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Summary

Global change is affecting the world's ecosystems through a range of drivers. Biomass production and
the functioning of biological systems are essential for the provision of ecosystem services. As
ecosystem services are essential for human survival and quality of life, we must understand the
impacts of global change on the processes and mechanisms relevant to the functioning of ecosystems.
It is also vital for us to gain insight into the additive or interactive effects of global change drivers, as
they tend to vary simultaneously. Two of the global change drivers that have a strong influence on plant
growth, and therefore biomass production of the whole ecosystem, are global warming and changes in

nutrient cycles.

To improve our understanding of the pathways through which these drivers influence plant growth, I
investigated the temperature-dependency of plant nutrient uptake and developed a nutrient-explicit
model. In this model, the flow of carbon (energy) is coupled with the flow of nutrients (elements)
between populations, giving us insight into the effect of warming and changing nutrient supply on

population dynamics.

Organisms are not just passively affected by global change but can respond to environmental pressures
to varying degrees. Static models that do not take any plasticity into account may under- or
overestimate the effect of global change drivers. To broaden our knowledge on the importance of
flexibility in the response of populations to global change, I developed models that included realistic
flexibility in the stoichiometry (elemental balance) of the plant and gave the herbivore the ability to

react to changing food quality by adjusting their feeding rate.

In my first chapter, [ show that plant uptake of the vital nutrients nitrogen and phosphorus is indeed
dependent on temperature. For both nutrients, I found an increase in maximum uptake rate with
temperature, as well as an increase in half-saturation density. In other words, with rising temperature,
the amount of nutrients that plants can take up at high nutrient supply increases. At low nutrient
supply, however, their uptake efficiency decreases. This finding points to the importance of looking at
the global change drivers warming and nutrient supply in parallel. With my population dynamics model,
I show that including temperature-dependent nutrient uptake by the plant results in decreased
community biomass with temperature. The biomass increase achieved through fertilization cannot

fully compensate for the loss with warming.

My second chapter focusses on the adaptive abilities of populations. Investigating the effect of flexible
stoichiometry on populations facing the pressures of global warming and changes in nutrient supply, I

show that allowing plants to vary their carbon uptake dependent on the nitrogen supply results in an
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Summary

increase in community biomass. The herbivore benefits from the higher quantity of plant tissue
available. This increase fully compensates the decrease in food quality for the herbivore. Compensatory
feeding as a reaction to decreased food quality does not appear to be a beneficial strategy for the

herbivore as it causes depletion of their resource through ‘overfeeding’.

Through these studies, I show how important it is to consider the interaction of several global change
drivers as they can aggravate or mitigate each other. Furthermore, it is crucial to consider adaptive
strategies available to the different organisms, as they can modulate the impact of global change on the
ecosystem functioning. Assuming static responses to temperature and nutrient supply changes may

cause severe under-or overestimation of changes in ecosystem service provision.



Zusammenfassung

Der globale Wandel beeinflusst die Okosysteme unseres Planeten durch verschiedene
Veranderungsprozesse. Die Produktion von Biomasse und die Funktion von biologischen Systemen
sind die Basis fiir viele Okosystemdienstleistungen. Da diese Dienstleistungen unfassbar wichtig fiir
das Uberleben und die Lebensqualitat von uns Menschen sind, miissen wir verstehen wie der globale
Wandel die Prozesse und Mechanismen hinter der Funktion der Okosysteme beeinflusst. Da die
verschiedenen Veranderungsprozesse des globalen Wandels zeitgleich ablaufen, ist es aulerdem
entscheidend zu verstehen, ob und wie sie sich gegenseitig verstarken oder abschwachen — wie sie also
interagieren. Zwei dieser Prozesse, haben einen besonders starken Einfluss auf das Wachstum der
Pflanzen, und dadurch auf die Gesamtproduktion von Biomasse: die Erderwarmung und sich

verandernde Nahrstoffzyklen.

Um besser verstehen zu koénnen, auf welchem Wege diese Prozesse das Pflanzenwachstum
beeinflussen, habe ich die Temperaturabhéangigkeit der Nahrstoffaufnahme von Pflanzen untersucht.
Aulerdem habe ich ein Modell entwickelt, mit dem ich erkunden kann, wie sich diese

Temperaturabhangigkeit auf Populationsdynamiken auswirkt.

Organismen werden nicht nur passiv durch den globalen Wandel beeinflusst. Sie kdnnen, bis zu einem
gewissen Grad, auf Veranderungen in ihrer Umwelt reagieren. Daher ist es moglich, dass statische
Modelle den Effekt des globalen Wandels auf Okosysteme unter- oder iiberschéatzen. Um unser Wissen
Uber die Relevanz der Reaktionen von Populationen auf den globalen Wandel zu erweitern, habe ich
Modelle entwickelt die eine realistische Flexibilitdt in der Stéchiometrie (N&hrstoffbalance) der
Pflanzen enthalten und es dem Herbivoren erlauben auf Variationen in der Qualitat ihrer pflanzlichen

Nahrung mit erhohter Frafirate zu reagieren.

In meinem ersten Kapitel zeige ich, dass die Aufnahme der lebensnotwendigen Nahrstoffe Stickstoff
und Phosphor tatsdchlich temperaturabhangig ist. Die maximale Aufnahmerate beider Nahrstoffe
steigt mit der Temperatur an, genauso wie die Halbsattigungsdichte. Wenn es warmer wird konnen die
Pflanzen also mehr Nahrstoffe aufnehmen, vorausgesetzt es stehen genug zur Verfliigung. Ist die
Nahrstoffdichte niedrig, sinkt die Effizienz der Aufnahme. Dieses Resultat zeigt wie wichtig es ist die
Veranderungsprozesse der Erderwarmung und der Nahrstoffzyklen parallel zu betrachten. In meinem
Modell der Populationsdynamik zeige ich, dass die temperaturabhangige Nahrstoffaufnahme der
Pflanzen eine Verringerung der Gesamtbiomasse mit ansteigender Temperatur zur Folge hat. Durch
Dlingung steigt die Biomassenproduktion zwar an, jedoch kann dieser Anstieg den Verlust durch die

Erwarmung nicht vollstandig kompensieren.
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Zusammenfassung

Mein zweites Kapitel konzentriert sich auf die Anpassungsfahigkeiten von Populationen. Hier
untersuche ich den Effekt von flexibler Stéchiometrie auf Populationen die dem Druck von Erwarmung
und Anderungen in der Nahrstoffdichte ausgesetzt sind. Dabei zeige ich, dass es zu hoherer
Gesamtbiomasse fiihrt, wenn die Pflanzen ihre Kohlenstoffaufnahme abhéngig von der Verfiigbarkeit
von Stickstoff variieren konnen. Der Herbivore profitiert von der hoheren Quantitat an verfliigbarem
Pflanzenmaterial, was die verringerte Qualitdt der Nahrung des Herbivoren vollstandig kompensiert.
Eine erhohte FraRrate als Reaktion auf verringerte Nahrungsqualitat, scheint hingegen keine hilfreiche
Strategie fiir den Herbivoren zu sein, da es dazu fiihrt, dass sie ihre Nahrungsquelle durch ,Uberfral"

erschopfen und sich somit der Lebensgrundlage berauben.

Diese Studien zeigen, wie wichtig es ist die Interaktion von verschieden Verdnderungsprozessen im
Rahmen des globalen Wandels zu untersuchen. Sie kdnnen sich gegenseitig verstarken oder
abschwachen. Auflerdem sollten wir die Anpassungsstrategien der verschiedenen Organismen
beriicksichtigen. Sie haben das Potential den Effekt des globalen Wandels auf die Funktion von
Okosystem zu beeinflussen. Wenn wir statische Reaktionen auf Veranderungen von Temperatur oder
Néhrstoffzyklen voraussetzen, fiihrt dies eventuell zu einer ernsthaften Unter- oder Uberschétzung der

Veranderungen in den Okosystemdienstleistungen.
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General Introduction

1| Global change and ecosystems

1.1 Studying global change

April 2020: "Dark prospects for the farmers in Saxony due to long-running drought” (MDR 2020a). August
2020: "Swimming advisory! Dangerous blue algae in popular Leipzig lake confirmed” (LVZ 2020).
September 2020: “Numerous operations by firefighters — heavy rains in Saxony” (MDR 2020b). These
news headlines have something in common: they are the result of global change. As someone living in
Leipzig, such headlines serve as a reminder to me of how much global change already affects everyday

life here and now.

Global change is not happening far away in time nor space. It is not a problem only for the icecaps at
the poles or something we will face 50-100 years from now. It is happening everywhere every day.
Increasing temperature, extreme weather, and nutrient runoff into lakes are just a few examples of the
changes that biological systems face. These changes, caused by anthropogenic activities, will impact
the world's ecosystems and the ecosystem services they provide (Sala et al. 2000; Walther et al. 2002;
Pacifici et al. 2015; IPBES 2019). Humans depend on ecosystem services for basic needs such as food
production or water and air quality regulation, as well as cultural and recreational uses (Millennium
Ecosystem Assessment 2005). It is up to science to investigate and predict the effect of global change
on ecosystems and the services they provide to inform policy to mitigate the adverse effects of global
change drivers (Kremen 2005; Montoya and Raffaelli 2010). Countless studies, empirical and theoretical,
have investigated warming, eutrophication, or other drivers and often found severe effects on biomass
production or other functions relevant to the provision of ecosystem services (e.g. Petchey et al. 1999;

Jamieson et al. 2012; Fussmann et al. 2014; Domis et al. 2014; Binzer et al. 2015).

Due to the unavoidable restrictions facing experimental studies, they are often limited to one global
change driver, few species or a short time span (e.g. Olsen et al. 2012; Lemoine and Shantz 2016; Wang
et al. 2019; Gillis et al. 2019). Nonetheless, these experimental studies are of immense importance, as
they provide insights into the effect of global change drivers on ecological processes, needed to inform

theory.

There is increasing evidence that different global change drivers interact (Heger et al. 2019). In some
cases, one might lessen the other’s adverse impact, while in others, they could reinforce each other
(Oliver and Morecroft 2014). For example, increased atmospheric CO2 negatively affects herbivore
performance, while warming (caused by rising CO2) has positive effects. In this case, these two drivers

can mitigate each other (Zvereva and Kozlov 2006).



1| Global change and ecosystems

Furthermore, it is essential to study the effect of global change on species interactions. Varying nutrient
cycles caused by land-use change and changing rainfall patterns can alter plant nutrient content
(Hessen 2008; Jamieson et al. 2012; Cross et al. 2015; Rosenblatt and Schmitz 2016). Variation in plant
nutrient content means fluctuating food quality for herbivores, which may propagate upwards to affect
higher trophic levels (Kratina et al. 2012; Rosenblatt and Schmitz 2016). The response of higher trophic
levels to changes in their food supply and direct effects of warming on their performance can, in turn,
propagate back down to affect the plants (Borer et al. 2006; Rosenblatt and Schmitz 2016; Iannino et al.
2019). Studying species interaction allows us to gain insight into the bottom-up and top-down processes

determining the effect of global change on biological systems.

All of these elements are very difficult to reconcile within the limits of experimental or observational
studies. For this reason, this thesis uses theoretical models informed by experimental data to
complement and extend our knowledge from experimental studies. With this thesis, I aim to contribute
to completing the picture that we have on the mechanisms and pathways through which global change
acts on biological systems and establish which of the currently understudied processes are particularly
relevant for future research informing policy on global change mitigation and ecosystem service

provision.
1.2 Global warming

The IPCC predicts the global average temperature to rise by up to 4.8°C by 2100 relative to the pre-
industrial level, without policy strategies to mitigate temperature increases, (IPCC 2014). The current
global policies based on the Paris agreement from 2015 aim to limit warming to 1.5°C (Rhodes 2016). A
temperature increase of 1.5°C may seem small but, even if this goal can be achieved, we can expect
severe impacts on ecosystems, especially as the temperature rise is not evenly distributed (Masson-

Delmotte et al. 2018).

Temperature is an essential factor for ecosystem functioning (Gibert 2019). Many biological rates are
directly proportional to temperature (Brown et al. 2004). Examples are animal feeding rates, i.e, the
amount of food consumed per unit time, and plant and animal metabolic rates, i.e,, the amount of
biomass lost through maintenance per unit time. These rates are directly impacted by warming (Brown
et al. 2004, Binzer et al. 2012; Rall et al. 2012; Rosenblatt and Schmitz 2016). As they play an essential role
in shaping ecological interactions, even small changes in any of the rates can carry through entire

ecosystems.

Furthermore, these rates respond differently to warming, and the interactions of several rates can
change the direction of the effect of warming on populations (Binzer et al. 2012). If, for example, warming

increases plant growth rate, we would expect an increase in biomass production. However, if plant
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metabolism (or respiration rate) increases faster than the growth rate, the interaction of the two causes
areduction in net biomass produced by plants and restricting the amount of energy that is available for
the higher trophic levels (Petchey et al. 1999; Yvon-Durocher et al. 2010). Temperature also influences
the dynamics of a system (see Figure 1). In a tri-trophic system (e.g. plant, herbivore, predator), warming
decreases the amplitude of the oscillations, and above a certain threshold, the system reaches
equilibrium dynamics, but with continually decreasing biomasses. At very high temperatures, the
reduction in primary production, as described above, leads to the extinction of the highest trophic levels
(Binzer et al. 2012). In addition to this limitation from primary production, increased carnivore
metabolism causes higher food demand, increasing the feeding pressure from the top. Therefore,
warming impacts the ecosystem through bottom-up and top-down processes (Binzer et al. 2012; Kratina

et al. 2012; Brose et al. 2012; Rosenblatt and Schmitz 2016).

Overall, these effects of warming can result in decreased biomasses at all trophic levels and decreases
in trophic complexity (Vasseur and McCann 2005; Binzer et al. 2012; Olsen et al. 2012). However, warming
may also stimulate primary production, indicating that plant growth rates could increase more strongly
than respiration (Domis et al. 2014; Robinson et al. 2018). Global warming could also cause species
turnover by influencing which plant sizes dominate (Elser et al. 2010). Changes in biomass production,
trophic complexity, species composition, and diversity with warming will impact ecosystem service

provision.
1.3 Nutrient Cycling

Most ecosystems are naturally adapted to oligotrophic states, with nitrogen (N) or phosphorus (P)
limitation (Elser et al. 2010). The use of fossil fuels and the increased use of fertilizers associated with
the intensification of agricultural practices have caused a doubling in N supply while P supply
quadrupled compared to the natural cycles (Falkowski 2000; Dentener et al. 2006; Mahowald et al. 2008;
Elser et al. 2010; Tipping et al. 2014; Sinha et al. 2017). These anthropogenic changes may influence which

nutrient is limiting an ecosystem'’s performance (Glisewell 2004).

Fertilization increases overall biomass production by increasing plant carrying capacity, primary
production, and the resource use efficiency of the consumers (Binzer et al. 2012; Oliver and Morecroft
2014). Increased nitrogen availability will have different impacts on biological systems depending on
their initial trophic state (Sistla and Schimel 2012). Oligotrophic systems, with an initially low nutrient
supply, may not be much affected. In contrast, already eutrophic systems could be tipped over the edge
by additional fertilization, causing a switch from N to P limitation or even harmful excessive growth

known from algal blooms (Anderson et al. 2002; Paerl et al. 2016; Gasparini Fernandes Cunha et al. 2017).
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The so-called “paradox of enrichment” describes these potentially harmful effects of fertilization
(Rosenzweig 1971). All species can coexist in equilibrium at low nutrient levels, but only at low biomass
density (see Figure 1). Fertilization increases biomass production but can destabilize the system,
causing oscillations with increasing amplitudes. Above a certain threshold, the higher trophic levels
are driven to extinction (Binzer et al. 2012). As a result, increasing nutrient availability can increase the
provision of ecosystem services related to primary production but may cause a decline in those
delivered by species higher up in the trophic chain (Bodirsky et al. 2014; Finney et al. 2016). Increased
plant growth resulting from eutrophication may also negatively impact ecosystems by altering the
microclimate. Paradoxically, increased canopy cover can cause a sufficient temperature decline to
make the area uninhabitable for certain species (Wallisdevries and Van Swaay 2006; Oliver et al. 2012;

Oliver and Morecroft 2014).

While many systems face increasing nitrogen levels, others could be facing the opposite. Increased
rainfall causes a runoff, which can mean that nutrients are drained from one area and washed into
another (Anderson et al. 2002; Lu et al. 2009; Sinha et al. 2017). Again, this can have varying impacts
depending on the initial nutrient content of the system. It could lead to a substantial decline in biomass
when a system goes from being sufficiently supplied with nutrients to being oligotrophic. Changes in
the trophic state of an ecosystem associated with anthropogenic activities will impact the population
dynamics of the system, and as a result, influence the biomass production and ecosystem service

provision.
1.4 Interaction of warming and nutrient supply

Under global change, ecosystems will frequently face warming in parallel with an increase or decrease
in nutrient levels (Johnk et al. 2008; Rabalais et al. 2009; Domis et al. 2014). These global change drivers
do not act on the ecosystems in isolation but interact with each other. For example, plant carrying
capacity is interactively influenced by warming and nutrient supply. Carrying capacity is highest at
high nutrient levels combined with low temperature and lowest when nutrient levels are low, and the
temperature is high (Binzer et al. 2012). Both low temperatures and high nutrient supply can cause
oscillations in population dynamics (Figure 1). If these two happen in parallel, the oscillations may be
amplified and cause extinctions. Higher temperature mitigates the negative impact of high nutrient

supply and stabilizes the system (Binzer et al. 2015; O'Gorman et al. 2017).

Consumers cannot buffer the increase in metabolism resulting from warming at low nutrient supply
due to decreased resource use efficiency. As a result, warming combined with oligotrophy may also
cause extinction. In this case, increasing nutrient supply will boost production and improve efficiency,
reducing the negative temperature impact (Binzer et al. 2012). Without additional nutrient supply,

warming may decrease the amount of N taken up by plants; parallel fertilization could reverse this effect

5
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(Bassirirad 2000). In the example from the previous section, where increased nutrient supply could
cause a microclimate cooling, simultaneous warming could have a mitigating effect by pushing the

temperature back up (Wallisdevries and Van Swaay 2006).

When temperature and nutrient levels increase in parallel, they might mitigate each other. However,
they can also reinforce each other, causing an even more substantial effect together than each on its
own. The nutrient supply sufficient to sustain a specific population density at one temperature may not
suffice at a different temperature (Klock 1995). These interactions highlight the importance of studying
these two global change drivers in parallel. Omitting one of them could lead to an under-or

overestimation of the effect of the other (Cross et al. 2015; Atkinson et al. 2017).
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Figure 1' Bifurcation diagrams showing biomass extrema against temperature (a) and nutrient supply (b) adapted
from Binzer et al. (2012) with example time series showing the dynamics of a tri-trophic system, e.g., plant (green),
herbivore (yellow) and predator (red). In the area shaded in grey, the populations enter into equilibrium, in the blue
shaded area the populations face oscillating dynamics.
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2 | Carbon-flow models of trophic interactions

If we want to learn more about how global change drivers interact to impact ecosystem function, it is
necessary to understand how the mechanisms shaping biological interactions are affected by global
change. Carbon-flow models of trophic interactions are a helpful tool to investigate these mechanisms.
With these models, we can study populations and their feeding interactions using parameters from
empirical studies. When simulating population interactions using these models, we can manipulate
selected biotic (e.g., feeding rate or tissue stoichiometry) or abiotic (e.g., temperature or nutrient supply)
variables to gain insight into the direction and intensity of their effect on population dynamics and

biomass production.
2.1 The theoretical background

The development of theoretical models of population interactions started about a century ago with the
models independently published by Alfred J. Lotka (1910) and Vito Volterra (1926). The Lotka-Volterra
model of predator-prey interactions assumed exponential growth of the prey species and a linear
functional response (type, see Box 1) by the predator. The dynamics of this system are oscillating cycles
of growth and decline. The predator population will grow until it decimates its resource so much that it
cannot sustain such a high predator density. Then the predator population shrinks, allowing the prey

population to recover, which will lead to an increase in the predator population, restarting the cycle.

Michael L. Rosenzweig and Robert H. MacArthur (1963) updated the Lotka-Volterra model by replacing
the prey exponential growth with a more realistic logistic growth and changing the functional response
of the predator to type II (Holling 1959, see Box 1). They introduced a maximum density for the prey —
their carrying capacity. The introduction of a maximum feeding rate put a more realistic limit on

predator feeding.

The Rosenzweig-MacArthur model still forms the basis for many studies modelling population
dynamics. It was further extended by Peter Yodzis and Stuart Innes (1992) by making production,

feeding, and metabolic rates dependent on body mass.

Based on these models, we can simulate population dynamics using ordinary differential equations,
where each equation represents one of the species in the system. A two-species system would consist
of one equation for the prey and one for the predator. The equations contain all the rates that define

how the species biomass changes at each time step.
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The resource (R) equation would at minimum resemble:

dR

- 9R—fP @
including a growth term with growth rate gand aloss term given by feeding rate /from the predator 2.

The basic predator equation:

2 = afp—1P )

dc
includes a growth term based on feeding rate fon the prey and assimilation efficiency a and the

predator biomass loss / due to metabolism and death.

From this starting point, we can build increasingly complex systems by including more interactions
and species to form longer food chains or even large food webs. Besides scaling with biotic factors like
body mass, this framework allows us to define the model rates dependent on abiotic factors like

temperature or nutrient availability.

Following the metabolic theory of ecology (Brown et al. 2004), the biological rates of metabolism,
respiration, consumption, and growth can scale with body mass and body temperature. This approach
allows us to apply basic physical principles impacting physiological rates to whole populations

(Hillebrand et al. 2009).

In addition to body mass and temperature, essential nutrients and their ratios also play a significant
role in determining biological rates and processes (Elser et al. 2000b; Sterner et al. 2002; Frost et al. 2005;
Hillebrand et al. 2009). Ecological stoichiometry focuses on the balance of nutrient demand and supply
between an organism and its food, which impacts feeding rates, growth rates, and efficiency (Hillebrand

et al. 2009).

The basal prey species in biological systems are often plants, but plants do not just grow without
resources. Their growth is dependent on water and light, but also the availability of nutrients. Models
that simulate plant growth based on nutrient availability have employed a concept from biochemistry
(Seeling and Claassen 1990; Bonachela et al. 2011; McNickle and Brown 2014). Michaelis-Menten enzyme
kinetics describes the rate at which enzymes are formed (reaction rate) based on the substrate
concentration (Michaelis et al. 2011). The parameters used are Vmax, the maximum reaction rate, and X
the half-saturation density, i.e., the substrate concentration at which the reaction rate reaches half of

Vm ax.

