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SUMMARY

Forests, especially tropical forests, influence and provide numerous processes and ecosystem
services important for maintaining ecosystems, biodiversity, and human well-being worldwide.
They influence for instance the global hydrological cycle, serve as carbon sinks, and provide
various products used by humans (e.g., wood and food). Herbivory in forests is mainly caused
by insects and influences several ecosystem functions such as nutrient cycles and carbon
sequestration. Furthermore, it affects the composition and characteristics of the local plant
community. Plants, in turn, respond to herbivory with evolved avoidance- or protection
VWUDWHILHY WKDW FDQ LQIOXHQFH WKH S ®bt@ ¥efdrs,SDODWI
abiotic factors such as precipitation or nutrients shape herbivory. As a result, insect herbivory
in forests varies in space and time resulting in complex and non-static patterns. Understanding
the herbivory of insect communities and the factors influencing them is crucial for predicting
and mitigating possible changes under the pressure of climate- and land-use change. To improve
the understanding of herbivory patterns and their underlying mechanisms, | investigated both
the herbivory of insect communities and insect herbivore dynamics and their relations to plant
traits as well as several abiotic variables in tropical montane forests of southern Ecuador.

In Chapter 1, | examine spatial differences in community herbivory betweearibpycand

the woody understory of two different forest types (mountain rainforest and mountain dry
forest) and refer the results to a global comparison of canopy-understory herbittergspa

based on a literature survey. The results showed that vertical herbivory patterns are scale-
dependent, as the worldwide comparison revealed no significant differences between the
vertical forest strata, while the two south Ecuadorian forest types exhibited significant forest
type-specific differences. This indicates that the variation in herbivory betweeatsfargght

be larger than within forests.

Chapter 2 focuses on the general importance of various leaf traits for community herbivory
patterns in a tropical mountain rainforest. In this study, no clear relationship was found between
leaf traits and community herbivory, and the variability within traits was mainly at tbeespe

level. These results could indicate either a bias caused by the temporal mismatch of sampling
leaf traits and community herbivory and the actual event of herbivory or that other
environmental factors are more important in structuring community herbivory than leaf traits.
Chapter 3 describes the effects of various leaf traits on the abundance and mean body mass of

the most dominant herbivorous feeding guilds: leaf- and rostrum chewers. The results match




the previous study since they show no consistent relations between certain traits and herbivores
but feeding guild-specific dynamics for both abundance and mean body mass.

Overall, my thesis highlights the complexity of biotic and abiotic mechanisms underlying
herbivore- and herbivory patterns of insect communities in tropical forests. | was able to provide
an impetus to reconsider the importance of leaf traits for insect herbivory on a community level
and point out that not only an appropriate selection of leaf traits is required, but also the large
intra- and interspecific variation of traits must be considered when analyzing community
herbivory. Thus, although much research is still needed to fill the gaps, | can conclude that the
importance of certain environmental factors for community herbivory depends on both the

composition and characteristics of the target community and on space and time.




ZUSAMMENFASSUNG

Walder, insbesondere tropische Walder, beeinflussen und stellen zahlreiche Prozesse und
Okosystemdienstleistungen bereit, die fir die Erhaltung von Okosystemen, der Artenvielfalt
und dem menschlichen Wohlergehen weltweit wichtig sind. Sie beeinflussen beispielsweise
den globalen Wasserkreislauf, dienen als Kohlenstoffsenken und liefern verschiedene vom
Menschen genutzte Produkte (z. B. Holz und Lebensmittel). Herbivorie in Waldern wird
hauptsachlich durch Insekten verursacht und beeinflusst verschiedene Okosystemfunktionen
wie Nahrstoffkreislaufe und die Kohlenstoffspeicherung. Dartber hinaus beeinflusst es die
Zusammensetzung und Eigenschaften der lokalen Pflanzengemeinschaft. Pflanzen wiederum
reagieren auf Herbivorie mit evolutionar entwickelten Vermeidungs- oder Schutzstrategien, die
die Schmackhatftigkeit der Pflanze und somit auch die Herbivorie beeinflussen kbnnen. Neben
biotischen Faktoren konnen auch viele abiotische Faktoren Herbivorie beeinflussen,
beispielsweise der Niederschlag oder Nahrstoffe. Infolgedessen variiert die durch Insekten
verursachte Herbivorie in Waldern raumlich und zeitlich, was zu komplexen und nicht
statischen Mustern fuhrt. Das Verstandnis von durch Insektengemeinschaften verursachte
Herbivorie und der sie beeinflussenden Faktoren ist von entscheidender Bedeutung, um
maogliche Veradnderungen unter dem Druck von Klima- und Landnutzungsanderungen
vorherzusagen und abzumildern. Um das Verstéandnis der Herbivoriemuster und ihrer zugrunde
liegenden Mechanismen zu verbessern, habe ich sowohl die durch Insektengemeinschaften
verursachte Herbivorie als auch die Dynamik von Insektenherbivoren und ihre Beziehungen zu
Pflanzenmerkmalen sowie mehreren abiotischen Variablen in tropischen Bergwaldern im

sudlichen Ecuadors untersucht.

In Kapitel 1 untersuche ich raumliche Unterschiede in der durch die Gemeinschaft verursachten
Herbivorie zwischen den Baumkronen und dem holzigen Unterwuchs zweier unterschiedlicher
Waldtypen (Gebirgsregenwald und Gebirgstrockenwald) und beziehe die Ergebnisse auf einen
globalen Vergleich der Herbivoriemuster zwischen Baumkronen und Unterwuchs auf der
Grundlage eines Literaturvergleichs. Die Ergebnisse zeigten, dass vertikale Herbivoriemuster
mal3stabsabhangig sind, da der globale Vergleich keine signifikanten Unterschiede zwischen
den vertikalen Waldschichten ergab, wahrend die beiden sidecuadorianischen Waldtypen
signifikante waldtypspezifische Unterschiede aufwiesen. Dies weist darauf hin, dass die
Unterschiede in der Herbivorie zwischen Waldern méglicherweise grof3er sind als innerhalb

von Waldern.




Kapitel 2 konzentriert sich auf die allgemeine Bedeutung verschiedener Blattmerkmale fir
durch die Gemeinschaft verursachte Herbivoriemuster in einem tropischen Bergregenwald. Die
beschriebene Studie ergab, dass erstens kein klarer Zusammenhang zwischen Blattmerkmalen
und durch die Gemeinschaft verursachter Herbivorie bestand und zweitens die Variabilitat
innerhalb der Merkmale hauptsachlich auf Artenebene lag. Diese Ergebnisse kénnten darauf
hindeuten, dass entweder eine Verzerrung vorliegt, die durch die zeitliche Diskrepanz zwischen
den Merkmalen der entnommenen Blatter und durch die Gemeinschaft verursachter Herbivorie
und dem tatsachlichen Stattfinden der Herbivorie verursacht wird oder dass andere
Umweltfaktoren fur die Strukturierung der durch die Gemeinschaft verursachten Herbivorie

wichtiger sind als die Blattmerkmale.

Kapitel 3 beschreibt die Auswirkungen verschiedener Blattmerkmale auf die Abundanz und die
mittlere Kdrpermasse der dominantesten Herbivor-Fral3gilden: Blatt- und Rostrumkauer. Die
Ergebnisse stimmen mit der vorherigen Studie Uberein, da sie keine konsistenten Beziehungen
zwischen bestimmten Merkmalen und Herbivoren, sondern sowohl fiir die Abundanz als auch

fur die mittlere Kérpermasse, fral3gilden-spezifische Dynamiken zeigen.

Insgesamt beleuchtet meine Dissertation die Komplexitdt der Wirkweisen biotischer und
abiotischer Mechanismen, die den Herbivoren- und Herbivoriemustern von
Insektengemeinschaften in tropischen Waldern zugrunde liegen. Ich konnte einen Anstol3
geben, die Bedeutung von Blattmerkmalen fir durch die Insektengemeinschaft verursachte
Herbivorie zu Uberdenken und darauf hinweisen, dass, bei der Analyse der durch die
Gemeinschaft verursachten Herbivorie, nicht nur eine angemessene Auswahl von
Blattmerkmalen erforderlich ist, sondern auch die grof3e intra- und interspezifische Variation
von Merkmalen bericksichtigt werden muss. Auch wenn noch viel Forschung erforderlich ist,
um die Licken zu schliel3en, folgere ich aus den beschriebenen Beobachtungen, dass die
Bedeutung bestimmter Umweltfaktoren fur die durch die Gemeinschaft verursachte Herbivorie
sowohl von der Zusammensetzung als auch den Eigenschaften der zu untersuchenden

Gemeinschaft und von Raum und Zeit abhangt.
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PART I:

INTRODUCTION
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Tropical forests

Tropical forests are tree-dominated landscapes along the equator between approximately 23° N
and 23° S occurring in the Americas, Africa, Asia, and Australia (Figure 1.1). Although there is
no uniform definition of a forest (Lund, 2002; Putz & Redford, 2010), a common definition
states that a forest consists of trees growing more than 5 m in height and covering an area of at
least 0.5 ha with a canopy density of over 10 % (FAO, 2001). Besides edaphic factors, such as
nutrient availability and topography, precipitation is among the important factors influencing
the occurrence of a forest (Murphy & Bowman, 2012; Wu et al., 2011). As a consequence, we
have a great variety of locally adapted forest types such as seasonalstsy fooest deciduous
forests, evergreen rainforests, mangroves, mountain forests, cloud forestsalyptudorests

(e.g., Helmer et al., 2012; Olson et al., 2001).

-5t N “Ci
L‘,— .
o
\‘\» b ; ?1
, 4
\\\ _,.(',.E\J g
@ |

Forest area 1000 ha

| Boreal 1,109,871
B Temperate 665,803
Subtropical 449,122

[ Tropical 1,834,136

Figure 1.1 Global distribution of forests according to the climatic domain and adapted from the United
Nations World Map, 2020. (Figure taken from FAO (2020) Figure 5).
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Currently, tropical forests represent 45 % of forests worldwide (FAO, 2020) and cover an area
of around 11 million to 13 million km? (Mackey et al., 2020). However, forests, especially
tropical forests are at severe risk, declining with an estimated annual increase in forest loss of
82100 km? (Hansen et al., 2013). The main factor causing this loss is mankind (Foley et al.,
2005). Although humans reforest and restore forest areas for economic and conservation issues,
forest destruction is more severe (Hansen et al., 2013). The main human-induced drivers of
forest loss are direct factors such as logging and burning. Indirect factors include man-made
climate change causing for instance droughts, fires, soil erosion, and the distribution and
introduction of pathogens; as well as the introduction of invasive species (Dale et al., 2001;
Mainka & Howard, 2010; Malhi et al., 2020; Dawen Yang et al., 2003).

Forest loss and its stressors have several far-reaching effects as forests form important
ecosystems with a variety of services and characteristics relevant to the environment and
humans. First of all, most tropical forests are hotspots of biodiversity containing between 50 %
and 66 % of all globally described species and 62 % of all terrestrial vertebi@esgpwrman

Myers et al., 2000; Pillay et al., 2022; Shimamoto et al., 2018; Wright, 2010). Secondly, tropical
forests, especially primary tropical forests, bind huge amounts of carbon, between 306 and 324
billion tonnes of carbon (Pg C; Mackey et al., 2020), with an average of 1.2 + 0.4 Pg C per year
(Pan et al., 2011). Thus, they serve as important carbon sinks. Thirdly, tropical forests strongly
influence the global hydrological cycle including water provisioning and purification,
evapotranspiration, and precipitation patterns at mid- and high latitudes (Avissar & Werth,
2005; Ellison et al., 2012; Wright, 2010). Fourth, they reduce erosion, increase soil formation
and fertility, and serve as protection against floods or other hazards (Ditt et al., 2010; Ellison et
al., 2012; Lhoest et al., 2019). Fifthly, forests provide many provisioning services that serve not
only the local- and regional human population but also the global community due to
globalization processes. The most important product is wood, which serves for construction and
71 % for fire (Wright, 2010). Additionally, tropical forests provide food, fodder, medicine,
fibers, materials for fabrics and clothing, materials for tools, and other items (Figure 1.2; FAO,
2020; Lhoest et al., 2019). Sixthly, forests provide several cultural services by serving as
habitat, recreation-, and hunting areas, spiritual places and -experiences, inspindtian, a
magnet for tourism (Echeverri et al., 2021; FAO, 2020; Lhoest et al., 2019). The average
economic value of ecosystem services in tropical forests amoun&s18900 $ hayear!
(Carrasco et al., 2014).
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Thus, since tropical forests are on the one hand valuable for many different processes and
services and on the other hand under substantial threat, they should be resilient. Resilience
includes three categories: persistence, recovery, and reorganization which can be promoted by
increasing biodiversity, evolving adaptation strategies, or applying compensatory mechanisms
(Connell & Ghedini, 2015; EImquvist et al., 2003; Falk et al., 2022; Loreau & de Mazancourt,
2013). All these factors are based on or related to biotic interactions, making them crucial for
the resilience and maintenance of tropical forests (Andresen et al., 2018).

Proportion [%]

Food (edible plants) m Raw material for medicine m Raw material for utensils
B Wild meat B Ornamental plants ® Honey and beeswax
Exudates Other plant products Fodder

m Hides, skins, and trophies ® Raw material for colorants ® Living animals

m Insects m Other categories

Figure 1.2 Proportion of global importance of non-wood forest products in 2015. (Figure adapted from
FAO (2020) Figure 48).

Biotic interactions in forests

Biotic interactions in tropical forests are substantial for the diversification of organisms and
traits as well as for several ecosystem processes (Andresen et al., 2018). Forests harbor a great
variety of organisms that interact with each other, mostly in complex interaction networks
consisting of multiple individuals (Andresen et al., 2018). These interactions can be highly
specialized and species-specific or general and non-specific (Callaway, 1998; Sankamethawee
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et al., 2011). Further, they can be obligate for an individual or facultative (Pea6adl, And

finally, biotic interactions can be positive (mutualistic) such as the symbiosis between plants

and mycorrhizal fungi to exchange water and sugar, or negative (antagonisticy prexthedion

or parasitism (Peacock, 2011). Several plant-animal interactions exist that are crucial for the

persistence of a forest and ecosystem services such as food production and carbon sequestration.

Among the mutualistic interactions, the two most important ones are the pollination of flowers

mainly by insects but also bats and brgOHPLQJ OXFKKDOD *DOLQGR(*]

2000; Kevan & Baker, 1983) and the dispersal of seeds by animals via epi- and endozoochory
*DOLQGR(*RQ]iIiOH] HW DO 6 R U H Q XrHr@portant ubiqUitous H VHW

but antagonistic plant-animal interaction is herbivory.

Herbivory in forests

Herbivory is the consumption of plant material by animals. In a narrower sense, it is the damage
or loss of photosynthetically active tissue by herbivores and is one of the most frequent plant-
animal interactions worldwide. In forests, general herbivory on above-ground biomass ranges
between 5 % and 26 % (Coley & Barone, 1996; Lowman, 1984; Metcalfe et al., 2014; Ohmart
et al., 1983). The temporal and spatial distribution of herbivory can vary depending on various
abiotic and biotic environmental factors. Abiotic factors include air temperature, precipitation,
solar radiation, and wind speed (Galman et al., 2018; Hodkinson, 2005; Leckey et al., 2014;
Lemoine et al., 2014). Biotic factors include the predation of herbivorous arthropods, especially
by birds, bats, or predatory invertebrates (e.g., Bohm et al., 2011; Tvardikova & Novotny,
2012); the competition between different herbivorous groups (Anderson et al., 2009); and the
specific characteristics of the host plant the herbivores feed on (Figure 1.3; Huntly, 1991).

On a systemic level, herbivory influences processes like nutrient cycling and carbon
sequestration (Metcalfe etal., 2012)Q D SODQWYIV LQGLYLGXDO RU FRPPXQ
to react in both long- and short-term adaptations. In the long term, plants and herbivores have
co-evolved in an arms race forcing each other to constantly adapt and counter-adapt their
protective and attack mechanisms (Abdul Rasheed War et al.,, 2018). This dynamic of
adaptation and counter-adaptation can be called Escalatory Red Queen, meaning a directiona
selection of traits as a response to the evolving counterpart (Brockhurst et al., 2014). This
K\SRWKHVLV LV D VSHFLILFDWLRQ RI 9DQ 9DOHQYV 5HG 4.
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extinction rates of taxa are independent of the geologic age and that taxa need to constantly
adapt to adaptations in the biotic environment that affect them negatively. These adaptations
are independent of the abiotic environment as the energy in the system is generally limited
(Liow et al., 2011). This way, herbivory can cause changes in the composition of the plant
community by reducing the plafit¥itness, growth rate, reproductive success, or survival
(Figure 1.3; Coley & Barone, 1996; Maron & Crone, 2006; Myers & Sarfraz, 2017). In response
to the herbivore pressure, plants evolved, for instance, herbivore defensive structures like thorns
and spines or chemical defense components also called secondary metabolites, such as
alkaloids, anthocyanins, glycosinolates, or phenolic compounds to protect themselves against
herbivory (Agrawal & Fishbein, 2006; Coley, 1983; Coley et al., 1985; Gong et al., 2020;
Moreira et al., 2017; Vetter, 2000). Herbivores, in turn, evolved for instance mutualistic
relationships with bacteria and other microorganisms to upgrade low-quality food, or
biochemical adaptations such as enzymatic detoxification strategies or a high activity of
digestive enzymes to cope with toxic substances (Awmack & Leather, 2002; War et al., 2018).
In addition to the long-term reactions to herbivory, plants ¢anthe short-termtproduce
herbivore-induced defense substances as a direct response to herbivore damag2dBdege

All these defense mechanisms and substances influence the dietary quality of a specific plant
part and can be summarized as palatability (Pérez-Harguindeguy et al., 2003; Schédler et a
2003; Southwood et al., 1986). The palatability of leaves is influenced by a variety of traits that
can be grouped into different categories. First, morphological traits like thorns, spines, dry
matter content (DMC), or the specific leaf area (SLA) as a physical barrier (Agrawal &
Fishbein, 2006; Descombes et al., 2017; Wang et al., 2020; Werner & Homeier, 2015); second,
the nutritional quality of a leaf as food based on its nutrient contents like nitrogen (N),
phosphorus (P), or potassium (K; Joern et al.,, 2012; Myers & Gratton, 2006; Werner &
Homeier, 2015); third, heavy metals such as aluminum (Al), manganese (Mn), or zinc (Zn) that
can be toxic if accumulated in the plant (Ribeiro et al., 2017); and fourth, the already mentioned
secondary metabolites like anthocyanins, glucosinolates, lignins, or tannins as chemical plant
defense substances (Coley, 1983; Coley et al., 1985; Gong et al., 2020; Moreira et al., 2017;
Vetter, 2000). Thus, the palatability of a leaf tends to increase when for instance the nutrient
content of N or the SLA increases (Pérez-Harguindeguy et al., 2003; Schadler et al., 2003) and
tends to decrease when the concentration of plant defense substances or heavy metals increases
(Coley & Barone, 1996; Ribeiro et al., 2017). The occurrence and concentrations of many of

these leaf traits are species-specific (e.g., Homeier et al., 2021). However, their concentrations
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can vary depending on factors like the ontogenetic phase of the plant and the environmental
conditions ytaHN ek &.01985; Coley & Barone, 1996; Endara & Coley, 2011).

Soils with high concentrations of heavy metals, for instance, lead to higher levels of these
metals in the plants, which in turn reduces herbivory (Ribeiro et al., 2017). Regarding the
different life stages of a plant, many studies provide evidence that young leaves have a higher
palatability causing higher herbivory rates than mature leag® W H V ytaHN &R
1983; Peeters, 2002b). Apart from that, plants comprise various life strategies to cope with their
environment that influence the plant traits and thus their forage quality for herbivores, like
pioneer and persistent plant species or evergreen and deciduous plants (Coley, 1983; Galman

et al., 2018).

Abiotic factors
(e.g., temperature, precipitation, light
availability)

Biotic factors
(e.g., predation, parasitism)

(e.g., plant traits, plant fitness,
plant composition)

Figure 1.3 Response- and effect framework of abiotic and biotic factors influencingothenunity

herbivory of arthropods in forest ecosystems.

In the canopy layer of forests, the main herbivores are arthropods. Due to their small size and
their ability to fly, arthropods act partly differently on plants than larger herbivoregrhzeng

and browsing mammals, which predominate non-forest terrestrial ecosystems like savannas and
grasslands (UG V HW DO 02X 281R). ThEbwbEkRocuses only on herbivory

caused by arthropods, in the following ol HUPHG 3KHUELY R U \Hebi@Qo@Gs3KHUE L
can be assigned to different feeding guilds. Although there is no uniform classification of

feeding guilds, many studies distinguish between leaf chewers consuming entire parts of the
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leaf material with their robust chewing mouthparts like Orthoptera or Coleoptera, sap suckers
consuming only the leaf sap with their piercing and sucking mouthparts like Hemiptera, and
miners and gallers, which feed inside the leaf tissue (e.g., Lourenco et al., 2015; Moran &
Southwood, 1982; Neves et al., 2013; Novotny et al., 2010; Novotny & Basset, 2005; Ribeiro
et al., 1994). Thus, depending on the herbivore, herbivory can be assigned to different damage
types (Labandeira et al., 2007). Sap sucking Hemiptera for instance cause with their stylets
small, punctual piercing and sucking damages (Labandeira et al., 2007). Chewing insects like
Orthoptera or lepidopteran caterpillars, in contrast, can consume substantial aretesagtthe
(Arnold & Fonseca, 2011). As herbivory in general, the damage types and feeding guilds in
particular vary in space and time (Andrew et al., 2012; Neves et al., 2014).

The research unit RESPECT

The research described in this thesis was conducted within the framework of the
interdisciplinary research unit (RU) RESPECT (Environmental Changes in Biodiversity
Hotspot Ecosystems of South Ecuador: RESPonse and feedback effECTS). Its focus lies on the
relations between ecological- and environmental processes occurring in the tropical mountain
ecosystems of the Andes of southern Ecuador and how certain drivers can affect these
processes. Two pervasive drivers, that have extensive impacts on particularly mountain
ecosystems and their functioning, are climate- and land-use change (Nogués-Bra20@t)al.,

They cause changes for instance in the composition and structure of communities of organisms,
the biomass production, the composition and expression of functional traits, and the
characteristics and the intensity of biotic processes such as the rates of predation and herbivory
(Adams & Fiedler, 2016; Homeier et al., 2010; Moreira et al., 2018; Tiede et al., 2017). Thus,
by investigating various processes in tropical dry- and humid mountain regions of southern
Ecuador, such as tree species composition, seed dispersal, herbivory, or the hydrological cycle
(Table 1.1), the general goal of the RU is to approach the answer to the quéstibich
consequences do climate and land-use induced environmental changes have on the ecosystem
functions and services in the forest- and its anthropogenic replacement systems. The RU focuses
on the two target functions (TFs) biomass production and latent heat flux (evapotranspiration).
Main assumptions underlying this research are: firstly, biotic interactions are main drivers of
the two TFs; secondly, an increasing trait diversity in the system increases the resistance of the

two TFs to climate change and -extremes; thirdly, traits relevant for the two TFs could respond
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idiosyncratically to climate change; fourth, trait diversity decreases with increasing land-use
intensity; and fifth, sustainable land-use systems might buffer the reduction of resistance as
response to climate- and land-use change. To test these assumptions and to investigate the
underlying processes, the RU uses a trait-based approach where response and effect traits are
selected on the one hand concerning their relevance to the requirements needed for the synthesis
of a regionally adapted and extended land-surface model (LSM). On the other hand, they are
selected according to the need to analyze their importance for biotic functions and processes
under climate- and land-use change scenarios in a statistical response-effect framework. Beside
functional traits, a variety of covariates (climate, water fluxes, soil characteristics) are gathered
WR IXOILOO WKH PRGHO{YV dirmbteX atdHI&#d-Qse/ vhahgeUscéhbtio L D E O
predictions.

The research of RESPECT was divided into two phases, the first phase lasted from 2018 to
2021 and focused on a mountain rain forest system (MRF). The second phase started in 2021,
is still ongoing, and focuses on a mountain dry forest system (MDF). The research presented in
this thesis was conducted within the working group B4 (Table 1.1).

Table 1.1 Working groups of the interdisciplinary research unit RESPECT and thkg. ta

Geosciences Al Climate change and climate extremes
A2 Soil water dynamics
A3 Solil nutrient availability and soil properties

Biosciences A4 Land-surface model synthesis

Socio-economic sciencg A5 Development of optimized land-use scenarios
A6 Ecosystem services, -demand, and -supply (only

ihase 1i

Biosciences Bl Plant composition, plant traits, PFT sampling
B2 Tree growth, water-carbon relationships in trees
B3 Seed dispersal, plant establishment
B4 Herbivory, response-effect-framework synthesis
Z Coordination and data management
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Study design

The research of RESPECT was conducted on joint 1-ha core plots along an elevation gradient
in the Andes of southern Ecuador in the Podocarpus Nationalpark (PNP), the Biological
Reserve San Francisco (BRSF), and the Laipuna Reserve (LR) comprising two natural forest
types (mountain rainforest = MRF and mountain dry forest = MDF) and their anthropogenic
replacement systems (MRF: pasture, MDF: silvopasture). Monthly mean temperature decreased
from lower to upper elevations and from the MDF to the MRF, whereas annual precipitation
increased with increasing elevation and from the MDF to the MRF. The MRF comprised three
plots each in the forest and the pastures at 1000 m a.s.l. (PNP), 2000 m a.s.l. (BRSF), and 3000
m a.s.l. (PNP; Figure 1.4). Additionally, three plantation plots contaiRings patulatrees at

2000 m and 3000 m each were established. The MDF in the LR contained three forest and three
silvopasture plots each at 600 m a.s.l. and 1200 m a.s.l. (Figure 1.4) resulting overall in 24 MRF
and 12 MDF plots. At each elevation level and land-use type, one of the three plots was defined
as a process plot containing both automatic weather- and soil moisture stations to measure

abiotic covariates.

Mountain dry forest Mountain rainforest

Figure 1.4 Study design of the RESPECT project with the 15 joint 1 ha forest corépiloésmountain
dry- (MDF) and rainforest (MRF) in the Andes of southern Ecuador. Light beowanlight green
guadrates indicate process plots containing additional instrumentation toeredzistic covariates. The
brown to dark-green background coloration of the schematic mountains representseasing
precipitation- and a decreasing temperature gradient with increasuzagieh and from the MDF to the
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MREF. The trees and shrubs indicate at which elevation level and in which h&ratam herbivory and
arthropod samples were collected by working group B4. Shown are onlydlatsssince the following
work focuses exclusively on the forest plots. (Figure adapted from BenBan&ig (2018) Fig. 5 and
Farwig & Bendix (2021) Figure 1).

To select the appropriate plants for the trait measurements needed to conduct the statistical
analyses of the response-effect framework and to train the LSM, plants were a-priori assigned
to different plant functional types (PFT). This was only possible, due to a considerable amount
of work done previously in the study area. In the natural forest plots of the MRF, PFT
classification for trees was based on the key traits specific leaf area (SLA) and wood specific
gravity (WSG), both known to be related to the TFs of the project biomass production and latent
heat flux (Kunstler et al., 2016; Meinzer et al., 2008) and to be well predictive in LSM
simulations (Sakschewski et al., 2015). SLA was measured on 282 and WSG on 347 tree species
out of a representative species pool in the area comprising the successional stages pioneer,
early-succession, mid-succession small, mid-succession tall, late-succession small, and late-
succession tall. Each successional stage was distinguished between the three elevation levels
resulting in 13 PFTs based on the SLA and WSG (Figure I.5A and B). For each PFT, four
species were selected resulting in 52 tree species across the forest plots in the MRF (Table
A.l1).

Mountain rainforest

A B ¢ Mountain dry forest

Deciduous

No. of tree species
No. of tree species
No. of tree species

|
low high high
WSG WSG
o f
PFT 10 PFT 10
PFT9 PFT9
PFT 8 PFT 8
PFT 7 FT
PET 5 PFT 6 PFT6 PETS
PFT4 PFT 4
PFT 3 PFT 3
PFT 2 PFT2
PFT1 PET 1

Figure 1.5 Vertical distribution and species abundance partitioning of the planidoakttypes (PFT)

for trees in the natural forest plots based on the specific leaf3irda [cn? g?] and the wood specific
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gravity (WSG) for the mountain rainforggt - B) and based on the WSG for the mountain dry forest
(C). The ranges of the SLA and the WSG as well as the distribution curves are kept scliEigate.
modified from Bendix & Farwig, (2018) Fig. 4 and Farwig & Bendix, (2021) Supporting Figure S2).

For the pastures in the MRF area, locally common plants representing different photosynthetic
strategies were chosen: the C3-grdsfcus lanatusand the C4-grasSetaria sphacelatas

well as the invasive bracken fern of the geRteridium(Roos et al., 2013).

Regarding the PFT classification in the MDF, identical tree species in the forest- and
silvopasture plots were selected. Trees were again assigned to different PFTs according to the
WSG (Figure 1.5C) and the abundance of the respective species. PFTs were defined as
deciduous, semi-deciduous, and evergreen trees, whereby each PFT was represented by four
tree species per elevation level resulting in 24 species examined in the MDF system (Table
A.l.2).

Aim of the thesis

With the work described in this thesis, | aim to contribute to a better understanding of
community herbivory caused by arthropods and their influencing factors in tropical forest
ecosystems. The focus here is on the level of plant and herbivore communities to refrain from
analyses at the species level, from which it is challenging to conclude the entire system. With
the community-level approach, in contrast, we approximate the possibility of estimating
herbivory values of the entire forest ecosystems. In specific, | intend to reveal and explain
spatial patterns in herbivory across different forest strata (canopy and woody understory),
elevation levels (600 nt3000 m), and forest types (MRF and MDBFhapter 1). Further, |

aim to figure out whether leaf traits are related to herbivory and thus are suitable for herbivory
predictions and whether it is reasonable to use spectrally estimated leaf traits for those
predictions Chapter 2). Finally, | attempt to examine whether the abundance and mean body
mass of chewing herbivores, by far the most common and influential herbivorous feeding guild,
are substantially influenced by certain leaf traits of the community of the host plants
(Chapter 3).
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PART II:

MANUSCRIPTS OF THIS THESIS
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Outline

Spatial patterns in community herbivory

Although herbivory is a ubiquitous phenomenon, herbivory rates vary depending on a great
variety of environmental factors (e.g., Ashton et al., 2011; Garcia-Jain et al., 2022; Koptur,
1985; Piper et al., 2018; Zhang et al., 2023). These factors can have spatial effects on herbivory
In Chapter 1 | explored whether herbivory differs spatially between the two forest strata,
canopy and woody understory, by comparing these patterns in a mountain rain- and dry forest.
In addition, | compared the results with other globally distributed studies dealing either with
canopy- or understory herbivory to identify whether the general pattern across a larde spatia

scale is similar to the locally observed ones.

