marine grazer,
salps, increases with nitrate and nitrite concentration in water (R? =0.15 for the residual-residual model)
when variation due to phosphates and silicates are accounted for (Palmer LTER dataset); e)
Heterotrophic nanoflagellates that graze on micro-phytoplankton and phytoplankton increase with iron
enrichment in the open seas (Figure reprinted from Saito et al. 2005 (Responses of microzooplankton to
in situ iron fertilization in the western subarctic Pacific (SEEDS), Progress in Oceanography, Vol 64) with
permission from Elsevier); and f) Grasshopper abundance is higher on P addition plots compared to
controls in ungrazed plots at Serengeti National Park. Different letters on the bar graph represent
significant differences based on Tukey’s post-hoc test. When present, grey regions around the
regression line represent 95% confidence intervals. See Supporting Information Appendix S2 and S3 for

more details on methods and statistical results.
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BOX1: General framework for multiple resource limitation in plant-herbivore interactions

Consider a trophic system with three interacting levels: resources, plant biomass and herbivore biomass.
The dynamics at the different levels are linked via two consumer-resource interactions (Chase & Leibold

2003), plant-resource dynamics and herbivore-plant dynamics.
Plant-resource dynamics

Resources are supplied at a rate /x [in units: gresourcet tarea™]. Resources of type x are then taken up by
plants at some rate dependent on environmental resource concentration R,, plant biomass S [gpnt area”
11 and a mass-specific uptake function, fi(Rx). Resources in the environment change as the difference

between supply rate and uptake rate-

dR"—I R,)S 1.1
T x — f(Ry) 1.1

The steady-state uptake rate is therefore f*(R.*) = I,/S. Once the resources are integrated into plant
tissues, they experience turnover at a per unit resource rate proportional to steady-state internal

resource concentration, yx[t] rx*. Thus,

dry

E = f(Rx*) — VxTx (1.2)

By solving both equation 1.1 and 1.2 at equilibrium, we can obtain steady-state internal concentrations

of resources, ri*= I,/y;S.
Herbivore-Plant dynamics

The per capita rate of change of plant biomass is the difference between mass-specific plant growth and
loss. Such loss is due to tissue mortality, m [gpantt™] and to herbivore consumption, which depends on
herbivore biomass H [gherbivore - area], attack rate a [area: guerivore 1], and resource concentrations of

the plant, ry*. The plant growth function, z(r,*) converts resources to plant biomass with some efficiency
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u whereas the plant mortality function m(r,*) provides the rate of plant loss with d representing a basal
mortality rate that is independent of resources. Both plant growth function and mortality function may

be affected by resource concentrations. For example, in terrestrial systems, plants in high resource sites
have high growth rates but have short-lived leaves (Leaf Economic Spectrum (Wright et al. 2004; Onada

et al. 2017). Therefore, the mass-specific change in plant biomass is -

1 dS;

E? =z(u,n"..)—h(anr" .. )H —m(d,nr7,..);

. lzwn’, ) —md, )]
H = h(a,r.*, ...) (13)

At steady-state, we obtain steady-state herbivore biomass (H*).

Mass-specific change in herbivore biomass depends on the amount and, under some scenarios, the
resource concentrations of plant biomass consumed, expressed as an herbivory function h(a, r.*),

conversion efficiency, e [gherbivore 8plant -], and a herbivore mortality, D [t™].

Ld h(a, 7", ..)S—=D 1.4
7ar -~ eran, .. (1.4)

At steady-state, we acquire plant biomass in the presence of herbivores, S¢*, and, plant biomass in the
absence of herbivores, Sy*, when h(.) =0 in eq 1.3 and solving it at equilibrium. Herbivore impact is
defined as a response ratio (RR) of plant biomass in the absence of herbivory to plant biomass under

herbivory.

Biomass St
R = : Ungrazed] _ _l: 5 (1.5)
Biomassgrazed Se

Types of resources

We define four categories of resources based on their hypothesized impact on plants and herbivores.
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a) Surrogate Resource for acquiring Carbon (SRC)- a resource that limits carbon assimilation such
as CO2, light, or water. Inside the plant, Cis present in both a labile form that directly affects
growth and a stable or structural form that increases life span in the absence of herbivores.

b) Limiting to Plants And Herbivores (PAH)- a resource limiting to both plants and herbivores, likely
because it is involved in processes fundamental to all life, such as biochemical synthesis or DNA
replication

c) Limiting Only to Plants only (OP)- a resource that limits only plants but not herbivores, likely a
resource that influences access to CO; or critical to synthesis of a photosynthetic enzyme

d) Limiting Only to Herbivores only (OH)- a resource that is limiting to herbivores only but not
plants, likely due to its importance in unique herbivore structure (e.g., bones) or function (e.g.,

lactation)

We show in the text that a range of plant-herbivore scenarios can be studied by assigning potential

limiting resources to one these categories and using them in equation 1.1-1.5.