Applied to plant nutrient uptake, Vmax 1s the maximum nutrient uptake rate, and X is the nutrient

density at which the nutrient uptake rate reaches half of Vinax.
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The achieved nutrient uptake rate IV based on nutrient density A is then given by:

_ Vmax*N
T K+N 3)

The result is a hyperbolic function of nutrient uptake rate dependent on nutrient density, equivalent to
the type II functional response (Box 1) used for predator feeding in the Rosenzweig-MacArthur model

(McNickle and Brown 2014).

Combining the carbon-flow models of trophic interactions introduced above with nutrient-explicit
plant growth allows us to investigate the effect of global change on biomass production in a nutrient-

plant-herbivore system.

Box 1: Functional Responses

Functional responses describe the relationship between predator feeding rate and prey density. The
type I functional response used in the Lotka-Volterra model describes a linear increase of feeding

rate with prey density (see Fig Bl).

Crawford Stanley Holling (1959) introduced a mechanistic model, which explicitly includes the
handling time and attack rate of the predator when foraging for prey. The result is a so-called type
II functional response: A saturating hyperbolic curve meaning that even at unlimited prey supply,

the predator cannot increase its feeding rate infinitely (Jeschke et al. 2002).

Another version of the functional response, type III, has a sigmoidal shape, with a low predation risk

at low prey densities and a maximum feeding rate reached at high prey supply (Real 1977).

.
.
o

Predator Feeding Rate

Prey Density

Figure BI: Functional response
curves of type I (solid), Il (dashed)
& Il (dotted)
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2.2 The role of temperature

Temperature plays a significant role in shaping ecological interactions as many biological rates scale
with temperature (Gillooly et al. 2001; Brown et al. 2004; Vasseur and McCann 2005; Dell et al. 2011; Rall
et al. 2012; Gilbert et al. 2014; Amarasekare 2015). Model studies integrate this temperature dependency
using activation energies, a concept introduced by Arrhenius (1889). The original concept describes the
energy necessary to start a chemical reaction. Since biological rates result from chemical processes, we
can use activation energy to describe the relationship between such rates and temperature (Brown et
al. 2004; Rall et al. 2012). Positive activation energy means the rate increases with temperature; negative

activation energy represents a decrease.

Metabolism, for example, has an average activation energy of 0.64 (Fussmann et al. 2014). Other rates
typically assumed to scale with temperature are carrying capacity, with a negative activation energy of
-0.77 on average, and feeding rates, with a mean activation energy of 0.47 (Carbone et al. 1999; Brown et
al. 2004; Rall et al. 2012; Fussmann et al. 2014). Metabolism increases more strongly with temperature

than feeding rates while carrying capacity decreases under warming.

Using population models like those described above, we can easily include this temperature-
dependency in the equations and simulate the system under different temperature conditions. The

temperature dependency of biological rate ris given by the exponential function:
r=1ix%el (4)

Where 7is the intercept of the rate. e is the exponential function, with 4 as activation energy, the

Boltzmann constant &, and the absolute temperature in Kelvin 7.

The resulting temperature-dependent models allow us to explore the pathways through which global

warming affects trophic interactions.
2.3 Temperature dependency of plant growth

Most physiological functions of plants include temperature-dependent mechanisms (Klock 1995). It is
therefore not surprising that plant growth, like other biological rates, scales with temperature. In some
ecosystems, the temperature is even the most relevant factor for determining primary productivity

(Bassirirad 2000).

Furthermore, plants need at least 17 different elements and a nutritional balance to grow (Rastetter et
al. 1997; Mengel et al. 2007). Nitrogen (N) and phosphorus (N) are the most common elements in plant
tissue aside from carbon. They are also the most relevant to vital processes, with P as a vital RNA
component, while plants need N to produce proteins (Leal et al. 2017). Consequently, N and P are also

the elements most frequently considered limiting to plant growth (Reich and Oleksyn 2004; Grover and
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Chrzanowski 2004; Cross et al. 2015).

Temperature-dependent plant growth is included in population models, for example, by making
carrying capacity dependent on temperature (Vasseur and McCann 2005; Binzer et al. 2015; O’'Gorman
et al. 2017; Bernhardt et al. 2018). However, details on the mechanisms causing this temperature-
dependency are often lacking. Investigating the changes in the kinetic parameters of plant nutrient
uptake (maximum uptake rate and half-saturation density) with temperature will help to understand
the pathways through which plant growth is affected by warming (Bassirirad 2000). In chapter 1 of this
thesis, I strive to open the black box of temperature-dependent plant growth by establishing how the
uptake of the two essential nutrients N & P by the plants is affected by warming. Using this knowledge,
I aim to develop a model that includes the flow of energy (C) and elements (N&P) between populations.
Coupling the flow of energy and elements will help improve our understanding of how global change

will alter trophic interactions, population dynamics and community biomass production.

3 | Plant stoichiometry

As described above, plants, just like any other living organism, need certain elements to grow (Rastetter
et al. 1997, Mengel et al. 2007). The balance (ratio) of these elements in the tissue is the subject of
ecological stoichiometry (Sterner et al. 2002). The C:N'P ratios (see Box 2) of organisms and ecosystems
are relevant for all kinds of ecological processes, including litter decomposition, N fixation, population
dynamics, ecosystem composition, and the resilience of organisms to stress (Sterner et al. 2002;

Sardans et al. 2012).

To this day, studies of nutrient limitation in the marine environment often use the ratio established by
Alfred C. Redfield (1934). The Redfield ratio (C:N:P) for marine phytoplankton is 106:16:1. However,
phytoplankton and other autotrophic organisms show a wide range of variation in C:N:P ratios. Those
variations can result from differences in abiotic factors like light, water, nutrient availability, CO2-levels,
and temperature. Biotic factors like size, growth rate, species, or functional group also affect C:N:P ratios

(Sterner et al. 2002; Elser et al. 2010; Cross et al. 2015; Guiz et al. 2015).

Temperature is one of the abiotic factors having a substantial impact on plant stoichiometry (Reich and
Oleksyn 2004; Domis et al. 2014; Yvon-Durocher et al. 2015). Both N & P content in plant tissue tend to
decline with increasing temperature (Reich and Oleksyn 2004; Cross et al. 2015). Variations in nutrient
ratios with latitude are also often discussed: the N:P ratio of plants decreases from tropics to poles, as P
content doubles relative to N content (Sterner et al. 2002; Kerkhoff et al. 2005; Yvon-Durocher et al. 2015).
Several hypotheses are trying to explain this gradient, all of which point to either the temperature or
nutrient supply variations with latitudes as the cause for varying nutrient ratios (Yvon-Durocher et al.

2015). Both temperature and nutrient supply change as a result of global change. Therefore, we can
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expect variations in plant stoichiometry (Sardans et al. 2012). The effect of temperature on C:N:P ratios
shows significant variation depending on nutrient supply, highlighting the importance of studying both

in parallel (Yvon-Durocher et al. 2015).

Changes in C:N:P ratio are not necessarily just a passive reaction of the plants to the factors described
above. By being flexible in their stoichiometric compositions, plants can actively react to pressures from
their environment (Klausmeier et al. 2007; Bonachela et al. 2011; Zhou et al. 2020). Homeostasis describes
the degree to which an organism is flexible in its elemental composition: Complete homeostasis means
no flexibility in nutrient ratios; the less homeostatic an organism is, the more flexible its elemental
composition (Sterner et al. 2002). By maintaining an ideal nutrient balance, homeostasis was often
considered beneficial for the organism (Yu et al. 2015). However, a flexible stoichiometry may have other
advantages by providing nutrient storage, which can buffer phases of nutrient limitation (Meunier et al.

2014; Leal et al. 2017).

Plants are more flexible in their tissue elemental ratios than animals, as they can store nutrients more
easily (Sterner et al. 2002; Yu et al. 2011). Nonetheless, plants need their nutrient ratio to stay within
certain limits to meet all demands; as vital plant parts like chloroplasts, mitochondria, and ribosomes
are relatively stable in their stoichiometry (Elser et al. 2010). The plant growth rate also limits nutrient
storage. If the growth rate is very high, all available nutrients are allocated to growth, and there are none
left to be stored (Persson et al. 2010). Therefore, a realistic model should not allow for flexibility and
impose limits for it to be applicable even at extreme nutrient supplies (Klausmeier et al. 2008). Yu et al.
(2011) report the variation of N and P concentrations in vascular plants. Within one plant species, they
report variation of up to 25% around the mean for N and up to 50% for P. The higher homeostasis of N
may be explained by its overall higher abundance in plant tissue, meaning that there is less potential

for variation (Yu et al. 2011).

Even though it is widely recognized that plants can vary their stoichiometry (Geider and La Roche 2002;
Cross et al. 2015; Yvon-Durocher et al. 2017), we lack detailed information on how this flexibility affects
plant growth and plant-herbivore interactions. Models that do not include this flexibility in plant
stoichiometry may underestimate biomass production under global change (Kwiatkowski et al. 2018). It
is vital to understand the effect of flexible stoichiometry on population dynamics, to validate previous
models on ecosystem response to the global change drivers warming and nutrient supply. In chapter 2
of this thesis, I address this challenge by simulating population dynamics using carbon-flow models

that include flexible plant stoichiometry within realistic limits.
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4 | Herbivore compensatory behaviour

The variation in plant carbon to nutrient ratios associated with flexible stoichiometry impacts all the
organisms interacting with the plant. According to ecological stoichiometry theory, an organism'’s
growth rate is always partly determined by the similarity or difference between the stoichiometry of
the organism and that of its resource (Sterner et al. 2002; Leal et al. 2017). As a result, herbivore
performance, i.e,, growth and reproduction, is directly affected by changes in the quality, defined by
elemental composition, of their food plants (Loladze et al. 2000; Sardans et al. 2012; Bukovinszky et al.

2012; Leal et al. 2017).

There is considerable variation in elemental stoichiometry among species, populations, individuals,
and life stages of herbivores. Nonetheless, herbivores are more homeostatic than plants (Sterner et al.
2002; Persson et al. 2010; Bukovinszky et al. 2012; Leal et al. 2017). Herbivores face the pressure of
unpredictable variation in plant stoichiometry while maintaining homeostasis themselves (Logan et al.
2004). As a result, changes in plant N and P content due to global change could reduce biomass and
nutrient transfer efficiency from the plant to the herbivore (Urabe et al. 2003; Elser et al. 2010; Leal et al.
2017). The lower transfer between plant and herbivore could create ‘stoichiometric bottlenecks’
adversely affecting higher trophic levels, by decreasing their nutrient supply from below (Van Donk et

al. 2008; van de Waal et al. 2010; Schoo et al. 2013; Domis et al. 2014; Deutsch et al. 2015).

Additionally, herbivore tissue has much higher N and P content than their plant resource. This large
mismatch means that they need to survive on food with low nutrient content relative to their demands
(Sterner et al. 2002; Logan et al. 2004; Leal et al. 2017). This mismatch results in low C assimilation
efficiency, as excess C is egested (Loladze et al. 2000; Atkinson et al. 2017). For example, an herbivorous
insect with a C:N ratio of 6.5 may feed on a plant with a C:N ratio of 36. The insect needs to take up
substantial amounts of plant food to satisfy their nutrient demand. For each unit of N, the herbivore
takes up 5.5 times as much C as it needs, which results in the production of large amounts of C-rich
detritus, potentially affecting nutrient recycling (Loladze et al. 2000; Sterner et al. 2002). Variations in
the stoichiometric mismatch between plant and herbivore can affect whole ecosystems through

bottom-up and top-down processes.

Herbivores may resort to various mechanisms to deal with the stoichiometric mismatch between
themselves and their resource. They may increase their food intake, select for high-quality food,
improve their assimilation, reduce the excretion of vital elements, or produce low nutrient biomass
(Sterner et al. 2002; Logan et al. 2004; Hillebrand et al. 2009; Johnson and McNicol 2010; Persson et al.
2010; Sardans et al. 2012; Leal et al. 2017; Jochum et al. 2017). Possible long term consequences of low-

quality food are a switch in metabolic type toward omnivory or cannibalism, or a shift in species
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composition favouring herbivore species adapted to high CN, or species that are less homeostatic

(Sterner et al. 2002; Anderson et al. 2005; Sardans et al. 2012; Leal et al. 2017; Atkinson et al. 2017).

Increasing their food intake by adjusting feeding rates is a short-term response mechanism that is
potentially available to many consumers (Cruz-Rivera and Hay 2000; Jochum et al. 2017; Guo et al. 2019;
lannino et al. 2019). There is growing evidence that consumer species, including herbivores, detritivores,
and carnivores indeed react to decreased food quality with increasing feeding rates (Cruz-Rivera and
Hay 2000; Berner et al. 2005; Fink and Von Elert 2006; Hillebrand et al. 2009; Suzuki-Ohno et al. 2012; Ott
et al. 2012; Jochum et al. 2017; Urabe et al. 2018). The stoichiometric mismatch between plant and
herbivore is a relevant factor for determining the herbivore population feeding rate (Hillebrand et al.
2009). By increasing feeding rates to compensate for the relative lack of essential nutrients in their low-
quality food, herbivores may be able to maintain higher population biomass (Urabe et al. 2018). However,
compensatory feeding comes at the cost of decreased growth efficiency, meaning that they may not
reach the abundance they would have under a high-quality food supply (Frost et al. 2005; Anderson et
al. 2005; Hillebrand et al. 2009; Urabe et al. 2018).

By changing population interactions, compensatory feeding can influence the direction and magnitude
of global change impacts on biological communities. Chapter 2 of this thesis investigates the
importance of compensatory feeding by herbivores to evaluate biomass production and population

dynamics under a range of temperature and nutrient supply conditions.

Box 2: A short note on ratios

In literature, elemental ratios are most commonly reported using the carbon to nutrient notation
(e.g., CN, CP, CNP), rather than nutrient to carbon (e.g., N:C). I adhere to this convention in my
general introduction and discussion, to avoid confusion. However, in research chapter 2, the quality
of plant tissue as food for the herbivore is a focal topic. In this context, the N:C notation is more
intuitive than C:N, as increasing plant N:C corresponds to improved food quality for the herbivore.
Table Bl gives a simplified overview of the meaning of high or low C:N and N:C ratios in the context

of research chapter 2.

Table Bl: Meaning of plant C:N and N:C for plant and herbivore

Plant CN  Plant N:C Meaning for the plant Meaning for the herbivore
High Low Higher C biomass per unit N Lower food quality
Low High Lower C biomass per unit N Higher food quality
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5.1 Research objectives

The impacts of global change on biological systems are manifold. Through human action, these impacts
will intensify in the future. Therefore, we must understand how global change drivers influence the
function of ecosystems and the provision of ecosystem services. Previously, warming has been found
to either decrease or increase biomass production, or even have no effect at all (Vasseur and McCann
2005; Olsen et al. 2012; Domis et al. 2014; Binzer et al. 2015; Robinson et al. 2018). Changing biomass
production has direct consequences for the functioning of ecosystems and human use of ecosystem
services. To improve our understanding of these consequences, we must be aware of the mechanisms
influencing the effect of warming on the processes underlying ecosystem functioning (Fox 2018).
Studying the effect of global change on plant-herbivore interactions is of major importance as they
mediate many of the bottom-up and top-down mechanisms shaping ecosystems (McQueen et al. 1989;
Brett and Goldman 1996; Borer et al. 2006; Hillebrand et al. 2009). For example, the amount of plant
material passing through the herbivore plays an essential role in determining where and how much C
is stored in the ecosystem, and influences nutrient recycling (Cebrian 1999; Gruner et al. 2008; Schmitz

2008; Hillebrand et al. 2009).

There is a wealth of literature investigating the impact of global change on ecosystems. However,
although evidence increases that the different global change drivers interact (Heger et al. 2019), many
studies include only one: warming, nutrient cycles, increasing CO2 supply or any of the others. Including
several global change drivers often pushes the boundaries of what we can control and measure
experimentally (Oliver and Morecroft 2014). In this case, models, informed by experimental data allow

us to explore the bigger picture.

Many models have included temperature-dependent biological rates, like metabolism, plant growth
rate, or animal feeding rate in models, using C (energy) as the main currency (Binzer et al. 2012; Rall et
al. 2012; Fussmann et al. 2014). Other models have focused on the stoichiometry of organisms and the
mismatch between them. In such models, the nutrients (elements) serve as the currency traded
between populations and their environment (Elser and Urabe 1999; Elser et al. 2010). My thesis aims to
improve our understanding of the coupling of the flow of elements and energy through biological
systems and how this is influenced by the combined effect of two major global change drivers, warming
and changing nutrient cycles. Therefore, one question Iinvestigate in this thesis is: (1) How do the global
change drivers of warming and changing nutrient supply interact to affect the flow of elements and

energy between the environment, plant and herbivore populations?
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To address the gaps in the study of biological systems under global change, I extend literature models
with currently often lacking mechanisms. My first aim is to explore the temperature-dependence of
plant nutrient uptake. Based on this knowledge, I develop nutrient-explicit models of the flow of
elements and energy between populations. These models provide more realistic insights into the
(interactive) effect of nutrient supply and warming on primary production, feeding interactions and
overall biomass production. With these models, I aim to answer the following questions: (2) What role
does temperature play in determining plant nutrient uptake rates? (3) What is the effect of temperature-
driven plant nutrient uptake on community biomass production under warming and different nutrient

supplies?

As established above, the plants are flexible in their carbon to nutrient ratio within certain bounds. The
consequences of flexible stoichiometry for plant performance are still poorly understood (Leal et al.
2017). Therefore, the next logical step is to extend the nutrient-explicit model with flexible plant
stoichiometry. This model will help explore the question: (4) How does flexible plant stoichiometry

mediate the effect of warming and nutrient supply on plant and herbivore growth and interaction?

Herbivores possess their own response mechanisms when faced with food quality changes, resulting
from flexible stoichiometry and varying nutrient supply. For example, they can resort to compensatory
feeding. This mechanism has the potential to mediate the effect of global change on biological systems.
Consequently, I further extend the model to include an adaptive herbivore feeding rate, which adjusts
to the nutrient content of the food plant. With this model, I address the open question: (5) Is

compensatory feeding a helpful strategy for herbivores to meet the challenge of low food quality?

Together, the model extensions described above will give us insight into the overarching question: (6)
How relevant are the currently understudied mechanisms of temperature-dependent plant nutrient
uptake, flexible stoichiometry and compensatory feeding for accurate prediction of population

dynamics, biomass production and ecosystem service provision under global change?
5.2 Study outline

In research chapter 1, I contribute to opening the black box of the mechanisms determining the
temperature-dependency of plant growth by establishing how plant nutrient uptake varies with
temperature. This chapter starts with a literature review of studies that report the kinetic variables
maximum uptake rate (Vmax) and half-saturation density (X) for N or P uptake under different
temperatures. Next, I use these variables to develop a nutrient-explicit population model where the
growth of the plant pool depends directly on its nutrient uptake rate. With this model, I test the effect of
global change on biomass production, by simulating nutrient-plant-herbivore interactions across a

temperature gradient and under several nutrient supply scenarios.
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Based on the results from chapter 1, I develop ‘stoichiometrically explicit’ (Sterner et al. 2002) models of
the flow of elements and energy between the environment, plants and herbivores in research chapter
2. With these models, I explore the effect of flexible stoichiometry and compensatory feeding on
population dynamics and survival. The assumptions for these models are that plants fit the conformer
type (i.e., they conform to environmental conditions up to certain limits), while herbivores are regulators
(i.e., they keep their stoichiometry constant) (Meunier et al. 2014). Unlike the model in chapter 1, the C
uptake of the plant now depends on the amount of N available. At the same time, I assume that the
herbivore strives for elemental homeostasis and can increase its feeding rate to meet its stoichiometric

requirements (Logan et al. 2004).

To investigate the effect and relevance of the mechanisms of flexible stoichiometry and compensatory
feeding for the response of biological systems to global change, I simulate three different models across
a temperature and nutrient gradient. The first is the baseline model, similar to the model developed in
chapter 1. In the second model, I add flexible plant stoichiometry. The third model includes both flexible
stoichiometry and compensatory feeding mechanisms. The differences in the responses of these three
model systems to temperature and nutrient supply show the relevance of flexible stoichiometry and
compensatory feeding in determining ecosystem response to the combined effect of global warming

and changing nutrient cycles on biological systems.

Together the research chapters contribute to our mechanistic understanding of the pathways through
which the global change drivers of warming and changing nutrient supply affect population dynamics,
survival, and biomass production. They also provide insight into the relevance of previously
understudied mechanisms like plant-nutrient uptake, flexible stoichiometry and compensatory feeding

for future studies informing policy on climate change mitigation.
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The effect of climate change on the amount of carbon stored in the different biological
compartments of complex natural communities is relevant for a range of ecosystem
funcrions and services. Temperature-dependency of many physiological and ecological
processes drives this storage capacity. As opposed to other physiological rates, the
temperature-dependence of nutrient uptake by plants has, to date, not been thoroughly
investigated and therefore was not explicitly included in food web models. In a meta-
study, we extracted experimental data to establish the temperature-dependence of the
parameters determining plant nutrient uptake. Overall, we found an increase in the
maximum uptake rate, as well as the half-saturation density. As the respiration rates
of plants (biomass loss) increase more strongly than the nutrient uptake rates (driving
biomass gain under nutrient limitation), our results suggest that warming should
decrease plant biomass. We applied these temperature-dependent nutrient uptake rates
by plants to a model of a three-level food-chain composed of two nutrients, a plant
pool, and an herbivore pool. Having established plant nutrient uptake rates based on
real dara to replace the previously used assumption of logistic growth, we were able to
use realistic natural nutrient deposition rates as the input variables in this model. This
mechanistic model approach allowed us to show the quantitative responses of natural
communities to realistic fertilization rates for the first time. We ran the model under
realistic nutrient supply scenarios based on deposition data from the literature, adding
a scenario of anthropogenic fertilization. We found decreases in overall community
biomass with increasing temperature, but the intensity of this decrease varied strongly
depending on the nutrient supply scenario. Our findings highlight the importance
of including other global change drivers besides warming, as they can mediate the
temperature impact on changes in global carbon storage and thus biomass-related
ecosystem services.
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Introduction

Despite increasing awareness that we are facing climatic
change, many of the consequences of such change are still
a matter of speculation (Scheffers et al. 2016). The effect of
increasing temperatures on community biomass — the com-
bined biomass of all plants and animals within a commu-
nity — is of particular relevance. Biomass forms the basis of
many, if not most, of the ecosystem functions and services
we rely on (Brose 2008, Schneider et al. 2016, Dee et al.
2017). Obvious examples would be the production of food
and timber resources, but biomass is also needed for services
such as water retention, climate regulation or erosion control
(de Groot et al. 2002, Kremen 2005, Verkerk et al. 2014,
Caputo etal. 2016). Furthermore, biomass can act as a source
or a sink of carbon and changes in biomass can therefore
either help to mitigate or in the worst-case scenario aggravate
climate change (Kirschbaum 2003, Hymus and Valentini
2007). Therefore it is crucial to understand how future global
warming will affect community biomass.