Effects of leaf traits on community herbivory and herbivores

Leaf traits characterize the quality of leaves as food for herbivoresGelgy, 1983; Coley &
Barone, 1996; Louda & Collinge, 1992; Mattson, 1980). Among the traits, several are
categorized as plant defense substances reducing herbivory (e.g., Coley, 1983; Rosenthal &
Janzen, 1979), while others are known to increase palatability and favor herbivory, such as
certain essential nutrients like nitrogen (Coley, 1983; Joern et al., 2012; Werner & Homeier,
2015). A lot of research deals with the relation between leaf traits and herbivory and how traits
can affect herbivore fitness by sampling field data as well as conducting fegdiade.g.,

Coley, 1983; Pérez-Harguindeguy et al., 2003; Poorter et al., 2004; Schadler et al., 2003).
However, described patterns are not always straightforward. Thus, some studies describe for
instance a positive effect of the specific leaf area on herbivory (Péregmirideguy et al.,

2003; Werner & Homeier, 2015), while others do not (Descombes et al., 2017; Poorter et al.,
2004). Even the importance of secondary metabolites for herbivory is controversial (Carmona
et al., 2011), and often detected correlations observed in field data differ from those derived in
feeding trials (Pérez-Harguindeguy et al., 2003). A reason for that discordance could be the
objective of the studies which often look at specific plant species, small groups of species, or
single to few herbivore species. In particular, in feeding trials studies have often used herbivore
not naturally occurring in the system under study, and local adaptations have not been
considered. However, analyses of the relations between leaf traits and herbivory or herbivores
on the community level are not as common. Thu§hapter 2 | examined in a multi-species

approach whether leaf traits across various tree species are related to canopy herbivory in
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tropical montane rainforests. Additionally, | compared trait-herbivory relationships of two trait
measurement techniques to test whether traits measured via time- and cost-efficient novel
spectral-sensing techniques show similar relations to herbivory than conventional measurement

techniques.

In Chapter 31 then unraveled the effects of certain leaf traits on the abundance and mean body
mass of the two predominating herbivorous feeding guilds leaf chewers such as Orthoptera and
lepidopteran caterpillars and rostrum chewers, mainly Curculionoidea. One focus lies on the
Jarman-Bell principle which states that the need of herbivores to consume high-quality food
increases with decreasing body mass since smaller animals have a higher energy need and
cannot compensate for low-quality food by increasing their consumption rate compared to
larger animals (Bell, 1971; Jarman, 1974; McArthur, 2014). Therefore, in this chapter, |
examined whether the Jarman-Bell Principle applies to the two chewing feeding guilds. In
addition, this chapter presents a comparison of the relationships between leaf traits and
herbivory estimated in the field and in a feeding trial to carve out possible local adaptations of

the herbivore community.
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Chapter 1: A comparison of insect herbivory in the canopy and the
understory of forest ecosystemszt a tropical case study with a global
comparison

by

Jana E. Schon Annemarie Wurz, Nina Farwig, Roland Brandl

first draft in preparation for submissionttography

Abstract

Herbivory by insects influences the composition and characteristics of both plant
communities and several ecosystem functions. At the same time, herbivory is influenced by
many biotic and abiotic factors modulating herbivores directly or indirectly by shaping the
palatability of the host plants among others. Light exposure is an important factor that affects
the palatability of leaves and influences, for instance, the leaf thickness and the concentration
of plant defense substances along the vertical forest stratum. However, it is unknown how this
light variation in the canopy vs. the understory affects herbivory in different forest types and
whether there is a clear global pattern. To examine this hypothesis, we estimated hesbivory a
leaf area loss [%] in the tree canopies and the woody understory of a montaiiBiy) and
a montane rainforest (MRF) in southern Ecuador. For this, we collected around 20 leaves per
plant of 918 plants in total in six 1 ha plots at two elevation levels (600 m, 1200 m) in the MDF
and in nine 1 ha plots at three elevation levels (1000 m, 2000 m, 3000m) in the MRF.
Additionally, we conducted a literature survey resulting in 64 studies that were used for the
analyses to compare the herbivory pattern between the two strata in a multi-studies approach.
Herbivory in the MDF wastas expectedthigher in the understory compared to the canopy.

In the MRF, however, the pattern was reversed. Across both forest types, herbivory increased
with increasing elevation. The multi-studies approach revealed a mean herbivory of 9.45 % +
8.75 % (standard deviation) and no significant differences in herbivory between the aadopy

the understory. Neither latitude as a proxy for temperature nor precipitation to account for
different forest types had significant effects on herbivory. Both the multi-studies and the MRF
and MDF case study suggest that the variation in herbivory between forest types might be larger

than between strata. However, for a better understanding of general herbivory patterns in the
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canopy and the understory of forest systems the need for much more case studies directly

comparing both strata is essential.

Introduction

Herbivory, the damage or loss of photosynthetic active tissue caused by animals, is an important
process influencing ecosystem functions such as nutrient cycles, water fluxes, and carbon
sequestration (Hunter, 2001; Metcalfe et al., 2014, Prather et al., 2013; Schowalter et al., 1986).
In most vegetation types including forest ecosystems herbivory affects the primary production

and shapes the characteristics of plants along evolutionary time scales and the composition of
plant assemblages along ecological time scales (Bagchi et al., 2014; Endara et al., 2015). In
forests, herbivory is mainly caused by insects (Coley & Barone, 1996) and ranges between 5 %
and 26% in closed forest stands (Lowman, 1984; Ohmart et al., 1983) and between 7 % and

48 % specifically in tropical forests (Coley & Barone, 1996; Metcalfe et al., 2014).

Various direct and indirect biotic and abiotic factors cause these variations in herbivory across
forests. One biotic factor is the interaction between plants and herbivores, which shapes a
variety of morphological- and chemical leaf traits of the host plants with feedback effiects
herbivory (e.g., Poorter et al., 2004; Schadler et al., 2003). The summed characteristges of th
traits are called palatability (Southwood et al., 1986). Thus, changes in trait compositions can
change the palatability either in the long run as an evolutionary adaptation (e.g., arms-race
hypothesis, red queen effect; e.g., Becerra, 2007; Kursar et al., 2009) or in the short run as a
response to herbivore attack (e.g., phenotypic plasticity, herbivore-induced defense; Boege,
2004; Meldau et al., 2012; Valladares et al., 2007). Morphological traits that define the structure
of leaves and influence their palatability are, for instance, the specific leaf area (SLA), the leaf
thickness, or the leaf toughness. Leaves with a high SLA, for instance, are more attractive to
herbivores than thick leaves with a lower SLA (e.g., Pérez-Harguindeguy et al., 2003; Werner
& Homeier, 2015). Additionally, plant species evolved pathways that synthesize (secondary)
metabolites as defense substances such as alkaloids, anthocyanins, and phenolic compounds
which reduce the palatability of the leaves (e.g., Coley et al., 1985; Gong et al., 2020; Moreira
et al., 2017, Silva et al., 2012).

Abiotic factors that influence the palatability of plants and that are related to herbivore

communities as well as herbivory patterns are for instance temperature and precipitation
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(Ashton et al., 2011; Hodkinson, 2005; Piper et al., 2018; Weissflog et al., 2018). Both change
with increasing elevation (Hodkinson, 2005), which makes elevation gradients appropriate
study systems to examine changes in herbivory under varying environmental conditions (e.g.,
Galman et al., 2018; Moreira et al., 2017).

Another abiotic factor that influences both the production of secondary metabolites in plants
and the leaf morphology is the exposure of the leaf to light (e.g., Coley & Barone, 1996;
Cornelissen et al., 2003). Under sun-exposed conditions, leaves produce more secondary
metabolites than under shaded conditions (Coley & Barone, 1996; Karolewski et al., 2013;
Koricheva et al., 1998; Ribeiro et al., 2011; Yang et al., 2018). This could be due to the carbon-
nutrient balance hypothesis, which assumes that under shaded conditions, the concentrations of
nutrients in the plants increase with the carbon concentration because carbon is invested into
growth as long as there are enough nutrients for cell construction (Stamp, 2003). Since many
plant defense substances are carbon-based, the production of defense substances should be
lower in the shaded understory than in the canopy. Additionally, sun-exposed leaves are usually
smaller and thicker than shaded leaves (Cornelissen et al., 2003). Consequently, shade-tolerant
plants have larger and thinner leaves with a higher SLA than sun-exposed leaves (Va#ladares
Niinemets, 2008). In forest systems, we see general differences regarding the vehntical lig
conditions: The canopy layer is commonly more sun-exposed, whereas the understory is mostly
shaded (Valladares & Niinemets, 2008). Thus, we predict that leaves in the canopy are smaller
and thicker with lower SLA and more secondary metabolites than in the understory layer.
Nonetheless, the structure of a forest relies strongly on the surrounding climatic and
topographical conditions resulting in different forest types (Ehbrecht et al., 2021; Muscarella et
al., 2020; Vanderwel et al., 2013). Tropical rainforests, for instance, show a homogeneous and
closed canopy with little light availability in the understory, whereas tropical dry ferdstsit

more open and heterogeneous canopy covers allowing more light to reach the understory layer
(Brenes-Arguedas et al., 2011). Annual precipitation can serve as a proxy for biomass
production and thus for forest structure (Lie et al., 2018).

As a result, each forest provides specific conditions for its local herbivore communities (e.g.,
Brenes-Arguedas et al., 2011; Seifert et al., 2021). However, the general pattern is a decrease
in light availability from the canopy to the understory. Nonetheless, whether herpatteyns

show general differences between these two forest strata across distinct forest types exhibiting

varying light conditions is unclear. Since both layers form important habitats for insect
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herbivores, in this study, we examined the herbivory pattern between the canopy and woody
understory in different forest types to diminish the described research gap. We hypothesize that
in forest ecosystems the general patterns of higher concentrations of secondary metabolites and
smaller and thicker leaves in the canopies compared to the understory layer apply to all different
forest types, and that consequently herbivory should be lower in the canopy compared to the
understory (Lowman, 1985; Ribeiro & Basset, 2016).

To examine this hypothesis, we quantified insect herbivory in the canopy and woody understory
of two different tropical forest types in southern Ecuador (montane rainforest = MRF and
montane dry forest = MDF). However, these data could only serve as a heuristitestteat
needed further support from systems around the world to test the generality of the conclusions.
For this, we extracted data on herbivory in the canopy- and understory layers from studies

around the world (except Antarctica).

Material and Methods

Study Area

The local study was conducted in a tropical montane rain- and a dry forest in southern Ecuador.
In the montane rainforest (MRF), we collected data at 1000 m, 2000 m, and 3000 m a.s.l. within
the Podocarpus National Park f 6 f1 : DQG f 1 6 fRe§erva DQG W
BiolégicaSan Francisco f f 6 f 1 :anZdrnWaKprecipitation ranging froi,800

mm y* at 1000 m, 2,000 mntlyat 2000 m to 2,500 mmiat 3000 m a.s.l. and a mean annual
temperature decline from 19.9 °C at 1000 m, 14.6 °C at 2000 m, and 6.5 °C at 3000 m a.s.l.
(Limberger et al., 2021). In the montane dry forest (MDF), we collected data it &0 1200

m a.s.l. within thdLaipuna Reserve f T 6 f 1T : ZLWK D PHDQ DQQXDO
24.1 °C and an annual precipitation of 249 mm (averaged across the years 2015, 2016, 2020,
2021, 2022) at 590 m a.s.l. (Bendix & Dobbermann, 2021). For the study, we established three

1 ha plots at each elevation in both systems resulting in 15 plots in total (nine in the MRF and
six in the MDF).
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Herbivory

To estimate arthropod herbivory in the canopies of the tree communities in both forest systems,
we collected sun-exposed branches from 380 trees in the MRF belonging to 51 tredrspecies
February and March 2019 and from 182 trees in the MDF belonging to 21 tcessspéviarch

and April 2022. For each tree, we selected randomly 20 mature leaves from the collected

branches.

To estimate arthropod herbivory in the woody understory of the MRF and the MDF, we
collected along two transects in each plot leaflets from 12 woody plants each comprising
approximately 1 m3. Due to the huge workload, we decided to collect only leaflets instead of
whole leaves. For simplicity, leaflets are named leaves in the following. Per plant, leaves were
collected every 20 cm along a horizontal line at four different vertical levels, each 25 cm apart,
resulting in 18 + 2 leaves. Leaves were collected by randomly selecting the leaf cltisest to
respective measuring point. If no leaf was present, we collected the next leaf along a horizontal
90 ° angle from the measuring point to the center of the plant. If still no leaf was present, we
omitted the collection of a leaf at that point. This way, we considered the density of the sampled
plant. To account for temporal variation in the MDF during the rainy season, we did two
sampling rounds in April and May 2022. For better comparability, we did two collection rounds
in the MRF in March and April 2023.

All collected canopy and understory leaves were scanned with a Canon scanner, CanoScan
LIDE 120 (at 150 dpi pixel resolution). Scanned leaves were analyzed with the software
'LQ)2/,$CE D 5HIJHQW ,QVWUXPHQWY ,QF 4XHEHF &LW\ 4
original entire leaf area (as if there were no herbivory present) and then the herbivory as leaf
area loss (LAL) in percent. LAL was defined as the loss of green leaf area comprising bot

missing- and dried and discolored leaf areas.

Literature survey

To gather data for the global comparison of herbivory between the two forest strata, we did a
literature search in Web of Science on tffeaBid 11" of January 2024 by searching for the
FRPELOQDWLRQV RI 3LQVHFW KHUELYRU\" $1' 3IRUHVW’ ™ $1"' 3F
SIRUHVW ™ $1' 3 XQGHUVWRU\ = 3LQVHFW ~ $1' 3 KHUELYRU\" $1
SLQVHFW ~ $1'" 3SKHUELYRU\" $1'" 3IRUHVW ™ $1' 3 XQGHUVWRU\
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scientific articles. In total, we got 551 hits of which we discarded studies dealing only with
coniferous forests, seedlings, or herbaceous plants. In addition, we did not include review
articles, books, book chapters, studies with a modeling approach, studies dealing with herbivory
caused by only one or a few herbivores, or studies describing herbivory experiments under
artificial conditions with no control group. Aside from this, we included all English-language
articles dealing with foliar insect herbivory in the tree canopies or woody understory, including
trees, shrubs, saplings, and sprouts, of forest ecosystems.

From these 551 articles, we discarded 189 based on non-matching titles and 85 articles after
reading the abstract. In addition, 171 articles were duplicates resulting in 106 articles. Following
a thorough review of these studies, we excluded 42 more articles, leaving 64 articles used for
the final analyses. We extracted mean herbivory values in percent portion based on continuous
and categorical measurements. Values were either directly extracted from tables, calculated
from corresponding datasets uploaded in repositories, or retrieved from figures with the web
tool WebPlotDigitizer (Rohatgi, 2022; Table A.Il.1.1). Median herbivory values of boxplots
were used as mean values since we assumed an approximate normal distribution of the data in
which the median and mean would be identical. Further, we noted whether the leaves on which
herbivory was measured, were marked when starting to flush, to ensure to measure herbivory
of a defined period, or whether leaves were collected unmarked. In cases of species-level
herbivory measurements, we added the respective phylogenetic information (genus, family,
order) and whether the species was deciduous, semi-deciduous, or evergreen (plant functional
type = PFT). We decided to use the mean annual precipitation to consider the structural
characteristics unique to various forest types that affect the vertical availability of light.
Precipitation was either noted in the papers or could be calculated from freely accessible
worldwide high-resolution climate data. Thus, in cases of missing information on precipitation

in the studies, we downloaded the monthly precipitation data of CHELSA (Karger et al., 2017,
2021) comprising values from the years 1979 to 2013 and calculated the average of the summed
annual precipitation for each grid cell containing coordinates of our selected studies with
missing precipitation data (for 25 out of 64 studies) with the packages andsp (Bivand et

al., 2013; Hijmans, 2023; Pebesma & Bivand, 2005). Additionally, as a proxy for the annual
mean air temperature, we calculated the absolute latitudinal distance of the study sites from the
equator (De Frenne et al., 2013). To do this, we extracted the coordinates of the study locations

or, in case of missing information, searched for the coordinates of described locations and
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converted them if needed into decimal degrees (WGS84) with the web tool online Coordinates

Converter (https://coordinates-converter.com).

Statistical analyses

For the data collected in the MRF and the MDF in southern Ecuador, we fitted a generalized
linear mixed model (GLMM) with a beta distribution with the packgipemTMB(Brooks et

al., 2017) to analyze the significant effects of the predictor variables on herbivory. We used the
relative mean herbivory as response and stratum nested within the forest type as well as the
scaled elevation as fixed effects. The plotID was added as a random effect. The results were
plotted using the packagdfects(Fox & Weisberg, 2018, 2019).

To prepare the data of the global comparison of herbivory in forests between the two strata, we
used the R packagdplyr (Wickham et al., 2020) artdlyr (Wickham, 2020). To visualize the
distribution of the study sites within our dataset across the globe, we used the psiqEs
Pebesma, 2018; Edzer Pebesma & Bivand, 2023)naapl(Tennekes, 2018).

To examine the differences in mean herbivory [%] between the canopy- and the woody
understory layer, we used three separate analyses: the first analysis was done on the plant
species level including all studies describing herbivory on specific species. The second
approach focused on the plant community level using only data from studies with measurements
of community herbivory. The third approach contained only herbivory data from studies that

compared both forest strata.

For the species-level analysis, we used the pacyageTMB(Brooks et al., 2017) to run a
GLMM using the relative mean herbivory as the response variable and a beta distribution as a
family function. As predictor variables we used the stratum as a factor, the absolute latitudinal
distance of the study site from the equator, and the scaled annual precipitation. As control
variables, we added the PFT as a factor and the factorial information of whether the leaves wer
marked or unmarked. To control for the phylogeny, we added the order nested within the family,
nested within the genus, and nested within species as a random effect. To account for the
different measurement techniques used in the studies, we included the study as a random effect.
To control for the robustness of each herbivory value, we weighed the values according to the
relative number of measurement replicates used to calculate the respective mean herbivory

value compared to the total number of measurement replicates in all studies.

39



To consider the plant community, we fitted a GLMM with the packfggenTMB(Brooks et

al., 2017) containing the relative mean herbivory as the response variable and a beta distribution
as a family function. As predictor variables, we used again the stratum as a factor, the absolute
latitudinal distance of the study site from the equator, and the scaled annual precipitation. The
study was added as a random effect and the values were again weighed accordnetptovthe

number of measurement replicates used to calculate the respective mean herbivory value.

FortheWKLUG DSSURDFK ZH FDOFXODWHG WKH VWDQGDUGL]H
between the canopy and the understory for studies providing the mean herbivory, the standard
deviation (SD), and the sample size for both strata using the pacietgéor (Viechtbauer,

2010).

All statistical analyses were done with the software R version 4.3.1 (R Core Team, 2023) in
RStudio version 2023.06.0 (Posit Team, 2023).
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Results

In general, herbivory was higher in the MRF than the MDF (Table A.ll.1.2). Between the two
forest strata canopy and woody understory showed forest-type specific patterns in the two
forests of southern Ecuador. The MDF had higher mean herbivory values in the understory
compared to the canopy (9.7 % £ SD = 5.0 % compared to 7.4 % + 6.2 %), wheidB$-the

had lower mean herbivory values in the understory compared to the canopy (5.4 % + 3.8 %
compared to 13.5 % + 8.9 %; Table A.1l.1.2). The GLMM results underline forest type specific
herbivory patterns with a significant increase in mean herbivory from the canopy to the
understory in the MDF and a significant decrease in mean herbivory from the canopy to the
understory in the MRF (Table I1.1.1; Figure 11.1.1). The elevation had a positive effect on
herbivory across both forest types indicating an increase of herbivory with increasingelevati
(Table 11.1.1; Figure 11.1.1).

Table 11.1.1 Results of the generalized linear mixed model including mean herbivory \Gil948
plants growing in a montardry forest (MDF) and a montamainforest (MRF) in southern Ecuador.

Significance was defined at a 5 % level.

Model Fixed effects Estimate SE p-value

Mean Herbivory [%]/100 ~ 1| Intercept -2.43 0.0586 <0.001
+ Forest type/Stratum +
scale(Elevation) + (1|PlotID)

MRF 0.486 0.0699 <0.001
scale(Elevation)  0.104 0.0272 <0.001
MDF: understory  0.395 0.0754 <0.001
MRF: understory  -0.866 0.0612 <0.001
random effect variance SD

PlotID 3.51¢'° 1.87¢%
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Figure 11.1.1 Significant influence of the stratum per forest type on aBdhe scaled elevation [m
a.s.l.] on the mean herbivory [%]. Plotted are the effects of the toediriables against the partial
residuals of the mean herbivory per plant. The lines represent the papiés efdhe effects.
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For the global comparison, we identified 64 studies published between 1991 and 2023 with 477
herbivory values [%)] plus the corresponding information on the sample size from the searches
in Web of Science to be appropriate for the multi-studies analysis. Hereof, 37 studies dealt with
herbivory in tree canopies and 35 with herbivory in the understory. Eight studies, including the
data from the case study described above, contained herbivory values from both therénopy a
the understory. Hereof, five studies gave additional information on the sample size and the SD
and were used for the analysis. Study areas were located in all continents except Antarctica
(Figure 11.1.2) and comprised 159 plant species from 90 genera, 47 families, and 23 orders.
Mean herbivory across all studies was 11 % + SD = 9.2 % in the understory and 8.1 % £ 7.9 %

in the canopy (Figure 11.1.3; Table A.11.1.3).

Figure 11.1.2 Distribution of the study sites examined in the 64 studies used in ttiestudies analysis.

Light blue represents studies that examine herbivory in the canopy and dark thieeihderstory.
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Figure 11.1.3 Number of studies of the multi-studies approach for specific mean herbisiols [%6]

for the canopy and the understory (n = 72).

For the species-level analysis, we could include 54 studies with 433 herbivory values [%)].
Neither the stratum nor the precipitation had any significant effect on herbivory. All the
remaining control variables had likewise no significant effect on herbivory (Table 11.1.2A). The
community-level analysis comprised 13 studies with 63 herbivory values [%]. Again, there

were no significant effects of stratum, precipitation, or the absolute distance of the study site
from the equator on herbivory (Table 11.1.2B). After calculating the standardized mean
differencesintHGJHVY J IRU WKH ILYH VWXGLHY FRQWDLQLQJ KHL
theunGHUVWRU\ ZH VHH LQFRQVLVWH QWA 10 B.50{u&/ 1.1 G IHV T J
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Table 11.1.2 Results of the generalized linear mixed models including overall 64 stuidiesnean
herbivory data on A) the species level comprising 53 studies (n = 414))ahé Bommunity level

comprising 13 studies (n = 63). Significance was defined at a 5 % level.

Model Fixed effects Estimate SE p-value
A
Mean Herbivory [%]/100 ~ 1 4 Intercept -1.4 4.76 0.768
Stratum + Absl + Understory 0.0553 2.34 0.981
Scale(Precipitation) + Absl -0.0075 0.119 0.95
Marking + PFT + Unmarked leaves -0.72 2.45 0.769
(1|order/family/genus/species| Scale(Precipitation): -0.093 2.02 0.963
+ (1|ID)
PFT: evergreen 0.164 2.84 0.954
PFT: semi-deciduous  0.132 9.9 0.989
Random effects Variance SD
Species:genus:family: 3.14e'!  5.61¢%
order
Genus:family:order 3.1et!  557¢%
Family:order 2.92ett  5.4¢%
Order 2.69¢ett  5.19¢%
ID 2.74e't  5.23€%
B Fixed effects Estimate SE p-value
Mean Herbivory [%]/100 ~ 1 4 Intercept -2.28 0.904 0.0115
Stratum + Absl + Understory -0.34 0.866 0.694
Scale(Precipitation) + (1|ID) | Absl -0.00127 0.0289  0.965
Scale(Precipitation) 0.115 0.234 0.623
random effects variance SD
ID 6.41e't  8.01€

Model results were weighed according to the relative number of plants usedcitatealthe
corresponding mean herbivory value compared to the overall number of plantaii&®sespectively

13 analyzed studies. As a model family, we used a beta distribution. Sdarst error, stratum =
factor: canopy or understory, Absl = absolute distance of the studyasiiehe equator, marking =

factor: previously marked or unmarked leaves to measure herbivory, PFT Hupletimnal type as

factor: deciduous, semi-deciduous, evergreen, ID = unique number for each study, SD = standard

deviation. Significance was defined at a 5 % level.
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canopy and the woody understory for each study dealing with herbivooghrfdrest strata. Negative

values indicate a higher herbivory in the canopy than the understory and padite®iadicate a higher

herbivory in the understory than the canopy. The numbers on the righgeneiptiee mean values and

the lowest and highest variance in brackets.

Discussion

Our hypothesis of a lower herbivory in the sunny canopy compared to the shady understory due

to light-dependent less palatable leaves in the canopy than in the understory was not confirmed

in our case study from southern Ecuador. On the contrary, when not distinguishing between the

forest types MRF and MDF, on average higher herbivory values in the canopy edrigptre

understory were observed (Table A.11.1.2). However, when distinguishing between the forest

types, we discovered forest-type-specific patterns. The herbivory pattern in the MDF was

consistent with our assumption. But the herbivory pattern in the MRF showed the opposite

pattern with lower herbivory values in the understory compared to the canopy. This was not

expected based on our arguments presented in the introduction and suggests that the stratum-

specific differences in herbivory might be dependent on the specific characteristics of the forest.

The MRF #in contrast to the MDR-had a dense and homogeneous canopy cover allowing less

light to reach the ground compared to the MDF. This could have several not mutually exclusive

implications.
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1. The more shaded and thus less favorable conditions for plants in the understory compared to
the canopy led to a relatively loose and patchy distribution of woody understory plants in the
MRF (see also Liu et al., 2016). These plants were more apparent to herbivores than plants
growing within dense vegetation. According to the apparency theory, more apparent plants are
more often attacked by herbivores and thus produce more plant defense substances than less
apparent plants (Martini et al., 2021; Strauss et al., 2015). As a result, the herbivory levels
should decrease for apparent plants resulting in reduced herbivory levels in the understory of
forests with a dense canopy cover and a loose understory vegetation.

2. The resource availability hypothesis supports the assumption of higher production of
secondary metabolites in the understory since it states that plants growing under low-light
conditions (= low-resource availability) grow more slowly than under high-light conditions and
invest more in defense to reduce their costs of compensative leaf production which follows after
herbivory (Endara & Coley, 2011).

3. Additionally, the density of the foliar biomass was higher in the canopy compared to the
understory forming large patches of resources for herbivores. According to the resource
concentration hypothesis, this could result in higher herbivore densities and consequently
higher herbivory values in the canopy compared to the understory (Piper et al., 2018; Stephens
& Myers, 2012). In support of a lower herbivore pressure in the understory, several studies
found both lower herbivore densities and species richness in the understory compared to the
canopy (Basset et al., 2001; Neves et al., 2014; Seibold et al., 2016).

Although light availability seems to play an important role in shaping herbivory patterns in the
canopy and the understory of forests (Piper et al., 2018), further factors are likely to be
influential. One factor generally influencing the occurrence and structure of a forest is the
precipitation and its seasonality (Murphy & Bowman, 2012; Wu et al., 2011; Zeppel et al.,
2014). Thus, it can also affect the characteristics of the vertical strata and hence the vertical
pattern of herbivory. Our statistical results suggested, in general, lower herbivory values in the
MDF with a lower annual precipitation compared to the MRF which could give evidence of a
relation to precipitation. Further, the precipitation in our study area increased with increasing
elevation. As increasing elevation had a positive effect on herbivory in both forest types, this
could be further evidence of the importance of precipitation on the vertical herbivory pattern.
Additionally, the contradicting vertical herbivory pattern in the MDF compared to the MRF
could partly be explained by the higher proportion of less palatable evergreen plant species in

the canopy of the MDF compared to the understory layer with many better palatable deciduous
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plants as an adaptation to the strong seasonality. In contrast, the less seasonal and wetter
evergreen MRF contained many evergreen plants not only in the canopy-, but also in the

understory layer.

However, we analyzed only two forest systems in two areas. Thus, our data do not allow for a
convincing analysis of the differences between the forests. Therefore, we extracted the literature
data. This multi-study analysis neither showed a clear difference in herbivory between the two
forest strata nor a clear pattern of differences in herbivory with environmental information like
precipitation or temperature. On the one hand, these observations could be driven by
methodological aspects, such as a mismatch of the scale of the modeled precipitation data from
CHELSA and the study areas. These raster-based data can represent averages i@darger a
than the respective examined study area. Additionally, the annual precipitation does not reflect
the seasonality which determines the forest structure (Staver et al., 2011). Concerning the
latitude, which served as a proxy for the mean annual temperature, our results agreed with the
meta-analysis results of Moles et al. (2011) demonstrating no observed relation between latitude
and herbivory. Nonetheless, the temperature pattern at local and regional scales is more
complex than the simple latitudinal distance from the equator (e.g. due to topography) and may
not be adequately represented by the latitude. Finally, we should consider that the herbivory
data in the MRF and the MDR, and especially between the strata within the MRF were collected
during different years. Thus, temporal variability in herbivory might be the driver for our

results.