Community biomass is the result of complex interac-
tions between individuals and populations, which are in turn
the result of complex physiological processes (Walther et al.
2002, Traill et al. 2010). Various studies have shown that
some of these physiological processes such as respiration,
growth or feeding, are affected by temperature, and thereby
may lead to Changes in biomass production with temperature
(Savage et al. 2004, Poertner and Knust 2007, Ehnes et al.
2011, Rall et al. 2012, Deutsch et al. 2015). However, as
a result of the complex nature of biological systems such
as food webs, the direction and magnitude of the effect of
temperature on biomass production are not yet entirely
clear (Montoya and Raftaelli 2010, Englund et al. 2011,
Brose et al. 2012, Uszko et al. 2017).

‘The temperature dependencies of respiration and feeding
rates, as well as their variation between trophic levels, have by
now been well established (Gillooly eral. 2001, Rall eral. 2010,
Dell et al. 2011, Amarasekare and Savage 2012). Respiration
rates and feeding rates have been found to increase with tem-
perature, but feeding does so to a lesser extent than respira-
tion (Rall et al. 2010, Vucic-Pestic et al. 2011, Rosenblatt
and Schmitz 2016, Lang et al. 2017). This mismatch may
stabilize population dynamics but could ultimately lead to
starvation and extinction of higher trophic levels and result
in an overall decline in biomass (Binzer et al. 2012 2015,
Rall et al. 2012, Fussmann et al. 2014, Amarasekare 2015,
Uszko et al. 2017).

In many models plants have been assumed to grow logis-
tica]ly with a ternperature—dependence coming from their
carrying capacity — the maximum biomass density of the pri-
mary producer (O’Connor et al. 2009, Binzer et al. 2012,
Dell etal. 2014, Gilbert et al. 2014). The temperature depen-
dence of carrying capacity for plants has rarely been directly
measured (but see Bernhardt et al. 2018 for an example),
instead field abundances are mostly used as an approximation
(Savage et al. 2004). As a result there is no clear consensus
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on the temperature effect. Carrying capacity has frequendy
been suggested to decrease with warming (Savage et al. 2004,
Dell et al. 2014, Fussmann et al. 2014), while others models
assumed different dynamics including temperature indepen-
dent carrying capacity, as well as an increase in carrying capac-
ity with warming (Vasseur and McCann 2005, Amarasekare
2015, O’Gorman et al. 2017, Uszko et al. 2017). Assuming
a direct temperature effect on carrying capacity is, however,
a purely descriptive approach and leaves the question of
the underlying processes unanswered (Gilbert et al. 2014,
Uszko et al. 2017).

Plants are reliant not only on sunlight and water but also
on nutrients in order to produce biomass. While there have
been models that explicitly included nutrients, such models
have not established a temperature dependency of nutrient
uptake (Huisman and Weissing 1999, Brose 2008). Similar
to feeding rates of animals, nutrient uptake by plants is
the result of a range of biological processes, and as such, it
is very likely to change with temperature. There have been
experimental studies of the relation between temperature
and nutrient uptake, which looked at one or two plant spe-
cies at the most (Cruz et al. 1993, Lee and Dunton 1999,
Smit 2002, Adam et al. 2003, Khandan-Mirkohi and Schenk
2009, Nishikawa et al. 2009). A synthesis of such experimen-
tal results, which would lead to a generalized temperature-
dependency of nutrient uptake rares, is still lacking. Including
these rates into models of population dynamics will allow us
to gain insight into the direction of change in plant carrying
capacity, and can improve our understanding of the mecha-
nisms through which temperature influences plant growth.

In additon to temperature increases associated with
climate change, there are also changes in nutrient sup-
ply resulting from anthropogenic factors (Sala et al. 2000,
Galloway et al. 2008, Sentis et al. 2017). As nutrients pres-
ent a potential limiting factor to plant growth, an increase or
decrease in nutrient supply can further impact the amount
of biomass produced by the plants, which in turn affects the
higher trophic levels. Some studies found interactive effects
of temperature and nutrient supply on food web dynamics
(O’Connor et al. 2009, Binzer et al. 2012, 2015, Sentis et al.
2014, 2017). These models have generally assumed logistic
growth for the basal species. A new model explicitly includ-
ing nutrient uptake as the basis for plant growth can help us
understand how variation in nutrient supply may affect the
biomass of a system under warming conditions.

In this study, we aim to gain insight into the effect of
temperature on 1) the nutrient uptake by plants and 2) con-
sequently on community biomass under different nutrient
supply scenarios. In the first part of our study, we carried out
a meta-study investigating the effect of temperature on nitro-
gen and phosphorus uptake by plants. As carrying capacity
has generally been assumed to decrease with rising tempera-
ture, we would expect 1) a decrease in the plants’ maximum
nutrient uptake rate with temperature, as well as 2) a decrease
in nutrient uptakf: efﬁciency at low nutrient densities, indi-
cated by an increase in half-saturation density, i.e. the nutrient
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density at which the uprtake reaches half of its maximum. In
the second part of our study, we used the results of the meta-
study to simulate a three-level food chain under warming at
different nutrient supplies. Our model food chain consists
of a plant resource and an herbivore consumer (Gilbert et al.
2014). The basal level consists of nutrients in the form of
nitrogen and phosphorus pools (Fig. 1). Based on the results
of previous studies (Binzer et al. 2012, Fussmann et al. 2014),
we would expect 3) the community biomass of this system
to decline with warming. By investigating changes in plant
nutrient uptake under warming and exploring the effects of
these changes on population dynamics, we aim to fill this gap
in our understanding of how warming will affect the total
biomass of natural communities.

Material and methods

Meta-study

The first aim of our study was to establish quantitative
relationships for the temperature dependency of nitrogen
and phosphorus uptake by plants. We established density-
dependent nutrient uptake rates using saturating hyperbolic
Michaelis-Menten curves, similar to a type II functional
response often used to describe predator feeding rates (Holling
1959, Rall et al. 2012). We determined the shape of these
curves by two parameters: the maximum uptake rate (V) and
the half-saturation density (K) (Fig. 2). To establish the tem-
perature dependency of nutrient uptake, we investigated how
Vand K change with temperature based on literature dara.
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Figure 1. Conceprual visualization of the three-level food chain. The
nutrients (blue) are taken up by the plants (green), which are in turn
consumed by the herbivores (orange). Arrows indicate in- and out-
flow-rates. A change in arrow thickness and pool size between the
left-hand (cold) side and the right-hand (warm) side indicates a
temperature impact on the rates. The temperature impact on nutri-
ent uptake is still unclear.
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Figure 2. Conceptual illustration of temperature effects on nutrient
uptake by plants. Maximum uptake rate V (blue) represents the
saturation value of the curve, while half-saturation density K
(yellow) determines its steepness, i.c. the efficiency of nutrient
uptake at low densities. Both parameters may increase or decrease
with temperature.

We conducted an extensive literature search using “Web
of Science’ with a broad range of search terms: (plant OR
autotroph OR phytoplankton OR pimary producer) AND
(nitrogen OR phosphorus) AND (uptake OR kinetics OR
Michaelis-Menten OR half-saturation) AND (temperature
OR activation energy OR warming OR climate). Ourt of
the 2630 studies found using these search terms, we selected
those that reported maximum uptake rate and half-saturation
density of nitrogen, phosphorus or both for at least two dif-
ferent temperatures. We found six studies matching these
criteria, two of which reported parameters for two plant
species, while the others each focused on one species (see
Table 1 for an overview).

Using the parameter values reported in these studies we
built a dataser for eight species, covering plant species from
the largest to the smallest — including phytoplankton as well
as tree species (Table 1). In one study V and K were inves-
tigated for both nutrients (Nishikawa et al. 2009), the oth-
ers focused on either phosphorus or nitrogen. In total, the
dataset includes six species with parameter values for nitrogen
and parameters for four primary producer species for phos-
phorus. We thus have two parameters for ten species-nutrient
pairs, resulting in 20 unique parameter—species combina-
tions. Across studies, the temperatures ranged from 9°C to
40°C, with individual studies reporting between two to six
different temperatures. The studies reported their parameters
using various units (1M or pmol for half-saturation density
and pmolcell'h™", nmolm™s™", pmolg™" root fresh weight
h7!, pmol g™ dry weight h™" and pmem™s™! for maximum
uptake rate). Khandan-Mirkohi and Schenk (2009), did not
explicitly report their parameter values. Hence, we extracted
these values from the reported graphs using DataThief III
(Tummers et al. 2005).
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Table 1. Overview of studies reporting half-saturation densities and maximum nutrient uptake rates for nitrogen (N) and phosphorus (P)
uptake. Additional variables used in some studies were the nutrient supply (N-limited, N-rich), the nutrient type (NO,~, NH,*) or the plant

part measured (root or leaf).

Temperatures °C

Species Plant type Nutrient  (no. measurements) Additional variables Source
Acer rubrum tree N 14-34 (3) Adam et al. 2003
Ceratonia siliqua tree N 10-40 (6) NO,~ or NH,*; Cruz et al. 1993
rich or limited
Coscinodiscus wailesii phytoplankton N and P 9-20(2) Nishikawa et al. 2009
Eucampia zodiacus phytoplankton N and P 9-20 (2) Nishikawa et al. 2009
Euphorbia pulcherrima shrub P 15-25 (3) Khandan-Mirkohi and Schenk 2009
Cracilaria gracilis algae N 15-20 (2) NO,” or NH,*; rich  Smit 2002
or limited
Tagetes patula herb P 15-25 (3) Khandan-Mirkohi and Schenk 2009
Thalassia testudinum algae N 16-30 (3) NO,~ or NH,*; root Lee and Dunton 1999

or leaf

In order to establish the temperature dependence of the
parameters half-saturation density X and maximum uptake
rate Vwe fitted

x = x,e5 T (1)

to the data, where x, is a normalization constant for parameter
x (here: K or V), E is the activation energy for the different
parameters, and thus represents their temperature depen-
dence. Negative activation energy means a decrease in the
given process with temperature, positive activation energy
stands for an increase. 7 is the Arrhenius temperature as

described by:

o T 2
kxT xT|

where 7'is the experimental temperature in Kelvin. We set

T, 0 293.15K, i.e. 20°C, to place the intercept of the rela-

tionship within the range of experimental temperatures. £ is

the Boltzmann constant with a value of 8.61x107°¢VK™!

(Gillooly et al. 2001, Rall et al. 2012).

Due to the different units and the additional variables
reported in three of the studies (Cruz et al. 1993, Lee and
Dunton 1999, Smit 2002), regressions were performed
separately for each of the 20 parameter—species combina-
tions. For studies that only used temperature, we performed
linear regressions of the In-transformed parameters against
Arrhenius temperature (Rall et al. 2012). For the studies
including additional variables (nutrient supply, nutrient type
or plant part measured, see Table 1), we performed linear-
mixed-effect regression models where we included the addi-
tional variables as a random effect, allowing us to separate the
effect of Arrhenius temperature from the effect of the other
variables (R, nlme-package, Ime-function, Pinheiro et al.
2017). The resulting slopes are equal to the activation energy
for each parameter-species combination. We then averaged
these activation encrgies over all species and used the aver-
age in our model. In addition, combinations of minimum
and maximum activation energies were used for sensitivity
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analyses. We performed all statistical analyses in R ver. 3.4.2
(<www.r-project.org>).

Population models

Using a simplified carbon flow model we investigated the
role a temperature-dependent plant nutrient uptake plays in
determining population dynamics. The system consists of a
plant pool as primary producers (R) and an herbivore pool as
consumers (C), both expressed in carbon units, as well as two
nutrient pools: nitrogen (V) and phosphorus (P), forming
the energetic basis for the plant pool (Fig. 1). The dynamics
of the system are described by:

d. 1 xV, x N
N = D(Sy = N)=——xmin [M)
oy KyptN 3
V,xP
(V”RX a J><R+;»¢2C><C><L
"N«
R XV XN
D(S, - P)———x min [’M—N)
dr p g Kyx+N @
s a XV, X P
U e datl xR+mchxJ—
Kppt+tP oo
AR [ e XV XN [ 1pp XV, X P
— =min N
dt Kyp+N K, ,+P 5)
h
XR*%XC*MRXR
K!+R
h
dﬁ:ex%xc’—mcxc 6)
K+ R

where D is the turnover rate; S, refers to the supply rate of
nutrient . 7, stands for the ratio of carbon to nutrient 7 in
the biomass of j (either R or C), which converts the nutrients
taken up into carbon. V, symbolizes the maximum uprake
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rate and K the half-saturation density for nutrient 7 for the
plant. K is the half-saturation density of the plant resource
for the herbivore consumer. 7, is the metabolic rate. ¢ stands
for the assimilation efﬁciency of the consumer, fis the maxi-
mum feeding rate of the herbivore consumer and 4 is the
Hill-exponent shaping the functional response of the con-
sumer. The last terms of the nutrient equations (Eq. 3, 4)
describe a nutrient recycling feedback loop. Nutrient 7 is freed
by the herbivore through excretion, which is determined by
the metabolic loss . of the herbivore and the inverse of the
carbon to nutrient ratio #, . of herbivore biomass.

Parameter definition

Our model includes the following temperature-dependent
parameters: maximum nutrient uptake rate, V), herbivore
maximum feeding rate, £, half-saturation densities, K, herbi-
vore assimilation efficiency, ¢, and metabolism, m, of plants
and herbivores. Other parameters are either independent of
temperature, or temperature dependence has not yet been
established (Uszko et al. 2017): turnover rate D, nutrient
supply S, and carbon to nutrient ratios r,. and r,, of the
herbivore and the plant, respectively.

We ran the model using different nitrogen and phosphorus
supplies in order to simulate oligotrophic, average and eutro-
phic systems. We based the scenarios on measurements of
nitrogen and phosphorus deposition acquired from literature
(Dentener et al. 2006, Mahowald et al. 2008, Tipping et al.
2014). In addition to the average nutrient supply we used
the minimum value that was reported to represent an oligo-
trophic system and the maximum for an eutrophic scenario
(Table 2). We added an additional fertilization scenario to
these literature-based scenarios in which we multiplied the
nutrient supply from the eutrophic scenario by a factor of
ten (Table 2). A factor of ten was chosen to reflect the high
increases in nutrient input from anthropogenic sources we
are already seeing (Galloway et al. 2008). We set the turnover
rate of the system to 0.1 [1/day], meaning that it takes 10
days to renew the nutrients in the system (Cebrian 1999). We
obtained the typical nutrient contents in plant tissue from
a meta-study by Kerkhoff et al. (2005). Based on the data
they compiled, we used a mean content of nutrients in plant
tissue of 1.93% (SD=1) and 0.15% (SD=0.1) for nitrogen
and phosphorus, respectively. As our model focusses only on
nitrogen and phosphorus as nutrients, we pooled the remain-
der of the biomass (i.e. 97.92%) under the label of carbon, as
the primary element. The resulting ratios of carbon to nitro-
gen in the tissue of the plant resource (r,) of 50.7, and 662.7
for carbon to phosphorus (r,) are similar to ratios reported in
the literature (Elser et al. 2010). For the herbivore, we used
constants for 7, - (6.5) and r,- (171.6).

Table 2. Global nitrogen and phosphorus deposition rates (gm="day~").

We used the mean estimates from our meta-study as
activation energies for maximum uptake rate V), and half-
saturation density K in our model. The parameter value at
T,, i.e. 20°C, was used as reference value and converted to
realistic units (day™' for V, and gm™ for K). We obtained
the normalization constants and temperature dependencies
for all other parameters from previous studies (Table 3). We
set the Hill exponent, 4, of the consumer to 1.2, i.e. a type I1I
functional response (Vucic-Pestic et al. 2011, Kalinkat et al.
2013). The starting densities of nutrients, plants, and
herbivores were all set to unity at 1 gm™. Simulations were
run over a temperature-gradient from 10 to 25°C under
four different nutrient supply scenarios (oligotrophic, aver-
age, eutrophic and fertilized, Table 2) for 100 000 timesteps
(days). In addition we investigated a warming scenario, by
comparing biomasses for each nutrient supply scenario at the
initial temperature with the biomasses for the same nutrient
supply at a 4°C higher temperature.

Global patterns of biomass

We wanted to show how a uniform increase in temperature
by 4°C would shape global patterns of biomass. Two mod-
els were constructed that predicted the change in biomass in
response to nutrient enrichment, in a system with average
nutrient supply and a fertilized system (see above, param-
eters in Table 2). Both models assumed that temperature
increased by four degrees. The change in biomass was then
predicted across the globe using a linear model. Predictions
were based on the current (1979-2013) annual temperature
at a resolution of 30 arc-seconds (Biol 1, CHELSA Bioclim,
Karger et al. 2017), and the slopes and intercepts derived
from the two models based on 1) average and 2) fertilized
systems.

Data deposition

Data are available from the Dryad Digital Repository:
<hrtp://dx.doi.org/10.5061/dryad.3sr1 1g3> (Marx et al.
2019).

Results

Temperature dependence of nutrient uptake

Qur literature-derived database provided us with values
for the half-saturation density and the maximum uptake
rate for several plant species across a range of temperatures
(see Supplementary material Appendix 1 Fig. A1-A8 for
individual fits). The average activation energies for both

Oligotrophic Average Eutrophic Fertilized Source
Nitrogen 7.5%107° 1.4x107 0.3x107 0.03 Dentener et al. 2006
Phosphorus 8.5x10°° 1.2x10° 0.1x107 0.01 Mahowald et al. 2008, Tipping et al. 2014
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Table 3. Temperature dependent parameters.

Parameter Definition Normalization constant  Activation energy Source

me herbivore metabolism 0.03 0.67 Brown et al. 2004, Lang et al. 2017

f herbivore feeding rate 0.58 0.47 Yodzis and Innes 1992,
Fussmann et al. 2014

K- herbivore half-saturation density 1 -0.11 Mulder and Hendriks 2014,
Fussmann et al. 2014

e herbivore assimilation efficiency 0.544 0.541 Lang et al. 2017

mg plant metabolism 0.01 0.69 Ryan 1995, Cannell 2000
Brown et al. 2004

Vy maximum nitrogen uptake rate 0.17 0.22 this study

V, maximum phosphorus uptake rate 4.98 0.3 this study

Kye half-saturation density of nitrogen 0.32 0.08 this study

K 5 half-saturation density of phosphorus 0.21 0.22 this study

Note that the parameters herbivore metabolism, plant metabolism, herbivore feeding rate and herbivore half saturation density include the

effects of herbivore and plant body mass.

half-saturation density and maximum uptake rate were
positive for nitrogen as well as for phosphorus (Fig. 3a). An
increase of half-saturation densities with increasing tem-
perature means that uptake of nutrients at low concentra-
tions is reduced, eventually counteracted by an increase of
maximum-uptake rates that increases the uptake rates across
the whole range of nutrient concentrations.

While the average activation energy was positive for all
parameters, the half-saturation density of nitrogen uptake
(K,), showed a negative activation energy in some studies
(Fig. 3a). The activation energy for K}, ranged from —0.15
and 0.32, with a mean of 0.08. As the half-saturation density
expresses the inefficiency of nutrient uprake, this suggests that
the effect of warming on the efficiency of nitrogen uptake
can, therefore, be positive as well as negative, but on average
warming decreases efficiency (i.c. a positive activation energy
of the half-saturation density). The activation energy of the
half-saturation density of phosphorus uprake (K]) ranged
from 0.03 and 0.63, with a mean of 0.22. The average activa-
tion energy of K}, was higher than that of K, and showed a
wide range (Fig. 3a). The efficiency of phosphorus uptake,
therefore, decreases with warming, but the magnitude of this
decrease varies.

At the same time, the maximum nutrient uptake rate (V)
showed a consistent increase with temperature, with positive
activation energies for both nitrogen and phosphorus in all
studies. In the case of nitrogen, the six species showed a range
of activation energies of V), from 0.11 to 0.39, with a mean
of 0.22. For phosphorus, the activation energy of V), ranged
from 0.15 to 0.58, with a mean of 0.3. With increasing tem-
peratures plants, therefore, increase the maximum amount of
nutrients, they can take up per unit of time if infinite nutri-
ents would be available. The trends are similar for nitrogen
and phosphorus with maximum phosphorus uptake rates
having a broader range and higher average temperature effect
on maximum uptake.

Our results suggest that the half-saturation density and
the maximum nurrient uptake rate both increase with warm-
ing. As the half-saturation density expresses the inefficiency
of nutrient uptake, these two consequences of warming
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have contrary effects on the nutrient uptake by plants. As
the activation energies for the maximum nutrient uptake, V,
were found on average to be higher (0.22) than those for the
half-saturation density, X, (0.08), we see a positive net effect
of warming on nutrient uptake (Fig. 3b—c).

In order to test the robustness of our results and justify the
use of the average activation energy in our analysis, we addi-
tionally carried out a sensitivity analysis by comparing the
most extreme scenarios (Supplementary material Appendix 1
Fig. A11). One extreme scenario would be the one in which
temperature would have a negative, or somewhat less posi-
tive effect on plant growth, using the minimum activation
energy for the maximum uptake rate and the maximum
activation energy for the half-saturation density (the uptake
inefficiency). The opposite extreme is the one where temper-
ature has the most positive effect on plant nutrient uprake
with the highest possible activation energy for maximum
uptake rate and the lowest possible activation energy for half-
saturation density. We found that our overall conclusion that
nutrient uptake increases with warming is generally robust
against variation in parameters between these extremes

(Supplementary material Appendix 1 Fig. A11).

Simulations of biomass densities

We integrated the activation energies derived from our meta-
study into the nutrient—plant—herbivore food-chain model
described by Eq. 3-6. From the resulting time series, we can
gain insight into the impacts of temperature and nutrient
supply on plant and herbivore biomass. In all scenarios, the
system enters a stable equilibrium after around 2500 time
steps (days). We performed our analyses with the total bio-
mass (i.e. the combined biomass of plant and herbivore) at
the last time step (after 100 000 days) of each simulation.
In all scenarios, increased temperature resulted in lower total
biomass, while higher nutrient supply increased total biomass
(Fig. 4a). For instance, an oligotrophic system at 25°C had
34% less total biomass than a system with the same nutrient
supply at 10°C. A fertilized system had 51% less total biomass
at 25°C, compared to 10°C. In a system at a temperature
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Figure 3. Temperature dependency of nutrient uptake by plants. (a) Activation energies for the half-saturation density (K)) and the maxi-
mum uptake rate (V) for the nitrogen and phosphorus uptake by plants. (b—c) Nutrient uptake curves at different temperatures for nitrogen

and phosphorus respectively.

of 25°C the eutrophic scenario produced a 3% higher total
biomass than the oligotrophic scenario. At 10°C, the total
biomass increase from oligotrophic to eutrophic was 14%.
When comparing the oligotrophic to the fertilized scenario,
a system at 25°C gained 17% total biomass, while at 10°C
we found a 58% increase in total biomass in the fertilized
scenario.

We calculated community respiration by summing up
the respiration of the plant and herbivore populations. We
calculated population respiration by multiplying plant or her-
bivore biomass with the respective temperature-dependent
respiration rate (Schneider et al. 2016). Community respira-
tion is directly affected by temperature through its positive
activation energy but is also indirectly affected by tempera-
ture and nutrient supply as a result of their effects on biomass.
We found community respiration to increase with increas-
ing temperature. Increasing nutrient Supply also resulted in
higher respiration, as a consequence of the increase in total
biomass (Fig. 4c).

In order to assess the potential effect of global warming,
we looked at the changes in biomass that would result from
warming the system by 4°C. An increase in temperature
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by 4°C resulted in a decline in biomass by 7.9% (oligotro-
phic cold system) to 18.3% (fertilized cold system). In all but
the fertilized scenario, total biomass declined more strongly
in a system with a warmer initial state (Fig. 4b). In the fertil-
ized scenario this relationship was inverted, with the initially
colder system showing a larger loss of biomass (18.3%) than
the system with a warmer baseline temperature (16.7%).

Community respiration increased under a 4°C warming
regime in all scenarios (Fig. 4d). Oligotrophic systems
increased most, where the increase ranged from 24.2% in the
warmer system to 34.7% in the colder system. The fertilized
systems, by contrast, experienced community respiration
increases between 18.3% and 19.4% (10°C and 21°C initial
temperature, respectively). Systems that had higher inital
temperatures experienced a lower increase of community
respiration with 4°C warming than systems with initial cold
temperatures.

Our results are based on a model with two nutrients
that co-limit the growth of one plant. We have carried out
sensitivity analyses addressing the consequences of scenarios
in which only nitrogen (Supplementary material Appendix 1
Fig. A9) or phosphorous (Supplementary material Appendix 1
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Fig. A10) limit plant growth. The results show steep declines
in biomass with temperature leading to plant extinction,
which also causes crashes in total respiration.

Discussion

We addressed the temperature-dependence of nutrient uptake
by plants and its consequence for the carbon storage across
the biomass compartments of plants and herbivores using
a model of a nutrient—plant-herbivore food chain. In our
meta-study, we found positive activation energies for both
half-saturation density and maximum uptake rate for the
uptake of nitrogen (N) and phosphorus (P) by plants, mean-
ing that these parameters all increase with warming. While an
increase of half saturation densities implies a decrease of the
nutrient-uptake efficiency with warming — especially at low
nutrient concentrations — increased maximum uptake rates
allow for better nutrient uptake in plants across the full range
of nutrient concentrations. This finding, however, does not
conflict with the decreasing plant carrying capacities of prior
studies, which was also supported in our study. The decline
of carrying capacity can be explained by the stronger increase
of plant respiration (i.e. the biomass loss rate) compared to
the nutrient uprtake rate (constraining the biomass produc-
tion rate). Consistent with our hypotheses and in agreement
with prior studies, our simulations of a three-level food chain
show a decrease in community biomass (i.e. the sum of the
plant and herbivore biomasses) with warming, despite the
increases in maximum uptake rates. These results on the
plant nutrient uptake under warming and knock-on effects
on the carbon distribution across the biomass pools provide
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a mechanistic understanding of climate change impacts on
the total biomass of natural communities, which has implica-
tions for ecosystem functions and services.

Meta-study

In our meta-study, we have only been able to find six stud-
ies reporting values for maximum nitrogen or phosphorus
uptake rate and half-saturation densities at different tem-
peratures. The small sample size limits our ability to make
precise predictions of changes in plant nutrient uptake with
increasing temperature. This uncertainty is captured in the
relatively broad 95% confidence intervals of our estimated
activation energies (Fig. 3a). In addition, measurements are
often not replicated across many temperatures, which may
create additional sources of error by inaccurate estimates of
activation energies in the individual studies (see Pawar et al.
2016 for a detailed discussion on estimates of activation ener-
gies with small sample size). If there is no systematic source
of error, however, averaging the activation energies across
studies as in our metastudy should lead to more reliable
mean estimates. Nonetheless, we can conclude thar three
of the four parameters (half saturation density of phospho-
rous uptake, and maximum uptake rates of phosphorous and
nitrogen) do not include zero in these large confidence inter-
vals, which suggests that they increase with warming. Only
for the half-saturation density of nitrogen, we found negative
activation energies for half of the studied species including
the two marine species and one terrestrial species. The separa-
tion of responses in different ecosystems poses the questions
whether there is a systematic difference between marine and
terrestrial species or whether marine species are more variable
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in general. As soon as more data become available, it would
be interesting to separate marine from terrestrial species. Our
sensitivity analysis indicates that despite the low sample size
and the resulting uncertainty in the parameter estimates, we
can conclude that warming increases the nutrient uptake by
plants. These overall positive activation energies allow us to
make predictions as to the direction of such changes with
global warming (Fig. 3a).

Overall, we found a higher variation in activation ener-
gies for phosphorus (P) uptake than for nitrogen (N). In
other studies, the effects of global change drivers on plant
P content have also been found to be more variable than for
N (Gifford et al. 2000, Sardans et al. 2012). There might
be an overall pattern that plants differ more strongly in
their handling of P than they do for N, which could be the
result of plants having developed more varying strategies to
access I, due to its often limiting nature (Elser et al. 2007,
Richardson et al. 2011).

While the average activation energies were all positive,
they differed in their magnitude. These differences in activa-
tion energies between N and P uprake could indicate a shift
in nutrient limitation with increasing temperatures. While
we found higher uptake rates for N than for P at low temper-
atures, the higher average activation energy of the maximum
nutrient uptake rate of P means that P uptake could match
or even surpass N uptake at higher temperatures. A reason
for these different temperature effects may be found in the
increases in nutrient uptake efficiency in organisms associ-
ated with plants such as fungi (Bércenas-Moreno et al. 2009).
However, as plants need more N than P (Elser et al. 2000),
they may not be able to use this potential for increased P
uptake fully and could become increasingly N limited under
warming conditions. Changing uptake rates might there-
fore lead to N being the limiting element for plant growth,
rather than P This effect might, however, be counteracted
by the severe N fertilization from human sources, which is
not matched by P input, as well as increasing N mobilization
by bacteria under warming (Howarth 2004, Sardans et al.
2012).

Simulations

In prior model studies, carrying capacity (the plant biomass
that is supported) has often been assumed to be constant or
decrease with temperature (Uszko et al. 2017). To enable
comparisons between these studies and our model in which
plant densities depend on temperature-dependent nutrient
uptake, we added a simulation with only plants and nutrients
(Supplementary material Appendix 1 Fig. Al14). The result-
ing final plant densities represent the carrying capacities and
show a systematic decrease with warming. This pattern is the
result of the interplay between multiple temperature-depen-
dent processes. While the increase in maximum uptake rate
with temperature might have led to higher plant biomasses,
this is overcompensated by the increase in half-saturation
density with temperature (indicating a decrease in nutrient-
uptake efficiency) and a much stronger increase in metabolism
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leading to a strong biomass loss to respiration. Together, the
results of our metastudy and model simulations thus support
prior assumprtions that carrying capacities should decrease
with warming (see Uszko et al. 2017 for discussion) and a
prior laboratory study (Bernhardt et al. 2018).

Previous studies of ecosystems under warming conditions
have predicted a higher impact of increasing temperature
in warmer systems like the tropics than in temperate zones
(Deutsch et al. 2008, Dillon et al. 2010, Sunday etal. 2011).
Odur results confirm this expectation as we find warming by
4°C to result in an increased loss of biomass in systems with
warmer baseline temperatures than in initially colder sys-
tems. This is a result of the exponential nature of the temper-
ature dependencies of the physiological rates, where the rate
of increase is higher at higher baseline temperature. This gra-
dient can be illustrated at the global scale using mean annual
temperature as the baseline (Fig. 5a) (CHELSA, Karger et al.
2017). Dillon etal. (2010) showed that the expected changes
in metabolic rates due to increasing temperature are equiva-
lent in magnitude in the tropics and temperate zones, despite
the smaller increase in temperature expected in the tropi-
cal regions. Our results, however, show a more substantial
loss of biomass and an increase in metabolism under tropical
temperatures (Fig. 5a). This is the result of the 4°C tempera-
ture increase being applied to the whole global map, with-
out including the lower projected temperature increase in
the tropics (Deutsch et al. 2008). Future studies should thus
tackle simulations of population densities at the level of grid
cells with specific predictions of expected warming for differ-
ent regions. In addition, this would allow using more highly
resolved temperature time series of monthly or daily aver-
ages, which would decrease inaccuracies by averaging over
non-linear relationships as described by Jensen’s inequality
(Bernhardt et al. 2018).

At all baseline temperatures, the loss of biomass is
strongly amplified by fertilization. However, different from
the other scenarios, the biomass loss due to 4°C warming
in the fertilized scenarios is most substantial in the regions
with a low baseline temperature (Fig. 5b). It appears that
after a certain threshold of nutrient availability is crossed, the
effect of warming is inverted. The difference in the effect of
temperature in the fertilized scenario highlights the impor-
tance of investigating the interactions between temperature
and nutrient supply (Cross et al. 2014).

Future directions

Warming affects all parts of biological systems in parallel.
While our model includes many temperature-dependent
rates (metabolism, feeding rate, nutrient uptake rate and
assimilation efficiency), there are other rates, not considered
in our model, that might be temperature-dependent. For
example, abiotic and biotic processes relevant to the avail-
ability of nutrients in the system, like water availability or
microbial activity, are likely affected by temperature and
would imply a temperature impact on nutrient supply rate
(Gilbert et al. 2014).
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Figure 5. Change in biomass with 4°C warming compared to the current mean annual temperature (CHELSA, Karger et al. 2017).
‘The map in (a) shows the change in biomass if a system with average nutrient supply is warmed by 4°C. (b) shows the change in biomass

with 4°C warming in a fertilized system.

It is also important to mention that our method of estab-
lishing temperature dependencies assumes a monotonic
increase or decrease rather than a hump-shaped temperature
relation (Gilbert et al. 2014, Amarasekare 2015). It has been
argued that models looking at only the increase are valid only
for the ‘biologically relevant temperature range’ — tempera-
tures that are below the optimum but high enough to yield
positive growth rates (Savage et al. 2004). However, there are
also arguments that under climate change temperatures that
go beyond this range become relevant (Englund et al. 2011).
While hump-shaped temperature relations are generally
found for single species, the scaling of physiological rates at the
community level across species might be well approximated
by an Arrhenius relation with temperature (Yvon-Durocher
and Allen 2012, Barneche et al. 2014). Future studies should
use our temperature-dependent nutrient uptake rates at the
species level and scale the results up to the community level
across species.

As our study showed interactive effects of temperature and
nutrient supply, another interesting expansion would be to
allow plants to adapt to environmental conditions using a
flexible stoichiometry. The resulting changes in plant nutri-
ent content are likely to have effects on the higher trophic lev-
els by changing feeding rates, as well as assimilation efficiency
and, as a result, the growth rates of the herbivores (Rosenblatt
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and Schmitz 2016, Jochum et al. 2017, Skau et al. 2017).
Along with temperature change and changes in nutrient
supply CO, increases as a result of anthropogenic activities.
This increase in carbon availability might further influence
plant growth, especially when combined with temperature
and nutrient supply (Rosenblatt and Schmitz 2016). In par-
ticular, CO, supply will likely play a role in the stoichiometry
of plants, by changing the C:N ratios. It would, therefore, be
useful to integrate CO, into the model.

Conclusions

Using explicit temperature dependencies of nutrient uptake
as well as realistic nutrient supply scenarios, our model
provides more realistic projections of carbon storage in bio-
mass in the biological compartments of ecosystems than pre-
vious models. We found biomass to decline in all scenarios
considered in this study. The more severe biomass decline
with warming found in regions with warmer initial tempera-
tures, implies a stronger decrease in biomass-based ecosystem
functions and services in tropical areas than in temperate
zones. When looking at the low-nutrient and warm scenario
which is most likely to represent a tropical system, we see
a biomass loss similar to that of a eutrophic system with
colder temperatures best mimicking temperate ecosystems.
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Our results show a different effect of warming on biomass
in highly fertilized areas, where the effect is stronger in sys-
tems with colder initial temperatures. Agricultural areas in
the temperate zones might, therefore, face particularly severe
declines in biomass. Associated issues could be decreases in
agricultural yields and declines in biological pest control.
Overall, our study thus suggests warming to cause declines
in the biological carbon storage across trophic levels and
biomass declines in tropical as well as eutrophic temperate
ecosystems, which will severely undermine the provisioning
of ecosystem services.
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Abstract

Global change drivers like warming and changing nutrient cycles have a substantial impact on
ecosystem functioning. In most modelling studies, organism responses to warming are described
through the temperature dependence of their biological rates. In nature, however, organisms are more
than their biological rates. Plants are flexible in their elemental composition (stoichiometry) and
respond to variance in nutrient availability and temperature. An increase in plant carbon-to-nutrient
content means a decrease in food quality for herbivores. Herbivores can react to this decrease by
compensatory feeding, which implies higher feeding rates and higher carbon excretion to optimize
nutrient acquisition. In a novel model of a nutrient-plant-herbivore system, we explored the
consequences of flexible stoichiometry and compensatory feeding for plant and herbivore biomass
production and survival across gradients in temperature and nutrient availability. We found that
flexible stoichiometry increases plant and herbivore biomasses, which results from increased food
availability due to higher plant growth. Surprisingly, compensatory feeding decreased plant and
herbivore biomasses as overfeeding by the herbivore reduced plants to low densities and depleted their
resource. Across a temperature gradient, compensatory feeding caused herbivore extinction at a lower
temperature, while flexible stoichiometry increased its extinction threshold. Our results suggest that
compensatory feeding can become critical under warm conditions. In contrast, flexible stoichiometry
is beneficial for plants up to a certain temperature threshold. These findings demonstrate the
importance of accounting for adaptive and behavioural organismal responses to nutrient and
temperature gradients when predicting the consequences of warming and eutrophication for

population dynamics and survival.
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Introduction

Global warming and changes in nutrient cycles are two of the major global change drivers impacting
ecosystem functioning. Since the start of temperature records in 1850, the world has continuously
warmed (0.85°C between 1880 and 2012). The IPCC predicts global average temperature to rise by 0.3 to
4.8°C (compared to 1986-2005 baseline) by 2100, depending on the mitigation scenario (IPCC 2014).
Simultaneously, other anthropogenic drivers such as agriculture and land-use changes influence
nutrient availability, e.g., by increasing nitrogen (N) deposition through fertilizers (Falkowski 2000; Sala
et al. 2000; Galloway et al. 2008; Sentis et al. 2015). Despite growing scientific interest in the ecological
consequences of global warming (Peters 1991, Hughes 2000; Scheffers et al. 2016) and nutrient
eutrophication (Ball et al. 2000; Dokulil and Teubner 2010; Johnson and McNicol 2010; Hwang 2020),
mechanistic knowledge on their interactions is only beginning to emerge (Binzer et al. 2012, 2015; Cross

et al. 2015; Schmitz and Rosenblatt 2017; Rho and Lee 2017; Ruiz et al. 2020).

While warming tends to stabilize population dynamics and increase primary productivity (O’Connor et
al. 2009; Fussmann et al. 2014), it can also decrease biomass standing stocks through increased
consumer control of primary production, ultimately leading to consumer starvation (O'Connor et al.
2009; Rall et al. 2012; Fussmann et al. 2014; Uszko et al. 2017; Marx et al. 2019). Increases in nutrient
availability may help buffer this effect by increasing the energy entering the system (Binzer et al. 2012,
2015). A prior study found that temperature directly affects plant nutrient uptake rate by increasing the

maximum uptake rate and half-saturation density of N and phosphorus (P) uptake (Marx et al. 2019).

Increasing nutrient availability has been studied mostly as a factor that increases the quantity of plant
primary production. Low nutrient supply can cause starvation of higher trophic levels due to low plant
biomass (Fussmann et al. 2014). High nutrient supply is not necessarily better — it can also cause
consumer extinction due to unstable oscillations (Rosenzweig 1971; Rall et al. 2008). In addition to these
effects on population dynamics, nutrient availability changes can also trigger variation in plant

stoichiometry and thus resource quality for herbivores (Persson et al. 2010; Sardans et al. 2012).

Several lines of evidence have shown large differences in plant stoichiometry among and within
species due to genetic and physiological mechanisms, and to the heterogeneity in the availability of
nutrients in the environment. Plants display variable stoichiometric homeostasis, adjusting their
elemental content in response to that of the environment. Stoichiometric homeostasis (from
flexible/plastic to strict homeostasis) can vary widely among plant types. For example, vascular plants
appear to be less flexible than algae (Yu et al. 2011). Furthermore, the degree of homeostasis is related to
the heterogeneity of the environment. Plants that face variable nutrient availability in their habitat

show a higher capacity to store nutrients, and therefore have higher plasticity (Meunier et al. 2014;
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Puche et al. 2018). Meunier et al. (2014) found that responding to varying environmental conditions by
storing nutrients when available (i.e,, flexible stoichiometry) is advantageous. In addition, homeostatic
regulation can vary between nutrients. Yu et al. (2011) found variations of +22-25% in N and +30-50% in
P content in aboveground plant tissue across different levels of nutrient availability. Together, these

studies indicate considerable variation in the tissue stoichiometry of plants across sites and species.

Nutrient content in plant tissue is likely to be impacted by global changes such as rising temperatures
and increasing nutrient deposition (Rosenblatt and Schmitz 2016). Changing nutrient content means
changes in the food quality that plants provide for higher trophic levels (Johnson and McNicol 2010). In
this way, the effects of global change drivers on plants will propagate upwards to affect higher trophic
levels. Compared to plants, animals have low to no flexibility in their stoichiometric composition, likely
due to their more complex body architecture and lack of nutrient storage mechanisms (Sterner et al.
2002; Persson et al. 2010; Yu et al. 2011; Meunier et al. 2014). The difference between plant and herbivore
elemental ratios and the potential, unpredictable variation in plant stoichiometry can be problematic
for herbivores (Logan et al. 2004). Herbivores can mediate this stoichiometric mismatch and maintain
homeostasis by changing their feeding decisions and increasing their food intake through
compensatory feeding (Logan et al. 2004; Johnson and McNicol 2010; Jochum et al. 2017). This
compensatory behaviour by herbivores in reaction to changing plant nutrient content may, in turn, have
effects on plants (Johnson and McNicol 2010). It is, therefore, necessary to consider both bottom-up
(flexible stoichiometry) and top-down (compensatory feeding) effects to predict how ecosystems may

respond to changing conditions (Rosenblatt and Schmitz 2016).

Theoretical and empirical evidence has shown that the parallel change in temperature and nutrient
availability interactively affects communities (O'Connor et al. 2009; Binzer et al. 2012, 2015; Sentis et al.
2014, 2017, Malzahn and Doerfler 2016; Ruiz et al. 2020). However, previous models of population
dynamics under global change have neither included flexible stoichiometry in plants nor
compensatory feeding in herbivores. Flexible stoichiometry can increase or decrease the
stoichiometric mismatch between plants and herbivores and, therefore, may buffer or aggravate the
effects of changing temperature and nutrient availability. Similarly, compensatory feeding could help
herbivores to buffer the adverse effects of an increasing mismatch. Consequently, we should explore
the impact of flexible stoichiometry in plants and compensatory feeding in herbivores along gradients

in temperature and nutrient availability.

In this study, we use a population-dynamics model integrating nutrient-plant and plant-herbivore
interactions to address (1) how flexible stoichiometry and compensatory feeding affect population
dynamics, stoichiometric mismatch, and carbon (C) storage in a tri-trophic nutrient-plant-herbivore

system and (2) how these strategies affect the survival and biomass of plants and herbivores in a world
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faced with warming and changes in nutrient availability. We simulate the nutrient-plant-herbivore
system (N represents the nutrients) using three models (Figure 1). We start from a baseline model,
including the temperature dependencies of (1) plant nutrient uptake, (2) the herbivore feeding rate, and
(3) the plant and herbivore metabolic rates. In the second model, we allow plants to adjust their N:.C ratio
by changing their C uptake as a function of N uptake, depending on nutrient availability (flexible
stoichiometry model). In the third model, in addition to flexible stoichiometry, we give our herbivores
the ability to adapt their feeding rate to the N:C ratio of their plant resource (compensatory feeding
model). As compensatory feeding is a direct reaction to the varying plant N.C ratios, we refrained from
running a model with compensatory feeding but without flexible stoichiometry, which would yield the
same dynamics as the baseline model. We hypothesize that flexible plant stoichiometry should allow
for higher biomass production even at low nutrient supply, along with a decrease in the plant N:C, as

plants consume more C relative to N (compared to the baseline model).