On the other hand, the observations could indicate that the variation of herbivory between
different forest types might be larger than the variation between different strata within one
forest. Gossner et al. (2014) even found differences in herbivory rates between spatially close-
growing forests within the same climatic zone making abstractions of general herbivory rates
on certain forest types and especially structures within forests challenging. Further, the
understory conditions within a forest can change drastically in gaps produced by tree falls or
other events (Richards & Coley, 2007). In these tree gaps, environmental conditions resemble
the conditions in the canopy layer and herbivory rates tend to be higher in these sunny gaps
compared to the shady understory (Piper et al., 2018). This gap-specific pattern can increase
understory herbivory into similar levels of canopy herbivory. Additionally, the herbivory
pattern might depend on the age of a plant (juvenile or adult; Stiegel & Mantilla-Contreras,
2018) which, for trees, often is correlated with the stratum the leaves grow within a forest. With

this in mind, studies could receive very different results when herbivory in the understory was
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measured either on evergreen or mature leaves of adult shrubs or on saplings since evergreen
and mature leaves provide less palatable leaves than saplings with freshly flushing, young
leaves (Coley, 1983; Coley & Barone, 1996; Ribeiro et al., 1994). Further, possible influences
on the heterogeneity of herbivory in forests could be for instance the forest cover, the fragment
size, the urbanization gradient, the tree height, the tree diversity in general, or the phylogenetic
distance to neighboring trees (Castagneyrol et al., 2014; Christie & Hochuli, 2005; Dodonov et
al., 2016; Garcia-Jain et al., 2022; Piper et al., 2018; Yguel et al., 2011; Zhang et al., 2023b).
All these patterns indicate a strong influence of the heterogenous environment on the vertical
herbivory pattern. Finally, we have to consider that not only plants adapt to their environment
but also insect herbivores. They can, for instance, be assigned to different feeding guilds,
causing different damage types (e.g., Labandeira et al., 2007; Moran & Southwood, 1982) that
show individual responses in herbivory between different strata (Gossner et al., 2014; Heatwole
et al., 2009; Stiegel & Mantilla-Contreras, 2018). Additionally, insect herbivores constantly
evolved counter-adaptations to the plant protection mechanisms (e.g., Awmack & Leather,
2002; War et al., 2018). As a result, leaf traits might not be as important in shaping herbivory

nowadays as commonly assumed (Schon et al., accepted for publication in Ecosphere 2024).

However, based on our search, we found only five studies directly comparing herbivory in the
canopy with the understory and these studies showed inconsistent patterns. Therefore, for a
reasonable and reliable analysis, further studies comparing herbivory in these two strata and
covering several forest types in various climatic zones are needed to understand the forest type-
specific mechanisms underlying vertical herbivory patterns. This knowledge is important to
understand not only the pattern and pressure of local herbivory on plants in general and saplings
of especially trees in specific to maintain healthy forests that can pursue their ecosystem
services, but also the characteristics of herbivore communities in forests, and how both forests

and herbivory might change under changing environmental conditions.
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Conclusion

In southern Ecuador, general herbivory was higher in the understory than in the caaopy of
montane dry forest, but lower in the understory than in the canopy of a montane rainforest. This
pattern contradicted our hypothesis of generally higher herbivory in the understory than in the
canopy. Furthermore, we found an increase in herbivory with increasing elevation. Comparing
the results of various studies distributed across the globe describing herbivory patterns in the
canopy or the understory revealed neither significant differences between these two strata nor
significant correlations with the environmental factors precipitation, latitude as a proxy for
temperature, and plant functional type. Comparisons between canopy and understory herbivory
among the five studies dealing with both strata revealed again contradicting patterns, which
indicates that the variation in herbivory between forest types might be larger than between
strata. We conclude that understanding the variations of insect herbivory needs more detailed
case studies that can be used in a real meta-analysis and within macro-ecological studies.
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Abstract

The co-evolutionary arms race between herbivores and plants forces plants to evolve
protection strategies that reduce the palatability of the plant modules attacked by the herbivores.
These characteristics of traits have consequences for both the survival of plant individuals and
the composition of plant communities. Thus, correlating traits of for instance leaves with
herbivory is an important step towards understanding the dynamics of plant populations and
communities. Traits can either be measured using conventional lab methods or recently
developed spectral sensing techniques. We examined whether leaf traits of trees are related to
herbivory in a multi-species approach. Furthermore, we explored whether leaf traits
characterized by spectral sensing provide similar relations to herbivory as lab-based leaf traits.
We established nine one-hectare square plots evenly distributed over three different farest type
in Ecuadorian tropical montane rainforests where we estimated herbivory as the leaf area loss
[cm?] of 20 (+/- 5) leaves sampled from the canopies of 380 tree individuals belonging to 51
tree species (7 +/- 1 individuals/species) using lab- and spectral sensing-based methods. For
each methodological approach, we ran 100 linear mixed-effects models with all respective leaf
traits as predictors and herbivory as response variables for data subsets containing one randomly
selected tree individual of each species to estimate the range of the regression coefficients for
each trait. Automated stepwise backward selections determined the frequency of each trait
having an important influence on herbivory. We found no clear relations between lsafrichit
herbivory for either lab- or spectral sensing-based traits. A nested variance conapahgsis
demonstrated that the observed variability was mainly due to the variation in trait
concentrations between tree individuals of a species. Our results suggest that snapshot data lead

to a mismatch between herbivory and the concentrations of traits during the peak of herbivory.
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Another explanation could be that environmental conditions or processes along the food web

are more important in structuring herbivory than leaf traits.

Introduction

Herbivory by arthropods is an important biotic interaction in most terrestrial ecosystems
(Huntly, 1991; Seastedt & Crossley, 1984). Thereby, the species richness of arthropods, in
particular of insects, outnumbers the species richness of other herbivorous groups (Price, 2002).
Herbivorous insects affect host plants by removing photosynthetic active plant modules. In
tropical forests for instance, the loss of photosynthetic active leaf area by insects ranges from 7
% to 48 %; in temperate forests from 7 % to 26 % (Lowman, 1984; McNaughton et al., 1989;
Coley & Barone, 1996; Metcalfe et al., 2014). Thus, herbivory can have bottom-up effects
within ecosystems with consequences for ecosystem processes like carbon sequestration, water
fluxes, and nutrient cycles (Metcalfe et al., 2014; Prather et al., 2013; Hunter, 2001).

Further, the removal of photosynthetic active plant material by herbivores affects the fitness of
host individuals (Coley & Barone, 1996; Maron & Crone, 2006; Myers & Sarfraz, 2017).
Hence, the interactions of herbivores and host plants initiated a co-evolutionary arms race
leading to numerous adaptations and counter adaptations of the partners. During this arms race,
plants were forced to develop and improve a variety of protection strategies against herbivores
LQIOXHQFLQJ WKH SAapxaaly 2007,SHiGtBnbeyHagyLat/al.,, 2013). The
majority of herbivores attack leaves (Furstenberg-Hagg et al., 2013) and morphologgal trait
affecting leaf palatability are e.g., trichomes, sclerophylly, and the specific lea{SirAa

Levin, 1973; Coley, 1983; Brown & Lawton, 1991; Turner, 2018; Table 11.2.1). In addition, a
multitude of chemical leaf characteristics (further on also called traits) seem to influence
palatability. These chemical traits can have positive and negative effects on herbivory.
Nutrients, such as nitrogen (N) and phosphorus (P) have in most cases a positive effect on
herbivory (e.g., Coley, 1983; Joern et al., 2012; Poorter et al., 2004), whereas the concentrations
of metals like aluminum (Al) and manganese (Mn) have negative consequences for herbivory
(Brown et al., 1984; Pilon-Smits et al., 2009; Ribeiro et al., 2017). Additionally, plants evolved

a variety of secondary metabolites such as tannins and lignins, which are often also negatively
related to herbivory (Coley, 1983; Erelli et al., 1998; Rosenthal & Janzen, 1979, Werner &
Homeier, 2015; Table 11.2.1; but see Carmona et al., 2011).
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Here, we explore the relationship between arthropod herbivory and leaf traits of treesgccu

in Ecuadorian tropical montane rainforests. To do so, we chose both morphological and
chemical leaf traits including SLA, N-, and P concentration, which are commonly correlated
with herbivory (e.g. Coley, 1983; Coley & Barone, 1996; Poorter et al., 2004) and several
secondary metabolites. One way to characterize leaf traits is via established conventional
methods either in the field or in the laboratory (further on called lab-based traits = Ib traits).
However, direct measurements using morphological and chemical methods are time-consuming
and costly. Therefore, methods that estimate concentrations of chemical leaf traits like water,
tannin, and lignin via indirect spectral measurements (further on called spectral sensing-based
traits = ssb traits) became a focus in recent research (e.g., Couture et al., 2016; Curran, 1989;
Galvao et al., 2005; Kokaly & Skidmore, 2015; Serrano et al., 2002). The use of these methods
was also motivated by the idea that if traits that can be estimated by spectral sensing are
important predictors of the loss of plant material, remote sensing might be an option to predict
the spatial distribution of herbivory and its influence on ecosystem processes. Our general
guestion is: Are leaf traits of host plants valuable indicators of herbivory by the arthropod
community in tropical montane rainforests? For this, we used phenotypic correlation between
traits and loss of leaf material across tree species at a single point in time (snapshot data).
Furthermore, we wanted to evaluate whether secondary metabolites affect herbivory. Thereby,
we were interested in whether chemical leaf traits, derived from spectral sensing-based
techniques, are related to herbivory by the arthropod community and whether the strength of
the relationship is similar to the relationship with chemical and morphological leaf traits

measured by Ib techniques.

Material and methods

Study area

The study area is located in tropical montane rainforests withidadtlecarpus National Park
(f T 6 f 1 : DQG f 1) &d thgReskrva Biologic&an Francisco [ 8,

f W) in the Andes of southern Ecuador. Within this area, we sampled trees along an
elevation gradient across three forest types: ~ 1000 m (premontane rainforest), ~ 2000 m (lower
montane rainforest), and ~ 3000 m a.s.l. (upper montane rainforest; Homeier et al., 2008). The
annual mean temperature decreases from 19.9 °C at 1000 m over 14.6 °C at 2000 m to 6.5 °C

at 3000 m a.s.l. with annual mean precipitation ranging from 1,825 fah Y000 m, 2,008
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mm y* at 2000 m to 2,482 mmyat 3000 m a.s.l. (Limberger et al., 2021). The study design
consists of three one-ha plots within each forest type, resulting in nine plots in total (Bendix et
al., 2021).

Table 11.2.1 Leaf traits used for the analysis of their relation to arthropodivizegband expected

relations found in the literature.

Relation .
Leaf trait to Reference t(r::L(:sl:‘Lartrlr?:tizgduse d
herbivory
Diameter at breast height (DBH + Hajizadeh et al. (2016) Logio
[cm]
a) Lab-based morphological
traits
Dry matter content - Descombes et al. (2017);
(DMC) [mg g* DM] - Elger & Willby (2003);
- Wang et al. (2020);
+ Dostélek et al. (2020)
Specific leaf area (SLA) + Pérez-Harguindeguy et al. Entire area of one leaf /
[cm? g} (2003) total dry mass; log
+ Werner & Homeier (2015)
- Poorter et al. (2004)
0 Descombes et al. (2017)
Entire area of one leaf [cn HDI DUHD
OHDI DUoétil9 OF
b) Lab-based nutrient traits
Aluminum (Al) [mg g* DM] - Pilon-Smits et al. (2009); Logio
- Ribeiro et al. (2017)
Calcium (Ca) [mg g DM] + Awmack & Leather (2002) Logio
Carbon (C) [mg g DM] - Coyle et al. (2011)
Iron (Fe) [mg ¢ DM] - Awmack & Leather (2002); Logio
- Ribeiro et al. (2017)
Magnesium (Mg) [mg g DM] + Awmack & Leather (2002)
Manganese (Mn) [mgyDM] - Brown et al. (1984); Logio
- Coleman et al. (2005);
- Ribeiro et al. (2017);
- Martinek et al. (2020)
Nitrogen (N) [mg ¢t DM] + Andersen et al. (2010); Logio
+ Athey & Connor (1989);
+ Coley (1983);
+ Joern et al. (2012)
+ Werner & Homeier (2015)
- Erelli et al. (1998)
Phosphorus (P) [mg'gDM] + Poorter et al. (2004); Logio
+ Apple et al. (2009);
+ Joern et al. (2012);
+ Werner & Homeier (2015)
+ Cease et al. (2016);
+ Coyle et al. (2011)

Khan et al. (2016);
Garibaldi et al. (2011);
Cease et al. (2016)
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Potassium (K) [mg ¢ DM] - Wulfson & Stamp (1991); Logio
- Myers & Gratton (2006)
+ Coyle et al. (2011)
Sulfur (S) [mg ¢ DM] + Santos et al. (2018) Logio
¢) Spectral sensing-based traits
D970 (water, starch) + Starch Johnson & Lincoln 1st derivate of reflectance
(1991) wavelength
Water: see references for at 970 nm
D1400, LWVI_1, and WBI
D1120 (lignin} - Coley (1983); 1stderivate of reflectance
- Poorter et al. (2004); wavelength
- Moreira et al. (2017) at 1120 nm
D1200 (water, cellulose, starch, Water see references for 1st derivate of reflectance
lignin)? D1400, LWVI_1, and WBI wavelength
Cellulose see references for at 1200 nm
D1490
Starch see references for
D970
Lignin: see references for
D1120 and D1420
D1240 (cadmiund - Plaza et al. (2015) 1st derivate of reflectance
- .DIJHPL('LQDZpiB)wW wavelength at 1240 nm
D1400 (watend + Schadler et al. (2003) 1st derivate of reflectance
+ Poorter et al. (2004) wavelength
0 Pérez-Harguindeguy et al. at 1400 nm
(2003)
D1420 (lignin} - Coley (1983); 1stderivate of reflectance
- Poorter et al. (2004); wavelength
- Moreira et al. (2017) at 1420 nm
D1460 (phenolic compounds) - Moreira et al. (2017) 1st derivate of reflectance
wavelength at 1460 nm
- Werner & Homeier (2015)
- Kumar et al. (2020)
0 Bi et al. (1997)
+ Silva et al. (2020)
D1490 (cellulose, sugdr) - Cellulose:Peeters et al. 1stderivate of reflectance
(2007)
+ Sugar:Valentine et al. (1983) wavelength at 1490 nm
0 Landsberg (1990)
D1660 (tannirf) - Rosenthal & Janzen (1979); 1stderivate of reflectance
- Coley (1983); wavelength
- Erelli et al. (1998); at 1660 nm
- Caldwell et al. (2016)
0 Moreira et al. (2017)
D1690 (lignin, starch, protein, 0 Protein: Coley (1983) 1st derivate of reflectance
nitrogen} wavelength
+ Barbehenn et al. (2013) at 1690 nm
Lignin: see references for
D1120 and D1420
Starch:see references for
D970
Nitrogen: see references for
nitrogen
LWVI_1 (leaf water vegetation + Schéadler et al. (2003) (Ryro04y £Ryos3}) /
index) (Rro94r + Ryoss;)
+ Poorter et al. (2004)
0 Pérez-Harguindeguy et al.

(2003)
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WBI (water band index) + Schéadler et al. (2003) Rioo2y / Ryoray

+ Poorter et al. (2004)
0 Pérez-Harguindeguy et al.
(2003)

Note: Based on published work, + indicates a positive, - indicates a negative, iaditd@les no
relationship between the leaf trait and arthropod herbivory. This is aicelecid not a complete
reference list of publications dealing with these leaf traits: Reflectance of wavelength x.

I Mielke et al. (2012)

1 Curran (1989)

2 Plaza et al. (2015)

% Pefiuelas et al. (1993)

4 Kokaly and Skidmore (2015)

Leaf area loss and leaf traits

In February and March 2019, we analyzed arthropod herbivory by estimating the loss of green
leaf area (in the following leaf area loss (LAL) [gof 380 trees belonging to 51 tree species
(Table A.ll.2.1) of a pool of more than 400 tree species occurring in the region (Tiede et al.,
2016). All selected species occurred at only one elevation level. Per species, vesl select
average 7 (standard deviation (SD): +/- 1) individuals and sampled at least two sun-exposed
branches with mature leaves from each individual. For estimating LAL, 20 randomly selected
leaves (SD: +/-5) from each individual were scanned (Canon, Canoscan LiDE 120; 150 dpi
resolution). Subsequently, we used WinFOITA D 5HIJHQW ,QVWUXPHQWYV |
City, QC, Canada) to estimate the original entire area of one leaf (as if theme Wwasbivory
present) [crA as well as the LAL. To analyze the relation of leaf traits to LAL [cm?], we
selected 12 lab-based (Ib) leaf traits: dry matter content (DMC) [hdtiA [cm? gl], foliar
aluminum- (Al) [mg ¢, calcium- (Ca) [mg g], carbon- (C) [mg g], iron- (Fe) [mg ¢,
magnesium- (Mg) [mg¢§, manganese- (Mn) [mgg, nitrogen- (N) [mg ¢], phosphorus- (P)

[mg gl], potassium- (K) [mg ¢], and sulfur- (S) [mg ¢ concentration, and as additional plant

trait the diameter at breast height (DBH) [cm] resulting in 13 lab-based traits (Table 11.2.1).
Regarding the spectral sensing-based (ssb) traits we selectéditivévates (D) of reflectance

at several wavelengths as proxies for specific foliar contents: D970 (water, starch), D1120
(lignin), D1200 (water, starch, lignin, cellulose), D1240 (cadmium), D1400 (water), D1420
(lignin), D1460 (phenolic compounds), D1490 (cellulose, sugar), D1660 (phenolic compounds,
tannins), and D1690 (starch, lignin, protein, nitrogen). Additionally, we chose two indices as
representatives for the water content within a leaf: WBI (water band index) and LWVI_1 (leaf
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water vegetation index). Leaf trait measurements were taken on leaves of the same branches
that were used for the LAL analysis. For a description of the Ib methods see Homeier et al.
(2021). Ssb measurements were done with an OceanOptics spectrometer HDX. For details of
the methods see Limberger et al. (2021).

Data analysis

For each of the 380 trees, we calculated the mean of each lab- and spectral sensing-based trait
as well as the LAL and the entire area of one leaf. Single missing valuesaifies of tree
individuals were replaced by mean values of the same tree species (on average 22 %, Table
A.ll.2.2). To achieve approximate normality, positively skewed trait variables as wek as

entire area of one leaf and LAL were ipgransformed (Table 11.2.1). Due to very different
scales, we z-transformed all predictor variables to allow for the comparison of model
coefficients. Prior to the statistical analyses, we did some variable selection by testing for
multicollinearity (Figure A.11.2.1, Table A.11.2.3).

To characterize the phylogenetic influence on the variability of both leaf traitsAdndate
estimated their variance components associated with taxonomic levels by calculating linear
mixed-effects models (LME models) with one of the leaf traits or the LAL (in cm2 and %) as
response variable (if necessary dpgansformed; Table 11.2.1), no predictor variables and
genus nested within family, nested within order as random effect for data subsets (see below)
using the R packagame (Pinheiro et al., 2020). For each trait, the models were run for 100
VXEVHWY ZLWK WKH QXPHULFDO RSWL PdujbeiveRv@riabc®@ JR UL W |
components of trait and LAL estimates were then calculated using the R papkdBaradis

& Schliep, 2019), by scaling the sum of the variances across taxonomic categories to one.
Finally, we averaged these values across the 100 models.

We analyzed the relationship between leaf traits and LAL using LME models containing LAL
[cm?] as response- and leaf traits as predictor variables. To compare the two techniques for
measuring the traits, we used for the |b and the ssb traits separate models using the traits listed
in Table 11.2.1. To estimate the effects of each leaf trait on LAL, we first ran 100 maximum
LME models for each approach using the R packagd (Bates et al., 2015) with data subsets
containing one randomly selected tree individual per tree species, resulting in 51 tree
individuals per subset. Because species traits are not phylogenetically independent, we included

genus nested within the family nested within the order as a random effect in all the models.
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Tree species differed considerably in the area of single leaves ranging from small pinnate leave
of Weinmannia microphyll§0.18 cm?) to large simple leaves@écropia angustifolig2800

cmP). In a preliminary analysis, we found a close positive relationship betweg(Libig) and
logio(entire area of one leaf). The slope of this relationship was 0.953 and did not differ from 1
(p =0.15). Therefore, to correct for the size of leaves we analyzed the relative LAL by including
the transformed entire area of one leaf as an offset in the models. This way, we also took the
three different elevation levels into account since the entire area of one leaf decreased with
increasing elevation (Table A.11.2.4, Figure A.11.2.2). To identify the average influencelof ea

leaf trait on LAL for the 100 data subsets, we then calculated the mean estimates, mean standard
errors (SEs), and the mean lower and upper 95 % confidence intervals of each predictor variable
using the R packageetafor(Viechtbauer, 2010).

Afterward, we generated minimal adequate models by excluding non-important predictor
variables from the maximum LME models using an automated backward stepwise selection
with the R packageuildmer (Voeten, 2021). We used the numerical optimization algorithm
bound optimization by quadratic approximathn ERE\TD DQG WKH $NDLNH
criterion as the elimination criterion. Thereby, we estimated the frequencies of traits within the
different data subsets having strong influences on LAL.

We decided not to include the elevation as a predictor variable in the models since we focus on
direct plant-herbivory relations. Elevation acts indirectly via the plant traits and only the plant
traits have direct effects on herbivory. Nonetheless, for transparency, we repeated the same

analyses including elevation as fixed effects in the models (Figure A.l.2.3, Figure A.11.2.4).
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Results

Across all individuals and species, mean leaf area loss (LAL) per leaf ranged from 8.03 cm
(0.62 %) to 1430 cM(59 %) with an arithmetic mean of 156 ©m 188 cm (14 % + 9.0 %,

Table 11.2.2). The variance components for the raw values of LAL across taxonomic levels
showed its maximum for species within genera. For the percentage LAL the variance
components showed its highest value still at this level, but the peak was less pronounced
compared to the raw values (Figure 11.2.1). Lab-based and spectral sensing-based leaf traits
showed large variation across the measured tree species (Table 11.2.2). For most traits the
variance component peaked again for species within genera (Figure 11.2.1). Note that we
selected for the models one individual of each species.

According to our analysis using all traits, the Ib predictor variables DMC, P, Fe, Mn, and S
showed positive relationships to LAL and C, SLA, N, Ca, and K showed negative relations on
LAL when averaged over 100 maximum LME runs (Figure 11.2.2). For the variables Mg, Al,
and DBH we found both positive and negative effects on LAL depending on the trees entering
the analyses (Figure 11.2.2). The frequency of leaf traits entering the minimal adequate models
varied greatly among the Ib traits, ranging from zero (Al) to 76 (Mn) times out of 100 model
runs (Figure 11.2.3).

The estimates of the ssb predictor variables showed positive influences of D1690, D1420,
LWVI_1, WBI, D1200, and D1240 on LAL and negative influences of D1490, D1660, D1120,
and D1400 on LAL when averaged over the 100 LME runs using all ssb traits (Figure 11.2.2).
The frequency of ssb leaf traits entering a minimal adequate model ranged from 11 (D1240) to
38 (D1400) times out of 100 (Figure 11.2.3).
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Table 11.2.2 Range of leaf area loss and lab- and spectral sensing-based plant traits.

Leaf trait Min Mean Max SD
Leaf area loss 0.0011 cm 12.76 cm 248.7 cm 24.12 cm
Entire ot ofone 518 crd 103.45 crf 2782 crd 215.9 cm
Lab-based traits
Pry matter 15893 mgg  359.31mgd  67857mgg  88.26 mg d
Carbon 420.11 mg g 477.61 mg g 538.48 mg g 216 mg ¢
Magnesium 0.53mg d¢ 3.01mgd 8.25mgd 1.51 mg ¢
Specific leaf area  31.24 crig? 86.66 c gt 241.24 crag? 39.31 crig?
Nitrogen 8.44 mg ¢ 18.29 mg ¢ 43.26 mg ¢ 6.56 mg ¢
Phosphorus 0.41mg ¢ 1.1mgd 419mgd 0.52 mg ¢
Aluminum 0.0006 mg g 0.47mgd 13.06 mg ¢ 1.35mg ¢
Calcium 0.66 mg ¢ 6.63 mg ¢ 25.8mg d 453mgd
Iron 0.01mgd 0.07mgd 0.72mg d¢ 0.07mgd
Potassium 0.49mg ¢ 9.94 mg ¢ 46.34 mg ¢ 6.08 mg ¢
Manganese 0.01mg ¢ 0.52mg ¢ 5.54 mg ¢ 0.71 mg ¢
Sulfur 0.59mg ¢ 1.5mgd 19.14 mg ¢ 1.23mg ¢
tf?'eaaﬁtegig;t 10 cm 20.14 cm 126.5 cm 12.65 cm
Spectral sensing-
based traits
D1690 9.79¢€% 1.81e™ 3.85¢™ 7.09€%
D1420 6.76€™ 8.67¢™ 1.12¢€" 6.26€"
D1490 4.35e™ 6.24€> 9.43¢™ 8.67€%
D1660 8.15¢e" 9.41¢e™ 1.05€% 3.85e%
D1460 5.64¢* 8.33¢™ 1.08e” 8.78¢e%
D1120 -1.05e -4.7¢% -2.18e* 1.5e%
LWVI_1 1.38€” 2.9e% 5.3e% 8.05e"”
WBI 8.05¢" 8.39¢™ 8.95¢e" 1.73€*
D970 -7.93e™ -4.23e* -2¢%4 8.99¢%
D1200 -4.5e% -1.62¢e* -9.32¢e% 8.12¢e%
D1400 -6.31e" -4.85¢"% -3.53e" 5.3e%
D1240 -9.73e™ -5.96¢e* -2.8e% 1.06€%

Note: The analyses comprised 380 trees. All variables are mean values averagdcoaialle values

of each trait. SD = standard deviation, Dx*dgrivate of reflectance wavelength x.
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Figure 11.2.1 Non-cumulative variance components [%] {&) herbivory [cm?] and [%] an{B) lab-
based as well a&C) spectral sensing-based leaf traits derived from 100 maximum LME model runs
without an offset. Data subsets contained one tree individual per gelespl species, 32 families,

and 16 orders (Table A.ll.2.1). For variables and transformations see Table 11.2.1.
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Figure 11.2.2 Plots showing the mean estimates (black dots) and associated 95 % confidematsint
(orange lines), ofA) lab-based an(B) spectral sensing-based leaf traits for LME models including all
variables using 100 data subsets with one randomly selected individeakfospecies. For variables

and transformations see Table 11.2.1.
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Discussion

We found that for trees occurring in Ecuadorian tropical montane rainforests, neither lab-based
(Ib) nor spectral sensing-based (ssb) leaf traits showed consistent relations to herbivory caused
by arthropods. When generating minimal adequate models, the identity of the traits that entered
the minimal adequate models differed considerably depending on the data subset used. Ssb
models seemed to be less stable than Ib models, as indicated by the low frequency of individual
traits entering the minimal adequate models. Furthermore, several of the relationships found
were not expected from the literature (see Table 11.2.1 for expectations).

When comparing these results with the patterns after including elevation as an independent
variable, elevation-specific changes in traits led to more herbivore-trait relationships also
reported in the literature (Figure A.I.2.3, Figure A.ll.2.4). However, regarding the relationship
of herbivory and elevation, contradicting patterns have been described in published studies
reporting both a decrease of herbivory with increasing elevation (e.g., Pellissier et al., 2016;
Rasmann et al.,, 2014) and an increase as observed in our study (e.g., Erelli et al., 1998;
Hengxiao et al., 1999; Koptur, 1985). Both patterns could be explained by a combination of
abiotic and biotic factors, but post hoc interpretations using factors correlated with elevation
are not convincing. Thus, focusing on the leaf traits is ecologically more meaningful.
Considering the 100 models to explain herbivory using Ib traits, the most important trait seemed
to be Mn, which is not among the traits that are commonly discussed in the context of herbivory.
For plants, Mn is an essential cofactor for a variety of enzyme reactions, like the production of
chemical defense substances such as phenols or lignins (Brown et al., 1984). Additionally, Mn
is a heavy metal that can accumulate in plants with toxic effects on herbivores (Ben-Shaha
2018; Martinek et al., 2020; Ribeiro et al., 2017). Thus, published relations between Mn and
herbivory in the literature are mostly negative (Brown et al., 1984; Coleman et al., 2005;
Martinek et al., 2020; Ribeiro et al., 2017). However, we observed a positive association
between Mn and herbivory which might be due to concentrations below levels toxic to
herbivores. Further, in non-toxic concentrations Mn is essential for arthropods: it occurs in high
concentrations in the mandibles of beetles (Hillerton et al., 1984) and it is involved in
strengthening the cuticle of the ovipositors of several insect taxa (Quicke et al., 1998).

Besides Mn, several other Ib traits used in our analyses showed relations to herbivory contrary
to correlations described in the literature (Table 11.2.1): Fe and DMC were in our analysis
positively associated with herbivory although negative associations were expected (e.g.,
Awmack & Leather, 2002; Descombes et al., 2017; Elger & Willby, 2003; Ribeiro et al., 2017).
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Al was, despite an expected negative relation (Ribeiro et al., 2017), not related to herbivory.
The same was true for Mg for which a positive relation is expected from Awmack & Leather
(2002). N is a nutrient commonly reported in studies to be positively related to herbivory
(Andersen et al., 2010; Awmack & Leather, 2002; Coley, 1983; Joern et al., 2012), but we
found a negative relationship. Furthermore, N entered only 21 % of the minimal adequate
models.

For ssb traits, we also found inconsistent patterns among the 100 ssb tree subsets. According to
the arms-race hypothesis, each plant clade has evolved specific metabolites that acteas defens
chemicals and these metabolites have specific effects on certain herbivores associated with that
plant clade (Agrawal & Weber, 2015). Furthermore, our study did not cover all types of plant
defense substances, missing groups were alkaloids or glucosinolates for instance. Nevertheless,
our results might indicate that secondary metabolites, at least those considered in this study, are
not as important players in plant defense as widely accepted (Carmona et al., 2011).

However, the technical constraints of ssb measures to determine the contents of secondary
metabolites might have also generated these ambiguous patterns. The range of frequencies for
an ssb trait to enter a minimal adequate model was much smaller (between 22 % and 38 %)
than for an Ib trait (between 0 % and 76 %) indicating, that ssb traits are more exchangeable
depending on the tree individual. One possible explanation is that measuring traits via the
reflectance of wavelengths is an indirect technique. Several spectral reflectances at certain
wavelengths are not assignable to single chemical compounds but represent a collection of
possible compounds (Curran, 1989). Furthermore, several groups of chemical substances
comprise a variety of molecular structures, with specific, slightly different reflectance
wavelengths, (e.g., Curran, 1989; Hagerman & Butler, 1991; Lehmann et al., 2015). These
molecules might influence herbivory both positively and negatively leading to contrasting
correlations (John J. Couture et al., 2016) and probably underestimate the effect of the groups
of chemical substances on herbivores.

Our measure of LAL is a cumulative measure across an unknown species-specific period: leaf
longevity varies considerably between species (Wang et al., 2023). Furthermore, we measured
leaf traits and herbivory of mature leaves. But, herbivory occurs mainly on young leaves (Coley,
1983; Coley & Barone, 1996; Peeters, 2002a) which differ in their structural and chemical
characteristics from mature leave$d J &DWHYV ytaHN & ROH\
Barone, 1996; Endara & Coley, 2011; Peeters, 2002b). Thus, herbivores might have been

confronted with trait values different from the values measured in our study. Additionally, LAL
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that happens at a young leaf stage could increase with the growth of the leaf during the
maturation process which could change the proportion of damaged- versus undamaged leaf area
over time. However, in tropical areas with sufficient water availability, leaf production and leaf
longevity differ between tree species (Aide, 1993). Thus, to measure the concentrations of
certain traits at the time the herbivory occurs to assure a direct effect of the trait on herbivory,
we need to mark not only tree individuals but also to observe the dynamics of herbivory over
time. For the comparison of the relation between traits and herbivory between tree species, we
have to measure the traits at the peak of the attack by herbivores. This callsliseasmtion

of tree individuals across several months or even years depending on leaf longevity. Thus,
considering leaf age across many tree species, tree individuals and elevation levels would be
labor-intensive and almost impossible.

However, the variation of traits between individuals of the same species suggests that the
temporal mismatch is not the only explanation. Our findings might also indicate that inter- and
intra-specific variations of traits depend on environmental factors influencing both herbivores
and the host plants (Hodkinson, 2005). Thus, on a small temporal scale, climatic conditions and
environmental stress like predation and competition, which influence the growth rates of plant
individuals within a species as well as the morphology of their leaves (phenotypic plasticity;
Fernando et al., 2007) might be more important in shaping patterns of herbivory than single leaf
traits. The response of plants to leaf damage by herbivores could according to this interpretation
be a local phenomenon (Agrawal & Weber, 2015; Coley, 1983; Karban & Myers, 1989).

Conclusion

Our study, dealing with the relationship between host plant leaf traits and arthropod herbivory
in tree communities of Ecuadorian tropical montane rainforests, demonstrates that using leaf
traits to measure arthropod herbivory in tree communities is challenging. The importaihce of la
(Ib)- as well as spectral sensing-based (ssb) traits varied depending on the selected individuals
for calculating the models. Furthermore, many relations were contrary to observations
described in published studies of single tree species. The possible temporal mismatch between
trait measurements and the occurrence of herbivory can explain the lack of consistent
relationships between traits and levels of herbivory. This mismatch is particularly important in
communities of long-living plants. An alternative explanation is that environmental factors such

as climate, competition, or predation are important drivers in shaping tree herbivory in these
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forest ecosystems. Ssb leaf traits showed even less clear relations to herbivory than Ib leaf traits.
The spectral measurements are not always related to a single class of substances. Thus, with the
presently available spectral-sensing-based methods the modeling of herbivory using remote
sensing is premature.
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Abstract

In tropical forests, herbivorous arthropods remove between 7% to 48% of leaf area,
which has forced plants to evolve defense strategies. These strategies influence the palatability
of leaves. Palatability, which reflects a syndrome of leaf traits, in turn, influences both the
abundance and the mean body mass not only of particular arthropod taxa but also of the total
communities. In this study, we tested two hypotheses: (H1) The abundance of two important
FKHZHU JXLOGV pOHDI FKHZHUVY DQG pURVWUXP FKHZHU
communities, is positively related to the palatability of host trees. (H2) Lower palatability leads
to an increased mean body mass of chewers (Jarman-Bell principle). Arthropods wetedcollec
by fogging the canopies of 90 tropical trees representing 31 species in three plots at 1000 m and
three at 2000 m a.s.l. Palatability was 888¢HG E\ PHDVXULQJ VHYHUDO pOHD
tree and by conducting a feeding trial with the generalist herbi@mgdlus assimilis
(Orthoptera, Gryllidae). Leaf traits provided partial support for H1, as the abundance of leaf
chewers but not of rostrum chewers was positively affected by the experimentally estimated
palatability. There was no support for H2 as neither leaf traits nor experimentally estimated
palatability affected the mean body mass of leaf chewers. The mean body mass of rostrum
chewers was positively related to palatability. Thus, leaf traits and experimentally estimated
palatability influenced the abundance and mean body mass of chewing arthropods on the
community level. However, the data were not consistent with the Jarman-Bell principle.
Overall, our results suggest that the palatability of leaves is nhot among the dominant factors
influencing the abundance and mean body mass of the community of chewing arthropod
herbivores. If other factors, such as the microclimate, predation or further (a-)biotic intesacti

are more important has to be analyzed in refined studies.
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Introduction

Arthropod communities in tropical rainforests are highly diverse (Brehm et al., 2005;
Lewinsohn & Roslin, 2008), interact in numerous, complex ways with their surrounding
environment, and contribute to many ecosystem processes (Couture et al., 2015; Hodkinson,
2005; Hunter et al., 2003; Metcalfe et al., 2014). Herbivorous arthropods act as important
drivers influencing plant growth, fitness, and survival (Crawley, 1989; Huntly, 1991; Maron &
Crone, 2006; Marquis, 1984) and thus shape both plant community composition (ecological
time scale) and plant defense strategies (evolutionary time scale) that increase functional and
phylogenetic diversity of plants (Carson & Root, 2000; Endara et al., 2015; Fine et al., 2004,
Gong et al.,, 2020; Root, 1996). Conversely, the defense traits of plants influence the
composition of arthropod communities (e.g., Cuartas-Hernandez & Gomez-Murillo, 2015;
Peeters, 2002a; Price, 2002). Thus, depending on the considered time scale, leaf traits can
modify the fitness, abundance, and body size of arthropod individuals. This can be done by
influencing their growth-, reproduction- and mortality rates and thus the abundance and
composition of arthropod communities, e.g., with respect to feeding guilds (Awmack &
Leather, 2002; Boersma & Elser, 2004; Braby, 1994; Cease et al., 2016; Khan et al., 2016).
Feeding guilds are characterized either by their mouthparts and the resulting damage to host
plants or the plant parts that serve as food (e.g., leaf chewers or sap suckers; Root, 1967;
Simberloff & Tamar, 1991). Among herbivorous feeding guilds, chewing arthropods,
particularly Coleoptera, Orthoptera, and caterpillars of Lepidoptera and Hymenoptera, account
for most of the foliar feeding damage in tropical forests (Grimbacher & Stork, 2007; Novotny
et al., 2006, 2010), where the loss of leaf area due to arthropods ranges between 7% up to 48%
(Coley & Barone, 1996; Metcalfe et al., 2014).

Several leaf traits act on herbivores by influencing food quality, subsequently here termed
palatability. Palatability can be either estimated by measuring the plant material consumed by
an herbivore in feeding trials, by estimating the amount of leaf area loss caused \oyréerbi

in natural systems, or by analyzing the influences of a single or several specifiaitsadrtr
herbivores. Here we concentrate on the first and last possibility. Palatability vavesbe

food plant species and differs depending on the type of plant material consumed (Coley, 1983;
Jarman, 1974; Peeters, 2002a, 2002b). The food quality of leaves can be influenced by
morphological leaf traits, (e.g., specific leaf area (SLA)); foliar nutrient concentrations (e.g.,

nitrogen (N), phosphorus (P), calcium (Ca), or potassium (K)); secondary plant metabolites
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(e.g., lignins); and the foliar accumulation of (heavy) metals (e.g., iron (Fe) or cadmium (Cd)
(e.g., Dostélek et al., 2020; Garibaldi et al., 2011; Joern et al., 2012; Poorter et al., 2004; Ribeiro
et al., 2017; Schadler et al., 2003; Stamp, 1994; Table A.1.3.1) also defined as elemental
defense (Boyd, 2007).

Although SLA shows contradicting influences on palatability in literature (Descombes et al.,
2017; Pérez-Harguindeguy et al., 2003; Poorter et al., 2004; Table A.11.3.1), it is often assumed
to have positive effects since leaves with a great SLA have thin, large laminas and contain
smaller amounts of poorly eatable structural compounds compared to small thick leaves
(Cornelissen et al., 2003). Among the foliar nutrients, the N concentration tends to be positively
related to palatability and arthropod populations (Coley, 1983; Cornelissen & Stiling, 2006;
Pérez-Harguindeguy et al., 2003; Schadler et al., 2003; Table A.Il.3.1). The foliar nutrient P
influences palatability depending on its concentration, leading to a relation following a hump-
shaped curve (Cease et al., 2016; Garibaldi et al., 2011; Khan et al., 2016; Table A.11?3.1). Ca
ions play an important role to initiate herbivore induced defense mechanisms (War et al., 2012),
however, it seems to have also positive influences on herbivorous arthropods (Awmack &
Leather, 2002; Forbes et al., 2017; Table A.Il.3.1). The foliar nutrient K in contrast was
predominantly identified to have negative influences on growth rates and survival of
herbivorous arthropods in previous studies (Armengaud et al., 2010; Stamp, 1994; Stamp &
Harmon, 1991; Table A.Il.3.1). Lignins, as secondary plant metabolites reduce the palatability
of leaves (Coley et al., 1985; Moreira et al., 2017) since they form a mechanical barrier for
herbivores (Pellissier et al., 2012; Rosenthal & Janzen, 1979; Table A.l1.3.1). Lastly, the heavy
metals Cd and Fe are toxic for herbivores if accumulated in plants in high quantiddsH P L (
Dinan et al., 2014; Plaza et al., 2015; Ribeiro et al., 2017), thus reducing the palatability,
although the latter can have positive effects on herbivore development and reprddnetse
(Awmack & Leather, 2002).

Jarman and Bell hypothesized that herbivorous ungulates of greater body mass can feed on food

of a lower quality than species with a smaller body mass (Bell, 1971; Jarman, 1974; Steuer et

al., 2014). The JarmaeHOO SULQFLSOH LV EDVHG RQ WKH REVHUY
(intake) per unit body mass increases with increasing body mass, with a slope of 0.75. Thus,
larger herbivorous mammals need less energy per unit body mass than smaller ones. This
applies not only to vertebrates but also to invertebrates like insects (Maino & Kearney, 2015).
However, to compensate for low diet quality, food intake increases with animal body mass since

the digestibility of consumed plants is not related to animal body mass (Clauss et al., 2013;
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McArthur, 2014; Mdller et al., 2013; Steuer et al., 2014). This positive relationship between
body mass and consumption rate was also recorded for several insect orders (Maino & Kearney,
2015). Nonetheless, this relationship does not indicate changes in the diet quality with changing
consumption rates. However, several vertebrate groups follow the Jarman-Bell principle, for
instance ungulates§{ URPVLJW HW DO '"HPPHQW 9DQ 6RHVW
et al., 2013; Steuer et al., 2014), primates (Agetsuma, 2001), carnivores (Weber et al., 2003),
and reptiles (Franz et al., 2011). Among arthropods, the Jarman-Bell principle seems to explain
the diet of detritivorous termite species, whose body size increases with the relative amount of

humus in the diet (Pequerio et al., 2021).

Body size is an important trait, with consequences for the energetics and physiology of
individuals, the evolution of species, community structure, and ecosystem functions. The
Jarman-Bell principle predicts that, on average, larger species consume low-quality resources.
Apart from early studies on ungulate communit&URPVLIJW HW DO 29.DQH
Steuer et al., 2014) all analyses of the Jarman-Bell principle were done at the species level. An
extension of the Jarman-Bell principle to arthropod communities leads to the prediction that
phytophagous insect communities associated with low-quality plant species should be larger in
size than those associated with high-quality plant species. An indication for this pattern might
be the observation in a lowland rainforest that chewers with larger body masses, compared to
chewers with smaller body masses, consumed less frequently young lgav@$i N that

provide on average a higher quality than mature leaves. Some authors have found that the body
mass of phytophagous arthropods is a useful indicator for evaluating the effects of arthropod-
induced leaf area loss on ecosystem processes (Brown et al., 2004; Saint-Germain et al., 2007).
Nonetheless, arthropod abundance is still the preferred proxy to measure the impact of
herbivorous arthropods on ecosystems (Rosenthal & Janzen, 1979; Saint-Germain et al., 2007;
Vehvildinen et al., 2007). Many studies investigating the relationship between the abundance
of herbivorous arthropods and palatability in forest ecosystems focused on temperate and boreal
forests (e.g., Brown et al.,, 2004; Peeters, 2002a, 2002b). However, since herbivorous
arthropods are major contributors to the loss of photosynthetically active leaf area in tropical
forests (Coley & Barone, 1996), investigations of plant-herbivore interactions, also in terms of
palatability, are of fundamental importance to understanding the ecology of these forests (Segan
et al., 2016).

In our study, we tried to fill the knowledge gap regarding the relationship between herbivorous

arthropods and leaf palatability in tropical forests by analyzing the relationship bedtveeen
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abundance of feeding guilds of herbivorous arthropods in tree canopies of tropical montane
forests to food quality. Additionally, at the community level, we examined whether the mean
body mass of feeding guilds is also related to food quality and whether the Jarman-Bell
principle can explain this relationship. Note that we are focusing on arthropod communities and
not specific taxa. We selected two feeding guilds, leaf- and rostrum chewers, and determined
the number of individuals and the mean body mass of these guilds living on individual trees in
montane rainforests. To analyze if relations between palatability and the abundance as well as
the mean body mass of these chewing guilds vary depending on the palatability, we applied two
different approaches to estimate palatability. One was a feeding trial to experimentally estimate
palatability via leaf area loss, the second was a selection of single leaf traits as representative
for palatability. Therefore, we evaluated eight leaf traits (Table A.11.3.1, File A.11.3.1) known

to influence leaf palatability to test (1) the hypothesis that leaf traits positively associated with
palatability also affect the abundance of the selected guilds positively and vice versa. We
assessed (2) whether, consistent with the Jarman-Bell principle, the mean body mass of chewing
arthropods increases with the decreasing quality of consumed leaf material. Thus, our question
was whether food quality changes the characteristics of arthropod communities and not only
selected taxa of herbivores. Finally, to investigate the validity of the effects of certainiteaf tra

on chewing feeding guilds (3), we examined whether an experimentally estimated measure of
palatability leads to the same pattern observed for the single leaf traits used as proxies of

palatability.

Material and methods

Study area

The study area is located on the eastern slopes of the Andes in southern Ecuador, in the Reserva

%LROyYJLFD 6DQ )UDQFLVFR f T 196 f 1 91: 5%6) DQG W
f 1 796 f PNPJ comprising old-growth forests. The area was divided into two

study sites, one at ~ 1000 m (PNP) and one at ~ 2000 m a.s.l. (RBSF) (Bendix et al., 2021).

Among the tree species used in this study, tree composition exhibited a full species turnover

between the elevations (Homeier et al., 2021) (Table A.ll.3.2). The annual temperature was

19.9 °C at 1000 m (precipitation 1825 mm) yand 14.6 °C at 2000 m a.s.l. (precipitation 2007

mm y?1) (Limberger et al., 2021). Within each site, three 100 m x 100 m plots were established.

Our study is part of a larger research program (RESPECT: https://vhrz669.hrz.uni-
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marburg.de/tmf_respect/) and sampling design is a compromise between researcheryfrom ver
different disciplines (Bendix et al., 2021). Furthermore, it was originally planned to sample also
plots at 3000 m, but the COVID-19 pandemic prevented to collect samples at this elevation

level

Leaf trait measurements and -selection

During a joined field campaign in February and March 2019, morphological leaf traits, foliar
nutrient concentrations, and spectral leaf traits (Table A.I1.3.3) of 332 trees belonging to 40 tree
species were measured (Table A.11.3.2). These species were among the most abundant in the
plots and varied widely in their life strategies as measured by two functional traits, SLA and
wood-specific gravity (Homeier et al., 2021). At 1000 m a.s.l., 156 trees from 16 species, and
at 2000 m a.s.l. 176 trees from 15 species were selected. Only trees with a stem diameter at
breast height (DBH - FP ZHUH VDPSOHG GXULQJ RXUexpt8XIG\ :H F
branches from each of eight (£ one) trees of each sampled species (Table A.11.3.2). Rrom eac
individual 20 representative, mature leaves were selected to measure a variety of leaf traits
(Table A.11.3.3). For detailed descriptions of techniques measuring traits conventionally in the
field and the laboratory see (Homeier et al., 2021). Additionally, see (Limberger et al., 2021)
for detailed descriptions of leaf traits estimated with a spectrometer. After the seleaion of
subset of traits out of the 48 measured variables (for a detailed description of the selection of
variables see File A.11.3.1), we kept the following eight variables for our analysestehanag

leaf quality (Table A.11.3.1): 1st derivates of lignin and cadmium spectral reflectances (as
proxies for foliar lignin and cadmium concentrations), specific leaf area, and foliar nitrogen-,

phosphorus-, potassium-, calcium-, and iron- concentrations.

Experimentally estimated palatability

We conducted a non-choice feeding trial with a generalist insect herbivore to experimentally
estimate leaf palatability. For the experiment, we chose 316 tree individuals belonging to 41
tree species from the same tree individual pool used for the leaf trait analyses (Table A.11.3.2).
Per tree species, two to three mature leaves of each branch sample of eight trebesgare c

for the experiment. Two leaf disks with a diameter of 20 mm were punched out of each leaf

using a steel puncher. In the case of leaves smaller than 20 mm in diameter, leaf parts were

74



punched out until a 20 mm diametrical circle area was reached. Nymphs of the house cricket
Gryllus assimilis(Fabricius, 1775; Orthoptera, Gryllidae), a non-native generalist chewing
herbivore, served as the test organism. Crickets were kept in the laboratory for on@dveek a
fed with lettuce and oat flakes. Prior to the experiment, all individuals were isolated and starved
for 24 h in small, closed, transparent plastic containers. Afterward, two replicates (standard
deviation £ 0.5) of each one fresh and weighed leaf disk per tree individual together with one
isolated cricket were placed for 24 h in a plastic container at an undisturbed site without direct
sunlight. Each cricket was used once for the feeding trial, resulting in 708 crickets in total.
Around 2% of the crickets did not survive the feeding trial. Four controls per tree species were
established, each consisting of one leaf disk in a closed plastic container without the herbivore.
After 24 h, each leaf disk was weighed again, stored in a paper bag, and dried in a drying oven
at 70 °C for at least 72 h. Thereafter, each disk was weighed again to determine its dry mass.
To calculate the palatability, we first calculated the water content [%)] of a disk as a portion of
the non-dried weight of a leaf disk after 24 h. To achieve that, we divided the deviation between
non-dried weight after 24 h and dry weight after 24 h by the non-dried weight aftear2ft h
multiplied this value by 100. Then we calculated the expected dry weight of a leaf disk before
the 24-hour running experiment. To do so, we first multiplied the relative leaf water content
with the non-dried weight before 24 h and then subtracted this value from the non-dried weight
before 24 h. Afterward, we calculated the expected dry weight of the leaf area consunged durin
the experiment by subtracting the dry weight of a disk after 24 h from the above calculated dry
weight of a leaf disk before 24 h. To control for leaf water loss via evaporation during the
experiment, we calculated the deviation between the above calculated dry weight of a disk
before 24 h and the dry weight of a disk after 24 h of disks of the control sets, meaning without
a cricket. The leaf water loss was then averaged for each tree species and its standard deviation
(sd) was calculated. To identify those dry loss values, which differ significantly from the dry
loss via evaporation, we applied a one-tailed t-test to create a benchmark and added 1.65
multiplied by the sd of the mean leaf water loss of the control disks to the mean leaf water loss
of the control disks. If the calculated expected dry weight of the consumed leaf area was greater
than the benchmark, we considered this deviation as consumed dry weight [g]. Finally, we
calculated the mean of the consumed dry weight [g] per tree individual and named it in the

following palatability [g].
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Arthropod sampling

To collect arthropods in tree canopies, we fogged the canopies of three (£ one) trees from 37
tree species of the same pool as for the leaf trait measurements resulting in 133 fogged tree
canopies (Table A.I1.3.2). Fogging was conducted during the field campaigns at ~ 200D m

and ~ 1000 m a.s.l. from September to December in 2018 and 2019, respectively. We fogged
in the morning, when thermal conditions were adequate, meaning no wind but airflows running
from the ground straight up to the canopies. An IGEBA Thermal Fog Generator TF34 E was
used with a pyrethroid insecticide mixture consisting of 100 ml of AquaPy® (Bayer
Environmental Science), 200 ml of 1, 2-propanediol, 100 ml of glycerine, and 600 ml of H20
per liter. Each tree canopy was fogged for five to ten minutes. Beneath each foggewpge ca

five 1 m x 1 m plastic sheet funnel traps were installed. The traps roughly covered the whole
canopy area and allowed the sampling of paralyzed arthropods that fell from the canopy. After
three hours of residence time, the arthropods on the funnel traps were brushed out and stored in

whirl packs with 70% ethanol.

Due to the large number of arthropod individuals in the samples, they were not sorted
taxonomically, but into the following feeding guilds: leaf chewers, rostrum chewers, nectar
suckers, sap suckers, predators, and saprobes (Table A.Il.3.4). In each subsample, the
arthropods were counted, dried at 50 °C for 24 h in a drying oven, and weighed. The mean body
mass of each feeding guild per host tree was then calculated by dividing the dry mass by the
number of individuals within the subsample. In the analysis presented herein, we used only leaf

chewers and rostrum chewers.

Data analysis

For the following analyses, we chose only tree individuals within our data set for which we had
data for leaf traits, palatability, and both arthropod abundance and mean body mass. Thus, we
worked with a subset of 90 tree individuals belonging to 31 species. Hereof, 43 trees from 16
species were located at 1000 m a.s.l. and 47 trees from 15 species were located at 2000 m a.s.l.

Their DBH ranged from 10 cm to 68 cm (mean: 16 cm = 7 cm).

The statistical analysis was done in R version 4.0.2 (R Core Team, 2020). Single missing trait
values of tree individuals were replaced by mean values from the same tree species (for

palatability 13%, lignin 12%, K 2%, and N 1% were replaced with mean values). To achieve
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approximate normality, the mean body mass, DBH, and all leaf trait variables weare log
transformed, except SLA, as well as 1st derivates of single band reflectance at 1420 (D1420),
DQG QP ' %HFDXVH WKH YDULDEOH pSDODWDELOLW

was added to each value before thaddg@nsformation.

We used linear mixed-effects models to analyze the relation between leaf traits or pglatabilit
DQG FKHZLQJ DUWKURSRGYV $00 SUHGLF\WaRdform&dueddE OHV H
the very different scales of these variables. To analyze the relationship between the abundances

of leaf- and rostrum chewers and leaf traits, we constructed generalized linear mixed models
(GLMMs) for each guild. Untransformed arthropod counts served as the response variable and
z-transformed leaf traits as predictor variables. We, additionally, included the z-transformed

DBH as a covariate, as it is positively related to above-ground tree biomass and thus to canopy
size (Chave et al., 2005; Haase & Haase, 1995). We fitted the response variable using a Poisson
distribution with the canonical log link. The variable describing at which elevation the tree
RFFXUUHG ZDV LQFOXGHG DV D IL[HG ppVLWHY HIIHFW ,Q [
six 100 m x 100 m plots where the trees were located was added as a random effect to the model

to account for repeated measurements. Further, tree phylogeny, represented by species nested
within the genus, nested within the family, was included as a random effect. To define the
minimal adequate models, we excluded non-significant predictor variables, by applying
automated stepwise backward selections, based on models, which converged with as many
independent variables as possible. During the reduction process, we forced the random effects

to be kept in the models. Both minimal adequate and maximum models were calculated using

the R packagéuildmer (Voeten, 2021) XVLQJ WKH QXPHULFDO RSWLPL]DW
RSWLPLIDWLRQ E\ TXDGUDWLF DSSUR[LPDWLRQY 7R FRQW
function of the R packagmods3(Lesnoff & Lancelot, 2022) to calculate the residual degree of
freedom (D) and the sum of squared Pearson residuals (X?). If the X?/D ratio is close to one, no
overdispersion occurs. To analyze the relation between both leaf- and rostrum chewer
abundance and the experimentally estimated palatability, we implemented again GLMMs using

Ime4 (Bates et al., 2015) E\ LQFOXGLQJ uSORWYTY WR DFFRXQW IRU S\
species nested within the genus, nested within the family as a random effect. To control for
under- or overdispersion, we used the gof function of the R paekag8&(Lesnoff & Lancelot,

2022). To assess the impact of each significant predictor variable on the response variable, we

used the effects package to plot the partial residuals (Fox & Weisberg, 2018, 2019).
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For analyzing the relation between mean body mass and leaf traits, we constructed lircear mixe
effects models (LMEs) for each feeding guild, using the R padkadgmer (Voeten, 2021)

and z-transformed leaf traits, including DBH as predictor variables. The response variable mean
body mass was lagtransformed, and the variable determining at which elevation the tree
RFFXUUHG ZDV LQFOXGHG DV D IL[Hr@omueifect Within the hhbEalvV = 7 KH
as well as all subsequent analyses were the same as described for the anlaé/aisusidance

data. But, controlling for overdispersion was not necessary. To analyze the relation between
chewer mean body mass per feeding guild and the experimentally estimated palatability, we
implemented new LMEs usiimerTestKuznetsova et al., 2017)E\ DJDLQ LQFOXGLQJ
account for pseudoreplicates, as well as species nested within the genus, nested within the
family as random effects.

Results

Among the tree individuals which have been tested for their palatability in the feeding trial,
70% of the trees did not show any dry weight loss greater than the loss caused by evaporation.
Thus, the test species did consume little or even no plant material. In contrast, an individual of
Graffenrieda emarginatédMelastomataceae) possessed with 13.4 mg the highest palatability,
followed by trees ofwWarszewiczia coccineéRubiaceae, 7.5 mg) andlarisia racemosa
(Moraceae, 4.3 mg). A tree of the spedteslocarpus oleifoliugPodocarpaceae) showed with

0.2 mg the lowest measured palatability value.

When analyzing the correlation between the experimentally estimated palatability and the pre-
selected measured leaf traits under the consideration of the elevation level (model 2) Ca, K, Fe,
N, and D1240 (cadmium) were significantly correlated with palatability (Table A.II.3.5).
Evaluating the relation between palatability and leaf traits without considering the effect of the
elevation (model 1), the traits Ca, Fe, N, D1240 (cadmium), SLA, and D1420 (lignin) were
significantly correlated with palatability (Table A.11.3.5).

Regarding the canopy arthropods, chewing arthropods formed the most abundant guild among
all collected herbivorous arthropods, with leaf chewers dominating over rostrum chewers
(Table 11.3.1). Nonetheless, the abundance of chewers per host tree varied by a factor of 140

(Table 11.3.2). Based on biomass, chewing arthropods, mainly leaf chewers, were the dominant
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group (Table 11.3.1). Mean body mass between trees varied by a factor of 174 for leaf chewers

and 24 for rostrum chewers (Table 11.3.2).

Table 11.3.1 Total number and biomass, either raw values or as a percent, of chewing and sucking

arthropods.
Sap Nectar _
Leaf Rostrum  Chewer _ _ Herbivores
sucking sucking
chewers chewers sum sum
herbivores herbivores
Number of
o 19,671 2,997 22,668 11,373 14,157 48,331
individuals [counts]
Number of
o 40.7 6.2 46.9 23.6 29.5
individuals [%]
Weight of all
o 81.80 7.65 89.45 13.46 5.32 108.24
individuals [g]
Weight of all
75.6 7.0 82.6 12.4 4.9

individuals [%]

Herbivorous arthropods include, besides chewing feeding guilds, the feedlidg sap- and nectar

suckers. Data were collected and summed up from 90 sampled tree canopies growing at 1000 and 2000

m a.s.l.

Table 11.3.2 Number of arthropod individuals and biomass on a host tree and mean body @mass of

arthropod individual calculated across host trees for the two chewing feeding guilds.

;Zed' Abundance Biomass [g] Mean body mass [mg]
guild Min Mean+*SD Max | Min MeanxzSD Max | Min Mean+ SD Max
Leaf

chewers | 8 216+123 697 | 0.087 090+065 35 | 042 53+9.0 86
Rostrum 0.085 +

chewers 5 33+22 120 | 0.0048 0.080 0.54 | 0.38 3.0x22 11
Sum

chewers | 5 125+ 127 697 | 0.0048 0.49+062 35 | 038 41+6.7 87
Sum

suckers 14 141+ 184 2326 | 0.0033 0.10+0.10 062 | 0.07 0.90+0.75 4.5

For comparison, the abundance, biomass, and mean body mass of arthropods on abletsdgieg

to sucking feeding guilds (sap- and nectar suckers) are added to the table.
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According to the minimal adequate models for leaf chewers, abundance was positively related
to the N concentration, SLA, and DBH. The relationship between the P-, Fe-, and Cd (D1240)
concentrations and leaf chewer abundance was negative (Figure 11.3.1; Table Il.3d3tal'he
were not overdispersed (X2/D = 1467.3/ 1569.9 = 0.9). Rostrum chewer abundance was
positively related to SLA, and the K concentration and negatively related to the P concentration
(Figure 11.3.2; Table 11.3.3). Again, there was no overdispersion (X?/D = 440.1/465.0 = 0.9).
The relationship between palatability and leaf chewer abundance was positive, but there was
no significant relationship with rostrum chewer abundance (Figure 11.3.3; Table 11.3.3). In both
cases there was no overdispersion (leaf chewers: X2/D = 1949.7/2162.8 = 0.9, rostrum chewers:
X2/D =476.3/501.7 = 0.9).
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Figure 11.3.1 Significant influence of leaf traits on the abundance of leaf chewers.

Plotted are the effects of] the logo-transformed foliar nitrogen concentrations [mg/g DMJ) the
logio-transformed foliar phosphorus concentrations [mg/g D), the specific leaf area [cm2/gD)

the logo-transformed diameter at breast height [cii), the loge-transformed foliar iron concentration
[mg/g DM], and F) the spectrally measured cadmium concentrations, against the partial resfduals
the abundance of leaf chewing arthropods per host tree. Violet and diciagepresent trees at 1000
m and 2000 m a.s.l., respectively. The dark blue lines represent the partial skbgesffacts, and the

blue bands define the 95% confidence interval. All predictor variables are z-traedfor

81



200,

100 H

60 -

partial residuals of
rostrum chewer abundance

partial residuals of
rostrum chewer abundance

200

100 H

60
40

log;o(potassium concentration [mg/g DM])

200 i ¢ -

100 4 r

60 . -
.
40 -

partial residuals of
rostrum chewer abundance

specific leaf area [cm?/g]
Figure 11.3.2 Significant influence of leaf traits on the abundance of rostrum chewers.
Plotted are the effects o&] the logo-transformed foliar phosphorus concentrations [mg/g DB tiie
logio-transformed foliar potassium concentrations [mg/g DM], &idtlie specific leaf area [cm?/g]
against the partial residuals of the abundance of rostrum chewing arthimgrodost tree. DM = dry
mass. Violet and orange dots represent trees at 1000 m and 2000 m a.s.|.yedspEiet dark blue
lines represent the partial slopes of the effects, and the blue defimds the 95% confidence interval.

All predictor variables are z-transformed.