Consequently, we expect a reduction in herbivore biomass as the stoichiometric mismatch between
them and their food increases. Compensatory feeding should help alleviate this effect and lead to an
increase in herbivore biomass. We also expect warming to decrease plant and herbivore biomasses,
while higher nutrient availability should lead to higher biomasses. If both vary simultaneously, we
expect interactive effects, with the adverse effects of warming being more severe in systems facing
pressure from nutrient limitation. Flexible stoichiometry and compensatory feeding are likely to
counteract the warming and nutrient effects under certain conditions but may aggravate them in more

extreme cases.
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Figure 1 Conceptual figure showing the structure of our three models: baseline (left), flexible stoichiometry (middle)
and compensatory feeding (right). The model terms are shown in the baseline panel with N as the environmental
nitrogen pool, Pc and Py as plant nitrogen and carbon respectively, and H as the herbivore pool. The pools interact
by plant nutrient uptake Fp, herbivore feeding Fr, assimilation efficiency ex and plant and herbivore metabolism
mp and my. The environmental carbon pool and the herbivore nitrogen pool are included here for clarity, even
though we do not explicitely model them. The blue arrow shows the flexibility in plant N:C ratio in the flexible
stoichiometry model, the red arrow represents the potential increase in herbivore feeding in the compensatory
feeding model

Methods

Carbon-Flow Models

This study explores the role of flexible stoichiometry and compensatory feeding for plant and herbivore
growth under various temperatures and nutrient supplies. We simulate a tri-trophic system consisting
of a nutrient, a plant, and a herbivore pool across three different carbon-flow models and a range of
temperature and nutrient conditions. As one of the more abundant elements in plant and animal tissue,
our model uses nitrogen (N) to represent the nutrients. All other elements are pooled together with
carbon (C) for the sake of simplicity in this model. We use C as a proxy for total biomass in this study,

as it is the most abundant element in both plant and animal tissue.

The first model is our baseline (Fig. 1 left, Egs. 1-4), where plants have a fixed stoichiometry, and
herbivores cannot vary their feeding rate. It is similar to many prior models (Ceulemans et al. 2019), but
it adds the temperature-dependent plant nutrient uptake, simplified from the model in Marx et al. (2019).

In this model, the temperature-dependent uptake of N regulates plant growth. Since the plant is
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simplified to consist of only N and C, the plant C uptake is given by multiplying N uptake with the
inverse of the N:.C ratio. We use this model as a starting point to which we compare the models including
flexible stoichiometry and compensatory feeding as strategies. Our second model adds flexible
stoichiometry (Fig. 1 middle, Eq.5). In this model, the N:C ratio of the plant, which regulates the C uptake,
varies depending on the N availability (Figure 2a). We also add a more realistic herbivore assimilation
efficiency dependent on plant N:C ratio (Figure 2b; Eq. 6). The third model adds compensatory feeding
by the herbivore (Fig. 1right), allowing the herbivore to take in more plant material as the plant N:C ratio
decreases. In this model, the herbivore feeding rate is directly dependent on the plant N:C ratio (Figure
2¢; Eq. 7). As compensatory feeding is directly dependent on the plant N.C ratio, our compensatory

feeding also includes flexible stoichiometry in the plant.

Our carbon-flow models consist of an environmental N pool (»), a plant N pool (Py), a plant C pool (Pg),
and an herbivore pool (H) also expressed in terms of C units We do not explicitly model the
environmental C pool, assuming that C is always available in sufficient amounts. The plants’ N uptake
depends on their biomass (expressed as plant C). We do not explicitly model herbivore N, as, due to the
fixed body stoichiometry, it can be directly inferred from the C content. N is recycled from plant and
herbivore metabolism. We assume that the biomass lost through metabolism has the same N:C ratio, as
is found in the organisms. We also assume that N is perfectly assimilated, and only C is lost due to low

assimilation efficiency.

In the baseline model, environmental N is expressed by:
S = D(Sy = N) = F + 2mpP; + rymyH 1)
C

where Dstands for the system turnover rate, Svis the N supply rate. mpand meyare the metabolic rates
of plant and herbivore, respectively. ris the N:C ratio in herbivore tissue. Fis the functional response
for the plant N uptake given by:

VNN

Fo =
P KN+N

Pe (2)

where Vwrefers to the maximum N uptake rate, and Kvis the half-saturation density. Here, the N uptake

directly relates to plant biomass (Pc). This equation is equivalent to a type II functional response.

The herbivore feeding follows a type III functional response and is given by:

fuPl
Fa= el ®

The plant C uptake is given by multiplying plant C:N with the N uptake.
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The equations for the plant N and C compartments write;

ap P P

d—:leP—P—ZFH—P—IZmPPC (4)
ap P

d_t.cziFP_FH_mP*PC (5)

Then, the growth rate of the C biomass of the herbivore is defined as

Z—Z =eyFy —myH (6)

Where exstands for the assimilation efficiency of the herbivore. 7zis their feeding rate, and Kxthe half-
saturation density. A is the Hill-exponent, which shapes the functional response of the consumer. The
loss from the plant N pool to the herbivore is given by multiplying herbivore feeding with the plant N:C
ratio. We assume the proportion of N and C transferred from the plant to the herbivore to be equivalent

to the plant N:C ratio.

In the flexible stoichiometry model, the plant N:C ratio is related to N availability. Higher environmental
N availability will increase N:C ratio, following a saturating hyperbolic curve up to the maximum N:C
ratio (Figure 2a). The result is a decrease in the C uptake relative to the N uptake, as expressed by:

dpP 1
—f= F *Fp —Fy —mp * P¢ (7)
dt ((maxNC—minNC)*mﬁminNC

here maxNCand minNC are the minimum and maximum N:C ratio of the plant, respectively.

In this model, the herbivore assimilation efficiency is dependent on their plant N content (Jochum et

al. 2017) and given by:

logit(ey) = a (PCF;";N *100) + b 8)

aand bare constants standing respectively for the slope and intercept of this relation.

In the compensatory feeding model, herbivore feeding rate is also related to the plant N:C ratio:
fa=s () ma+y 9

sand yrespectively being the slope and intercept of this relation.
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Figure 2 N-dependent model parameters. A) Plant N'.C dependence on N availability;, B) Herbivore assimilation
efficiency based on plant N.C; C) Herbivore maximum feeding related to plant N:C ratio.

Parameters

We parameterized the models using literature data for both temperature-dependent and temperature-
independent parameters. We set the temperature-independent parameters to the following values: We
use a value of 0.1[1/day] for the turnover rate J, meaning that the system’s nutrients are renewed every
ten days (Cebrian 1999). The Hill exponent, A, we set to 1.2, giving the herbivore a type III functional
response (Vucic-Pestic et al. 2011; Kalinkat et al. 2013). Plant mean N:C ratio is 0.028 based on Elser et
al. (2000a). For the plasticity in the N:C ratio of the plants, we used the values reported by Yu et al. (2011),
who found a variation of about 25% for plant N:C, meaning that in the flexible stoichiometry model,
minncis 0.037 and maxwe0.022. The herbivores have a much higher N:C, which we set to 0.154, based on

Elser et al. (2000b).

We extracted normalization constants and activation energies for the temperature-dependent
parameters from previous studies (Table 1). In Marx et al. (2019), we have established the relation
between temperature and plant nutrient uptake, providing an alternative to the commonly used logistic
plant growth, where the temperature dependence came from temperature-dependent carrying
capacity. We use that same temperature-dependent nutrient uptake here (Vv [g m? day] & Kv[g m?),
in addition to temperature-dependent metabolic rates (mp[day?] & mx[day!]), herbivore feeding rate (£
[day]), and half-saturation density (Xz[g m™]). The parameters used for the assimilation efficiency and

compensatory feeding are based on Jochum et al. (2017) (Table 2).
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Model runs

We ran our models over a temperature gradient of 0° to 40°C. To simulate realistic N supplies, we ran

the models over a gradient-based on a literature survey reported by Marx et al. (2019), which ranges from

0.075 mg N/m?/day up to 3.757 mg N/m?/day.

The starting densities of our plant N, plant C, and herbivore pools were drawn randomly from values

between 4 and 6 times the plants’ extinction threshold and 2-3 times the extinction threshold for

herbivores. We did 50 runs with 2000 timesteps (days) each. We performed all of our model-runs and

the analysis in R ver. 3.6.1 (www.r-project.org) using the r package “odeintr” (Keitt 2017).

Table I: Temperature-dependent parameters

Normalization

Parameter Definition Constant

VN Nitrogen maximum 0.17
uptake rate

Kn Nitrogen half-saturation  0.32
density

Ku Herbivore half- 1.00
saturation density

me Plant metabolism 0.01

mH Herbivore metabolism 2.56

Table 2: Parameters for assimilation

efficiency and compensatory feeding

equations from Jochum et al. (2017)

Parameter Value

a 0.47

b -2.10

y 0.48

S 2.28
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Activation
Energy
0.22

0.08

-0.12

0.69

0.67

Source
(Marx et al. 2019)

(Marx et al. 2019)

(Fussmann et al. 2014
Mulder and Hendriks 2014)
(Ryan 1995; Cannell 2000;
Brown et al. 2004)

(Brown et al. 2004; Lang et
al. 2017)
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Results

With our three models — (1) baseline, (2) flexible stoichiometry, and (3) compensatory feeding (see Fig. 1
for an overview) — we aimed to identify the impact of the strategies on communities under different
temperature and nutrient conditions. The biomasses resulting from our model runs give us insight into

the mechanisms driving plant and herbivore growth, and interaction rates.
Model comparison

We start our analysis with an example of time series under mesotrophic conditions at 20°C (Figure 3).
Compared to the baseline model, flexible stoichiometry increases plant biomass, i.e. the plant carbon
(C) pool, substantially (Figure 3A) while it slightly decreases the plant nitrogen (N) pool (Figure 3B).
These two patterns cause a significant decrease in plant N:C ratio compared to the baseline (Figure 3C).
It seems that under mesotrophic conditions, the plants still tend to a N:C ratio lower than the average
used in the baseline model. The low N:C ratio in the flexible stoichiometry model causes a decrease in
herbivore food quality. Although this reduction in quality causes a more considerable mismatch
between plant and herbivore stoichiometry, the increase in food quantity resulting from the higher
plant biomass production increases herbivore biomass under flexible stoichiometry (Figure 3D).
Surprisingly, the herbivore’s compensatory feeding decreases not only plant biomass (Figure 3A) but

also the herbivore's biomass (Figure 3D) relative to the model with flexible stoichiometry.
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Figure 3: Time-series of the baseline, flexible stoichiometry and compensatory feeding models under
mesotrophic conditions at 20°C. A) shows plant carbon biomass, B) plant nitrogen, C) plant N:C ratio, and D)
herbivore biomass.

Temperature

Increasing temperature decreases biomasses in nutrient-plant-herbivore systems (Marx et al. 2019). To
explore whether flexible stoichiometry and compensatory feeding strategies are beneficial under
various temperature conditions, we ran our models over a temperature gradient from 0 to 40°C. While
the time series always reach equilibria, we find alternative stable states depending on the starting
conditions above a certain temperature threshold. Above this threshold, some starting densities allow

for the survival of both plants and herbivores, while others lead to herbivore extinction or extinction of

both (Figure 4).
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Figure 4. Frequency of survival scenarios across temperature. In yellow are the runs where both plants and
herbivore survive, green are the runs where the plant survives, but the herbivore goes extinct and black shows the
runs in which both species go extinct. Plot A shows the baseline model B is the model with flexible stoichiometry,
C shows the compensatory feeding model.

Overall, we found our expectation of decreasing plant biomass with temperature confirmed in all
models (Figure 5A). This decline is nearly linear in all models, up to a certain temperature threshold
above which we find the alternative stable states described above. Flexible stoichiometry leads to
higher plant biomass under most temperature conditions (up to 37°C). At these temperatures, the

compensatory feeding of the herbivore causes a slight decrease in plant biomass compared to the
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baseline model. Interestingly, at very high temperatures (above 38°C), the compensatory feeding model

allows for the survival of the plant in some runs where the other models always lead to plant extinction.

Herbivores also experience a biomass decline with warming (Figure 5B). Here, too, a temperature
threshold can be identified, after which we find alternative stable states. Flexible stoichiometry in
plants leads to overall higher herbivore biomass. Increased plant growth under flexible stoichiometry
means a higher food availability for the herbivore, buffering the herbivore biomass decline with
temperature. The high food supply also allows for herbivore survival up to higher temperatures
independent of starting conditions. Surprisingly, compensatory feeding decreases the herbivore
biomass compared to the flexible stoichiometry model, at most temperatures, but increases it compared
to the baseline, just as we have previously seen in the time series (Figure 3). However, at very high
temperatures, compensatory feeding allows the herbivores to survive under some starting conditions,

where the flexible stoichiometry and baseline model both lead to extinction in all runs.
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Figure 5: Bifurcation diagrams of equilibrium biomasses of plants (A) and herbivores (B) under mesotrophic
conditions (0.00197 mg N/m?/day) across a temperature gradient.

Nutrient availability and temperature

In addition to temperature, we also varied nutrients on a realistic gradient of oligotrophic (0.075 mg
N/m?/day) to eutrophic (3.757 mg N/m?/day) conditions. The effect of nutrient supply is mostly visible

in the herbivore biomass, while plant biomass production is mainly driven by temperature (Figure 6 left
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side). We find that higher nutrient supply leads to higher herbivore biomass (Figure 6 right side). This
pattern is evident at low temperatures, whereas high temperatures lead to overall low biomass even
under high nutrient supply. In the baseline model (Figure 6B), nutrient supply is very relevant for
herbivore survival even at comparatively low temperatures. The higher the temperature increase, the
more nutrient supply is necessary to buffer the negative effect of temperature on herbivore biomass
and survival. Adding flexible stoichiometry to the model removes this combined negative effect of high
temperature and low nutrient supply (Figure 6D). Here, herbivores survive under all nutrient conditions
up toamuch higher temperature. With compensatory feeding (Figure 6F), the herbivore biomass pattern
resembles the baseline model, but with extinctions starting at higher temperatures. The temperature at
which the herbivore goes extinct regardless of nutrient supply increases in the compensatory feeding

model compared to the baseline.
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Figure 6: Heatmaps of the plant (left) and herbivore (right) biomass for the baseline model (A & B), the flexible
stoichiometry model (C & D), and the compensatory feeding model (E & F). Black areas mean extinction.

Discussion

We explored the effect of flexible plant stoichiometry and herbivore compensatory feeding on a
nutrient-plant-herbivore system across various temperatures and nutrient availability levels. We
confirmed previous findings that warming tends to decrease biomass, while a higher nutrient supply
increases biomass. There are alternative stable states at high temperatures, with some model runs
leading to extinctions, while others allow for survival depending on the starting conditions. Adding

flexible plant stoichiometry increases both plant and herbivore biomass up to a specific temperature.
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Flexible stoichiometry also increases plant and herbivore survival under more adverse conditions like
low nutrient supply or high temperature. Surprisingly, adding compensatory feeding decreases
herbivore biomass as compared to the flexible stoichiometry only model. In the baseline and the
compensatory feeding models, the herbivore faces extinction at a combination of high temperature and
low nutrient supply, confirming that the level of nutrients sufficient to sustain the populations at a low
temperature is not enough at higher temperatures (Klock 1995). However, this effect was removed in the

flexible stoichiometry model due to the overall higher primary production.

Warming increases plant growth rate by increasing the maximum nutrient uptake but decreases
biomass production by the comparatively higher increase in metabolism (Marx et al. 2019). Allowing the
plants to change their stoichiometry increases their biomass production under all conditions, including
high temperatures or low nutrient availability. If we allow flexibility in the plant stoichiometry, the
resulting lower N:C ratios reduce the food quality for the herbivore. Temperature and food quality can
have an interactive effect on herbivore biomass. At low temperatures, higher food quality will likely
increase herbivore biomass. However, high-quality food may not be enough to counteract the increased
metabolic demand associated with warming (Brown et al. 2004; Malzahn and Doerfler 2016; Lang et al.
2017). Despite the lower food quality, flexible stoichiometry increases herbivore biomass independent
of temperature and allows herbivores to survive higher temperatures. Even at high temperatures, low
food quality and high herbivore metabolism appear to be counteracted by the increasing food
availability resulting from increased plant growth. This increased plant growth at low temperatures and
nutrient availability would likely increase unstable dynamics found under such conditions in more
complex systems (Binzer et al. 2012). Simultaneously, flexible stoichiometry could reduce the starvation
effect at high temperatures, associated with the reduced flow of energy from the basal species to the

top consumers (Binzer et al. 2012).

We expected compensatory feeding to be a beneficial strategy for the herbivores, allowing them to
compensate for the stoichiometric mismatch by increasing their food intake. However, our results point
in the opposite direction. Compensatory feeding led to lower biomasses of plants and herbivores, which
caused herbivore extinction at high temperatures and low nutrient supplies. Most likely, the substantial
mismatch between plant and herbivore stoichiometry at high temperatures increased the herbivore
feeding rates to a level of 'overfeeding.' Thereby, the herbivores deplete their resource to a density that

is too low for their survival.
Potential implications

Up to a specific temperature, flexible stoichiometry allows the plants to reach higher biomasses.
However, at high temperatures after herbivore extinction, the baseline model without flexible

stoichiometry appears to be more beneficial. These results suggest that there might be a tradeoff as the
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decreasing N:C ratio under flexible stoichiometry could cause the plants to lose their N buffer. Therefore,
plants without flexible stoichiometry should benefit and dominate the plant pool if the temperature

reaches extremes under global warming.

The effect of warming on plant N:C depends on the climate and the plant type (Sardans et al. 2012;
Rosenblatt and Schmitz 2016). Sardans et al. (2012) found no change or a decrease in N:C in dry terrestrial
systems, a decrease in plant N:C with warming in temperate and warm-dry systems, and varying results
in temperate and cold systems without water limitation. On average, warming decreases autotroph N:C,
which could be driven by the direct effects of temperature on nutrient uptake rates (e.g., through the C-
enrichment effect, an increase in C-rich compounds relative to the N-rich metabolites, increased N use
efficiency, or an increase in C fixed per unit N (Sterner et al. 2002; Sardans et al. 2012). Further, this
response could be driven by an indirect effect of communities shifting their composition towards

species with more flexible stoichiometry.

Increases in feeding rates as we modelled them in the compensatory feeding model could have
implications for plants of economic importance. Higher feeding rates of plant pests could have
detrimental effects on crop yields. However, we found that compensatory feeding, as we modelled it,
leads to resource depletion starving out the herbivore, after which the plants can recover and increase
their biomass. It seems that compensatory feeding is too costly for the herbivore, and we expect to see

less compensatory feeding at high temperatures.

Decreases in plant N:C ratio and thereby food quality for the herbivores could lead to local communities
of herbivores with a lower optimum N:C ratio. Herbivore communities with a high N:C ratio may collapse
due to the homeostatic costs if the mismatch between plant and herbivore N:C reaches a certain
threshold (Anderson et al. 2005). In our models, the decreasing food quality did not decrease herbivore
biomass, which could mean that we do not reach this mismatch threshold under the conditions that we

explore in our models.
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Caveats

We based our models on the assumption that plants can be flexible in their stoichiometry, whereas
animals are homeostatic in their elemental composition. Although animals are certainly less flexible
in their stoichiometry, there is still variation in the degree of homeostasis (Persson et al. 2010).
Therefore, it is possible that shifts in plant communities towards those with higher flexibility and the
resulting lower food N:C ratio would cause shifts in herbivore communities to those with higher

flexibility.

We also assumed that if plants are flexible in their uptake, they will maximize their growth, thereby
decreasing their N content due to the dilution effect (Sterner et al. 2002). However, Puche et al. (2018)
found that the combination of increasing temperature and nutrient availability increased plant N
content but not their growth. They suggest that the capacity for luxury consumption and N storage
increases with temperature. However, they only found this for plant populations from previously N-rich
environments. Hence, the environmental conditions to which plant species are adapted appear to affect
their response to elevated temperature and nutrient supply substantially. The consequences of varying
initial environmental conditions and different degree of plant stoichiometric flexibility need to be

addressed in future studies.
Future directions

Climate change is projected to significantly increase the amount of N ending up in the waterways, due
to an increase in the frequency and intensity of rainfalls (Sinha et al. 2017). The negative consequences
of higher N availability is already visible in toxic algae blooms further exacerbated by warming (Paerl
et al. 2016). Elevated N deposition also has adverse effects on terrestrial ecosystems, for example, by
reducing plant diversity (Simkin et al. 2016). An exciting and relevant future application of our model
with flexible stoichiometry would be to investigate the effect of such massive increases in N availability

on the growth rates of plants and the ability of herbivores to keep the plant biomass in check.

A world consisting of only C and N is severely simplified. Adding other nutrients into the equation - the
most prominent of which would be phosphorus (P) - is an obvious extension of this model. With such
an extension, we could explore the effect of stoichiometric flexibility under conditions of P limitation.
Compared to N, the magnitude of human-driven P deposition is lower (Sardans et al. 2012). As a result,
increasing N will not necessarily increase plant growth due to potential P limitation. For phosphorus,
Yu et al. (2011) found a variation of up to +- 50% around the mean P:C ratio. We tested the effect of such
high flexibility in our model and found similar outcomes (results not shown). In terms of the flexible
stoichiometry effect, our model is therefore likely transferable to phosphorus. The material lost through

herbivore metabolism currently has the same N:C ratio as the herbivore tissue. This assumption may
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not be realistic, as consumers can retain specific elements if they become limiting. However, there may
be a difference between the retention of P and N. For example, in the model used by Logan et al. (2004),
N is excreted by the consumers, while P is sequestered. If herbivores can retain all or most of the P they
consume, phosphorus limitation from food would be less challenging than N limitation. It would be
interesting to explore whether the ability of herbivores to retain P is enough to counteract P limitation.
However, N is most likely the nutrient for which high-quality food, i.e, food with a high nutrient to

carbon ratio, is most important.

Rising levels of atmospheric CO2 levels could have a further impact on plant N:.C ratios. Zvereva et al.
(2006) reviewed studies on plant quality as food for herbivores under elevated temperature, elevated
CO», and a combination of both. They found that N concentration in plant tissue decreased under
elevated CO2 (see Rosenblatt & Schmitz (2016). However, rising temperatures can mitigate this effect,
which is also highly species and context-specific (Robinson et al. 2012). Herbivore performance is
negatively affected by increases in temperature, but positively if CO2 rises simultaneously, possibly due
to the rise in C demand from higher metabolic rates (Zvereva and Kozlov 2006; Malzahn and Doerfler
2016). The COz level could impact plant chemistry, especially at intermediate N supplies, by influencing
the steepness of the curve between the minimum and maximum plant N:C ratios. This finding shows
how important it is to look at several global change factors in parallel instead of studying them in an
isolated way. It would therefore be an interesting addition to run the three models under a range of CO2

concentrations.