Minimal adequate models of the LMEs analyzing the effects of leaf traits on mean body mass
did not show any significant effects for either leaf chewers or rostrum chewers (Table 11.3.4).
For leaf chewers, mean body mass was not significantly related to palatability, whereas, for
rostrum chewers, the relationship was positive, although this correlation was weak (Figure
11.3.4; Table 11.3.4).
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Table 11.3.3 GLMM models showing the effects of leaf traits on chewer abundance.

Model Fixed effects Estimate SE p-value

GLMMs: abundance vs. leaf traits

Leaf chewers

Abundance ~ D1240 + lagDBH) + Intercept 5.316 0.247 < 0.001
logio(Fe) + logo(N) + SLA +logo(P) + D1240 -0.044 0.019 0.0237
(1 | family:genus:Species) + (1 | plot) Logio(DBH) 0.057 0.0107 <0.001
Logio(Fe) -0.046 0.0114 <0.001
SLA 0.071 0.0212 <0.001
Logio(N) 0.662 0.0367 <0.001
Logio(P) -0.569 0.0247 <0.001
Random effects Variance SD
Family:genus:specie: 0.281 0.531
(intercept)
Plot (intercept) 0.310 0.557
Rostrum chewers
Abundance ~ log(P) + logo (K) + Intercept 3.378 0.154 <0.001
SLA + (1 | family:genus:species) + (1 | og,o(P) -0.260 0.0489 <0.001
family:genus) + (1|plot) Logio (K) 0.178 0.0475 <0.001
SLA 0.150 0.049 0.00205
Random effects Variance SD
Family:genus:specie 0.137 0.370
(intercept)
Family:genus 0.0279 0.167
(intercept)
Plot (intercept) 0.0993 0.315

GLMMs: abundance vs. palatability

Leaf chewers

Abundance ~ log(palatability + Intercept 5.810 0.157 <0.001
0.00001) + (1 | plot) Logio(palatability +  0.116 0.012 <0.001
+ (1 | family) 0.00001)
Random effects Variance SD
Family (intercept) 0.160 0.400
Plot (intercept) 0.087 0.295
Rostrum chewers

Abundance ~ log(palatability + Intercept 3.392 0.208 <0.001
0.00001) + (1 | plot) + (1 | Loguo(palatability +  0.0105 0.037 0.776
family:species) 0.00001)

Random effects  Variance SD

Family:species 0.218 0.467

(intercept)

Plot (intercept) 0.062 0.248

Minimal adequate model results of the GLMMs of chewer abundance per feeding guifimdits
as well as per chewer abundance and experimentally estimated p&d@biBE = standard error, SD

= standard deviation, legfx) = base 10 logarithmized. Significance was defined at a 5% level.
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Figure 11.3.3 Influence of palatability on leaf

chewer abundance per host tree. Figure 11.3.4 Influence of palatablllty on

Palatability [g] was experimentally measured in ~ rostrum chewer mean body mass per host tree.
a feeding trial, with 0.00001 g added to all ~ Palatability [g] was experimentally measured in

values before their lagtransformation. Plotted a feeding trial, with 0.00001 g added to the
is the effect of palatability on the partial values before their lagtransformation. Plotted

residuals of leaf chewer abundance. Violet and is the effect of palatability on the partial

orange dots represent trees at 1000 m and 2000 residuals of the rostrum chewer mean body
m a.s.l., respectively. The dark blue line Mmass. Violet and orange dots represent trees at

represents the partial slope of the effect; the blue 1000 m and 2000 m a.s.l., respectively. The
band defines the 95% confidence interval. dark blue line represents the partial slope of the
effect; the blue band defines the 95%

confidence interval.

Discussion

The dominance of leaf chewers within the arthropod communities of tree canopies is in
accordance with earlier studies (Table 11.3.1; Grimbacher & Stork, 2007; Novotny et al., 2006,
2010). However, in contrast to the variety of taxonomic groups belonging to the leaf-chewing
feeding guild (e.g., Orthoptera, Lepidoptera, Coleoptera, Phasmatodea), rostrum chewers
represent only one taxon, the Curculionoidea (Peeters et al., 2007). This difference can partly
explain the lower abundance of rostrum chewers. Arthropod abundance between host trees
varied strongly (Table 11.3.2), which in part might be attributable to differences in the canopy
sizes of host plants, as larger canopies can harbor higher arthropod diversities and abundances
(species-area relationship; Lourenco et al., 2015; Neves et al., 2013). Support for this
relationship is the positive effect of DBH on leaf chewer abundance since DBH is a proxy for

above-ground biomass and thus canopy size (Chave et al., 2005; Haase & Haase, 1995).
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Table 11.3.4 LME model results showing the effects of leaf traits on mean body mass of chewers.

minimal adequate model variables estimate SE p-value

LMEs: mBM ~ leaf traits

Leaf chewers

Logio(mBM) ~ (1 | plot) + _Intercept -2.425 0.0391 < 0.001
(1 | family:genus:species) Random effects Variance SD

Species:(genus:family 0.0 0.0

Genus:family 0.0 0.0

Family 0.0 0.0

Plot 0.00259 0.0509

Rostrum chewers

Logio(mBM) ~ (1 | plot) + Intercept -2.641 0.0335 <0.001
(1 | family:genus:species) Random effects Variance SD

Species:(genus:family 9.72¢!2 3.12€%

Genus:family 6.22€% 7.89¢%?

Family 0.0 0.0

Plot 4.63e 8.01e”

LMEs: mBM ~ palatability

Leaf chewers

Logio(mBM) ~ Intercept -2.602 0.140 <0.001
logio(palatability + Logio(palatability + -0.0413 0.0312 0.192
0.00001) + (1 | plot) + (1| 0.00001)
family:genus:species) Random effects Variance SD

Species:(genus:family 7.76e% 8.91¢"

Genus:family 3.30e'° 1.82¢e%

Family 0.0 0.0

Plot 1.08e 0.292

Rostrum chewers

Logio(mBM) ~ Intercept -2.258 0.154 <0.001
logio(palatability + Logio(palatability + 0.0892 0.0328 0.00795
0.00001) + (1 | plot) + (1| 0.00001)
family:genus:species) Random effects Variance SD

Species:(genus:family 0.0 0.0

Genus:family 0.0 0.0

Family 0.0 0.0

Plot 0.0114 0.107

Minimal adequate model results of the LMEs of mean body mass per feedingugildaf traits as
well as the LMEs of mean body mass per feeding guild and experimentathatestipalatability [g].
mBM = mean body mass, SE = standard error, SD = standard deviatias{x)log base 10

logarithmized. Significance was defined at a 5% level.
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Relation between leaf traits and experimentally estimated palatability

The leaf traits which were significantly related to experimentally estimated palatability showed
for three (N, K, and Fe) out of eight traits correlations we expected from the literature. N is an
essential nutrient for herbivores and its positive effect on palatability was documented several
times in previous studies (e.g., Cornelissen et al., 2003; Descombes et al., 2017; Neves et al.,
2013; Schadler et al., 2003). K in contrast was shown to decrease palatability in different
feeding trials (Armengaud et al., 2010; Stamp, 1994; Stamp & Harmon, 1991), which also
coincided with our results. Regarding the metal Fe, we expected and observed a negative
relation to palatability in our data since Fe can have fithess-reducing effects for herbivores if it
is accumulated in plants (Boyd, 2007; Ribeiro et al., 2017). However, the remaining four leaf
traits and elevation were related to palatability contrary to our expectations. SLA wagalggati
related to palatability, whereby we assumed an increase in palatability with incréaging

since leaves with higher SLAs tend to have larger and thinner leaves, higher growth rates and
invest less into plant defense than leaves with smaller SLAs (Cornelissen et al., 2003).
Nonetheless, Ribeiro et al. (1994) showed that the hemipiengis tecomagprovided with
standardized leaf disks taken from leaves of different sizes did not prefer leaf disks from larger
leaves in a feeding trial, although tecomaeprefers larger leaves in nature. In contrast, the
hemipteranRhabdotalebrachose leaf disks from larger leaves in the feeding trial as it chose
larger leaves in nature. This observation demonstrates, that making clear assumptions regarding
the SLA-palatability relationship is difficult. Thus, our observed negative relation between SLA
and palatability should be taken with caution, especially when considering the positive relation
between both leaf- and rostrum chewer abundance in our study. Further, the positive correlation
between the secondary metabolite lignin (D1420) and palatability was contrary to our
expectation of a negative relation, which was detected in many other studies (e.g., Boyd, 2007;
Coley, 1983; Moreira et al., 2017; Pellissier et al., 2012; Poorter et al., 2004). However, this
result was consistent with the negative relationship of SLA with palatability. Furthermore,
positive relations can occur (Mason et al., 2011) indicating that explicit predictions are difficult
to make. This ambiguity was supported by the non-expected negative relation between Ca and
palatability. Overall, the relations between leaf traits and palatability observed in this study are
in comparison to observations described in the literature indicating that there tend to be single
traits like N and SLA, which seemed to be more important for herbivorous arthropods than
other traits like secondary metabolites such as lignin (Carmona et al., 2011). Finally, increasing

elevation can have both negative and positive effects on palatability (e.g., Carralon20dtl;
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Cornelissen et al., 2003; Garibaldi et al., 2011; Moreira et al., 2018). This relies on changing
characteristics of leaf traits with elevation. In our study, the concentrations of all leaf traits
significantly influencing palatability (Ca, D1240, Fe, K, and N) decreased with increasing

elevation. Thus, elevation effects should always be interpreted in combination with the effects

of leaf traits.

Chewer abundance

Chewer abundance was affected by several leaf traits (Figure 11.3.1 and 11.3.2; TaBJe Il

SLA had positive and the P concentration negative effects on leaf- and rostrunschidwee
effects of the remaining leaf traits were guild-specific. However, SLA and N, leaf traits often
assumed to increase palatability, positively affected chewer abundance, as expected from
reports in the literature (Joern et al., 2012; Kurokawa et al., 2010; Novotny et al., 2002; Pérez-
Harguindeguy et al., 2003; Schadler et al., 2003). While the foliar N concentration was the main
driver of leaf chewer abundance, it did not affect rostrum chewer abundance in our study. To

our knowledge, this observation has not been made before.

Negative effects were expected at foliar P concentrations > 1%, i.e., far higher than the global
average determined in terrestrial foliage (Cease et al., 2016; Garibaldi et al., 2011).
Nonetheless, negative effects were found at lower concentrations (Figure 11.3.1B, Figure
11.3.2A), presumably due to the reduction in herbivore fithess caused by nutrient concentrations
outside consumer-specific requirements (Boersma & Elser, 2004). This may have been the case
among generalist herbivores, which account for a significant portion of chewing insects
(Novotny et al.,, 2002; Novotny & Basset, 2005). In contrast to monophagous herbivores,
polyphagous feeding generalists might be unable to adapt to the nutrient concentrations of the
host plant they temporarily feed on. Further, the positive relation between the K concentration
and rostrum chewer abundance (Figure 11.3.2B) was contrary to our expectation, since changes
in K concentrations in plants were shown to possibly reduce the growth rate and the
survivorship of herbivores (Stamp, 1994). Thus, we expected a negative relation to chewer
abundance. However, in accordance with our observation, a positive relation between the
consumption rate of the rostrum chew@rorhynchus sulcatug@Curculionidae) and the foliar
potassium concentration of blackcurrant is documented in the literature (Coyle et al., 2011).
The positive relation shown in our study might be due to the importanceioh&for various

physiological and mechanical processes of especially insects like neurotransmission, salivary
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production, reproduction, and development (Piermarini et al., 2022). Regarding the two metals
Fe and Cd, which had weak but significant negative influences on only leaf chewer abundances,
the results were in accordance with expectations based on literature (Coleman et al., 2005;
.DJHPL('LQDQ HW DO 30D]D HW.Bdording to tHeleleddentaR HW D
defense hypothesis, increasing concentrations of metals reduce the herbivore- and increase the
host plant fitness (Boyd, 2007), a possible explanation for the negative relation between the Fe
and Cd concentrations and leaf chewer abundances. However, the effects of Fe on herbivores
are little explored (Boyd, 2007). Additionally, (Boyd, 2007) compiled several studies
demonstrating positive or no effects of Cd on herbivore fitness. This might explain the non-
significant influence of the Cd and the Fe concentrations on the rostrum chewer abundance in
our study.

The positive effect of the experimentally estimated palatability on leaf chewer abundance was
in accordance with our expectation (Southwood et al., 1986) and could be due to the dominating
correlation between the N concentration and both palatability and leaf chewer abuitiance.
effect of the Fe concentration could have supported this pattern. In return, the non-significant
correlations between rostrum chewer abundance and both the N and Fe concentrations could
explain the unimportance of the experimentally estimated palatability for the abundance of

rostrum chewers.

Nonetheless, in our study, we only measured the leaf traits of mature leaves, which accumulate
herbivorous damage over time and have trait characteristics differing from those of young
leaves (Coley, 1983; Coley & Barone, 1996; Peeters, 2002a). Since chewing arthropods feed
predominately on young leaveg D W HV ytaHN &ROH\ &ROH\
Morrison & Lindell, 2012; Peeters et al., 2007), the effects of leaf traits on chewer abundance
as determined in our study should be interpreted with caution. Our results indeed demonstrate
an influence of leaf traits on chewer abundance. However, which traits are decisive and how
they affect chewers depends on the surrounding environmental conditions and is specific to
each feeding guild. Furthermore, the diffuse effects of leaf traits on chewing arthropod
abundances in this study indicate that, on the community level, plant species-specific
characteristics and diet-quality-driven physiological processes might play a minor role in
influencing abundance, and factors such as predation and parasitism or parasitoids could be far
more critical (Ho et al., 2010; Tvardikova & Novotny, 2012; Williams-Guillén et al., 2008).
This assumption is supported by the inconsistent and hardly interpretable patterns observed

when analyzing the data per elevation separately (Table A.11.3.6).
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Chewer mean body mass

With respect to chewing arthropods, the Jarman-Bell principle was not supported at the
community level. For leaf chewers, neither the model results for leaf traits nor experimentally
estimated palatability showed a correlation between mean body mass and palatability (Table
11.3.4, Table A.11.3.7). For rostrum chewers, mean body mass was not correlated with leaf traits
(Table 11.3.4, Table A.ll.3.7). However, the experimentally estimated palatability was
positively related to rostrum chewer mean body mass. This pattern was contrary to the pattern
expected from the Jarman-Bell principle. The result supports the assumption which was
suggested by (Peeters et al., 2007) that, unlike leaf chewers which contain a relatively great
portion of soft and extensible caterpillars and larvae, rostrum chewers which are adults with a
little extensible exoskeleton depend on the food of higher quality because of their narrower

gapes and, in some species, their smaller gut sizes.

Our results indicate that the mean body masses of communities of leaf- and rostrum chewers
may not be driven by body magmnergy relationships. Other mechanisms possibly influencing

the body mass of chewers could be that the gut size can increase with increasing body mass and
as compensation for low food quality (Yang & Joern, 1994). Further, symbiotic bacteria living

in the gut could compensate for a low diet quality (Awmack & Leather, 2002; Xia et al., 2020).
Additionally, abiotic factors such as temperature might have effects on body mass (temperature-

size rule; Klok & Harrison, 2013) superimposing the physiological effects of leaf traits.

Considerations and constraints

Our results demonstrated that the abundance and mean body mass of chewing arthropod feeding
guilds in tree canopies are affected by specific compositions of leaf traits. Biotic interactions,
such as predation and parasitism or parasitoids (Askew & Shaw, 1979; Cates, 1980; Loader &
Damman, 1991; Tvardikova & Novotny, 2012; Williams-Guillén et al., 2008), as well as abiotic
conditions, such as temperature, solar radiation, wind, precipitation, and air pressure (Ali &
Gaylor, 1992; Askew & Shaw, 1979; Loader & Damman, 1991; Prather et al., 2020), might
also influence chewing arthropod abundance and mean body mass in the canopies of tropical
montane rainforests. Consequently, the effects of foliar morphological, nutrient, or defense
characteristics would be masked. Furthermore, refining feeding guilds might improve models

(e.g., by splitting chewing herbivores into fruit-, seed-, flower-, pollen-, phloeytem-, or
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bark chewers; Novotny et al., 2010; Peeters, 2002b, 2002a). Additionally, different sampling
methods, such as fogging, flight-interception traps, and malaise traps, as well as repeated
sampling and sampling during different seasons, would yield collections differing in their
arthropod composition (Basset, 2001; Beck & Richter, 2008; Boulter et al., 2011; Stork, 1987).
For example, among the chewing feeding guilds, our collection may have lacked a significant
portion of leaf rollers, which probably did not fall when paralyzed by the insecticide after the
fogging process. Fast-flying arthropods could have also escaped, alarmed by the noisy fogger.

Additionally, our samples were contaminated with arthropods either occupying neighboring
tree canopies or feeding on the epiphytes and epiphylls growing on the target canopy (Stork,
1987). The inclusion of several tourist species was also likely (Poorter et al., 2009).
Furthermore, host specificity might not have been as high as expected (Novotny et al., 2002;
Schuldt et al., 2012; Stork, 1987), resulting in more generalist herbivores feeding only
temporally on the target canopy. These considerations and constraints highlight the difficulties
in obtaining differentiated assessments of leaf traits' effects on chewing arthropod communities
in the field. Nonetheless, on a large scale, our study results offer insights into leaf traits-chewers
relationships in tree canopies of tropical montane rainforests. In the feeding trial, the use of a
non-native generalist insect might have biased the palatability results, as they would not have
reflected possible co-evolutive adaptations of the local arthropod assemblage. Additionally,
using the calculated dry weight of the consumed leaf disk parts as a proxy for palatability by
accounting for the evaporation may have led to an underestimation of the consumed dry mass
by overrating the evaporation. Further, the comparison between the leaf traits being
significantly related to the experimentally estimated palatability and the leaf traits affecting
chewer abundance and mean body mass shows that using an experimentally estimated
palatability measure as a proxy for a variety of leaf traits to analyze their affectsewer
herbivores is difficult as traits being related to that palatability measure are not consequently
related to chewer abundance or mean body mass and vice versa. Thus, both approaches do not

always lead to the same conclusions.
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Conclusion

Nonetheless, on a larger scale, the results of our study offer insights into relations between leaf-
and rostrum-chewing arthropods in the tree canopies of tropical montane rainforests and leaf
traits of host plants. On a community level, some leaf traits had effects on chewer abundance
as we expected based on literature, other not. Furthermore, the results were inconsistent with
the Jarman-Bell principle, as the mean body mass of leaf chewers showed significant
correlations with neither experimentally estimated palatability nor leaf traits. The mean body
mass of rostrum chewers was also not correlated to specific leaf traits, but it correlated contrary
to the expectation positively with experimentally estimated palatability. Our results thus
demonstrate the complex interplay between the leaf traits of host plants and the herbivore
communities of chewing arthropods in tree canopies of tropical montane rainforests. Estimating
the importance of the Jarman-Bell principle for certain specific arthropod taxa by cetgrmi

the influences of plant traits on their arthropod mean body mass, could be a further, future step
towards the understanding of diet quality-herbivore relationships. However, it seems, that on a
community level, diet quality plays a secondary role in shaping leaf- and rostrum chewer
abundance and mean body mass. To better understand if other factors, such as the microclimate,
predation, or further abiotic or biotic interactions in tree canopies are more important in
influencing communities of chewing arthropod herbivores will require further, more refined

analyses to disentangle their role in ecosystem processes.
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Chapter 4: Other Manuscripts

The following manuscripts were published either in the RESPECT project journal Tabebuia

Bulletin or a book written and edited by members of the RESPECT project.

4.1 General patterns and reciprocal influences ofréthropod communities,
herbivory, and predation in a mountain dry forest d southern Ecuador
by

Jana E. Schon Annemarie Wurz, Roland Brandl, and Nina Farwig

Published inTabebuia Bulletinvol. 9 (2022)

Abstract

We aim to get a comprehensive overview of both arthropod-induced herbivory and
arthropod community patterns in relation to plant community characteristics and predation in
the mountain dry forest (MDF) of southern Ecuador. Therefore, we assess arthropod
communities and herbivory (= leaf area loss [%)]) by arthropods in the MDF. For our research,
we used the joined core plots of RESPECT consisting of six 1 ha plots per land-use type (forest
and pasture). Per land-use type, three plots were located each at 600 m a.200anda.s.!.
Preliminary results showed no significant differences in canopy herbivory [%] betwean®00
1200 m a.s.l. However, first evaluations of one plot for each elevation-land-use type
combination showed that understory arthropod abundance as well as arthropod diversity were
higher at 1200 m than at 600 m and in forest than in pasture. Additionally, the first predation
results highlighted arthropods as the main predators of caterpillars (70 %). Further analyses of
spatial and seasonal variation in herbivory as well as leaf palatability, arthropod communities,
and predation of arthropods, will provide insights into the interactions between plants and

arthropod herbivores in two different land-use types and elevations.

Main text

Arthropod herbivores are shaping plant populations in various ways e.g. by influencing
phenotypic variation of plant traits. Especially in tropical dry forests, herbivore pressure on

plants is considerably high (Coley & Barone, 1996) and can have strong influences on
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ecosystem functions such as carbon cycles. Herbivores, in turn, are affected by trait$sof pl
(bottom-up) and the intensity of predation (top-down). In Subproject B4, we used the 12 joined
core plots in the MDF to unravel the effects of both land-use type (six forest and six pasture
plots) and climate, represented by elevation (each six plots at 600 and 1200 m a.s.l.), on the
patterns of understory- and canopy herbivory, as well as on seasonal variation of hdda¥ory
palatability of host plants, the composition of arthropod communities in the understory, and
predation rates on arthropods.

Here, elevation is used as a proxy for varying climatic conditions being harsher at 600 m and
more favorable at 1200 m a.s.l. According to the literature, decreasing environmental
favorability leads to an increase in plant defense rates (Coley et al., 1985), resulting in a
decrease in plant palatability (Descombes et al., 2017). Thus, we expect both higher herbivory
rates and a greater leaf palatability at 1200 m than at 600 m. Additionally, we expect lower
herbivory rates in the understory than in the canopy due to lower biomass production in the
understory (Neves et al., 2014) and a strong seasonal variation in community herbivory due to
changes in the foliar chemical composition in the plant communities (Yamasaki & Kikuzawa,
2003). Finally, we expect interrelations between understory arthropod community

compositions, predation, and herbivory in the understory of the MDF.
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(Figure 11.4.1.1).
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The occurrence of seven different damage types is currently quantified (Labandeira etal., 2007

Master thesis of Eva Ullrich).

Seasonal variation of herbivory

To determine the seasonal variation of herbivory, we established 18 mesh traps (Figure
11.4.1.2A) on each core plot to collect litter from the surrounding vegetation. The collection
started in June 2022 and will end in June 2023. Traps are emptied every two weeks by
Ecuadorian field assistants (Gabriel Acaro and David Moreno). Due to the quantity of leaves
within samples, we analyze every second collection. For the determination of herbigory, th
dried leaves are sorted by the Ecuadorian field assistant Nohemy Poma before they are soaked
and scanned by the Ecuadorian field assistant Magali Gordillo. Scanned leaves will bedanalyz
with the software WIinFOLIAY 2019 (Regent Instruments Inc., Quebec City, Canada) to

estimate herbivory.

. . n)! - 4 . : ‘\ i & ) :".'. ';- ) e
Figure 11.4.1.2 Mesh trap (60 cm x 60 cm) for the year-round litter collection Beating (20 hits) of
a bush with a stick to collect arthropods in the beating sB3eCpllection of falling arthropods into

the 1 m? beating sheet with a poot€j.(Photos: Jana E. Schon (2) and Annemarie Wurz

Leaf palatability

We determined the palatability of the leaves of the same 22 tree species as used for the estimates
of canopy herbivory in a feeding trial using the Jamaican field criGgti(s assimilis Figure
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11.4.1.3). We expected a decrease in palatability across the plant functional tyjpkemaec
semideciduous, and evergreen (Master thesis of Sarah Ullrich).

A : { L | B

Figure 11.4.1.3 Punching of leaf discs for the feeding trial. Each disc has a diaoi€taam @). Two
discs of the same tree individual are offered for 24 h to one adult Jamigichiericket Gryllus
assimilig. The crickets starved for 24 h before the beginning of the feedaidBji Overview of the
feeding trial with crickets separated into starving individuals, crickéts eifered leaf discs in the
running experiment, and non-adult specimens, which still have to develop to thestzddt
Misdeveloped or hurt individuals were separated and excluded from the feedif@)trRhotos: Jana
E. Schon

Arthropod composition and herbivory of the understory

To characterize changes in the arthropod composition of the understory in the MDF, we selected
12 bushes or small trees on each plot between April and May 2022. Bushes were beaten with a
stick and falling arthropods were collected with a beating sheet (Figure 1.4.1.2B). All
arthropods within the sheet (Figure 11.4.1.2C) were stored in 75 % ethanol. This procedure was
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repeated twice per plot to analyze possible seasonal variations. Arthropod samples are currently
counted, determined, if possible, to the family level by an expert, and assigned to feeding guilds

(e.g. sap sucker, leaf chewer).

After sorting arthropod samples of a small subset of vegetation units, the data support our
hypotheses of a greater arthropod abundance and diversity in the forest- compared to the pasture

plots and at an elevation of 1200 m compared to 600 m a.s.l. (Figure 11.4.1.4).

forest plot 1 forest plot 1
at 600 m (12 bushes) taxon at 1200 m (12 bushes)

total number Sternarrhyncha A total number

[T . Phasmatodea - P .
of individuals: 237 Orthoptera -] of individuals: 851

Neuroptera
Myriapoda
Mecoptera
Lepidoptera -
|sopoda E
Hymenoptera A

Heteroptera 7]

Hemiptera
Gastropoda
Diptera

Diplopoda
Collembola
Coleoptera
Brachycera
uchenorrhyncha
Araneae b
Acari -

%

pasture plot 1 pasture plot 1
at 600 m (12 bushes) taxon at 1200 m (4 bushes)

total number Trichoptera 4 total number
of individuals: 179 Mecoptera - of individuals: 258
Acari b
Thysanoptera
Phasmatodea -
Orthoptera ]
Lepidoptera  {7]
|sopoda B
Hymenoptera {7 7]
Heteroptera {7]
Diptera ]
Collembola -:l
Coleoptera A
Blattodea -:|
uchenorrhyncha |

Araneae |

40 30 20 10 5 0 0 5 10 20 30 40

%

Figure 11.4.1.4 Proportion [%] of arthropod taxa per vegetation unit (bush or stred) of the
understory for both elevations (600 m and 1200 m a.s.l.) and the land-use typds iperstiagram)
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and pasturelgwer diagram). Except for the pasture plot 1 at 1200 m (four vegetation units), 12

vegetation units have been evaluated per plot. Graphs: Jana E. Schon

To analyze the relations between arthropod mean body mass and land-use type as well a
elevation, we will dry and weigh the sorted samples to calculate the mean body mass per
individual. To quantify herbivory rates in the understory, we randomly selected 20 leaves per
vegetation unit, scanned them and are currently analyzing the herbivory with the software
WInFOLIA™ 2019 (Regent Instruments Inc., Quebec City, Canada).

Predation on arthropods

To quantify and categorize predatio e
on arthropods in the understory,
deployed caterpillar dummies o
understory vegetation (Figure 11.4.1.9%

trainee project of Diana OntanedaZ,
C M arthropods M birds

For preliminary results
see Figure 11.4.1.5C.

B mammals reptiles

Figure 11.4.1.5 Caterpillar dummies made of plastiline (white, brown, and green) dephayunderstory
vegetation. In two runs, we deployed 150 dummies (50 per color) per plot and cotecteafter four
days A). Predation marks at a brown caterpillar dummy. Predation marks wermidettmwith the
help of literature. Categories were e.g. reptile, bird, amphibian, Orthgptg ant, small ant, and spider.
Color variation between the brown dummies in the pictures is due to the uskei@nditameras and
varying light conditionsB). Proportion of bite marks at caterpillar dummies of certain predeiapsg.

In total, 12.5 % of all caterpillar dummies were attacked by pred@dr®fotos: Annemarie Wurz and

Jana Schoén. Graph: Jana E. Schon
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4.2 Canopy herbivory in the mountain dry forest ofLaipuna
by
Jana E. Schon Annemarie Wurz, Roland Brandl, and Nina Farwig

Published inTabebuia Bulletirvol. 10 (2023)

Abstract

We examined the herbivory and damage types caused by arthropods in canopies of tree
communities at different elevations and for different plant functional types (PFT) by analyzing
scans of leaves from 22 representative tree species. Additionally, we analyzed the palatability
of the leaves in a feeding trial. While herbivory differed between the two elevations, damage
type diversity was the same across all PFTs and elevations. Palatability showed likewise
complex interactive effects of elevation and PFT with trends of evergreen being the least and
deciduous being the most palatable trees. These results indicate a complex interplay of abiotic

and biotic factors influencing arthropod herbivory that cannot be predicted from feeding trials.

Introduction

Herbivory, estimated as leaf area loss [%], is influenced on the one hand by environmental
variables like air temperature and precipitation (Ashton et al., 2011; Cuartas-Hernandez &
Gomez-Murillo, 2015) that change along elevation gradients (Bale et al., 2002). On the other
hand, herbivory is influenced by the composition of traits of the host plants (e.g., Neves et al.,
2010; Peeters, 2002), which can be related to different plant functional types (PFTs; e.g., Silva
et al., 2015). PFTs of trees in mountain dry forests (MDF) can be assigned to the following
strategies for dealing with water stress: deciduous, semi-deciduous, and evergreen trees (Figure
[1.4.2.1). Deciduous trees with nutrient-rich, thin leaves are expected to have a higher
palatability than evergreen trees with thick leaves containing more plant defense substances
(Silva et al., 2015). Damage type diversity is also expected to be highest on deciduous trees.
The more favorable environmental conditions at higher elevations (lower air temperature and
higher humidity) in the dry forest of Laipuna are expected to increase herbivory as well as

damage type diversity compared to lower elevations.
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Figure 11.4.2.1 Examples of scanned leaves for each PFTAQfthe deciduous specigsrythrina
veluting (B) the semideciduous speciésrdia luteg and C) the evergreen specik®risonia scabrida

Canopy herbivory and damage type diversity

Between mid-March and the end of April 2022, subproject B4 collected 20 sun-exposed leaves
per tree from 182 tree canopies belonging to 22 tree species in the six forest core plots at 600
m and 1200 m a.s.l. in the Laipuna Reserve. Leaves were scanned and herbivory was estimated
using:LQ)2/,3$C&E D 5HJHQWInQ QueheX Cityl, Ch&da; Figure 11.4.2.2).
Additionally, we grouped and assigned the damages by herbivores to eight diftareade

types: holes-, margin-, and surface feeding, skeletonization, piercing or sucking, mining,
galling, and oviposition (Labandeira et al., 2007). To calculate the Shannon-Weaver diversity
index for each tree, we counted the number of leaves of each tree showing a particular damage
type. To disentangle differences in herbivory per elevation and PFT, we ran ch nmoxiel

with a beta distribution withtfor simplicity zone combined factor of elevation and PFT. Since

the PFTs each comprised a different composition of species and even families, we only used

the taxonomic order as a random effect. To identify significant differenceB & OLHG 7 XNH\{

all-pair comparisons test.
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Figure 11.4.2.2 Scanned leaves analyzed with WinFOLIA to estimate herbivory. Yellow = anagafed |
area, blue = analyzed lost leaf area, black = background area. Herbivuysign of the non-healthy

leaf area defined by color classes and the lost leaf area.

Herbivory ranged between 0.36 % and 32 % (mean = 7.5 %, lower confidence interval (Cl) =
6.7 %, upper Cl = 8.3 %) and differed between elevations depending on PFT, which indicated
an interactive effect of these two variables. Deciduous trees showed significantly higher
herbivory rates at 1200 m than at 600 m (Figure 11.4.2.3). When calculating the Shannon-
Weaver diversity index, we again ran a mixed model with the combined elevation-PFT factor
as fixed- and taxonomic order as a random effect. Damage type diversity ranged from0 to
(mean = 1.24, lower CI = 1.19, upper Cl = 1.29) and was comparable across all elevations and
PFTs (Figure 11.4.2.4).
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Figure 11.4.2.3 Herbivory [%] in the canopies of tree communities in the mountgifodest of Laipuna
per elevation and plant functional type (PFT). Different letters oafttye box plots indicate significant
differences between the categories. To calculate theldfiHQFHYV ZH X \paiGcompatisomgy DO O
test. Plotted are the medians and quatrtiles of the raw data (n = 182).
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Figure 11.4.2.4 Damage type diversity caused by arthropods in the canopies of tree communities in the
mountain dry forest of Laipuna per elevation and plant functional type (BPWEYsity was calculated
with the Shannon-Weaver Diversity Index. Different letters on top of the@lots indicate significant
GLIIHUHQFHVY EHWZHHQ WKH FDWHJRULHV 7R lpar@smp@ibonsH WKH C

test. Plotted are the median and quartiles of the raw data (n = 182).
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Canopy palatability

In addition to the herbivory assessment, we conducted a feeding trial with the generalist
herbivore Grylus assimilis(Orthoptera) to estimate the palatability of the leaves of the
examined tree species. We isolated adult crickets for 24 h prior to the feeding trial without food.
Then we offered each cricket for 24 h two leaf discs of 2 cm in diameter punched from leaves

of one of the sampled trees, resulting in 182 isolated crickets each with a pair of leaf discs
belonging to 182 different trees. Palatability was estimated by assessing the leaf dféh loss

RI VFDQQHG OHDI GLVFV ZLWK :LQ)2/,%$ EandRffeShetfeedngd WKH G
trial. Effects of the elevation and the PFT were examined with a mixed model and a beta
distribution containing one combined factor as fixed and the taxonomic order as a random
effect. To fulfill the model requirements, palatability values of 100 % were converted into 99.99

%. Observed palatability patterns in the feeding trial differed from the estimatedycano
herbivory. Leaf area loss in the feeding trial was with 48.15 % (lower Cl = 43.76, upper CI =
52.57 %) on average much higher than canopy herbivory. When comparing elevational patterns
within PFTs, we saw, as for herbivory, indications for interactive effects (Figure 11.4.2.5). The
general trend is as we expected from the literature (Silva et al., 2015) with deciduous trees being
the most palatable, semi-deciduous being less palatable and evergreens being the least palatable
plant types (Figure 11.4.2.5). These results, together with the herbivory and damage type
patterns, indicate a complex interplay between PFTs, herbivores, and elevational characteristics

in causing herbivory in the dry forest of Laipuna.
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Figure 11.4.2.5 Palatability [%] derived from a feeding trial in the canopie@# communities in the
mountain dry forest of Laipuna per elevation and plant functional type (PFTgrdiffletters on top of
the box plots indicate significant differences between the categories. Titatmlhe differences, we
XVHG 7 X Ngdix fdmpadsans test. Plotted are the median and quartiles of the raw data (n = 182).
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4.3 Is it possible to predict herbivory from leaf taits?
by

Jana E. Schon Raya Keuth, Jurgen Homeier, Oliver Limberger, Roland Brandl, Jorg Bendix,
and Nina Farwig

Published inTabebuia Bulletirvol. 10 (2023)

Abstract

We examined whether leaf area loss (caused by arthropods) can be predicted by leaf
trait data either measured in the field or characterized by optical measurements. We expected
that traits that, according to literature, influence the palatability of leaves positively (e.g.,
specific leaf area, nitrogen) or negatively (e.g., leaf dry matter content, potassium), show the
same relations with leaf area loss in our field measurements. We found that traits that appear in
most of our models were rarely related to herbivory and showed partly contrasting relations to
descriptions in the literature. Several traits showed even inconsistent patterns in relation to
herbivory. Thus, our results suggest that herbivory rather depends on abiotic factors or other
biotic processes within the food web than on direct interactions between the host and arthropod

herbivores.

Background

The interactions of plants and herbivores like arthropods (Figure 115.3.1) led to a coevolutionary
arms race. This race forced and still forces plants to evolve protection strategies that affect their
palatability by changing the structure and chemical composition of attacked plant modules
(Agrawal, 2007) with consequences for the survival of both the attacked plant individuals and
the whole community (e.g., Maron & Crone, 2006). Thus, measuring the relationship between
leaf traits and herbivory is an important step towards understanding plant community dynamics.
Traits can either be measured using conventional lab methods or recently developed optical

measurement techniques.
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Figure 11.4.3.1 A selection of arthropod herbivores with different damage typed\li®ethoptera with
surface feeding® Coleoptera with hole feeding@, Heteroptera an® Auchenorrhyncha with piercing
and sucking, an& *F) Lepidoptera with margin feeding. Photos: Jana E. Schon

Methods

In February and March 2019, subprojects B4, B2, and Al analyzed arthropod herbivory by
estimating the loss of photosynthetically active leaf area (in the following leaf area loss (LAL)
[cm2]; Figure 11.4.3.2) of 380 trees belonging to 51 tree species growing in the nine core plots

of RESPECT in the mountain rainforest of southern Ecuador. At each plot, we selected up to
seven trees and sampled from each tree two sun-exposed branches with mature leaves, for
estimating LAL. If possible, 20 randomly selected leaves from each tree were scanned (Canon,
Canoscan LIiDE 120; 150 dpy HVROXWLRQ 6XEVHTXHQWO\ ZH XVHG :L(
Instruments Inc., Quebec City, Canada) to estimate the original total leaf area and LAL.

We selected 13 traits determined via conventional lab-based methods listed in Table 11.4.3.1
(for methods see Homeier et al., 2021) and 12 traits generated via optical measurements that
are listed in Table 11.4.3.2. The optical measurements were done with an OceanOptics
spectrometer (see Limberger et al., 2021). For each set of traits, we ran linear regisd-ef
models with LAL as response and leaf traits as predictor variables including the tree phenology
as a random effect for 100 different data subsets, each with one randomly selected tree of each
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species. Models were simplified with an automated stepwise backward selection to identify

those traits significantly related to LAL.

Figure 11.4.3.2 Examples of herbivory on leaves éf)(Miconia punctataMelastomataceae) anB)(
Graffenrieda emarginatéMelastomataceae). Photos: Jirgen Homeier

Table 11.4.3.1 List of leaf traits estimated by conventional lab methods with unitseuaiations, and
the relationships of each trait to herbivory reported in the literature.

Trait Unit Abbreviation Reported
relationships
Dry matter content mg g* DMC Negative
Positive
Specific leaf area cn? gt SLA Positive
Negative
Unclear
Aluminum mg g* Al Negative
Calcium mg g* Ca Positive
Carbon mg g* C Negative
Iron mg g* Fe Negative
Magnesium mg g* Mg Positive
Manganese mg g* Mn Negative
Nitrogen mg g* N Positive
Negative
Phosphorus mg g* P Positive
Negative
Potassium mg g* K Positive
Negative
Sulfur mg g* S Positive
Stem diameter at breast height cm DBH Positive
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Results and Discussion

The lab-based predictor variables DMC, P, Fe, Mn, and S showed positive relationships to LAL,
and C, SLA, N, Ca, and K showed negative relations when averaged across the 18@dab-ba
models containing all predictor variables. The variables Mg, Al, and DBH showed both positive
and negative effects on LAL depending on the tree individuals entering the analyses. The
frequency of leaf traits entering the minimal adequate models varied greatly among the traits,
ranging from entering none of the models (Al) to 76 (Mn) models out of the 100 runs (Figure
11.4.3.3). Manganese was much more important across models than nitrogen. A similar pattern
appeared for the predictor variables characterized by using optical measurements (Figure
11.4.3.3 and Table 11.4.3.2), although no single predictor dominated the minimal adequate
models. Again, two variables showed positive or negative relationships to LAL depending on

the model.

Figure 11.4.3.3 Frequencies of traits entering one of the 100 models generated for predictizugpéeaf
loss for @) lab-based traits andB) spectral sensing-based traits. For these models, we selected at
random one individual from each species. For the definition of the traits baspeadral sensing see

the Table 11.4.3.2. Dark-shaded colors indicate traits that have negative estwertged across all

100 maximum linear mixed-effects models, medium-shaded colors indicate posithaesand light-
shaded colors indicate traits that have both positive and negative estigjagesling on the particular

model.
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Our study demonstrated that neither lab nor optical measurement-based traits showed consistent
relations to herbivory and many relations were contrary to observations described in published
studies. Leaf traits based on optical metrics showed even less clear relations to herbivory than
leaf traits characterized by conventional lab methods. One reason for this might be that optical
measurements are often not related to a single class of substances but characteripé a suite
substances with variable effects on herbivores. Thus, we would not recommend to use optical
leaf traits to predict herbivory. Additionally, we conclude that leaf traits seem to be not that
important in shaping arthropod herbivory in the field. This suggests that abiotic factors such as
climate and/or biotic factors such as competition, or predation are more important drivers of

herbivory in tropical forests than direct interactions between herbivores and hosts.
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Table 11.4.3.2 List of leaf traits with abbreviations estimated by opticethods, the relationships of
each trait to herbivory reported in the literature as well as the attgulof the trait (R = reflectance

wavelengtly [nm]).

Abbreviation and main chemical Reported Calculation
component estimated by this trait relationships
D970 (water, starch) Positive 1stderivate of reflectance
at 970 nm
D1120 (lignin) Negative 1stderivate of reflectance
at 1120 nm
D1200 (water, cellulose, starch, lignin) 1st derivate of reflectance
at 1200 nm
D1240 (cadmium) Negative 1st derivate of reflectance
at 1240 nm
D1400 (water) Positive 1stderivate of reflectance
Unclear at 1400 nm
D1420 (lignin) Negative 1stderivate of reflectance
at 1420 nm
D1460 (phenolic compounds) Negative 1st derivate of reflectance
Unclear at 1460 nm
D1490 (cellulose, sugar) Negative 1st derivate of reflectance
Positive at 1490 nm
Unclear
D1660 (lignin) Negative 1stderivate of reflectance
Unclear at 1660 nm
D1690 (lignin, starch, protein, nitrogen) Unclear 1stderivate of reflectance
Positive at 1690 nm
LWVI_1 (leaf water vegetation index) Positive (Re1094y *Ryossy) /
Unclear (Rrroe4y + Ryoesy)
WBI (water band index) Positive Rioozy / Ryaray
Unclear
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4.4 How plant traits and arthropod communities influence herbivory
by
Yvonne TiedeJana E. Schoén Roland Brandl, and Nina Farwig

Published inTabebuia Bulletinvol. 8 (2020)

Abstract
Preliminary results reveal that the number of caterpillars increased with the specific leaf
area of trees at 2000 m a.s.l., and that the observed leaf area loss of trees was inverdely relate
to the palatability of leaves. Our results give reason to expect complex relationships between
environmental changes, arthropod communities, plant traits, and ecosystem functions. Here we
summarize the key achievements of the first research phase and give an outlook on our future

goals.

Main text

Arthropod herbivores influence the composition and structure of plant communities and thus
modulate important ecosystem functions such as carbon sequestration. In subproject B4 we aim
to understand the relationships between plants and arthropod communities that shape biotic
processes, such as the loss of leaf biomass in tree crowns. To do so, we sampled arthropod
communities from more than 130 tree crowns and assessed the leaf area loss of almost 7600
leaves from 48 tree species across an elevation gradient.

Palatability: A tree trait from feeding trials

We assessed plant palatability across three elevations (~ 1000 m, 2000m, 3000 m a.s.l.) in
feeding trials in the lab using nymphs of the Jamaican field cricket Gryllus assimilis (Figure
11.4.4.1A) and leaf disks of 52 tree species (Figure 11.4.4.1B, C). We found that the palatability
of leaves increased along the elevation gradient (Tiede et al., 2020). Furthermore, preliminary

analyses showed a negative relationship between palatability and leaf area loss (Figure 11.4.4.2).
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Figure 11.4.4.1 Palatability assessment in
feeding trial. The Jamaican field crick@tyllus

assimilisA was used as general herbivoreto )
Figure 11.4.4.2 Leaf area loss of 48 studied tree

on leaf disc8 of 52 tree species during. The tr ) ) -
species (black dots) as a function of leaf palatability

lasted for 24 hours in plastic box€s Photos ) ) )
_ _ _ derived from a linear mixed-effect model (black
Yvonne Tiede A, B), Nina Farwig C)

line) and 95 % confidence intervals (green area). We
included phylogeny as a random effect in the model
to correct for phylogenetic relationships. Graph:
Yvonne Tiede

Herbivore communities and traits of arthropods: A fogging-success story

We applied canopy fogging of arthropod communities with a petrol-driven fogging machine
and a water-based, biodegradable insect spraying agent on 134 tree individuals from 33 species
at 1000 and 2000 m a.s.l. (77 individuals from 18 species with 3 to 6 repetitions at 1000 m, 57
individuals from 15 species with 2 to 6 repetitions at 2000 m a.s.l.; Figure 11.4.4.3). Due to
travel restrictions with the current pandemic situation, the fogging of tree species at 3000 m
a.s.l. had to be postponed. The suction sampling (Figure 11.4.4.4) of arthropod communities on
pastures has been completed for all three elevations. The arthropod samples from 2000 m a.s.l.
were sorted to the level of order and feeding guild (sap suckers, nectar suckers, rostrum
chewers, leaf chewers, and predators). Due to the sheer number of arthropod individuals in the
fogging samples, we divided the samples from 1000 m and 3000 m a.s.l. only into feeding
guilds, which is in progress for samples from 1000 m a.s.l. For the same reason, we focused on
the mean body weight as an important morphological trait of the sampled arthropods. This

measure has been assessed for samples from 2000 m a.s.l. The first insights into the composition
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of herbivores at 2000 m a.s.l. revealed that Coleoptera and sap suckers are the most abundant
arthropod groups in the fogged tree crowns. However, Orthoptera constitutes the group with
the highest biomass due to an almost ten-fold higher mean individual weight (Figure 11.4.4.5).
Preliminary analyses showed also that only the relative abundance of caterpillars (but not of

other herbivore groups) was positively related to the specific leaf area of tree species.

Figure 11.4.4.3 We sampled communities of herbivorous arthropods from tree crowns using canopy

fogging. Photos: Nina Farwiy, Marcel BeckeB, Yvonne TiedeC

Figure 11.4.4.4 Sampling of communities of herbivorous
arthropods from pastures using suction sampling. Photo: Marcel

Becker
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Figure 11.4.4.5 Abundance, biomass and mean individual weight of herbivore feeding guildsré&®m t

crowns at 2000 m a.s.l. Graph: Johannes Horst

Herbivory zan important biotic process: Analyses in progress

We determined the leaf area loss for 48 tree species from circa eight tree individuals per species.
To do so, we scanned randomly selected leaves and analyzed the color images with WinFolia
(Figure 11.4.4.6). Altogether, almost 7600 leaves have been scanned and analyzed regarding
leaf damage. First analyses showed a negative relationship between leaf area loss and the
specific leaf area and also between leaf area loss and the plant nitrogen concenttia¢ion in
canopy of tree species (measured as Normalized Difference Nitrogen Inddx &Epéctral

wavelength-based index measured by remote sensing, Figure 11.4.4.7).

Figure 11.4.4.6 Computer-based determination of the degree of herbivory (leaf area loghganthl
leaf area of scan data (hef@usia ducoideswith the Program WinFolid A. The program helps to
identify holes and other damages of the BRaind calculates the standardized leaf areaGo&&raphic:

Raya Keuth
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Figure 11.4.4.7 Preliminary relationships between herbivory and specific leaf area (8).And the
Normalized Difference Nitrogen Index (NDNB) for 52 tree species across the elevation gradient.
Shown are the effects from linear mixed-effect models and 95 % confidenslsiglue). The dots
depict the residuals from linear mixed-effect models. The measured herdraiaea loss) was
corrected for differences in leaf area of each tree species and phylogenglu@dead as a random effect

in the model to correct for phylogenetic relationships. Graphs: Jana E. Schon

Additionally, we scanned and analyzed leaves that were sampled year-round cirgaetwice
month in 18 mesh traps per study plot. Here, we scanned and analyzed more than 20,850 leaves
to derive information on leaf area loss at each plot. We will use this data to disentangle the
relationships between changes in mean annual temperature, seasonality, and functional traits of

tree species and the leaf area loss at the community level along the elevation gradient.

How to go on: Relationships between environment, biodiversity, and biotic processes: A

synthesis

We compiled biodiversity and biotic process data from previous work in our study area. We
currently relate these biodiversity data to the spatial and temporal diversity in components of
climate, habitat, and soil. The results will contribute to understanding the role of geodiversity

and geoheterogeneity for species diversity and associated biotic process patterns across taxa.
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Additionally, we aim to combine a similar set of data from our study area with that from a
research group at Mt. Kilimanjaro (FOR Kili) to study the relationship between species
richness, community composition, and biotic processes. The results will shed light on the
functional contribution of the number of species, species composition, and changes in

abundance to ecosystem functioning.

Perspectives for Phase |

In the upcoming months of phase | of RESPECT, we will continue the analyses on relationships
between tree functional traits (morphometric and spectral), herbivorous arthropods, their
predators, and biotic processes, such as herbivory. We also sampled and scanned leaves of grass
and fern species from pasture plots across the elevation gradient and sampled the related
arthropod communities via suction sampling. In 2021, we will determine the leaf area losses
with WinFoliaTM and will sort the arthropod samples to also analyze relationships between
plant traits, arthropod communities, and herbivory in this system. With these comprehensive
data at hand, we envisage to model relationships between climate change and land-use change,
functional trait diversity and community composition, and important biotic processes (e.g.
herbivory) and target functions (e.g. biomass production) using the response- and effect trait
framework (Figure 11.4.4.8). The results will yield important impulses for the biodiversity-
informed land surface model LPJ-HUMBOLDT.

Figure 11.4.4.8 Generic structural equation model for the complex direct and indirect isnpéct
environmental changes, plant traits, herbivore communities, and associated bictiss@spce.g.

herbivory. Graph: Yvonne Tiede
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4.5 Herbivory £mainly shaped by beetles and caterpillars
by
Jana E. Schon Annemarie Wurz, Roland Brandl, Nina Farwig

To be published as book chapter in the planned book on dry forests by the RESPECT project.

In seasonally dry tropical forests (SDTFs), insects are a species-rich group encompassing man
herbivorous species, which consume between 7% (Filip et al., 1995) and 14% (Coley & Barone,
1996) of the leaf area. This makes them the main responsible agent of herbivory (Basset et al.,
2003). We found that insect herbivores in the Tumbesian dry forest of southern Ecuador
consumed from the onset until the middle of the rainy season around 7% * 6% (mean + SE) of
the leaf area of trees. However, between the tree species, leaf loss due to herbivory varied
considerably and ranged from around 1% to around 14% consumed leaf area (MS in prep.). In
other dry forests, ranges of insect-caused herbivory were between 1% and up to 0éb (Fili

al., 1995). Generally, as in other ecosystems, juvenile leaves in seasonally dry tropical forests
show greater damages by herbivores than mature leaves (Oliveira et al., 2012; Silva et a
2015). Furthermore, herbivory tends to be higher in disturbed compared to old dry forests
(Siqueira et al., 2018).

The number of herbivore individuals (abundance), in general, is somewhat lower in tropical dry
forests than in tropical wet forests (Neves et al., 2013). But, the number of herbivores tends
increase with increasing canopy size (Neves et al., 2013). Another important factor influencing
the number of herbivores and, thus, herbivory in dry forests is predation mainly by other insects
like orthopterans and ants (see chapter: Arthropod predatdle greatest danger for

caterpillars in the dry forest).

Insect feeding across the year

During the rainy season, plants grow and produce a great amount of plant biomass. During the
dry season the water deficiency leads to reduced or even suspended plant growth and biomass
production (see chapter on tree growth) as well as to reduced plant palatability (Chaturvedi et
al., 2011). Published work from such forests shows the ensuing temporal variation of food

availability across seasons with consequences for herbivore abundance and leaf &lea loss
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Siqueira Neves et al., 2013). The abundance of herbivorous insects is lower during the dry
season leading to lower levels of herbivory compared to the rainy season (Coley & Barone,
1996; Silva et al., 2020). Many herbivores are mainly active during the rainy season and many
species reproduce during this season since the availability of fresh plant biomass provides food
for the larvae (Kishimoto-Yamada & Itioka, 2015; Wolda, 1980, 1988). To cope with the more
unfavorable conditions during the dry season, many insect herbivores shift their active phase
from the day to the night (Silva et al., 2017). Overall, herbivory accumulates from around 5%
during the first half to around 7% during the second half of the rainy season (Oliveira et al.,
2012).

Abundance as well as diversity of insect herbivores reach their peaks early in the rainy season.
With continuing rains, the number of (active) herbivores declines due to pupation and e.g.
predation (de Siqueira Neves et al., 2013; Filip et al., 1995; Neves et al., 2014; Oliveira et al.,
2012), however, the number of herbivore species does not (Santos-Neto et al.,, 2022). The
diversity of insect herbivores can even be higher during the dry season compared to the rainy
season. Thereby the overlap in species composition is low between the two seasons (Silva et
al., 2017).

Where do insect herbivores feed in the forest?

Comparing herbivores and herbivory patterns between the forest strata, Neves et al. (2014)
reported, that abundance and species-richness of insects increased with increasing host tree
height and that both were generally higher in the tree canopies compared to the understory
vegetation. Consequently, herbivory rates were also higher in tree canopies than in the
undergrowth (Neves et al., 2014). We also found during our work that leaf area loss of woody
species in the understory estimated during the second half of the rainy season ranged from 0.1%
to 2.0% (MS in prep.) and was, thus, low compared to the leaf area loss in the canopy (Figure
1.4.5.1).
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Figure 11.4.5.1 Leaves collected in the Tumbesian dry forest of southern Ecuador Aprvopdy
understory vegetation (unidentified species) with only a few signs of beyband B) from a tree
canopy Ceiba trischistandraMalvaceae) with more impact of insect herbivory. Fotos: Eva Ullrich

Which insects feed on leaves, and when?

In tropical dry forests, the most common feeding guilds of insect herbivores are sap-suckers
like true bugs (e.g. Hemiptera, Figure 11.4.5.2 F), and leaf chewers like grassh(ppere

11.4.5.6), beetles, or caterpillars (e.g. Orthoptera, Coleoptera, Lepidoptera, and Phasmatodea;
Figure 11.4.5.2 A-E). The third most common guild are wood-borers like many jewel beetles
(Buprestidae) and longicorn (Cerambycidae) species (Coleoptera; Leal et al., 2017; Neves et
al., 2013; Oliveira et al., 2012). Sap-suckers use their piercing and sucking mouthparts to gain
plant sap, leaf chewers remove entire parts of the leaves, and wood-borers, also belonging to
the chewing insects, feed on wood instead of on leaves. Among the leaf-chewing insects, beetles
form the largest taxonomic group during the beginning and the middle of the rainy season,
whereas caterpillars of butterflies and moths dominate the end of the rainy season (Oliveira et
al., 2012). Additionally, tree canopies harbor a higher amount of chewing insect species
compared to the understory vegetation throughout the whole rainy season (de Siqueira Neves
et al., 2013). The number of sucking herbivore species, however, is at the initial rainy season
higher in tree canopies and at the end higher in the understory vegetation (de Siqueira Neves et
al., 2013). Furthermore, juvenile trees house more sap-suckers than adult ones of the same

species (Oliveira et al., 2012).
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Figure 11.4.5.2 Examples of herbivorous insects in the Tumbesian dry forest of solbeador. A)
Horsehead grasshopper (Orthoptera, leaf chewk))l.dnghorn beetle (Cerambicidae, leaf chewer),
(C) grasshopper species (Orthoptera; leaf chew),+E) caterpillars of unknown species of
Lepidopterans (leaf chewers), arfg {uvenile and adult true bugs (Heteroptera, sap-suckers). Fotos:

Jana E. Schon

During our work in the Tumbesian dry forest, we collected insects from woody plants of the
understory. A first survey of the data suggested that chewing insects represent with around 39%
the most abundant guild of herbivores. It is dominated by the beetles (Coleoptera, Figure
11.4.5.2 B), followed by the caterpillars of butterflies and moths (Lepidoptera, Figure 11.4.5.2 D
and E), orthopterans (Orthoptera, Figure 11.4.5.2 A and C), and phasmids (Phasmatodea, MS in
prep.). With around eight percent sap-sucking insects (Figure 11.4.5.2 F) are the second most
common guild of herbivores, mainly represented by true bugs (Hemiptera, MS in prep.). Among
the herbivorous insects, which feed on a broad variety of plant species, the leaf-chewing leaf-
beetles (Chrysomelidae) and true weevils (Curculionidae) had the highest abundances and
numbers of species in tropical dry forests (de Siqueira Neves et al., 2013; Neves et al., 2013;
@degaard, 2003). Our data confirm this observation also for the Tumbesian dry forest of

Ecuador (Curculionidae represent 30% of all sampled beetle individuals; Chrysomelidae 18%).

Another important group of herbivorous insects is leaf-cutting ants (e.g., the géeteeaad
Acromyrme) which were shown to consume up to 25% of herbaceous and pioneer plant
biomass )DUML(%UHQHU +| O O G R&everJin oulLikv&sRgation ants

were with around 4% not as abundant as in other dry forest areas.
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Plant traits shape herbivory

In SDTFs, trees and shrubs use three strategies to survive the long-lasting dry season.
Deciduous trees shed the entire foliage during the dry season and new leaves flush at the onset
of the rains. Other woody species lose only varying shares of their foliage, depending on the
severity of the drought stress during the dry season. They are termed semi-deciduous. The third
group is the evergreens, which keep their leaves for several years. Their leaveseamentitick
smaller specific leaf areas than (semi-) deciduous leaves. Moreover, the leaves of evergreen
trees are characterized by lower water and nitrogen contents but higher concentrations of
phenolic compounds compared to deciduous leaves (Dourado et al., 2016; Silva et al., 2015).
Chemical constituents and structural characteristics of leaves determine the quality of a leaf as
a food source for herbivores. High nutrient (e.g. nitrogen) concentrations as well as low specific
leaf masses favor herbivory (Neves et al., 2010; Silva et al., 2015). Besides chemical plant
defense, herbivory is also influenced by morphological defense structures like crenate or serrate

leaf margins or the leaf toughness (Dourado et al., 2016; Figure 11.4.5.3).

Figure 11.4.5.3 Morphological defense structures of plant material against herbivAjesh@ws a thin,
soft leaf with a smooth margitpomoea wolcottianaConvolvulaceae, deciduous) in contrastBd ¢
better-protected thick leaflet with a crenate mardioxppterygium huasangoAnacardiaceae,
deciduous).C D) show thorns and prickles of a branch and a stem, respectively, and E)atharns
cactus to deter larger herbivores in the Tumbesian dry forest. FotosExaB)llrich, C +E) Jana E.

Schon
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Deciduous and semi-deciduous woody plants produce many young leaves at the beginning of
the rainy season. These young leaves contain on average higher water and nitrogen
concentrations than mature leaves (Coley, 1983). Because these plants are therefore faced with
many attacks by herbivores, some species react to this high herbivore pressure with the
production of defense mechanisms (induced defense) resulting in decreasing herbivory rates

with leaf maturation and ongoing rainy season (Boege, 2004).

In the end, the consumption of parts of deciduous plant material by insects can be twice as high
as that of the well-protected leaves of evergreens (Silva et al., 2015). Nevertheless, during the
dry season, evergreen plants are scattered islands of retreat for many herbivorgstdeadin
higher numbers of insect individuals and species compared to the commonly dominating (semi-
) deciduous plants (Silva et al., 2017). Referring to the survival strategies of the woody plants
mentioned above for the Tumbesian dry forest, we found leaf area loss in tree canopies ranging
from 6% for semi-deciduous over 8% for deciduous to 9% for evergreen tree species during the
first half of the rainy season (MS in prep.).

Conclusion

We found that in the Tumbesian dry forest in southern Ecuador, insect herbivores consumed on
average 7% * 6% of the leaf area of the canopies. Comparing woody species with different
survival strategies, evergreen and deciduous trees showed highest and similar leaf area losses
and semi-deciduous trees showed lowest leaf area losses. Leaf area losses in the woody
understory were much lower (0.1% to 2.0%) than in the canopy. The herbivore community of
the understory vegetation was dominated by chewing insects (39 % of sampled individuals) like
beetles and caterpillars. Sap-sucking insects, mainly true bugs, constituted with 8% the second-

largest group.
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PART IlI:

SYNTHESIS AND PERSPECTIVES

123



124



Synthesis

Since herbivory is a ubiquitous plant-animal interaction influencing important ecosystem
services such as nutrient cycles and carbon sequestration (Metcalfe et al., 2014), it is crucial to
understand large-scale patterns of herbivory and which factors shape these patterns, especially
by facing severe climate- and land-use changes (Gossner et al., 2014; Hamann et al., 2021). In
this thesis, | tried to reveal and explain differences in community herbivory caused by
arthropods in tropical forest ecosystems of southern Ecuador by examining the effects of abiotic
(space and climate) and biotic (plant traits and plant phylogeny) factors on community
herbivory. Additionally, | shed light on relations between specific leaf traits and chewing
herbivores, the predominant feeding guild among insect herbivores causing the greatest damage
on leaves (Grimbacher & Stork, 2007; Novotny et al., 2006, 2010; Schon et al., 2023).