The threshold elemental ratio (TER) is the ratio at which elements should be present in the prey for the
consumer to reach their maximum growth (Frost et al. 2006). A food stoichiometry above or below this
threshold can induce growth limitation. This so-called 'stoichiometric knife-edge' may also be
impacted by temperature (Schmitz and Rosenblatt 2017; Ruiz et al. 2020). The potentially U-shaped
relation between TER and temperature would mean that under low or high temperatures, the mismatch
between plant and herbivore stoichiometry would have a more substantial adverse effect on the
herbivore than at intermediate temperatures (Ruiz et al. 2020). Including the TER into the model and
making it temperature-dependent could give us insights into the combined effect of increasing
temperatures and nutrient availability on herbivore growth with and without flexible stoichiometry in

the plants.

Of course, plants and herbivores do not live in an isolated system with their nutrients as the basal
resource. In reality, they are part of a more complex system consisting of many species arranged in
complex food webs with more trophic levels (Brose et al. 2019). Extending our model approach to
complex food webs would allow us to explore further the bottom-up and top-down effects of flexible

stoichiometry and compensatory feeding. The decreasing N:.C ratios we found with flexible
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stoichiometry could lead to a starvation of the higher trophic levels, especially under adverse conditions
like low nutrient supply or high temperature. However, the specific topology of natural food webs can
change the biomass dynamics and survival rates under warming substantially (Gauzens et al. 2020). In
a complex food web, consumers could adapt their diet to variations in food quality by changing the
consumption rates over different resource species depending on their needs. Switching prey could
decrease the importance of compensatory feeding in natural food webs. Omnivorous consumer species
could even shift their preferences to feed more on plants than animals if warming increases their C

demand through rising metabolic rates (Boersma et al. 2016; Carreira et al. 2016).
Conclusion

We investigated if flexible stoichiometry in plants and compensatory feeding in herbivores are
beneficial strategies, especially when faced with warming or changes in nutrient availability. We found
that flexible stoichiometry led to higher biomasses and increased survival under most conditions,
thereby counteracting some of the negative impacts of moderate warming or low nutrient supply. As a
result, we would expect a shift in communities towards plant species that display flexible stoichiometry
under warming conditions. However, under very high temperatures, flexible stoichiometry might
become too costly and is not necessarily beneficial anymore. Surprisingly, compensatory feeding does
not appear to be a good strategy for herbivores under most conditions. Hence, we would expect this
strategy to occur at a low frequency in warmer climates. Our findings highlight the importance of
integrating adaptive and behavioural plasticity in population-dynamic models that address the

consequences of global warming and eutrophication.
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2| Findings & Implications

1| Synopsis

The world's ecosystems face the combined pressure of many anthropogenic global change drivers,
including warming and changing nutrient cycles. As outlined in the introduction, these pressures take
effect in biological systems through all kinds of pathways. To predict how global change will affect
biomass production and the provision of ecosystem services, we must understand the effect of warming
and nutrient supply on the processes underlying ecosystem functioning. Countless studies have
investigated different aspects of ecosystem response to global change (e.g. Petchey et al. 1999; Brose et
al. 2012; Domis et al. 2014; Cross et al. 2015; Binzer et al. 2015). Despite this wealth of literature, we still
lack understanding of some of the pathways through which global change drivers influence ecosystem
functioning. For example, the mechanisms behind the effect of warming on plant growth remain poorly

understood.

Many of the rates and ratios determining biological interactions vary with temperature or body mass
(Petchey et al. 1999; Savage et al. 2004; Vucic-Pestic et al. 2010; Ehnes et al. 2011; Englund et al. 2011; Rall
et al. 2012). In addition to these sources of variation, organisms have an inherent ability to adapt to
changing situations, e.g., by varying their elemental ratios or changing biological rates (Cruz-Rivera and
Hay 2000; Klausmeier et al. 2007; Hillebrand et al. 2009; Bonachela et al. 2011; Jochum et al. 2017). The
temperature-dependence of biological rates and organism responses to environmental pressures have
the potential to severely affect model outcomes with respect to the direction or magnitude of the effect
of global change (Vasseur and McCann 2005; Sistla and Schimel 2012; Moorthi et al. 2016; Kwiatkowski
et al. 2018). Furthermore, interactive effects of several global change drivers come into focus more and
more often, but there are still gaps in our knowledge of how these interactions might aggravate or

mitigate any adverse effects of global change (Oliver and Morecroft 2014; Rillig et al. 2019).

In this thesis, I addressed some of these gaps in our understanding of the mechanisms and pathways
through which global change affects bioclogical systems by investigating the following questions:

(1) How do the global change drivers of warming and changing nutrient supply interact to affect the flow
of elements and energy between the environment, plant and herbivore populations? (2) What role does
temperature play in determining plant nutrient uptake rates? (3) What is the effect of temperature-
driven plant nutrient uptake on community biomass production under warming and different nutrient
supplies? (4) How does flexible plant stoichiometry mediate the effect of warming and nutrient supply
on plant and herbivore growth and interaction? (5) Is compensatory feeding a helpful strategy for
herbivores to meet the challenge of low food quality? (6) How relevant are the currently understudied
mechanisms of temperature-dependent plant nutrient uptake, flexible stoichiometry and
compensatory feeding for accurate prediction of population dynamics, biomass production and

ecosystem service provision under global change?

59



General Discussion

[ approach these questions by extending current models with temperature-dependent plant nutrient
uptake and developing models in which the plants and herbivores can respond to environmental
conditions, respectively, by adapting their stoichiometry and feeding rate. These models allow me to
contribute to the discussion of how population dynamics, biomass production and the provision of
ecosystem services are affected by global change (see, e.g., Yvon-Durocher et al. 2010; Traill et al. 2010;

Domis et al. 2014; Cross et al. 2015; Dee et al. 2017).

2 | Findings & Implications

To begin answering the questions above and learn about the mechanisms causing the temperature-
dependency of plant growth, I established temperature-dependent plant uptake rates of two essential

nutrients: nitrogen (N) and phosphorus (P).

Using literature reports of experimental measurements, I found positive activation energies for the
kinetic parameters of half-saturation density and maximum nutrient uptake rate for both nutrients.
Positive activation energy means the parameter increases with temperature. Finding positive
activation energy for maximum nutrient uptake rate tells us that the nutrient uptake curve's saturation
point shifts upwards with increasing temperature. Therefore, if the environmental nutrient supply is
high enough for plants to approach their maximum uptake rate, their nutrient uptake rate increases
with warming. In contrast, the positive activation energy of the half-saturation density (nutrient supply
at which half of the maximum uptake rate is reached) causes a decrease in nutrient uptake efficiency

at low environmental nutrient density with warming.

The variation in activation energies is higher for P than N, consistent with the observation that plants
appear to be more variable in their handling of P than of N (Gifford et al. 2000; Elser et al. 2007; Yu et al.
2011; Richardson et al. 2011; Sardans et al. 2012). The comparatively higher activation energy of the
maximum uptake rate of P than of N could indicate a shift from P- to N-limitation as plants optimize
their P uptake, but cannot keep up with their comparatively higher N demand (Elser et al. 2000a). On the
other hand, the increasing N supply from anthropogenic sources may allow plants to operate close to
their maximum uptake rate for N, while the comparatively lower P supply means that plants cannot

fully use the increase in uptake potential under warming (Howarth 2004; Sardans et al. 2012).

Using this temperature-dependent nutrient uptake as a basis for plant growth, I simulated a nutrient-
plant-herbivore community across a temperature gradient under different nutrient supply scenarios.
Community biomass production decreased with warming and increased with nutrient supply. The plant
carrying capacity is often expected to be independent of, or decrease with, warming (Uszko et al. 2017).
Combining the findings from the meta-study in chapter 1 on activation energies of maximum nutrient

uptake rates (0.22 for N, 0.3 for P uptake) with literature data on the activation energy of plant
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metabolism (0.64) indicates a decline in plant carrying capacity with warming, as metabolism increases

more strongly than maximum nutrient uptake.

The initial climatic conditions of a system are likely to mediate the effect of a temperature rise, with a
more substantial impact expected in already warm systems (Deutsch et al. 2008; Dillon et al. 2010;
Sunday et al. 2011). Simulating a temperature increase of 4°C above the annual temperature average, [
found a more substantial reduction in biomass production in regions with a higher baseline
temperature than in initially cooler areas. In an already warm system, the temperature increase is more
likely to tip the community over the edge of the ecologically feasible temperature range. In general,
fertilization amplified the negative effect of warming on biomass production. Interestingly, under
fertilization, the effect of warming by 4°C was more pronounced in regions with colder initial
temperatures. Consequently, increasing nutrient supply can invert the relation between initial climatic
conditions and vulnerability to warming, highlighting the importance of combining global change

drivers in our models (Kratina et al. 2012; Domis et al. 2014; Cross et al. 2015; Binzer et al. 2015).

Making realistic predictions of changes in the flow of elements and energy through a nutrient-plant-
herbivore system also means including flexibility in plant stoichiometry. Allowing plants to vary their
carbon (C) uptake depending on N availability caused an increase in both plant and herbivore biomass.
Evidently, the increase in primary production is sufficient to fully compensate for the decline in food
quality for the herbivore. In other words, high quantity made up for low quality. Flexible stoichiometry
in the plants also improved the herbivore's chances of survival when faced with adverse conditions like

low nutrient supply or high temperature.

When herbivores face variable nutrient supply in their resource, it is only logical for them to develop a
response mechanism like compensatory feeding (Cruz-Rivera and Hay 2000; Berner et al. 2005; Fink
and Von Elert 2006; Suzuki-Ohno et al. 2012; Iannino et al. 2019). Interestingly, increasing feeding rates
to compensate for low-quality food did not increase herbivore biomass. Instead, both plant and
herbivore biomasses were lower in the compensatory feeding model than in the model with flexible
stoichiometry only. The substantial decline in food quality causes such a large increase in herbivore
feeding rate that they deplete their resource by 'overfeeding'. Under particularly adverse conditions, this
increased top-down pressure can decrease plant biomass sufficiently to drive the herbivore into
extinction. The extinction threshold depends on a combination of temperature and nutrient supply.
Under oligotrophic conditions, we see extinctions at lower temperatures than under eutrophic
conditions. The parallel increase of temperature and nutrient supply could decrease extinction pressure
for herbivores, once more highlighting the importance of combining several global change drivers to

make accurate predictions.
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Accurately predicting biomass production and ecosystem service provision requires knowledge of
whether and how the model extensions of temperature-dependent nutrient uptake, flexible
stoichiometry, and compensatory feeding mediate the effects of warming and nutrient supply (Kremen
2005). In both of my research chapters, I found decreasing community biomass with warming. In
chapter 2, I showed that flexible plant stoichiometry leads to an increase in biomass production, while
at the same time decreasing the quality due to higher C:N ratios. Compensatory feeding decreased
overall biomass production. Both biomass quantity and quality play a role in ecosystem service
provision (de Groot et al. 2002; Finney et al. 2016). Whether biomass production or C to nutrient ratio is
most important depends on the ecosystem service in focus (Finney et al. 2016). I will now discuss the

implications of my findings for a few exemplary ecosystem services.

Carbon storage in plant and animal biomass is an important ecosystem service, especially in the face
of climate change. Increased carbon storage may help mitigate global warming while decreasing
storage could accelerate the rate of change (Kirschbaum 2003; Hymus and Valentini 2007; Verkerk et al.
2014). More biomass production means higher carbon storage by the ecosystem. My finding of
decreased biomass production in chapter 1, points to a decrease in carbon storage provision with
warming. However, the increase in biomass produced under the flexible stoichiometry model in chapter
2, indicates that models with a fixed plant stoichiometry may underestimate biomass production.
Compensatory feeding by the herbivore caused a decline in biomass production, almost back to baseline
level, proving how important it is to consider the different adaptive strategies of organisms when

predicting ecosystem responses to global change.

Another very relevant ecosystem service is food production. Here the balance of biomass quantity and
quality is very relevant (Finney et al. 2016). Warming caused a decrease in biomass production that
could be at least partly compensated by plant flexible stoichiometry. Simultaneously, flexible
stoichiometry leads to a decrease in C:N ratios, decreasing the quality of crops for human consumption.
To make predictions and suggestions for the future of our food supply, it is therefore very relevant to
consider how temperature influences plant growth and investigate how flexible our food plants are and
how they will react to the combination of changing nutrient supply, temperature and COq-

concentrations.

An ecosystem service closely related food production is pest control. When faced with decreasing food
quality, herbivores may react with increasing feeding rates. In chapter 2, I show that compensatory
feeding is not beneficial for the herbivore biomass production under the circumstances modelled there,
as by increasing their feeding rate, they deplete their resource. Consequently, we might not see
increasing feeding rates long term. However, herbivores might still resort to compensatory feeding in

the short term, if it is the only way they can maintain their elemental balance. Sudden feeding rate
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increases could potentially cause severe damage to crops. Therefore, we should combine more in-depth
knowledge on crop quality responses to global change with information on plant pest reactions to

changes in the quality of their plant prey, to predict changes in yield.

This short excursion into the potential implications of my findings for ecosystem service provision
once more highlights the importance of considering the interactive effects of global change drivers and
the inherent ability of organisms to adapt to changes in their environment. The models I developed in
this thesis help complete our picture of future ecosystems, but there are still many more parts to

uncover.

3 | Challenges & Extensions

3.1 Model challenges

Just like all models of population dynamics, the models in this thesis face certain challenges. For one,
there is the so-called "curse of dimensionality" (Yodzis and Innes 1992). Natural populations interact
with so many others, that if we were aiming to include all possible interactions, the result would be an
immensely complex model. The results of such a model would be nearly impossible to read and
interpret, aside from needing vast amounts of computational power. In addition, there is the "plague of
parameters’ (Yodzis and Innes 1992). Including all the parameters that play a role in population

dynamics, makes it increasingly difficult to discern the effect of a single one.

When designing model studies to produce meaningful results that are also legible and computable, we
forcibly need to make choices about what to include, to make them as complex as necessary, but as
simple as possible. Following the example from Yodzis & Innes (1992), I aimed to make my models
plausible by basing them on experimental data on rates and the scaling of rates to ensure the exclusion
of biologically impossible parameter combinations. Using averages from several literature studies, my
models stay within a biologically realistic range and are generally applicable, as they are not tailored to
a single species. Nonetheless, this approach comes with a range of caveats. For example, we may be
able to discern some general trends, but we cannot directly read off the effect of global change on a
specific system. However, it is certainly possible to apply the models to a specific system, provided that
we know the relevant parameter values. For example, we could use the model to explore the effect of
flexible plant stoichiometry under warming of 4°C on the interaction of the herbivorous insect and its
food plant described in the introduction. We could allow the C:N ratio of the plant to vary between 27
and 45, while the herbivore has to maintain homeostasis at its C:N ratio of 6.5, and determine how this

affects plant and herbivore performance under various environmental conditions.

Even though my models include nutrients, they still use C as the main currency. The nutrients serve as
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a factor mediating the flow of C between the populations. This approach comes with its own caveats.
Focusing on C as a proxy for biomass and using it to draw conclusions on population performance, may
obscure certain aspects important for fitness and function related to elemental balance rather than
biomass (Leal et al. 2017). For example, in the flexible stoichiometry model, the high biomass production
may look like high performance, but there are likely to be costs associated with changing C:N ratios in
the biomass. By increasing their C:N ratio plants give up their nutrient buffer and may struggle if the

nutrient supply decreases (Meunier et al. 2014; Leal et al. 2017).

Studies combining data from different literature sources always face the danger of using incompatible
data (Isles 2020). The model in chapter 1 uses data from several studies on plant nutrient uptake across
at various temperatures. [ accounted for differing units and any additional reported treatment or
measurement differences. Nonetheless, there could be systematic variation between the methodology
used in the studies. For example, there might be issues in using the measured data to assume whole
plant nutrient uptake. For example, if one study measured nutrient uptake only in young roots, this
could bias the results, nutrient uptake behaviour changes with root age (Le Deunff et al. 2019).
Furthermore, the literature data covered marine and terrestrial species and various plant groups. There
could be a systematic difference between habitats and variations with the plant size or amount of
woody tissue (Rastetter et al. 1997). If more experimental data on plant nutrient uptake under different
temperatures becomes available, it would be exciting and relevant to investigate these potential

systematic variations.

For many temperature-dependent species traits, the performance increases with temperature up to a
certain threshold, after which there is a fast decline. This relation is known as thermal response curves
(Sinclair et al. 2016; Van Dievel et al. 2019). The relation of nutrient uptake and temperature may also not
be linear, as we assumed here, but rather hump-shaped. More studies of nutrient uptake kinetics at

different temperatures are needed to establish the shape of the relation.

Even though some of the limitations of model studies will always remain, there are numerous
extensions to the models in this thesis that are worth exploring. I will outline some of these in the

following section.
3.2 Possible extensions

Carbon dioxide concentration

Both of my chapters include the two global change drivers warming and changing nutrient supply.
However, another driver is particularly relevant to plant growth: carbon dioxide (CO2) concentration
(Verspagen et al. 2014a; Boretti and Florentine 2019). In my research chapters, I assumed C always to be

sufficiently available, so that the plant can allocate as much as it needs to maximize its growth,
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dependent on the limiting nutrient (Bassirirad 2000). The increase in COz-concentration associated
with anthropogenic activities has an effect on plant N assimilation, growth and morphology, itself
(Sardans et al. 2012). Increased CO2 stimulates plant growth, improves their nutrient use efficiency and
significantly increases C:N in most plants (Gifford et al. 2000; Bassirirad 2000; Elser et al. 2010; Sardans
et al. 2012; Wei et al. 2018; Wang et al. 2019), which could change some of the dynamics described in this

thesis.

Increasing plant C:N affects resource quality for the herbivores (and humans, in the case of crop plants).
[ have shown that, if plants are flexible in their stoichiometry, increasing N supply will decrease plant
CN. The response of plants to rising CO2 in terms of growth and stoichiometry can be very different
depending on the nutrient supply of the system (Rastetter et al. 1997; Elser et al. 2010; Verspagen et al.
201443, b). At high N supply, the C:N ratio of plants remains low, even if CO2 rises. At low N supply, CO2-

concentration drives C:N ratio (Verspagen et al. 2014a).

The combination of rising COz-levels and warming will likely also interactively affect plant growth and
population interactions (Zvereva and Kozlov 2006). For example, even though nutrient uptake increases
with warming, plant nutrient concentrations were reported to be lower under high CO2-concentrations
even at high temperature (Bassirirad 2000; Elser et al. 2010). An extension of this thesis could investigate
the interactive effect of rising CO2-levels with temperature and nutrient supply on biomass production

and population interactions

There is also a difference in the effect of rising CO2 depending on the photosynthetic type. While C3
plants show a significant increase in C:N ratio and increased photosynthetic efficiency under rising
COz-levels, C4 plants do not (Elser et al. 2010; Sardans et al. 2012; Boretti and Florentine 2019). It would
certainly be worth exploring these differences in more detail, as it would help us make predictions about
the direction of the combined effects of warming and rising CO2 for systems dominated by either

photosynthetic type.

Phosphorus

N deposition increases more strongly through human action than P deposition (Sardans et al. 2012).
This difference creates a potential mismatch between the N and P cycles. Increases in N supply parallel
with rising COz-levels and warming would likely stimulate plant growth, but this may be hampered by
P limitation (Elser et al. 2007; Persson et al. 2011; Sardans et al. 2012; Agren et al. 2012). There are far fewer
studies of the effect of rising CO2 on plant C:P ratios than on C:N (Sardans et al. 2012). The existing studies
found more variable effects of rising COz on plant C:P than plant C:N, showing the plant N is much more
closely associated with C levels than plant P is (Penuelas and Matamala 1993; Luomala et al. 2005; Milla

et al. 2006; Sardans et al. 2012; Wang et al. 2019).
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In chapter 1, I established the temperature dependency of both N and P uptake. However, the models in
chapter 2 only included N as a representative for the nutrients. Knowing the plant's potential flexibility
in their C:P ratio to be up to 50% variation around the mean (Yu et al. 2011), I tested the applicability of
the models to a system with P as the only nutrient and found results similar to the N-only model.
Realistically, plant P and N content and demand will vary simultaneously. A valuable extension of
chapter 2 would include P in the models explicitly and allow the plants flexibility in their C:N:P ratio.
With information on the degree of flexibility of plant N:P ratios, we could then explore how uneven

changes in N and P supply would affect plant growth and food quality for the herbivore.

Under experimental conditions, the optimal N:P ratio increased with warming, showing that warming
is likely to interact with N and P supply in its impact on plant growth (Thrane et al. 2017; Yvon-Durocher
et al. 2017; Puche et al. 2018). Extending the model to include the effect of COz-concentration on growth
and C to nutrient ratios in addition to warming and changing nutrient supply, while also adding P as an
additional nutrient can give us a more complete picture of the conditions that plants, and the

populations they interact with, are likely to face under global change.
Food Webs

A system including only nutrients, plants and herbivores is of course very far from the real world. As
described above, legibility and computational power limit the number of species we can model in detail.
Furthermore, plant-herbivore interactions are quite relevant, as they often determine a large portion of
ecosystem functioning by mediating both bottom-up and top-down interactions (McQueen et al. 1989;
Brett and Goldman 1996; Borer et al. 2006; Hillebrand et al. 2009). Nonetheless, to test the applicability of
our results to real ecosystems, it would be helpful to apply the models to more complex systems, by
adding additional trophic levels or even simulating a small food web. Often, simulating a predator on
top of a food chain destabilizes the system by creating oscillating dynamics (Otto et al. 2007; Binzer et
al. 2012). Integrating a larger number of species in a food web brings back stability (Emmerson and
Raffaelli 2004; Brose 2008; Rall et al. 2010). For this reason, it is likely advisable to move directly from

the nutrient-plant-herbivore chain to a (small) food web, rather than a longer food chain.

Realistically, most herbivores will feed on several food plants, rather than have just one plant resource.
This mixture of diet changes the effect food quality has on the herbivore. If a mixed plant diet is
available, herbivore growth and assimilation efficiency are less affected by low average food quality
(Urabe et al. 2018). In a food web context, we could also include omnivorous species, that can adjust
whether they feed more on plant or animal resources depending on their requirements. Under warming,
omnivores may tend more towards plant food, which is higher in C and can fuel the rising demands for

metabolism (Carreira et al. 2016; Rho and Lee 2017).
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Top-down and bottom-up control and the effect of mixed diets and omnivory are the kinds of

mechanisms that we can explore by integrating the models from this thesis into a food web framework.
Nutrient recycling

In our current model definition, nutrients are directly recycled back to the environmental pool through
plant and herbivore metabolism. Changes in herbivore nutrient demand can influence nutrient
recycling and change the environmental nutrient supply (Logan et al. 2004; Persson et al. 2010; Leal et
al. 2017). Modelling the recycling loop in more detail is especially relevant if we add P into the picture.
In animals, N is excreted in a more considerable amount, while P is mostly retained. The higher loss of
N relative to P could mean that food with higher N-content quality is needed to maintain the required

C:N:P ratio (Logan et al. 2004).