Spatial herbivory patterns zdifferences between the local- and macro-scale

Herbivory rates can vary greatly in space driven by various biotic and abiotic environmental
factors (e.g., Moreira et al., 2017; Piper et al., 2018). In forests, one possibilggtiallyp
distinguish habitats that exhibit varying micro-environmental conditions is the vertical
stratification that can be classified as canopy and understory layers (e.g., Schulze et al., 2001).
In both layers, light plays an important role in shaping forest structure and plant traits {Brenes
Arguedas et al., 2011; Karolewski et al., 2013; Yang et al., 2018ha&pter 1 | examined
differences in community herbivory between the canopy and the woody understory of a
mountain rain- (MRF) and a mountain dry forest (MDF) in southern Ecuador. In addition, |
compared the results with vertical herbivory patterns described in studies across the globe. The
results demonstrate that spatial community herbivory patterns depend on the scale. When
looking at vertical herbivory patterns along an elevation gradient within one forest system,
patterns were consistent, indicating that the overall influencing structure in the forest stays
constant throughout the elevation gradient. However, the pattern was reversed when comparing
the two different forest systems MRF and MDF with each other. Both systems exhibit different
forest structures that individually influence the vertical light conditions. Therefore, | conclude
that forest structure and thus light availability might be an important factor indirectly
influencing herbivory that should be considered in future research. Since the forest structure is

shaped among others by climatic variables such as the annual precipitation and its seasonality
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and the temperature (Ashton et al., 2011; Hodkinson, 2005; Piper et al., 2018; Weissflog et al.,
2018), | conducted the global comparison of the vertical herbivory patterns in forest enesyste

by considering the annual precipitation and latitude as a proxy for temperature. However, on
the macro-scale, neither differences in herbivory between the canopy and the understory nor
significant effects of the precipitation or temperature on herbivory were observed. This suggests
that the climatic variables do not play a relevant role for the examined community herbivory
patterns at this spatial scale. Contrasting effects of climatic variables betwean foeetsts

could cancel each other out and the relevance of certain variables could be forest type specific.
In addition, the variation in herbivory between forest types might be larger than between strata
resulting in an elimination of differences in herbivory across the two forest strata.
Consequently, the global scale might not be appropriate to examine vertical herbivory patterns

in forests.

Leaf traits less important for herbivory than assuned

It is generally assumed that leaf traits are important drivers in shaping herbivory patterns (e.g.,
Coley & Barone, 1996; Joern et al., 2012; Ribeiro et al., 2017). Howev@hapter 2 |

reported evidence that leaf traits across several plant species in a tropical mountain rainforest
system are mostly poorly and inconsistently related to herbivory, indicating a greatiitAariabi
within traits between individuals of even the same species. Traits like the specific leaf area and
the foliar nitrogen content were loosely associated with herbivory as were the plant defense
substances lignins and tannins. Since plant defense substances are assumed to have evolved as
aresponse to herbivory (arms race; Coley, 1983; Coley & Barone, 1996) this result was contrary
to the frequent assumption of a strong negative effect of plant defense substances ory herbivor
(Coley, 1983; Erelli et al.,, 1998; Rosenthal & Janzen, 1979, Werner & Homeier, 2015).
However, it coincides with statements pointed out in Carmona et al. (2011), indicating that
according to the Red Queen Hypothesis, herbivores counter-adapted to the plant defense
substances making them a relict of former times when they initially might have shown the
intended effect. Although the pattern described previously could be biased by the bassithg-

trait measurement technique, we can infer from the study that trait-herbivory relationships
observed in single-species approaches cannot be extrapolated to the entire community. It is
necessary to consider both intra- and interspecific variation among chemical and morphological

traits due to induced defense, phenotypic plasticity, or local resource conditions like soil
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nutrient availability. On the community level simplifications and abstractions from single-
species analyses regarding trait-herbivory relations are difficult and hardly delilisticea
results. We need to rethink the importance of leaf traits for herbivory on the community level.
Together with the results describedGhapter 1, these results indicate a complex interplay
between the community composition, plant traits, and environmental factors like climate and

forest structure shaping insect herbivory on the community level.

The relevance of leaf palatability for herbivore caonmunities is feeding guild-specific

Leaf palatability is a syndrome of the summed effects of various leaf traits on the fitness of a
herbivore (e.g., Descombes et al., 2017; Schadler et al., 2003). Measures for this fitness are for
instance the abundance and the mean body mass (mBM) of certain herbivore taxa or groups
(Rosenthal & Janzen, 1979; Saint-Germain et al., 2007; Vehvildinen et al., 200Apdter

3 | analyzed the effect of palatability on two common feeding guitdeaf- and rostrum
chewers *causing the greatest herbivory damages on leaves (Grimbacher & Stork, 2007;
Novotny et al., 2006, 2010). Palatability was measured in a feeding trial and via specific leaf
trait concentrations in the field. The results of the feeding trial indicate that these trials may not
always be reliable indicators for estimating palatability, as trait characteristics ahete rimi

the field and palatability estimated in the feeding trial varied and showed inconsistent relations
to chewer abundance and mBM. Further, the effects of leaf traits were feeding guild-specific
and partly contradicting the relations described in previous studies. The mBM of chewers did
not change according to the Jarman-Bell principle. On the contrary, rostrum chewezd see

to need higher-quality food to increase their body mass whereas leaf chewer mBM was not
driven by a mass-energy relationship. In addition, leaf trait characteristics and thes @ffec
herbivores changed with increasing elevation demonstrating the environment-dependent effects
of traits on herbivores. From this, | conclude that leaf traits alone do not seem to play a
substantial role for chewing herbivores on the community level. This conclusion coincided with
the conclusions drawn ilChapter 2. As herbivory is caused by herbivores, the same

mechanisms that underlie herbivory patterns should also characterize herbivore communities.
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Perspectives

Below, | provide some suggestions for improving future study designs and analyses to
understand patterns of community herbivory in forest ecosystems and explore the mechanisms

underlying those patterns:

1. For a reliable vertical comparison of community herbivory, many more studies are needed
that directly compare canopy- and understory herbivory in different forest systems and across
various climatic zones to be able to run a proper meta-analysis. Further, as the forest structure
and the light availability seem to affect vertical herbivory patterns, | would consider these two

variables in future analyses.

2. To improve investigations on the relevance of leaf traits for community herbivory, |
recommend conducting a study by sampling community herbivory and leaf trait data from
young leaves, instead of mature leaves as done in the studies presented in this thesis. As
herbivory occurs mainly on young leaves which differ in their leaf traits from mature leaves
(Coley, 1983; Coley & Barone, 1996; Peeters, 2002a), those analyses might better reflect trait-
herbivory relationships. In Addition, when dealing with many different traits and unstable
models, the statistical analysis could be improved using information theory techniques such as

trait and model selection based on the Akaike weights.

3. To analyze trait-herbivory relationships using spectral-sensing techniques, | would select
only spectral wavelengths that can be clearly assigned to specific chemicals. In addition, to
validate whether spectral-sensing derived traits show the same relations to herbivory as
conventionally measured traits, | would estimate a selection of leaf traits with both

measurement techniques for a trait comparison.

4. As mentioned above, herbivory patterns vary not only in space but also in time. Thus, |
suggest repeated measurements of herbivory to identify temporal patterns and their influencing
factors. Due to strong potential variability, a distinction should be made between intra-annual
(seasonal) and inter-annual (cross-seasonal) patterns, and sampling and comparisons should be
carried out within the same time span. Ideally, such an approach would, additionally, include
repeated measurements of all considered abiotic and biotic variables (e.g., temperature,
precipitation, leaf traits) and these measurements should be repeated in several forest types. For
the mountain rain forest in southern Ecuador, we conducted such an analysis looking at seasonal

herbivory patterns by analyzing monthly both the community herbivory on leaf bitected
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with randomly distributed mesh traps, the temperature, and the precipitation throughout one
year. Yet, the additionally measured leaf traits derived from 52 tree species wegamente
Preliminary results revealed a temporal variation in herbivory (Figure 111.1). This pattern was
indirectly affected by temperature, but not by precipitation as shown in a structural equation
model (Figure 111.2). In addition, the model showed significant effects of certain leaf traits on
herbivory, that are indirectly shaped by temperature indicating that the importance of abiotic
factors for temporal changes in community herbivory may depend on biotic factors. Such a
systemic approach, incorporating the previously listed suggestions could give a holistic

impression of community herbivory and its underlying drivers in forest ecosystems.

5. As described above, herbivory is produced by several herbivorous feeding guilds causing
characteristic damage types that can specifically vary in space and timefoidete
recommend considering these different damage types in future analyses to account for feeding

guild-specific changes as a response to environmental changes.

Figure 11l.1 Temporal pattern in community herbivory [%] derived from monthly collecatllitter
in a mountain rainforest in southern Ecuador at three elevation levels 1830.n2000 m a.s.l., and
3000 m a.s.l. Each dot represents the monthly mean herbivory for one 1-ha plot. Feleeaiibn

level, thee plots, each with 18 mesh traps (60 cm x 60 cm), were investigated.
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Figure Ill.2 Structural equation model showing the relationships of abiotic and bactior$ on the
community herbivory in a south Ecuadorian mountain rainforest comprising an eleyratibent from
1000 m a.s.l. to 3000 m a.s.l. Linked are the mean monthly temperaturanff @texipitation [mm]
with the mean pairwise phylogenetic distance (MPD) of the entire treengoity occurring in the
system, which is linked to the community weighted means of the leaf traitsciliiéwm concentration
(Ca) [mg d'], specific leaf area (SLA) [cm™§, and foliar iron concentration (Fe) [md]g Leaf traits
were measured once on 52 tree species growing in the study system andeatéaelach other and
the monthly mean of the community herbivory [%]. Black arrows indicatefisignt effects and grey
arrows indicate non-significance. Asterisks mark the significance level (0.0500:01.0 > ** < 0.001

> *** < 0.000).
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APPENDICES

Appendix Introduction

Table A.l.1 Examined tree species of the mountain rainforest with their phylogkawation level of

occurrence, and plant functional type (PFT).

Species Genus Family Order Elevation PFT
[ma.s.l]
Aiouea dubia Aiouea Lauraceae Laurales 3000 12
Alchornea Alchornea Euphorbiaceae  Malpighiales 1000 1
glandulosa
Alchornea lojaensis Alchornea Euphorbiaceae = Malpighiales 2000 7
Alzatea verticillata  Alzatea Alzateaceae Myrtales 2000 9
Aspidosperma Aspidosperma Apocynaceae Gentianales 1000 4
rigidum
Bathysa mollis Bathysa Rubiaceae Gentianales 2000 10
Cecropia Cecropia Urticaceae Rosales 2000 6
angustifolia
Chrysochlamys Chrysochlamys  Clusiaceae Malpighiales 1000 5
membranacea
Clarisia racemosa  Clarisia Moraceae Rosales 1000 4
Clethra revoluta Clethra Clethraceae Ericales 3000 13
Clusia ducuoides Clusia Clusiaceae Malpighiales 2000 9
Clusia elliptica Clusia Clusiaceae Malpighiales 3000 13
Critoniopsis Critoniopsis Asteraceae Asterales 3000 11
pycnantha
Gordonia fruticosa  Gordonia Theaceae Ericales 3000 13
Graffenrieda Graffenrieda Melastomataceae Myrtales 2000 8
emarginata
Grias peruviana Grias Lecythidaceae Ericales 1000 5
Guarea macrophylla Guarea Meliaceae Sapindales 1000 5
Guatteria pastazae  Guatteria Annonaceae Magnoliales 1000 3
Hedyosmuncf Hedyosmum Chloranthaceae Chloranthales 2000 6
goudotianum
Hedyosmum Hedyosmum Chloranthaceae Chloranthales 3000 11
purpurascens
Heliocarpus Heliocarpus Malvaceae Malvales 2000 6
americanus
Hieronyma fendleri  Hieronyma Phyllanthaceae = Malpighiales 2000 8
Hieronyma oblonga Hieronyma Phyllanthaceae = Malpighiales 1000 3
llex laurina llex Aquifoliaceae Aquifoliales 3000 13
Ladenbergia Ladenbergia Rubiaceae Gentianales 1000 2
oblongifolia
Leonia crassa Leonia Violaceae Malpighiales 1000 4
Matayba inelegans Matayba Sapindaceae Sapindales 2000 10
Meriania Meriania Melastomataceae Myrtales 2000 7
franciscana
Miconia calophylla  Miconia Melastomataceae Myrtales 2000 6
Miconia cf jahnii Miconia Melastomataceae Myrtales 3000 11
Miconia aff punctata Miconia Melastomataceae Myrtales 1000 1
Mollia gracilis Mollia Malvaceae Malvales 1000 3
Myrcia spnov Myrcia Myrtaceae Myrtales 2000 10
Myrsine coriacea Myrsine Primulaceae Ericales 2000 8
Naucleopsis Naucleopsis Moraceae Rosales 2000 9
francisci
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Ocotea andina Ocotea Lauraceae Laurales 2000 8
Ocotea JH6030 Ocotea Lauraceae Laurales 1000 3
Ocotea rotundata Ocotea Lauraceae Laurales 3000 12
Oreopanax Oreopanax Araliaceae Apiales 3000 12
sessiliflorus

Otoba parvifolia Otoba Myristicaceae Magnoliales 1000 2
Podocarpus Podocarpus Podocarpaceae Coniferales 2000 9
oleifolius

Pouteria torta Pouteria Sapotaceae Ericales 1000 4
Pseudolmedia laevis Pseudolmedia Moraceae Rosales 1000 5
Pseudopiptadenia  Pseudopiptadenia Fabaceae Fabales 1000 2
suaveolens

Ruagea glabra Ruagea Meliaceae Sapindales 2000 7
Saurauia JH5994 Saurauia Actinidiaceae Ericales 1000 1
Siparuna muricata  Siparuna Siparunaceae Laurales 3000 11
Tapirira guianensis  Tapirira Anacardiaceae  Sapindales 2000 7
Warszewiczia Warszewiczia Rubiaceae Gentianales 1000 3
coccinea

Weinmannia Weinmannia Cunoniaceae Oxalidales 3000 12
elliptica

Weinmannia Weinmannia Cunoniaceae Oxalidales 2000 10
microphylla
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Table A.l.2 Examined tree species of the mountain dry forest with their phylogkwation level of

occurrence, and plant functional type (PFT).

Species Genus Family Order Elevation PFT
[ma.s.l]

Acacia Acacia Fabaceae Fabales 1200

macracantha

Albizia Albizia Fabaceae Fabales 600 semi-

multiflora deciduous

Bursera Bursera Burseraceae Sapindales 600 semi-

graveolens deciduous

Ceiba Ceiba Malvaceae Malvales 600 deciduous

trichistandra

Cochlospermum Cochlospermum Bixaceae Malvales 600 deciduous

vitifolium

Cordia lutea Cordia Boraginaceae  Boraginales 600 semi-
deciduous

Eriotheca ruizii  Eriotheca Malvaceae Malvales 600, 1200 deciduous

Erythrina Erythrina Fabaceae Fabales 600, 1200 deciduous

velutina

Fulcaldea Fulcaldea Asteraceae Asterales 1200 semi-

laurifolia deciduous

Geoffroea Geoffroea Fabaceae Fabales 1200 (semi-)

spinosa deciduouas

Handroanthus  Handroanthus  Bignoniaceae  Lamiales 1200 deciduous

chrysanthus

Ipomoea Ipomoea Convolvulaceae Solanales 600 deciduous

wolcottiana

Libidibia Libidibia Fabaceae Fabales 1200 semi-

glabrata deciduous

Loxopterygium  Loxopterygium Anacardiaceae Sapindales 600 deciduous

huasango

Morisonia Morisonia Capparaceae  Brassicales 600 evergreen

flexusosa

Morisonia Morisonia Capparaceae  Brassicales 1200 evergreen

petiolare

Morisonia Morisonia Capparaceae  Brassicales 600 evergreen

scabrida

Piscidia Piscidia Fabaceae Fabales 600 semi-

carthagenensis deciduous

Pisonia aculeata Pisonia Nyctaginaceae Caryophyllales 1200 semi-
deciduous

Psidium Psidium Myrtaceae Myrtales 1200 semi-

rostratum deciduous

Terminalia Terminalia Combretaceae Myrtales 1200 evergreen

valverdae

Triplaris Triplaris Polygonaceae  Caryophyllales 1200 evergreen

cumingiana
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Appendix Chapter 1
Table A.11.1.3 Studies used for the global analysis to compare community herbivorg @ canopy- with the woody understory layer in forest ecosystems. PFT
= plant functional type, ¢ = canopy, u = understory, Marked = leaves weredrm@arknmarked before repeated herbivory measurements, m = marked leaves, unm

= unmarked leaves, N = number of replicates for mean herbivory measurements.

Study Data Latitude Precipita- | Stra- | PFT Mar- | N Order Family Genus Species
source tion [mm] | tum ked
(Pérez-Solache | Fig. 4f | 19.3847953 | 899 c deciduous | unm | 90 Fagales Fagaceae Quercus Q. castanea;
et al., 2023) Q. obtusata
(Nooten & Tab.1 | -33.8995 1150 u evergreen | unm | 120 Fabales; Fabaceae; Acacia; A. obtusata;
Hughes, 2013) Daviesia; D. corymbosa;
Myrtales; Myrtaceae; Angophora; A. hispida;
Proteales Proteaceae Telopea T. speciosissima
(do Nascimento| Fig. 1 -22.458333 | 2200 u semi- unm | 180 Sapindales; Sapindaceae; Cupania; C. oblongifolia;
et al., 2019) deciduous; Laurales; Siparunaceae; Siparuna; S. guianensis;
evergreen Magnoliales | Annonaceae Xylopia X. sericea
(Karolewskiet | Tab1 | 52.55 533 u deciduous | unm | 36 Dipsacales; Adoxaceae; Sambucus; S. nigra;
al., 2013) Rosales; Rosaceae; Prunus; P. serotina;
Rhamnaceae; Frangula; F. alnus;
Cornales; Cornaceae; Cornus; C. sanguinea;
Fagales Betulaceae Corylus C. avellana
(Brezzi et al., Text 29.214861 | 2000 c NA unm | 510 community community community community
2017)
(Nakamura et | Fig.1 | 42.666667 | 1450 c deciduous | unm | 35 Fagales Fagaceae Quercus Q. crispula
al., 2014)
(Mazia et al., Fig. 1 | -40.583333; | 1533 c deciduous | unm | 300 Fagales Nothofagaceae Nothofagus N. pumilio
2012) -40.716667
(Schowalter & 18.166667 | 3700 c evergreen; | unm | 264 Rosales; Urticaceae; Cecropia; NA
Ganio, 1999) NA Malpighiales; | Salicaceae; Caesaria;
Sapindales; Burseraceae; Dacryodes;
Ericales; Sapotaceae; Manilkara;
Arecales; Arecaceae; Prestoea,;
Oxalidales Elaeocarpaceae Sloanea
(Van Bael & Fig. 3 | 8.983333; 2625 clu NA unm | 76 community community community community
Brawn, 2005) 9.283333
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(Dyer et al., Tab.1 | 10.416667 | 4000 u NA unm | 88 Piperales Piperaceae Piper P. cenocladum
2004)
(B6hm et al., Tab. 1 | 48.416667; | 822.7273 | c deciduous | unm | 58 Fagales Fagaceae Quercus Q. robur
2011) 51.216667
(Vaca-Sanchez | Tab. 5 | 20.79; 1028.6 c evergreen | unm | 50 Fagales Fagaceae Quercus Q. laurina
et al., 2023) 19.79;
19.67;
19.69;
19.44
(Williams- Tab.2 | 19.5; 1610.1 u evergreen | unm | 360 Lamiales; Gesneriaceae; Moussonia; M. deppeana
Linera & 19.533333 Laurales; Lauraceae; Ocotea; O. psychotrioides;
Herrera, 2003) Gentianales; | Rubiaceae; Palicourea; P. padifolia;
Myrtales; Melastomataceae; | Miconia; M. glaberrima
(Maguire et al., | S3 Tab | 45.67916769 830.5 c/u deciduous | unm | 560 Sapindales Sapindaceae Acer A. saccharum
2016)
(Muiruri etal., | (Muirur | 61.67222233 830.5 c deciduous | unm | 648 Fagales Betulaceae Betula B. pendula
2015b) ietal,
2015a)
(Hamilton et al.,| Fig. 1 35.966667 | 1160 u deciduous; | unm | 4536 | Sapindales; Sapindaceae; Acer; A. rubrum;
2004) NA Rosales; Ulmaceae; Ulmus; U. alata;
Saxifragales; | Altingiaceae; Liquidambar; | L. styraciflua;
Fabales; Fabaceae; Cercis; Cercis canadensig
community community community community
$QIJXOR(| Tab.1 | 18.333333 | 1998 u deciduous; | m 1920 | Gentianales; | Rubiaceae; Palicourea; P. riparia;
Sandoval et al., evergreen Piperales; Piperaceae; Piper; P. glabrescens;
2004) Malpighiales; | Salicaceae; Salicaceae; C. arborea;
Sapindales; Burseraceae; Dacryodes; D. exceha;
Meliaceae; Guarea; G. guidonia;
Ericales; Sapotaceae; Manilkara; M. bidentata;
Oxalidales; Elaeocarpaceae; | Sloanea; S. berteriana;
Lamiales Bignoniaceae Tabebuia T. heteropbylla
(Neves et al., Fig. 2A | -15.60075 975 c NA unm | 30 community community community community
2010)
(Stiegel et al., | Fig. 4a, | 51.320314 | 674 clu deciduous | unm | 128 Fagales; Fagaceae; Fagus; F. sylvatica;
2017) b Betulaceae; Carpinus; C. betulus;
Sapindales Sapindaceae Acer A. pseudoplatanu
(Christie & Fig 2 -33.85217 960 c evergreen | unm | 25 Myrtales Myrtaceae Angophora A. costata

Hochuli, 2005)
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(Schowalter, Fig. 2 18.166667 | 3720 c evergreen; | unm | 109 Malpighiales; | Salicaceae; Casearia; C. arborea;
1994) deciduous Rosales; Urticaceae; Cecropia; C. peltate;
Sapindales; Burseraceae; Dacryodes; D. excelsa;
Ericales; Sapotaceae; Manilkara; M. bidentate;
Oxalidales Elaeocarpaceae Sloanea S. berteriana
(Oliveira et al., | Fig. 3 | -14.879861 | 871 c deciduous | m 120 Lamiales Bignoniaceae Handroanthus| H. spongiosus
2012)
(Nakamura et | SFig. 1| 42.816667 | 1149 c deciduous | unm | 30 Fagales Betulaceae Betula B. ermanii
al., 2021)
(Garcia-Jain et | Fig. 1 19.79165 1024 c semi- unm | 90 Fagales Fagaceae Quercus Q. deserticola
al., 2022) deciduous
(Gossner, Fig.1 | 50.8675 683 clu deciduous | unm | 925 Fagales Fagaceae Fagus F. sylvatica
3DaboLi
2014)
(Kristensen et | Fig. 2a | 68.35 865.5 c deciduous | unm | 189 Fagales Betulaceae Betula B. pubescens
al., 2020)
(Lee et al., Fig. 2 42.666667 | 1269 c deciduous | unm | 100 Fagales Fagaceae Alnus A. hirsuta
2021)
(Shure et al., Tab.5 | 35.9 1400 c deciduous | unm | 189 Fagales; Fagaceae; Quercus; Q. alba;
1998) Q. prinus;
Sapindales Sapindaceae Acer A. rubrum
(Fowler, 1993) | Fig. 4 | -2.4 2690 u evergreen; | unm | 402 Boraginales; | Boraginaceae; Cordia; C. nodosa;
NA Gentianales; | Rubiaceae; Duroia; Duroia sp.;
Malpighiales; | Chrysobalanaceae;| Hirtella; H. physophora;
Myrtales; Melastomataceae; | Maieta; M. guianensis;
Tococa, Tococa sp.;
Fabales Caesalpinaceae Tachigalia T. myrmecophila
(Feller & Tab.2 | 16.83 3005 c evergreen | unm | 486 Malpighiales | Rhizophoraceae Rhizophora R. mangle
Chamberlain,
2007)
(Gherlenda et | Tab.1 | -33.616667 | 876 c evergreen | m 99 Myrtales Myrtaceae Eucalyptus Eucalyptus
al., 2016) tereticornis
(Shure & Fig. 6 | 35.183583 | 187.5 u deciduous | unm | 120 Fabales; Fabaceae; Robinia; R. pseudoacacia;
Wilson, 1993) Cornales; Cornaceae; Cornus; C. florida;
Magnoliales; | Magnoliaceae; Liriodendron; | L. tulipifera;
Sapindales Sapindaceae Acer A. rubrum
(Feller, 2002) Fig. 1B | 16.83 3005 c evergreen | unm | 50 Malpighiales | Rhizophoraceae Rhizophora R. mangle
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(Zhang et al., (Zzhang | 21.616667 | 1493 clu NA unm | 234 community community community community
2023b) etal.,
2023a)
(Yves Basset, | Fig. 1A | -27.322222 | 1285 c evergreen | unm | 40 Malvales Malvaceae Argyrodendro | A. actinophyllum
1991) n
(BinliwWang et | Fig.3 | 47.309034 | 138 c deciduous | unm | 150 Malpighiales | Salicaceae Populus P. laurifolia
al., 2022)
(Roberts et al., | Fig. 2 | 52.801 762 clu deciduous | unm | 756 Rosales; Rosaceae; Crataegus; C. monogyna;
2022) Fagales; Betulaceae; Corylus; C. avellana;
Fagaceae; Quercus; Q. robur;
Sapindales Sapindaceae Acer A. pseudoplatanu
(Heatwole et al.,| Fig. 2 | -15.73 2415 clu NA unm | 48 community community community community
2009)
5DGKR(7H Tab.2 | -31.962161 | 869 u evergreen | m 40 Myrtales Myrtaceae Eucalyptus E. cladocalyx;
al., 2001) E. botryoides;
E. marginata;
E.
gomphocephala
(Feller et al., Fig. 2A | 28.240709; | 2331.13 c evergreen | unm | 54 Malpighiales | Rhizophoraceae Rhizophora R. mangle
2013) 16.83;
9.304091
(Stone & Bacon, Tab. 1 | -35.75 381 c evergreen | m 84 Myrtales Myrtaceae Eucalyptus E. camaldulensis
1995)
(Dodonov et al.,| Fig. 2 | -15.466667 | 2000 u NA unm | 200 Gentianales Rubiaceae NA NA
2016)
(Stephan et al., | Fig. 3b | 36.774053 | 2277 u evergreen | unm | 120 community community community community
2017)
(Yguel et al., Text 48.193099 | 814 c NA unm | 40 Fagales Fagaceae Quercus Q. sp.
2011)
ORUDQWH Text -15.833333 | 2000 u NA unm | 120 community community community community
et al., 2016)
(Chelse Prather, Fig. 2, | 18.316667 | 2635 u evergreen | m 286 Malpighiales; | Salicaceae; Casearia; C. arborea;
2014) 3 Ericales; Sapotaceae; Manilkara; M. bidentate;
Oxalidales; Elaeocarpaceae; | Sloanea; S. berteriana;
Myrtales; Melastomataceae; | Miconia; M. prasina;
M. racemosa;
Apiales Araliaceae Schefflera S. morototoni
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(Farnsworth & | Tab. 1 | 16.586927 | 2461 evergreen | unm | 120 Malpighiales | Rhizophoraceae Rhizophora R. mangle
Ellison, 1991)
(Reynolds & Tab.1 | 35.060251 | 1476 deciduous | unm | 44 Sapindales; Sapindaceae; Acer; A. rubrum;
Crossley, 1997) Fagales Fagaceae Quercus Q. rubra
(Tanaka & Fig. 5a | 44.79 1225 deciduous | unm | 20 Malpighiales | Salicaceae Salix S. udensis
Nakamura,
2015)
(Valdés- Text 44.68 929 deciduous | unm | 470 Fagales Fagaceae Quercus Q. robur
Correcher et al.,
2020)
(Christie & Fig.1 | -31.55 1585 evergreen | unm | 180 Myrtales Myrtaceae Eucalyptus E. pilularis
York, 2009)
(Strong et al., Fig. 3 | 43.93942 938 deciduous | unm | 42 Sapindales Sapindaceae Acer A. saccharum
2000)
(Dudt & Shure, | Fig. 6 34.685979 | 1400 deciduous | unm | 1440 | Magnoliales; | Magnoliaceae; Liriodendron; | L. tulipifera;
1994) Cornales Cornaceae Cornus C. florida
5XL](*XH\ Fig. 2a | 18.583333 | 4900 NA unm | 1054 | community community community community
al., 2010)
(Martini et al., Fig. 1c | 23.575 2929 evergreen | unm | 74 Fagales; Fagaceae; Castanopsis; | C. fabri;
2022) Ericales; Pentaphylacaceae;| Eurya; E. loquaiana;
Laurales Lauraceae Litsea; L. acuminata;
Machilus M. thunbergii
(Botzat et al., Fig. 3b | - 920 NA unm | 240 community community community community
2013) 30.49583325
(Féaveri et al., Fig. 2 | -2.416667 2700 NA unm | 1100 | community community community community
2008)
(Boege et al., Text 16.1329 3850 evergreen | unm | 65 Fabales Fabaceae Dialium D. guianense
2011)
(Aide, 1993) Tab.1 | 9.15 2566 evergreen; | m 7680 | Malpighiales; | Euphorbiaceae; Acalypha; A. diversifolia;
NA Chrysobalanaceae;| Hirtella; H. triandra;
Violaceae; Hybanthus; H. prunifolius;
Rinorea; R. sylvatica;
Lacistemataceae; | Lacistema; L. aggregatum;
Ochnaceae; Ouratea; O. lucens;
Clusiaceae; Garcinia; G.intermedia;
Gentianales; | Rubiaceae; Alseis; A. blackiana;
Coussarea; C. curvigemmia;
Faramea,; F. occidentalis;
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Psychotria; P. horizontalis;
Laurales; Lauraceae; Beilschmiedia;| B. péndula;
Brassicales; | Capparaceae; Capparis; C. frondosa,;
Magnoliales; | Annonaceae; Desmopis; D. panamensis;
Myristicaceae; Virola; V. sebifera;
Myrtales; Myrtaceae; Eugenia; E. oerstedeana;
Melastomataceae; | Mouriri; M. myrtilloides;
Sapindales; Meliaceae; Guarea; G. guidonia;
G. sp;
Trichilia; T. tuberculata;
Burseraceae; Protium; P. panamense;
P. tenuifolium;
Sapindaceae; Talisia; T. princeps;
Tetragastris; | T. panamensis;
Rosales; Moraceae; Poulsenia; P. armata;
Sorocea; S. affinis;
Ericales; Sapotaceae; Pouteria; P. unilocularis;
Piperales; Piperaceae; Piper; P. cordulatum;
Fabales; Fabaceae; Prioria; P. copaifera;
Swartzia; S. simplex;
Tachigali; T. versicolor;
Malvales; Malvaceae; Quararibea; Q. asterolepis;
Schon, et al. (in| Tab -4.115857 1540.6 c/u NA unm | 916 community community community community
prep) -3.966667
-4.116833
-4.115857
-3.966667
-4.116833
-4.210064
-4.228425
-4.210064
-4.228425
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Table A.11.1.2 Case study measures for the local herbivory estimations (n = 918) from sdtthador
in the montane dry forest (MDF) and the montane rainforest (MRF). SD = standartbdecetopy n
=562, understory n = 356.