Food with high C:N ratios compared to the herbivore demands will lead to the excretion of detritus with
very high C content. Detritus with low nutrient content breaks down much more slowly (0.01% loss per
day, compared to 1% loss/day for high N & P litter (Sterner et al. 2002)). The breakdown speed will affect
how fast nutrients become available again for the plants to take up. A more detailed recycling loop
would be a valuable extension of the model, which should also explicitly include detritivores, as they

mediate how fast the excreted nutrients become accessible to the plant.

These are just some of the infinite options to extend the models developed in this thesis. In their current
state, the models provide us with valuable insight into some of the effects of global change and the

relevance of previously understudied mechanisms, thereby forming a valuable basis for future research.
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4 | Conclusion

Adapting and responding to a rapidly changing world requires knowledge of how global change affects
biological systems and ecosystem services provision. To contribute to our understanding of the
processes and mechanisms behind the effect of warming and changing nutrient supply on population
dynamics and biomass production, I developed a model that explicitly includes the temperature-
dependency of plant nutrient uptake. I furthermore studied the importance of coping mechanisms like
flexible stoichiometry in plants and compensatory feeding in herbivores for biological systems facing
global change pressures. I found that it is necessary to take these mechanisms into account, as ignoring
them might lead to an under-or overestimation of the effect of global change. My results also confirm
the importance of combining several global change drivers in our studies. The findings in chapter 1
show that increased nutrient supply could change the role that initial climatic conditions play in the
impact of warming on biomass production. Both chapters suggest that increasing nutrient supply could
mediate the negative effect of warming on biomass production, while a system facing oligotrophic

conditions may be more adversely affected under warming.

Together, these findings show that global change drivers interact in their effect on biological systems
and that the coping mechanisms available to organisms can mediate these effects. These interactions
highlight the importance of developing further model studies including several global change drivers
and as many empirically informed mechanisms and processes as possible, to avoid under-or
overestimation when informing policy on global change mitigation and adaption or ecosystem service

provision.

69



Acknowledgments

I gratefully acknowledge the support of the German Centre for integrative Biodiversity Research (iDiv)

Halle-Jena-Leipzig funded by the German Research Foundation (DFG-FZT 118, 202548816).

Furthermore, I want to thank everybody that has inspired and supported me, helped and motivated me,
nudged and encouraged me throughout the years leading up to this thesis. Particular gratitude goes out
to my colleagues and collaborators at the EcoNetLab and the whole iDiv, to the HR department and the
IT support and of course especially to my supervisor. I also want to thank the reviewers and committee
for taking the time to read my thesis. A big thanks goes out to my friends and colleagues that have
supported me in taking the final steps towards completion of this thesis and to my husband and parents

for always having my back and taking over extra tasks so I could focus on my work.

70



A

Bibliography

71



Appendix A

Adam ML, Kelly JM, Graves WR, Dixon PM (2003) Net nitrate uptake by red maple is a function of root-
zone temperature. J Plant Nutr 26:203-222

Agren GI, Wetterstedt JAM, Billberger MFK (2012) Nutrient limitation on terrestrial plant growth--
modeling the interaction between nitrogen and phosphorus. New Phytol 194:.953-960

Amarasekare P (2015) Effects of temperature on consumer-resource interactions. J Anim Ecol 84:665—
679

Amarasekare P, Savage V (2012) A framework for elucidating the temperature dependence of fitness.
Am Nat 179:178-191

Anderson DM, Glibert PM, Burkholder JM (2002) Harmful algal blooms and eutrophication: Nutrient
sources, composition, and consequences. Estuaries 25:704-726

Anderson TR, Hessen DO, Elser JJ, Urabe J (2005) Metabolic stoichiometry and the fate of excess carbon
and nutrients in consumers. Am Nat 165:1-15

Arrhenius S (1889) Uber die Reaktionsgeschwindigkeit bei der Inversion von Rohrzucker durch Sauren.
Zeitschrift fir Physikalische Chemie

Atkinson CL, Capps KA, Rugenski AT, Vanni MJ (2017) Consumer-driven nutrient dynamics in
freshwater ecosystems: from individuals to ecosystems. Biol Rev Camb Philos Soc 92:2003-2023

Ball JP, Danell K, Sunesson P (2000) Response of a herbivore community to increased food quality and
quantity: an experiment with nitrogen fertilizer in a boreal forest. J Appl Ecol 37:247—-255

Barcenas-Moreno G, Gémez-Brandén M, Rousk J, Baath E (2009) Adaptation of soil microbial
communities to temperature: comparison of fungi and bacteria in a laboratory experiment. Glob
Chang Biol 15:2950—2957

Barneche DR, Kulbicki M, Floeter SR, et al (2014) Scaling metabolism from individuals to reef-fish
communities at broad spatial scales. Ecology Letters 17:1067-1076

Bassirirad H (2000) Kinetics of nutrient uptake by roots: responses to global change. New Phytol 147:155

Berner D, Blanckenhorn WU, Kérner C (2005) Grasshoppers cope with low host plant quality by
compensatory feeding and food selection: N limitation challenged. Oikos 111:525-533

Bernhardt JR, Sunday JM, O’Connor MI (2018) Metabolic Theory and the Temperature-Size Rule Explain
the Temperature Dependence of Population Carrying Capacity. Am Nat 192:687-697

Binzer A, Guill C, Brose U, Rall BC (2012) The dynamics of food chains under climate change and nutrient
enrichment. Philos Trans R Soc Lond B Biol Sci 367:2935

Binzer A, Guill C,Rall BC, Brose U (2015) Interactive effects of warming, eutrophication and size structure:
impacts on biodiversity and food-web structure. Glob Chang Biol 22:220-227

Bodirsky BL, Popp A, Lotze-Campen H, et al (2014) Reactive nitrogen requirements to feed the world in
2050 and potential to mitigate nitrogen pollution. Nat Commun 5:3858

Boersma M, Mathew KA, Niehoff B, et al (2016) Temperature driven changes in the diet preference of
omnivorous copepods: no more meat when it's hot? Ecol Lett 19:45-53

72



Bibliography

Bonachela JA, Raghib M, Levin SA (2011) Dynamic model of flexible phytoplankton nutrient uptake. Proc
Natl Acad Sci U S A 108:20633-20638

Borer ET, Halpern BS, Seabloom EW (2006) Asymmetry in community regulation: effects of predators
and productivity. Ecology 87:2813—2820

Boretti A, Florentine S (2019) Atmospheric CO. concentration and other limiting factors in the growth of
Cs and Cs plants. Plants 8:92

Brett MT, Goldman CR (1996) A meta-analysis of the freshwater trophic cascade. Proc Natl Acad Sci U S
A 93:7723-7726

Brose U (2008) Complex food webs prevent competitive exclusion among producer species. Proceedings
of the Royal Society B: Biological Sciences 275:2507

Brose U, Archambault P, Barnes AD, et al (2019) Predator traits determine food-web architecture across
ecosystems. Nat Ecol Evol 3:919-927

Brose U, Dunne JA, Montoya JM, et al (2012) Climate change in size-structured ecosystems. Philos Trans
R Soc Lond B Biol Sci 367:2903-2912

Brown JH, Gillooly JF, Allen AP, et al (2004) Toward a metabolic theory of ecology. Ecology 85:1771

Bukovinszky T, Verschoor AM, Helmsing NR, et al (2012) The good, the bad and the plenty: interactive
effects of food quality and quantity on the growth of different Daphnia species. PLoS One
7:€42966

Cannell M (2000) Modelling the Components of Plant Respiration: Some Guiding Principles. Ann Bot
8545

Caputo J, Beier CM, Groffman PM, et al (2016) Effects of Harvesting Forest Biomass on Water and Climate
Regulation Services: A Synthesis of Long-Term Ecosystem Experiments in Eastern North
America. Ecosystems 19:271-283

Carbone C, Mace GM, Roberts SC, Macdonald DW (1999) Energetic constraints on the diet of terrestrial
carnivores. Nature 402:286—288

Carreira BM, Segurado P, Orizaola G, et al (2016) Warm vegetarians? Heat waves and diet shifts in
tadpoles. Ecology 97:2964—-2974

Cebrian (1999) Patterns in the Fate of Production in Plant Communities. Am Nat 154:449—-468

Ceulemans R, Gaedke U, Klauschies T, Guill C (2019) The effects of functional diversity on biomass
production, variability, and resilience of ecosystem functions in a tritrophic system. Sci Rep
9:7541

Cross WF, Hood JM, Benstead JP, et al (2015) Interactions between temperature and nutrients across
levels of ecological organization. Glob Chang Biol 21:1025-1040

Cruz C, Lips SH, Martins-Loucao MA (1993) Uptake of ammonium and nitrate by carob (Ceratonia siliqua)
as affected by root temperature and inhibitors. Physiol Plant 89:532

Cruz-Rivera E, Hay ME (2000) Can quantity replace quality? Food choice, compensatory feeding, and
fitness of marine mesograzers. Ecology 81:201-219

73



Appendix A

de Groot RS, Wilson MA, Boumans RMJ (2002) A typology for the classification, description and
valuation of ecosystem functions, goods and services. Ecol Econ 41:393-408

Dee LE, Allesina S, Bonn A, et al (2017) Operationalizing Network Theory for Ecosystem Service
Assessments. Trends Ecol Evol 32:118—130

Dell Al, Pawar S, Savage VM (2011) Systematic variation in the temperature dependence of physiological
and ecological traits. Proc Natl Acad Sci U S A 108:10591-10596

Dell Al Pawar S, Savage VM (2014) Temperature dependence of trophic interactions are driven by
asymmetry of species responses and foraging strategy. J Anim Ecol 83:70-84

Dentener F, Drevet J, Lamarque JF, et al (2006) Nitrogen and sulfur deposition on regional and global
scales: A multimodel evaluation. Global Biogeochem Cycles 20:

Deutsch C, Ferrel A, Seibel B, et al (2015) Climate change tightens a metabolic constraint on marine
habitats. Science 348:1132—1135

Deutsch CA, Tewksbury JJ, Huey RB, et al (2008) Impacts of climate warming on terrestrial ectotherms
across latitude. Proc Natl Acad Sci U S A 105:6668—-6672

Dillon ME, Wang G, Huey RB (2010) Global metabolic impacts of recent climate warming. Nature
467:704-706

Dokulil MT, Teubner K (2010) Eutrophication and Climate Change: Present Situation and Future
Scenarios. Eutrophication: causes, consequences and control 1-16

Domis LNDS, Van de Waal DB, Helmsing NR, et al (2014) Community stoichiometry in a changing world:
combined effects of warming and eutrophication on phytoplankton dynamics. Ecology 95:1485~—
1495

Ehnes RB, Rall BC, Brose U (2011) Phylogenetic grouping, curvature and metabolic scaling in terrestrial
invertebrates. Ecol Lett 14:993

Elser JJ, Bracken MES, Cleland EE, et al (2007) Global analysis of nitrogen and phosphorus limitation of
primary producers in freshwater, marine and terrestrial ecosystems. Ecol Lett 10:1135-1142

Elser JJ, Fagan WF, Denno RF, et al (2000a) Nutritional constraints in terrestrial and freshwater food
webs. Nature 408:578-580

Elser JJ, Fagan WF, Kerkhoff AJ, et al (2010) Biological stoichiometry of plant production: metabolism,
scaling and ecological response to global change. New Phytol 186:593

Elser JJ, Sterner RW, Gorokhova E, et al (2000b) Biological stoichiometry from genes to ecosystems. Ecol
Lett 3:540-550

Elser JJ, Urabe J (1999) The stoichiometry of consumer-driven nutrient recycling: Theory, observations,
and consequences. Ecology 80:735

Emmerson MC, Raffaelli D (2004) Predator-prey body size, interaction strength and the stability of a real
food web. J Anim Ecol 73:399-409

Englund G, Ohlund G, Hein CL, Diehl S (2011) Temperature dependence of the functional response. Ecol
Lett 14:914

74



Bibliography

Falkowski P (2000) The Global Carbon Cycle: A Test of Our Knowledge of Earth as a System. Science
290:291-296

Fink P, Von Elert E (2006) Physiological responses to stoichiometric constraints: nutrient limitation and
compensatory feeding in a freshwater snail. Oikos 115:484—-494

Finney DM, White CM, Kaye JP (2016) Biomass production and carbon/nitrogen ratio influence
ecosystem services from cover crop mixtures. Agron J 108:39—-52

Fox CW (2018) Towards a mechanistic understanding of global change ecology. Funct Ecol 32:1648—-1651

Frost PC, Benstead JP, Cross WF, et al (2006) Threshold elemental ratios of carbon and phosphorus in
aquatic consumers. Ecol Lett 9:774-779

Frost PC, Evans-White MA, Finkel ZV, et al (2005) Are you what you eat? Physiological constraints on
organismal stoichiometry in an elementally imbalanced world. Oikos 109:18—28

Fussmann KE, Schwarzmiiller F, Brose U, et al (2014) Ecological stability in response to warming. Nat
Clim Chang 4:206

Galloway JN, Townsend AR, Erisman JW, et al (2008) REVIEWS Transformation of the Nitrogen Cycle:
Recent Trends, Questions, and Potential Solutions. Science 320:

Gasparini Fernandes Cunha D, Fernandes de Melo Lima V, Menegante Néri A, et al (2017) Uptake rates
of ammonium and nitrate by phytoplankton communities in two eutrophic tropical reservoirs.
Int Rev Hydrobiol 102:125-134

Gauzens B, Rall BC, Mendongca V, Vinagre C (2020) Biodiversity of intertidal food webs in response to
warming across latitudes. Nat Clim Chang

Geider R, La Roche J (2002) Redfield revisited: variability of C:N:P in marine microalgae and its
biochemical basis. Eur J Phycol 37:1-17

Gibert JP (2019) Temperature directly and indirectly influences food web structure. Sci Rep 9:5312

Gifford RM, Barrett DJ, Lutze JL (2000) The effects of elevated [CO2] on the C: N and C: P mass ratios of
plant tissues. Plant Soil 224:1-14

Gilbert B, Tunney TD, McCann KS, et al (2014) A bioenergetic framework for the temperature dependence
of trophic interactions. Ecol Lett 17:902-914

Gillis LG, Hortua DAS, Zimmer M, et al (2019) Interactive effects of temperature and nutrients on
mangrove seedling growth and implications for establishment. Mar Environ Res 151:104750

Gillooly JF, Brown JH, West GB, et al (2001) Effects of size and temperature on metabolic rate. Science
293:2248-2251

Grover JP, Chrzanowski TH (2004) Limiting resources, disturbance, and diversity in phytoplankton
communities. Ecol Monogr 74:533—551

Gruner DS, Smith JE, Seabloom EW, et al (2008) A cross-system synthesis of consumer and nutrient
resource control on producer biomass. Ecol Lett 11:740—-755

Guiz J, Hillebrand H, Borer ET, et al (2015) Long-term effects of plant diversity and composition on plant
stoichiometry. Oikos 125:613

75



Appendix A

Guo N, Li M, Tian H, Ma Y (2019) Effects of high and low CP foods on the feeding of Daphnia pulex. J
Freshw Ecol 34:455-468

Glisewell S (2004) N : P ratios in terrestrial plants: variation and functional significance. New Phytol
164:243-266

Heger T, Bernard-Verdier M, Gessler A, et al (2019) Towards an Integrative, Eco-Evolutionary
Understanding of Ecological Novelty: Studying and Communicating Interlinked Effects of
Global Change. Bioscience 69:388—899

Hessen DO (2008) Efficiency, Energy and Stoichiometry in Pelagic Food Webs; Reciprocal Roles of Food
Quality and Food Quantity. Freshw Rev 1:43-57

Hillebrand H, Borer ET, Bracken MES, et al (2009) Herbivore metabolism and stoichiometry each
constrain herbivory at different organizational scales across ecosystems. Ecol Lett 12:516

Holling CS (1959) Some Characteristics of Simple Types of Predation and Parasitisml. Can Entomol
91:385—398

Howarth RW (2004) Human acceleration of the nitrogen cycle: drivers, consequences, and steps toward
solutions. Water Sci Technol 49:7-13

Hughes I T (2000) Biological consequences of global warming: is the signal already apparent? Trends
Ecol Evol 15:56-61

Huisman J, Weissing FJ (1999) Biodiversity of plankton by species oscillations and chaos. Nature
402:407-410

Hwang S-J (2020) Eutrophication and the Ecological Health Risk. Int J Environ Res Public Health 17:

Hymus G, Valentini R (2007) Terrestrial vegetation as a carbon dioxide sink. In: Reay DS, Hewitt CN,
Smith KA, Grace J (eds) Greenhouse gas sinks. CABI, Wallingford, pp 11-30

lannino A, Vosshage ATL, Weitere M, Fink P (2019) High nutrient availability leads to weaker top-down
control of stream periphyton: Compensatory feeding in Ancylus fluviatilis. Freshw Biol 64:37 -
45

IPBES (2019) Summary for policymakers of the global assessment report on biodiversity and ecosystem
services

IPCC (2014) Climate Change 2014: Synthesis Report. Contribution of Working Groups [, II and III to the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing
Team, R.K. Pachauri and L.A. Meyer (eds.)] . IPCC, Geneva, Switzerland, 151 pp

Isles PDF (2020) The misuse of ratios in ecological stoichiometry. Ecology 0:e03153

Jamieson MA, Trowbridge AM, Raffa KF, Lindroth RL (2012) Consequences of climate warming and
altered precipitation patterns for plant-insect and multitrophic interactions. Plant Physiol
160:1719-1727

Jeschke JM, Kopp M, Tollrian R (2002) Predator functional responses: Discriminating between handling
and digesting prey. Ecol Monogr 72:95

76



Bibliography

Jochum M, Barnes AD, Ott D, et al (2017) Decreasing Stoichiometric Resource Quality Drives
Compensatory Feeding across Trophic Levels in Tropical Litter Invertebrate Communities. Am
Nat 190:131-143

Johnk KD, Huisman J, Sharples J, et al (2008) Summer heatwaves promote blooms of harmful
cyanobacteria. Glob Chang Biol 14:495-512

Johnson SN, McNicol JW (2010) Elevated CO2 and aboveground—belowground herbivory by the clover
root weevil. Oecologia 162:209-216

Kalinkat G, Schneider FD, Digel C, et al (2013) Body masses, functional responses and predator-prey
stability. Ecol Lett 16:1126

Karger DN, Conrad O, Bohner J, et al (2017) Climatologies at high resolution for the earth’s land surface
areas. Sci Data 4:170122

Keitt TH (2017) C++ ODE Solvers Compiled on-Demand. Version 1.7.1URL
https://github.com/thk686/odeintr

Kerkhoff AJ, Enquist BJ, Elser JJ, Fagan WF (2005) Plant allometry, stoichiometry and the temperature-
dependence of primary productivity. Glob Ecol Biogeogr 14:585

Khandan-Mirkohi A, Schenk MK (2009) Phosphorus efficiency of ornamental plants in peat substrates.
J Plant Nutr Soil Sci 172:369

Kirschbaum MUF (2003) To sink or burn? A discussion of the potential contributions of forests to
greenhouse gas balances through storing carbon or providing biofuels. Biomass Bioenergy
24:297-310

Klausmeier CA, Litchman E, Daufresne T, Levin SA (2008) Phytoplankton stoichiometry. Ecol Res
23:479-485

Klausmeier CA, Litchman E, Levin SA (2007) A model of flexible uptake of two essential resources. J
Theor Biol 246:278-289

Klock KA (1995) Root-zone temperature effects on the nutrient uptake of horticultural crops.
Retrospective Theses and Dissertations 10952:

Kratina P, Greig HS, Thompson PL, et al (2012) Warming modifies trophic cascades and eutrophication
in experimental freshwater communities. Ecology 93:1421-1430

Kremen C (2005) Managing ecosystem services: what do we need to know about their ecology? Ecol Lett
8:468—-479

Kwiatkowski L, Aumont O, Bopp L, Ciais P (2018) The Impact of Variable Phytoplankton Stoichiometry
on Projections of Primary Production, Food Quality, and Carbon Uptake in the Global Ocean.
Global Biogeochem Cycles 32:516—528

Lang B, Ehnes RB, Brose U, Rall BC (2017) Temperature and consumer type dependencies of energy flows
in natural communities. Oikos 126:1717-1725

Le Deunff E, Malagoli P, Decau M-L (2019) Modelling Nitrogen Uptake in Plants and Phytoplankton:
Advantages of Integrating Flexibility into the Spatial and Temporal Dynamics of Nitrate
Absorption. Agronomy-Basel 9:

7



Appendix A

Leal MC, Seehausen O, Matthews B (2017) The Ecology and Evolution of Stoichiometric Phenotypes.
Trends Ecol Evol 32:108-117

Lee K-S, Dunton KH (1999) Inorganic nitrogen acquisition in the seagrass Thalassia testudinum:
Development of a whole-plant nitrogen budget. Limnol Oceanogr 44:1204

Lemoine NP, Shantz AA (2016) Increased temperature causes protein limitation by reducing the
efficiency of nitrogen digestion in the ectothermic herbivore Spodoptera exigua : Rising
temperatures induce protein limitation. Physiol Entomol 41:143-151

Logan JD, Joern A, Wolesensky W (2004) Mathematical model of consumer homeostasis control in
plant-herbivore dynamics. Math Comput Model 40:447-456

Loladze I, Kuang Y, Elser JJ (2000) Stoichiometry in producer-grazer systems: linking energy flow with
element cycling. Bull Math Biol 62:1137-1162

Lotka AJ (1910) Contribution to the theory of periodic reactions. J Phys Chem

Lu SY, Wu FC, Lu YF, et al (2009) Phosphorus removal from agricultural runoff by constructed wetland.
Ecol Eng 35:402

Luomala E-M, Laitinen K, Sutinen S, et al (2005) Stomatal density, anatomy and nutrient concentrations
of Scots pine needles are affected by elevated CO2 and temperature. Plant Cell Environ 28:733—
749

LVZ (2020) Giftige Blaualgen: Diese Seen in Leipzig und Umgebung sind betroffen. LVZ

Mahowald N, Jickells TD, Baker AR, et al (2008) Global distribution of atmospheric phosphorus sources,
concentrations and deposition rates, and anthropogenic impacts. Global Biogeochem Cycles
22:.GB4026

Malzahn AM, Doerfler D (2016) Junk food gets healthier when it's warm. Limnology and

Marx JM, Rall BC, Phillips HRP, Brose U (2019) Opening the black box of plant nutrient uptake under
warming predicts global patterns in community biomass and biological carbon storage. Oikos
128:1503-1514

Masson-Delmotte VP, Zhai H-O, Portner D, et al (2018) Global warming of 1.5°C. An IPCC special report on
the impacts of global warming of 1.5°C above pre-industrial levels and related global greenhouse
gas emission pathways, in the context of strengthening the global respons to the threat of
climate change, sustainable development, and efforts to eradicate poverty. IPCC

McNickle GG, Brown JS (2014) When Michaelis and Menten met Holling: towards a mechanistic theory
of plant nutrient foraging behaviour. AoB Plants 6:

McQueen DJ, Johannes MRS, Post JR, et al (1989) Bottom-up and top-down impacts on freshwater
pelagic community structure. Ecol Monogr 59:289—-309

MDR (2020a) Triibe Aussichten fiir Sachsens Landwirte wegen anhaltender Diirre. MDR
MDR (2020b) Zahlreiche Feuerwehreinsatze - Starkregen in Sachsen

Mengel K, Barker AV, Pilbeam DJ (2007) Handbook of plant nutrition

78



Bibliography

Meunier CL, Malzahn AM, Boersma M (2014) A new approach to homeostatic regulation: towards a
unified view of physiological and ecological concepts. PLoS One 9:e107737

Michaelis L, Menten ML, Johnson KA, Goody RS (2011) The original Michaelis constant: translation of
the 1913 Michaelis-Menten paper. Biochemistry 50:8264—8269

Milla R, Cornelissen JHC, van Logtestijn RSP, et al (2006) Vascular plant responses to elevated CO2 in a
temperate lowland sphagnum peatland. Plant Ecol 182:13-24

Millennium Ecosystem Assessment (2005) Ecosystems and human well-being: Synthesis. Millennium
Ecosystem Assessment, Washington, D.C.

Montoya JM, Raffaelli D (2010) Climate change, biotic interactions and ecosystem services. Philos Trans
R Soc Lond B Biol Sci 365:2013

Moorthi SD, Schmitt JA, Ryabov A, et al (2016) Unifying ecological stoichiometry and metabolic theory
to predict production and trophic transfer in a marine planktonic food web. Philos Trans R Soc
Lond B Biol Sci 371:

Mulder C, Hendriks AJ (2014) Half-saturation constants in functional responses. Global Ecology and
Conservation 2:161

Nishikawa T, Tarutani K, Yamamoto T (2009) Nitrate and phosphate uptake kinetics of the harmful
diatom Eucampia zodiacus Ehrenberg, a causative organism in the bleaching of aquacultured
Porphyra thalli. Harmful Algae 8:513

O'Connor MI, Piehler MF, Leech DM, et al (2009) Warming and resource availability shift food web
structure and metabolism. PLoS Biol 7:¢1000178

O'Gorman EJ, Zhao L, Pichler DE, et al (2017) Unexpected changes in community size structure in a
natural warming experiment. Nat Clim Chang 7:659

Oliver TH, Morecroft MD (2014) Interactions between climate change and land use change on
biodiversity: attribution problems, risks, and opportunities: Interactions between climate
change and land use change. Wiley Interdiscip Rev Clim Change 5:317-335

Oliver TH, Thomas CD, Hill JK, et al (2012) Habitat associations of thermophilous butterflies are reduced
despite climatic warming. Glob Chang Biol 18:2720—2729

Olsen YS, Sanchez-Camacho M, Marba N, Duarte CM (2012) Mediterranean Seagrass Growth and
Demography Responses to Experimental Warming. Estuaries Coasts 35:1205-1213

Ott D, Rall BC, Brose U (2012) Climate change effects on macrofaunal litter decomposition: the interplay
of temperature, body masses and stoichiometry. Philos Trans R Soc Lond B Biol Sci 367:3025~—
3032

Otto SB, Rall BC, Brose U (2007) Allometric degree distributions facilitate food-web stability. Nature
450:1226-1229

Pacifici M, Foden WB, Visconti P, et al (2015) Assessing species vulnerability to climate change. Nat Clim
Chang 5:215-224

Paerl HW, Gardner WS, Havens KE, et al (2016) Mitigating cyanobacterial harmful algal blooms in aquatic

ecosystems impacted by climate change and anthropogenic nutrients. Harmful Algae 54:213-
222

79



Appendix A

Pawar S, Dell Al, Savage VM, Knies JL (2016) Real versus Artificial Variation in the Thermal Sensitivity
of Biological Traits. Am Nat 187:E41-52

Penuelas J, Matamala R (1993) Variations in the mineral composition of herbarium plant species
collected during the last three centuries. J Exp Bot 44:1523-1525

Persson J, Fink P, Goto A, et al (2010) To be or not to be what you eat: regulation of stoichiometric
homeostasis among autotrophs and heterotrophs. Oikos 119:741-751

Persson J, Wojewodzic MW, Hessen DO, Andersen T (2011) Increased risk of phosphorus limitation at
higher temperatures for Daphnia magna. Oecologia 165:123-129

Petchey OL, Timon McPhearson P, Casey TM, Morin PJ (1999) Environmental warming alters food-web
structure and ecosystem function. Nature 402:69—-72

Peters RL (1991) Consequences of global warming for biological diversity. Routledge, Chapman and Hall

Pinheiro J, Bates D, DebRoy S, et al (2017) nlme: linear and nonlinear mixed effects models. Version R
package version 3.1-131. Vienna, Austria. URL https://CRAN.R-project.org/package=nlme

Poertner HO, Knust R (2007) Climate change affects marine fishes through the oxygen limitation of
thermal tolerance. Science 315:95-97

Puche E, Sanchez-Carrillo S, Alvarez-Cobelas M, et al (2018) Effects of overabundant nitrate and warmer
temperatures on charophytes: The roles of plasticity and local adaptation. Aquat Bot 146:15—22

Rabalais NN, Turner RE, Diaz RJ, Justi¢ D (2009) Global change and eutrophication of coastal waters.
ICES J Mar Sci 66:1528—-1537

Rall BC, Brose U, Hartvig M, et al (2012) Universal temperature and body-mass scaling of feeding rates.
Philos Trans R Soc Lond B Biol Sci 367:2923-2934

Rall BC, Guill C, Brose U (2008) Food-web connectance and predator interference dampen the paradox
of enrichment. Oikos 117:202

Rall BC, Vucic-Pestic O, Ehnes RB, et al (2010) Temperature, predator-prey interaction strength and
population stability. Glob Chang Biol 16:2145

Rastetter EB, Agren GI, Shaver GR (1997) Responses of N-limited ecosystems to increased CO 2 : A
balanced-nutrition, coupled-element-cycles model. Ecol Appl 7:444

Real LA (1977) The Kinetics of Functional Response. Am Nat 111:289-300

Redfield AC (1934) On the Proportions of Organic Derivatives in Sea Water and Their Relation to the
Composition of Plankton. James Johnstone Memorial Volume, University Press of Liverpool
176-192

Reich PB, Oleksyn J (2004) Global patterns of plant leaf N and P in relation to temperature and latitude.
Proc Natl Acad Sci U S A 101:11001-11006

Rho MS, Lee KP (2017) Temperature-driven plasticity in nutrient use and preference in an ectotherm.
Oecologia 185:401—-413

Rhodes CJ (2016) The 2015 Paris Climate Change Conference: COP21. Sci Prog 99:97-104

80



Bibliography

Richardson AE, Lynch JP, Ryan PR, et al (2011) Plant and microbial strategies to improve the phosphorus
efficiency of agriculture. Plant Soil 349:121-156

Rillig MC, Ryo M, Lehmann A, et al (2019) The role of multiple global change factors in driving soil
functions and microbial biodiversity. Science 366:886—890

Robinson EA, Ryan GD, Newman JA (2012) A meta-analytical review of the effects of elevated CO2 on
plant-arthropod interactions highlights the importance of interacting environmental and
biological variables: Tansley review. New Phytol 194:321-336

Robinson SI, McLaughlin OB, Marteinsdoéttir B, O'Gorman EJ (2018) Soil temperature effects on the
structure and diversity of plant and invertebrate communities in a natural warming experiment.
J Anim Ecol 87:634-646

Rosenblatt AE, Schmitz OJ (2016) Climate Change, Nutrition, and Bottom-Up and Top-Down Food Web
Processes. Trends Ecol Evol 31:965-975

Rosenzweig ML (1971) Paradox of enrichment: destabilization of exploitation ecosystems in ecological
time. Science 171:385-387

Rosenzweig ML, Mac Arthur RH (1963) Graphical Representation and Stability Conditions of Predator-
Prey Interactions. The American Naturalist 97:209-223

Ruiz T, Koussoroplis A-M, Danger M, et al (2020) U-shaped response Unifies views on temperature
dependency of stoichiometric requirements. Ecol Lett 23:860—869

Ryan MG (1995) Foliar maintenance respiration of subalpine and boreal trees and shrubs in relation to
nitrogen content. Plant Cell Environ 18:765

Sala OE, Chapin FS 3rd, Armesto JJ, et al (2000) Global biodiversity scenarios for the year 2100. Science
287:1770-1774

Sardans J, Rivas-Ubach A, Pefiuelas J (2012) The C: N: P stoichiometry of organisms and ecosystems in
a changing world: a review and perspectives. Perspect Plant Ecol Evol Syst 14:33-47

Savage VM, Gillooly JF, Brown JH, et al (2004) Effects of body size and temperature on population
growth. Am Nat 163:429-441

Scheffers BR, De Meester L, Bridge TCL, et al (2016) The broad footprint of climate change from genes to
biomes to people. Science 354:aaf7671

Schmitz OJ (2008) Herbivory from individuals to ecosystems. Annu Rev Ecol Evol Syst 39:133—-152

Schmitz OJ, Rosenblatt AE (2017) The Temperature Dependence of Predation Stress and Prey Nutritional
Stoichiometry. Frontiers in Ecology and Evolution 5:73

Schneider FD, Scheu S, Brose U (2012) Body mass constraints on feeding rates determine the
consequences of predator loss. Ecol Lett 15:436—443

Schoo KL, Malzahn AM, Krause E, Boersma M (2013) Increased carbon dioxide availability alters
phytoplankton stoichiometry and affects carbon cycling and growth of a marine planktonic
herbivore. Mar Biol 160:2145-2155

81



Appendix A

Seeling B, Claassen N (1990) A method for determining michaelis-menten kinetic-parameters of
nutrient-uptake for plants growing in soil. Zeitschrift fur Pflanzenerndhrung und Bodenkunde
153:301-303

Sentis A, Binzer A, Boukal DS (2017) Temperature-size responses alter food chain persistence across
environmental gradients. Ecol Lett 20:852—862

Sentis A, Hemptinne J-L, Brodeur J (2014) Towards a mechanistic understanding of temperature and
enrichment effects on species interaction strength, omnivory and food-web structure. Ecol Lett
17:7785-793

Sentis A, Morisson J, Boukal DS (2015) Thermal acclimation modulates the impacts of temperature and
enrichment on trophic interaction strengths and population dynamics. Glob Chang Biol
21:3290-3298

Simkin SM, Allen EB, Bowman WD, et al (2016) Conditional vulnerability of plant diversity to
atmospheric nitrogen deposition across the United States. Proc Natl Acad Sci U S A 113:4086—
4091

Sinclair BJ, Marshall KE, Sewell MA, et al (2016) Can we predict ectotherm responses to climate change
using thermal performance curves and body temperatures? Ecol Lett 19:1372-1385

Sinha E, Michalak AM, Balaji V (2017) Eutrophication will increase during the 21st century as a result of
precipitation changes. Science 357:405-408

Sistla SA, Schimel JP (2012) Stoichiometric flexibility as a regulator of carbon and nutrient cycling in
terrestrial ecosystems under change. New Phytol 196:68—78

Skau LF, Andersen T, Thrane J-E, Hessen DO (2017) Growth, stoichiometry and cell size; temperature
and nutrient responses in haptophytes. PeerJ 5:e3743

Smit AJ (2002) Nitrogen Uptake by Gracilaria gracilis (Rhodophyta): Adaptations to a Temporally
Variable Nitrogen Environment. Botanica Marina 45:

Sterner RW, Elser JJ, Vitousek PM (2002) Ecological Stoichiometry: The Biology of Elements from
Molecules to the Biosphere (English Edition)

Sunday JM, Bates AE, Dulvy NK (2011) Global analysis of thermal tolerance and latitude in ectotherms.
Proc Biol Sci 278:1823-1830

Suzuki-Ohno Y, Kawata M, Urabe J (2012) Optimal feeding under stoichiometric constraints: a model of
compensatory feeding with functional response. Oikos 121:569-578

Thrane J-E, Hessen DO, Andersen T (2017) Plasticity in algal stoichiometry: Experimental evidence of a
temperature-induced shift in optimal supply N:P ratio. Limnol Oceanogr 62:1346-1354

Tipping E, Benham S, Boyle JF, et al (2014) Atmospheric deposition of phosphorus to land and
freshwater. Environ Sci Process Impacts 16:1608

Traill LW, Lim MLM, Sodhi NS, Bradshaw CJA (2010) Mechanisms driving change: altered species
interactions and ecosystem function through global warming. J Anim Ecol 79:937-947

Tummers B, van der Laan J, Huyser K (2006) DataThief I1I. Version 1.3URL https://datathief.org/

82



Bibliography

Urabe J, Shimizu Y, Yamaguchi T (2018) Understanding the stoichiometric limitation of herbivore
growth: the importance of feeding and assimilation flexibilities. Ecol Lett 21:197—-206

Urabe J, Togari J, Elser JJ (2003) Stoichiometric impacts of increased carbon dioxide on a planktonic
herbivore. Glob Chang Biol 9:818—825

Uszko W, Diehl S, Englund G, Amarasekare P (2017) Effects of warming on predator-prey interactions -
a resource-based approach and a theoretical synthesis. Ecol Lett 20:513

van de Waal DB, Verschoor AM, Verspagen JMH, et al (2010) Climate-driven changes in the ecological
stoichiometry of aquatic ecosystems. Front Ecol Environ 8:145-152

Van Dievel M, Tuiziin N, Stoks R (2019) Latitude-associated evolution and drivers of thermal response
curves in body stoichiometry. J Anim Ecol 88:1961-1972

Van Donk E, Hessen DO, Verschoor AM, Gulati RD (2008) Re-oligotrophication by phosphorus reduction
and effects on seston quality in lakes. Limnologica 38:189-202

Vasseur DA, McCann KS (2005) A mechanistic approach for modeling temperature-dependent
consumer-resource dynamics. Am Nat 166:184—-198

Verkerk PJ, Mavsar R, Giergiczny M, et al (2014) Assessing impacts of intensified biomass production
and biodiversity protection on ecosystem services provided by European forests. Ecosystem
Services 9:155-165

Verspagen JMH, Van de Waal DB, Finke JF, et al (2014a) Contrasting effects of rising CO2 on primary
production and ecological stoichiometry at different nutrient levels. Ecol Lett 17:951-960

Verspagen JMH, Van de Waal DB, Finke JF, et al (2014b) Rising CO2 levels will intensify phytoplankton
blooms in eutrophic and hypertrophic lakes. PLoS One 9:¢104325

Volterra V (1926) Variations and fluctuations of the number of individuals in animal species living
together. Animal Ecology 409-448

Vucic-Pestic O, Ehnes RB, Rall BC, Brose U (2011) Warming up the system: higher predator feeding rates
but lower energetic efficiencies. Glob Chang Biol 17:1301

Vucic-Pestic O, Rall BC, Kalinkat G, Brose U (2010) Allometric functional response model: body masses
constrain interaction strengths. J Anim Ecol 79:249-256

Wallisdevries MF, Van Swaay CAM (2006) Global warming and excess nitrogen may induce butterfly
decline by microclimatic cooling. Glob Chang Biol 12:1620-1626

Walther G-R, Post E, Convey P, et al (2002) Ecological responses to recent climate change. Nature
416:389—-395

Wang J, Liu X, Zhang X, et al (2019) Changes in plant C, N and P ratios under elevated [CO2] and canopy
warming in a rice-winter wheat rotation system. Sci Rep 9:

WeiZ, DuT,LiX, etal (2018) Interactive effects of CO2 concentration elevation and nitrogen fertilization
on water and nitrogen use efficiency of tomato grown under reduced irrigation regimes. Agric
Water Manage 202:174-182

Yodzis P, Innes S (1992) Body size and consumer-resource dynamics. Am Nat 139:1151-1175

83



Appendix A

Yu Q, Elser JJ, He N, et al (2011) Stoichiometric homeostasis of vascular plants in the Inner Mongolia
grassland. Oecologia 166:1-10

Yu Q, Wilcox K, La Pierre K, et al (2015) Stoichiometric homeostasis predicts plant species dominance,
temporal stability, and responses to global change. Ecology 96:2328-2335

Yvon-Durocher G, Dossena M, Trimmer M, et al (2015) Temperature and the biogeography of algal
stoichiometry. Glob Ecol Biogeogr 24:562

Yvon-Durocher G, Jones JI, Trimmer M, et al (2010) Warming alters the metabolic balance of ecosystems.
Philos Trans R Soc Lond B Biol Sci 365:2117-2126

Yvon-Durocher G, Schaum C-E, Trimmer M (2017) The Temperature Dependence of Phytoplankton
Stoichiometry: Investigating the Roles of Species Sorting and Local Adaptation. Front Microbiol
8:2003

Zhou T-C, Sun J, Liu M, et al (2020) Coupling between plant nitrogen and phosphorus along water and
heat gradients in alpine grassland. Sci Total Environ 701:134660

Zvereva EL, Kozlov MV (2006) Consequences of simultaneous elevation of carbon dioxide and
temperature for plant—herbivore interactions: a metaanalysis. Glob Chang Biol 12:27-41

84



B

Supplementary Information
Research Chapter1

85



Appendix B

Oikos OIK-06141

Marx, J. M., Rall, B. C., Phillips, H. R. P. and Brose, U.
2019. Opening the black box of plant nutrient uptake under
warming predicts global patterns in community biomass and

biological carbon storage. — Oikos doi: 10.1111/0ik.06141

Appendix 1. Additional figures of Original data and model simulations
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Figure Al Original data & regression line of the log transformed maximum uptake rate (a & b) and half-saturation
density (b & ¢) of nitrogen and phosphorus against temperature for phytoplankton species Coscinodiscus wailesii.
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Figure A2 Original data & regression line of the log transformed maximum uptake rate (a & b) and half-saturation

density (b & c) of nitrogen and phosphorus against temperature for phytoplankton species Eucampia zodiacus.
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Figure A3: Original data & regression line of the log transformed maximum uptake rate (a & b) and half-
saturation density (b & c) of nitrogen against temperature for tree species Acer rubrum.
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Figure A4: Original data & regression line of the log transformed maximum uptake rate (a & b) and half-saturation
density (b & c) of nitrogen against temperature for tree species Ceratonia siliqua. The colours represent the
additional variables (nutrient type and nutrient density) used in the original study.
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Figure A5: Original data & regression line of the log transformed maximum uptake rate (a & b) and half-saturation
density (b & c¢) of nitrogen against temperature for algae species Gracilaria gracilis. The colours represent the
additional variables (nutrient type and nutrient density) used in the original study.
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Figure A6. Original data & regression line of the log transformed maximum uptake rate (a & b) and half-saturation
density (b & c) of nitrogen against temperature for algae species Thalassia testudinum. 7he colours represent the
additional variables (nutrient type and plant part measured) used in the original study:.
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Figure A7: Original data & regression line of the log transformed maximum uptake rate (a & b) and half-saturation
density (b & ¢) of phosphorus against temperature for shrub species Euphorbia pulcherrima.
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Figure A8 Original data & regression line of the log transformed maximum uptake rate (a & b) and half-saturation
density (b & ¢) of phosphorus against temperature for herb species Tagetes patula.
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Figure A9: Results of simulations run with only nitrogen as nutrient. a total community biomass at different
temperatures, ¢ the corresponding total respiration. b and d show the %-change (4) in biomass and respiration,
respectively, that would occur if the system would be warmed by 4°C, the x-axis here represents the baseline
temperature.
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Figure Al0: Results of simulations run with only phosphorus as nutrient. a total community biomass at different
temperatures, ¢ the corresponding total respiration. b and d show the %-change (4) in biomass and respiration,
respectively, that would occur if the system would be warmed by 4°C, the x-axis here represents the baseline
temperature.
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Figure All: Sensitivity plot showing plant nutrient uptake curves at 9 and 25°C using the most positive, average and
most negative scenario for plant nutrient uptake based on the activation energies of half-saturation density and
maximum uptake rate. This figure shows plant nutrient uptake at 9°C in blue and 25°C in red. The solid lines
represents the average activation energy as used in the model. The dashed lines shows plant nutrient uptake being
most positively affected by temperature using the maximum activation energy for maximum uptake rate and the
minimum activation enerqgy for half-saturation density. The dotted lines show the most negative scenario for plant
nutrient uptake using the minimum activation energy for maximum uptake rate and the maximum activation
enerqgy for half-saturation density.
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Figure Al12: Results of simulations run under the most positive scenario using the maximum activation enerqgy for
maximum uptake rate and the minimum activation enerqy for half-saturation density. a total community biomass
at different temperatures, ¢ the corresponding total respiration. b and d show the %-change (4) in biomass and
respiration, respectively, that would occur if the system would be warmed by 4°C, the x-axis here represents the
baseline temperature.
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Figure A13: Results of simulations run under the most negative scenario using the minimum activation energy for
maximum uptake rate and the maximum activation enerqgy for half-saturation density. a total community biomass
at different temperatures,; ¢ the corresponding total respiration. b and d show the %-change (4) in biomass and
respiration, respectively, that would occur if the system would be warmed by 4°C, the x-axis here represents the
baseline temperature.
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Figure Al4: Carrying capacity against temperature. The four lines represent different nutrient density scenarios.
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