Class Minimum [%] Mean [%] SD [%)] Maximum [%]
Overall 0.18 9.8 7.68 59.44
MDF 0.36 8.43 5.79 35.24
MRF 0.18 10.54 8.44 59.44
Understory 0.18 7.08 4.78 35.24
Canopy 0.36 11.52 8.62 59.44
MDF:understory 2.02 9.74 4.97 35.24
MDF:canopy 0.36 7.43 6.18 32.13
MRF:understory 0.18 5.36 3.77 21.94
MRF:.canopy 0.62 13.48 8.94 59.44

Table A.11.1.3 Information on the general mean herbivory and specifically on herbivory aattuoy
and the understory across all plants within the 64 analyzed studies (canopy mad2i$tory n = 258.

SD = standard deviation.

Measure Canopy Understory Overall
Minimum 0.02 0.006 0.006
Mean 8.09 10.61 9.45
Maximum 54.95 61.00 61.00
SD 7.94 9.24 8.75
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Appendix Chapter 2

Table A.ll.2.1 Selected tree species with their phylogeny and elevation level of occurrence.

Species Genus Family Order [EnI1 e;‘?’g_'ﬁ]n
Aiouea dubia Aiouea Lauraceae Laurales 3000
Alchornea glandulosa Alchornea Euphorbiaceae = Malpighiales 1000
Alchornea lojaensis Alchornea Euphorbiaceae = Malpighiales 2000
Alzatea verticillata Alzatea Alzateaceae Myrtales 2000
Aspidosperma rigidum Aspidosperma Apocynaceae Gentianales 1000
Cecropia angustifolia Cecropia Urticaceae Rosales 2000
g;rr)r/]z?ngcn;gs Chrysochlamys Clusiaceae Malpighiales 1000
Clarisia racemosa Clarisia Moraceae Rosales 1000
Clethra revoluta Clethra Clethraceae Ericales 3000
Clusia ducuoides Clusia Clusiaceae Malpighiales 2000
Clusia elliptica Clusia Clusiaceae Malpighiales 3000
Critoniopsis pycnantha Critoniopsis Asteraceae Asterales 3000
Elaeagia mollis Elaeagia Rubiaceae Gentianales 2000
Gordonia fruticosa Gordonia Theaceae Ericales 3000
Graffenrieda emarginata Graffenrieda  Melastomataceae Myrtales 2000
Grias peruviana Grias Lecythidaceae Ericales 1000
Guarea macrophylla Guarea Meliaceae Sapindales 1000
Guatteria pastazae Guatteria Annonaceae Magnoliales 1000
gg:ggt?;?]%ﬁr:f Hedyosmum  Chloranthaceae Chloranthales 2000
Hedyosmum purpurascens Hedyosmum  Chloranthaceae Chloranthales 3000
Heliocarpus americanus Heliocarpus Malvaceae Malvales 2000
Hieronyma fendleri Hieronyma Phyllanthaceae = Malpighiales 2000
Hieronyma oblonga Hieronyma Phyllanthaceae = Malpighiales 1000
llex laurina llex Aquifoliaceae Aquifoliales 3000
Ladenbergia oblongifolia Ladenbergia  Rubiaceae Gentianales 1000
Leonia crassa Leonia Violaceae Malpighiales 1000
Matayba inelegans Matayba Sapindaceae Sapindales 2000
Meriania franciscana Meriania Melastomataceae Myrtales 2000
Miconia calophylla Miconia Melastomataceae Myrtales 2000
Miconia cf jahnii Miconia Melastomataceae Myrtales 3000
Miconia aff punctata Miconia Melastomataceae Myrtales 1000
Mollia gracilis Mollia Malvaceae Malvales 1000
Myrcia spnov Myrcia Myrtaceae Myrtales 2000
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Myrsine coriacea
Naucleopsis francisci
Ocotea andina

Ocotea JH6030
Ocotea rotundata
Oreopanax sessiliflorus
Otoba parvifolia

Parkia spl

Podocarpus oleifolius
Pouteria torta
Pseudolmedia laevis
Ruagea glabra
Saurauia JH5994
Siparuna muricata
Tapirira guianensis
Warszewiczia coccinea
Weinmannia elliptica
Weinmannia microphylla

Myrsine
Naucleopsis
Ocotea
Ocotea
Ocotea
Oreopanax
Otoba
Parkia
Podocarpus
Pouteria

Pseudolmedia

Ruagea
Saurauia
Siparuna
Tapirira

Warszewiczia

Weinmannia
Weinmannia

Primulaceae
Moraceae
Lauraceae
Lauraceae
Lauraceae
Araliaceae
Myristicaceae
Fabaceae

Podocarpaceae

Sapotaceae
Moraceae
Meliaceae
Actinidiaceae

Siparunaceae
Anacardiaceae

Rubiaceae
Cunoniaceae
Cunoniaceae

Ericales
Rosales
Laurales
Laurales
Laurales
Apiales
Magnoliales
Fabales
Coniferales
Ericales
Rosales
Sapindales
Ericales
Laurales
Sapindales
Gentianales
Oxalidales
Oxalidales

2000
2000
2000
1000
3000
3000
1000
1000
2000
1000
1000
2000
1000
3000
2000
1000
3000
2000
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Table A.11.2.2 Number and proportion [%] of missing values per trait for 380 treeidthdils.

Number of Proportion

Trait missing values  [%]

Lab-based traits

DMC 9 2.37
Toughness 8 2.11
Thickness 9 2.37
SLA 10 2.63
C 12 3.16
N 12 3.16
P 11 2.89
Al 23 6.05
Ca 11 2.89
Fe 11 2.89
K 33 8.68
Mg 11 2.89
Mn 11 2.89
S 49 12.89
DBH 0 0.0
Spectral sensing-based traits

NDNI 28 7.37
D1040 28 7.37
D1690 28 7.37
D1420 28 7.37
D1490 28 7.37
D1660 28 7.37
D1460 28 7.37
D1120 28 7.37
LWVI_1 28 7.37
LWVI_2 28 7.37
WBI 28 7.37
D970 28 7.37
D1200 28 7.37
D1400 28 7.37
D1240 28 7.37
Offset

Entire area of one leaf [cm?] 0 0.0
Response variable

Herbivory [cm?] 0 0.0
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Figure A.ll.2.1 Correlation matrix including herbivory [cm?] and [%] and all predictoraldes before
the variable selection. Ellipses in red indicate a negative correlation, elligses indicate a positive
correlation. The narrower the ellipse the stronger the correlation. Ig:#ttagsformation, Dx =1

derivate of reflectance wavelength x. For variables see Table 11.2.1.
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Table A.11.2.3 Variance inflation factors for all leaf traits used in the analyses.

Variable Vifl Vif2
Lab-based traits

DMC 1.7 1.38
Toughness 1.71

Thickness 2.25

C 1.75 1.74
Mg 1.52 151
SLA 2.99 1.84
N 2.17 2.08
P 2 2.01
Al 1.16 1.14
Ca 1.8 1.79
Fe 1.1 11
K 1.24 1.22
Mn 1.22 1.19
S 1.45 1.44
DBH 1.09 1.08
Spectral sensing-based traits

NDNI 11.65

D1040 11.39

D1690 1.42 1.39
D1420 19 1.83
D1490 6.23 2.91
D1660 1.59 1.56
D1460 6.2 54
D1120 5.66 4.64
LWVI_1 6.62 2.02
LWVI_2 19.34

WBI 3.27 2.34
D970 3.23 2.4
D1200 2.46 2.07
D1400 6.76 4.67
D1240 2.05 1.55

Note: Results of testing for multicollinearity using the variance inflation factor (vifaliche lab- and
spectral sensing-based leaf traits (Vifl) and after excludingblesidighly correlated with each other
(Figure A.11.2.1) or with Vifl values > 10 (Vif2). Vif was calculated lwvithe R packagear (Fox &
Weisberg, 2019) by running two LME models; one for the lab- and one for thea$gecising-based
traits. The LME models included the ledransformed herbivory [cm?] as the response variable, all
predictor variables of the respective measurement technique, the entire@redesif [cm?] as offset,
and species nested within the genus nested within the family nested within the orderdasraaffect

by using the R packadme4 (Bates et al., 2015). For variables see Table 11.2.1.
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File A.ll.2.1 The entire area of one leaf as offset to account for elevation.

Leaf traits are adaptations to environmental conditions (e.g., Louda & Collinge, 1992; Fyllas et
al., 2017) that vary in space and time (Hodkinson, 2005; Pellissier et al., 2012). One driver
causing changes in both environmental conditions and leaf trait characteristics is elevation
gradients (e.g., Hodkinson, 2005; Descombes et al., 2017). Along those gradients, the
environmental harshness increases with elevation (Moser et al., 2007). As an adaptation, the
leaf longevity of plants tends to increase (Cornelissen et al., 2003) whereas the entire area of
one leaf tends to decrease with increasing elevation (Garibaldi et al., 2011). Our study area
comprises an elevation gradient with three elevation levels (1000 m, 2000 m, and 3000 m a.s.l.).
The estimated entire area of one leaf [cm?] of 51 tree species analyzed in this stadyedec

from 1000 m to 3000 m a.s.l. (Table A.1l.2.4, Figure A.11.2.2). By using the entire area of one
leaf as offset in our analyses, we account for relative changes in herbivory along the elevation

gradient.

Table A.ll.2.4 Linear regression model results with the entire area of one leaf [creg@Emse and the

elevation as predictor variable.

Elevation Estimate SE t p

Intercept 3.11 0.0355 87.6 < 0.0001
2000 m -0.222 0.0474 -4.68 < 0.0001
3000 m -0.588 0.0554 -10.6 < 0.0001

Note: The entire area of one leaf [cm?] was:togansformed. The elevation gradient was modeled as a
factor with three levels: 1000 m (Intercept), 2000 m, and 3000 m a.s.l. SE = standard error.

Figure A.ll.2.2 The entire area of
all collected leaves [cm?] (20 (+/- 5))
per tree individual of 380 trees
belonging to 51 tree species along an
elevation gradient in montane
tropical rainforests of southern

Ecuador.
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Figure A.11.2.3 Plots showing the mean estimates (black dots) and associated 95 % confidence interval
(orange lines), oh) lab-based anB) spectral sensing-based leaf traits for LME models including all
variables and the elevation using 100 data subsets with one randomly seidotiellial for each

species. For variables and transformations see Table 11.2.1.
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Figure A.1l.2.4 Frequency [%] of &) lab- and B) spectral sensing-based traits including elevation to
enter one of 100 minimal adequate models derived from the automated stepwise daekseion.

Light colors indicate positive and dark colors negative estimates of dloelsn For variables and

transformations see Table 11.2.1.

197



Appendix Chapter 3

File A.11.3.1 Variable Selection.

To select a reliable subset of variables that were collected during our joined field campaign
(Table A.lIl.3.3, Figure A.lIl.3.1A), we excluded all spectrally measured traitsdbase
wavelengths that could represent more than one chemical (D1690, D1490, D970, and D1200).
Further, we excluded all spectrally estimated traits that represented the water conterit of a lea
(wBlI, D1400, SR789, and LWVI 1 and 2), since it can be highly variable in the field. That
makes it difficult to draw relations to herbivore abundance and mean body mass. Additionally,
spectrally measured traits related to chlorophyll content (SR680, SR705, and mCARI), the
greenness of a leaf (vis and nir albedo, NDVI, EVI, RGVI, and RBVI), and carotenoids
(ChappelleCar, BlackburnCar 1 and 2, and GitelsonCar 1 and 2), which are known to protect
chlorophyll from UV radiation (Heath et al., 2013), were removed, as these traits seem to have
no direct impact on palatability. Further, the unspecific spectral traits correlated with oil
(D1040) and phenolic compounds (D1460) were eliminated, since interpretation would be
difficult. Regarding the conventionally estimated leaf traits, we excluded sulfur for which we
found little evidence in the literature to be related to herbivorous arthropods. Leaf thickness and
toughness, as well as leaf area, were intercorrelated with SLA (Figure A.ll.3\d e SLA

is an often-used variable in the context of herbivorous arthropods (e.g., Descombes et al., 2017;
Dostélek et al., 2020; Pérez-Harguindeguy et al., 2003; Poorter et al., 2004; Schadler et al.,
2003), we excluded the other three variables from the analyses. Regarding the variables N, P,
N:P ratio, C:N ratio, and the spectrally measured NDNI, we kept the N- and P conaestrati

in the analyses and excluded NDNI and the two ratios, since these five variables were
intercorrelated with each other and interpretations of directly measured nutrient concentrations
are more straightforward than of ratios and indices. For the remaining leaf traits (Figure
A.l1.3.2), we found evidence of impacts on herbivorous arthropods in literature (see Table
A.l1.3.1 and Awmack & Leather, 2002; Gong et al., 2020; Malakar et al., 2009; Martinek et al.,
2020; Pilon-Smits et al., 2009; Ribeiro et al., 2017). However, to build valid models, we did
not want to exceed the number of nine leaf traits used in the models, since we have 90 data
points. To try to further reduce the number of variables, we examined, if these variables can be
grouped into principal components by applying a phylogenetic principal component analysis
(pPCA). Therefore, we built a phylogenetic tree for the 30 tree species used in our analyses

based on the backbone megatree S03_R20160415 euphyllophyte.new and the corresponding
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ages calibration data S12_ages_magallon_PL_euphyllophyte, which were personally provided
by M. Gastauer and J. Meira-Neto. The provided data are based on (Gastauer & défi@ira-N
2017). We built our uncalibrated tree, with tree species at the branch tips, with the online tool

Phylomatic version 3h{tps://phylodiversity.net/phylomatic¥Webb & Donoghue, 2005) and

calibrated it afterward in R version 4.0.2 (R Core Team, 2020) by using the paphstpess

(Revell, 2012) anghylocomrOoms & Chamberlain, 2019). To run a pPCA with the remaining
traits: SLA, DMC, C, N, P, Al, Ca, Fe, K, Mg, Mn, DBH, D1420, D1660, D1240, and ARI with

the packagehytools(Revell, 2012; Figure A.11.3.2A), we square root transformed Mg and base
10 logarithmized the variables N, P, Al, Ca, Fe, K, Mn, and DBH to control for normal
distribution. Additionally, all variables were z-transformed due to very different scales.
Identifying the number of significant principal components (PCs) by applying the broken stick
method with the packageCDimension(Coombes & Wang, 2019) resulted in no significant

PC (Figure A.ll.3.2B). Additionally, no variable grouping within and between PCs was
identifiable. Therefore, we used single variables for our analyses and had to further reduce the

number of variables to build reliable models.

Figure A.Il.3.1 Correlation matrices of leaf traits.

A) Correlation matrix of 48 leaf traits measured spectrally or witheinnal measurement techniques
in the field and the laboratory and which were collected from trees duringed joéld campaign from
February to March 2019. For detailed descriptions of the abbreviations of thealesakée Table
A.1.3.3. B) Correlation matrix of the 16 pre-selected leaf traits after s fiariable reduction.
Correlation intensity ranges from red = highly negatively correlated over white = not st teldlue

= highly positively correlated.
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Thus, as a next step, we analyzed which leaf traits of our pre-selected traits were significantl

correlated with the experimentally estimated palatability to test, if palatability is an appropriate

measure to be related to chewer abundance and mean body mass and to identify those leaf traits

that can be used in the following analyses. Therefore, we applied two linear mixed-effects

models. One model was built to examine relations between leaf traits and palatability

independently from defining differences within traits as related to elevation. Therefore, we used

(1) the experimentally estimated base 10 logarithmized palatability as the response variable and

the z-transformed remaining base 10 logarithmized, or square root-transformed leaf traits as

prHGLFWRU YDULDEOHV $GGLWLRQDOO\ WKH P P SOR

were added as random effect to account for pseudoreplication. To consider the tree phenology,

species nested within the genus, nested within the family was included as random effect.

Additionally, we built a second linear mixed-effects model, which considered the elevation as

a driver for variation within leaf traits to analyze if the significance of relationships between

leaf traits and palatability varied depending on the elevation level the tree grew. Therefore, we
EXLOW WKH VDPH PRGHO DV IRU d xa&l éfectwhich WKH Y I

determined at which elevation the tree occurred.
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Figure A.ll.3.2 Phylogenetic principal component analysis of the similarity of various leaf traits.

A) shows the ordination diagram of the phylogenetic principal component arfpB€i8) dealing with

the (dis)similarity of the 16 preselected leaf traits (red vectors) Figore A.ll.3.1B. Leaf traits were

base 10- or square root transformed if corrections for a normal diitnilbvere necessary. All leaf traits

were z-transformed. For detailed descriptions of the abbreviations of thealesagee Table A.11.3.3.

The 90 tree individuals used in the analyses are represented as black dotsneipat pomponent, Ig

= base 10 logarithmized, sqgrt = square root transforBpdhows the eigenvalues for each PC of the
pPCA. The PC1 explained 16.4 % of the variance, the PC2 explained 15.2 %, PC3 = P8 %,

10.5 %, PC5 = 8.3 %, PC6 = 6.8 %, PC7 = 5.5 %, PC8 = 4.7 %, PC9 = 4.1 %, PC10 = 3.9 %, PC11 =
2.7 %, PC12 =2.6 %, PC13 =2.0 %, PC14 = 1.8 %, PC15 = 1.0 %, and PC16 = 0.8 % of the variance.
No PC was significant.
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Table A.Il.3.1 Selection of studies evaluating the influence of leaf traits used in this study on

palatability.
Leaf trait Relation to References
palatability/herbivory transformation
(Coley, 1983);
(Coley et al., 1985);
Lignin - (Moreira et al., 2017); No
(D1420) (Poorter et al., 2004);
(Rosenthal & Janzen, 1979)
+ (Mason et al., 2011)
, (Plaza et al., 2015)
%S‘irz%? ; .DJHPL('LQDQ HW D No
(Coleman et al., 2005)
Iron - (Sérvio P. Ribeiro et al., 2017)
(Fe) + (Awmack & Leather, 2002) Yes
[mg/g DM]
(Armengaud et al., 2010);
Potassium (Awmack & Leather, 2002);
(K) i (Stamp, 1994); Yes
[mg/g DM] (Stamp & Harmon, 1991)
hs (Wulfson & Stamp, 1991)
(Pérez-Harguindeguy et al., 2002
Specific leaf area (Schéadler et al., 2003)
(SLA) [cm?/g] 0 (Descombes et al., 2017) No
(Dostélek et al., 2020);
i (Poorter et al., 2004)
(Khan et al., 2016);
Phosphorus + (Perkins et al., 2004);
P) (Werner & Homeier, 2015) Yes
[mg/g DM] hs (Cease et al., 2016)
- (Garibaldi et al., 2011)
(Coley, 1983);
(Cornelissen & Stiling, 2006);
. (Descombes et al., 2017);
Nltzﬁg);en + (Kurokawa et al., 2010); Yes
[mg/g DM] (Mgson et aI.,_ 2011);
(Pérez-Harguindeguy et al., 2002
(Schéadler et al., 2003);
(Werner & Homeier, 2015)
Calcium (Awmack & Leather, 2002);
(Ca) + (Forbes et al., 2017) Yes
[mg/g DM]

Selection of studies describing observed effects of leaf traits used in this study alathieilgy of

leaves and thus their herbivory rates. Shown are example studies to document relaticens Ieat

expected. Additionally, variable transformations are listed if needethéomnalyses in this study.

Studies in italics indicate laboratory feeding experiments that measured pajatidoitie not in italics

were field measurements of herbivory, measured as leaf area loss. DM =ashy 41 negative
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relationship, + = positive relationship, hs = hump-shaped relation, 0 = no relagjers logarithm of
base 10.

L first derivate of reflectance at the spectral wavelength of 1.42 nen@exy for foliar lignin
concentration (Curran, 1989).

2 first derivate of reflectance at the spectral wavelength of 1.24 nmpasxy for foliar cadmium

concentration (Rosso et al., 2005).

To define the minimal adequate models, we excluded non-significant predictor variables, by
applying automated stepwise backward selections, based on models, which converged with as
many independent variables as possible. Both minimal adequate and maximum models were
calculated using the R packadmildmer (Voeten, 2021), considering the numerical
RSWLPLIDWLRQ DOJRULWKP PERXQG RSWLPL]DWLRQ E\ TXD
of the first modelxwithout the consideration of the elevatiatthe leaf traits Ca, Fe, N, SLA,

D1420 (lignin), and D1240 (cadmium) were significantly related to palatability (Table
A.l11.3.4). When including the elevation as fixed effect, the minimal adequate model revealed

that Ca, Fe, N, D1240 (cadmium), K, and elevation at 2000 m were significantly related to
palatability (Table A.l1.3.4).

Referring to these results, we chose the following leaf traits for our analyses: Fe, D1240
(cadmium), Ca, N, SLA, K, D1420 (lignin), and elevation. Since P forms an important part of
several cellulose biochemicals, like RNA, which in turn is positively related to growth rates
(Elser et al., 1996), we included this trait in our analyses, although it was not significantly
related to palatability. Additionally, we included the plant trait DBH as a covariate in our
analyses, since it is positively related to above-ground tree biomass production and thus to
canopy size (Chave et al., 2005; Haase & Haase, 1995), which could affect arthropod abundance

and mean body mass.
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Table A.l11.3.2 Examined tree species with the elevation level of occurrence and the number of

replicates.
Species Family Elevation Replicates Replicates  Replicates Replicates
[ma.s.l] for leaf for for used in the
trait palatability  arthropod analyses
estimation experiment  collection
Alchornea Euphorbiaceae 1000 9 8 4 0
glandulosa
Alchornea lojaensis  Euphorbiaceae 2000 9 12 5 3
Alzatea verticillata Alzateaceae 2000 9 8 4 4
Aspidosperma Apocynaceae 1000 8 8 6 1
rigidum
Cecropia angustifolia Urticaceae 2000 10 10 0 0
Chrysochlamys Clusiaceae 1000 8 9 3 3
membranacea
Clarisia racemosa Moraceae 1000 8 9 4 3
Clusia ducuoides Clusiaceae 2000 12 13 4 0
Elaeagia mollis Rubiaceae 2000 8 8 0 0
Graffenrieda Melastomataceae 2000 9 10 4 3
emarginata
Grias peruviana Lecythidaceae 1000 8 8 5 4
Guarea macrophylla Meliaceae 1000 8 8 4 4
Guatteria pastazae = Annonaceae 1000 6 6 4 2
Hedyosmuncf Chloranthaceae 2000 8 9 5 5
goudotianum
Heliocarpus Malvaceae 2000 9 9 1 1
americanus
Hieronyma fendleri ~ Phyllanthaceae 2000 9 12 4 4
Hieronyma oblonga Phyllanthaceae 1000 8 8 4 4
Ladenbergia Rubiaceae 1000 8 8 4 1
oblongifolia
Leonia crassa Violaceae 1000 8 8 5 1
Matayba inelegans  Sapindaceae 2000 11 10 6 5
Meriania franciscana Melastomataceae 2000 6 6 0 0
Miconia aff punctata Melastomataceae 1000 8 8 4 2
Miconia calophylla Melastomataceae 2000 8 10 4 4
Mollia gracilis Malvaceae 1000 7 8 3 2
Myrcia spnov Myrtaceae 2000 8 13 4 4
Myrsine coriacea Primulaceae 2000 8 11 3 3
Naucleopsis Moraceae 2000 9 12 2 2
francisci
Ocotea andina Lauraceae 2000 9 9 3 2
OcoteaJH6030 Lauraceae 1000 8 7 4 3
Otoba parvifolia Myristicaceae 1000 8 8 4 0
Parkiasp.1 Fabaceae 1000 8 5 0 0
Podocarpus Podocarpaceae 2000 9 11 4 4
oleifolius
Pourouma Urticaceae 1000 6 4 0 0
cecropiifolia
Pouteria torta Sapotaceae 1000 8 7 4 2
Pseudolmedia laevis Moraceae 1000 8 8 3 3
Ruagea glabra Meliaceae 2000 8 11 2 1
SaurauiaJH5994 Actinidiaceae 1000 8 8 5 5
Tapirira guianensis  Anacardiaceae 2000 9 8 2 2
Warszewiczia Rubiaceae 1000 8 8 5 3
coccinea
Weinmannia Cunoniaceae 2000 8 12 0 0
microphylla
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NA NA 1000 0 0 1 0
Listed are the number of replicates of species used for the leaf traiatst, the feeding trial, the

arthropod collection, and finally the number of replicates used faarthkyses in this study. Species

included in the analyses are in bold.

Table A.11.3.3 Leaf traits generated in the context of the RESPECT project.

Spectrally measured traits Conventionally measured traits
Visible incoming radiation (vis albedo) Leaf dry matter content (DMC)
Near-infrared incoming radiation (nir albedo) Leaf toughness

Normalized difference vegetation index (NDVI) Leaf thickness

Enhanced vegetation index (EVI) Leaf area

Red green vegetation index (RGVI) Specific leaf area (SLA)

Red blue vegetation index (RBVI) Leaf carbon content (C)
Normalized difference nitrogen index (NDNI) Leaf nitrogen content (N)

Oil (D1040) (Curran, 1989) Leaf phosphorus content (P)
Lignin, starch, protein, nitrogen (D1690) (Curran, 1989) Leaf N:P ratio

Lignin (D1420) (Curran, 1989) Leaf aluminum content (Al)
Cellulose, sugar (D1490) (Curran, 1989) Leaf calcium content (Ca)
Phenolic compounds, Tannin (D1660) (Kokaly & Skidmore, 2015 Leaf iron content (Fe)
Phenolic compounds (D1460) (Kokaly & Skidmore, 2015) Leaf potassium content (K)
Lignin (D1120) (Curran, 1989) Leaf magnesium content (Mg)

Simple ratio index for the wavelength 680 nm (SR680) (Sims & | Leaf manganese content (Mn)
Gamon, 2002)
Simple ratio index for the wavelength 705 nm (SR705) (Sims & | Leaf sulfur content (S)
Gamon, 2002)
Modified chlorophyll absorption ratio index (mCARI) (Mielke et al| Leaf C:N ratio
2012)

Simple ratio index for the wavelength 705 nm (SR798) (Sims &
Gamon, 2002)

Anthocyanin reflectance index (ARI) (Main et al., 2011)
Carotenoid related VI (ChappelleCar) (Meggio et al., 2010)
Carotenoid related VI (BlackburnCarl) (Meggio et al., 2010)
Carotenoid related VI (BlackburnCar2) (Meggio et al., 2010)
Carotenoid related VI (GitelsonCarl) (Meggio et al., 2010)
Carotenoid related VI (GitelsonCar2) (Meggio et al., 2010)
Leaf water vegetation index (LWVI 1) (Galvao et al., 2005)
Leaf water vegetation index (LWVI 2) (Galvao et al., 2005)
Water band index (WBI) (Ceccato et al., 2002)

Water, starch (D970) (Curran, 1989)

Water, cellulose, starch, lignin (D1200) (Curran, 1989)

Water (D1400) (Penuelas et al., 1993)

Cadmium (D1240)(Plaza et al., 2015)

All leaf traits of tree canopies, which were generated via a spectrometer or conventionatmeisur

in the field and the laboratory, were gathered during the joint field @igmpf the RESPECT project
(Environmental Changes in Biodiversity Hotspot Ecosystems of South Ecuador: RESPonse and
feedback effECTSs). For detailed descriptions of variable generationgHseeeier et al., 2021;

Limberger et al., 2021). Bold variables were selected for the analyses.
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Table A.l1.3.4 Feeding guilds of larval and adult arthropod taxa.

Higher taxon Taxon Feeding guild
Arachnida All Predators
Archaeognatha All Saprobes
Blattodea All Saprobes
Chilopoda All Predators
Coleoptera Adephaga Predators
Coleoptera Chrysomeloidea Leaf chewer
Coleoptera Coccinellidae, Predators
Coleoptera Curculionoidea Rostrum chewers
Coleoptera Staphylinidae Predators
Coleoptera All remaining taxa Leaf chewer
Coleoptera All larval stages Leaf chewer
Collembola All Saprobes
Dermaptera All Leaf chewer
Diplopoda All Saprobes
Diptera Larval stages Predators
Diptera Adult stages Nectar suckers
Ephemeroptera Larval stages Unclear
Ephemeroptera Adult stages Non-feeding
Hemiptera Auchenorrhyncha, Sap suckers
Hemiptera Heteroptera (if piercing proboscis is not tight-fitting at rest and/c Predators
convexly bent)
Hemiptera Heteroptera (all remaining) Sap suckers
Hemiptera Sternorrhyncha, Sap suckers
Hymenoptera Apocrita (adult stages) Predators
Hymenoptera Symphyta (adult stages) Sap suckers
Hymenoptera All larval stages Leaf chewers
Isopoda All Saprobes
Lepidoptera Adult stages with working mouthparts Nectar suckers
Lepidoptera Adult stages without or with non-working mouthparts Non-feeding
Lepidoptera All larval stages Leaf chewers
Mantodea All Predators
Mecoptera All larval stages Leaf chewers
Mecoptera All adult stages Saprobes
Megaloptera All larval stages Unclear
Megaloptera All adult stages Non-feeding
Neuroptera All Predators
Odonata All Predators
Orthoptera All Leaf chewer
Phasmatodea All Leaf chewer
Phthiraptera All Unclear
Psocoptera All Saprobes
Raphidioptera All Predators
Trichoptera All Unclear
Thysanoptera All Sap suckers
Zygentoma All Saprobes

Arthropod taxa used in the analyses were sorted according to the feeding geitlabisve. Feeding

guilds were classified based on both literature and mouthparts.
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Table A.Il.3.5 Minimal adequate linear models showing the relations between leaf traits and

palatability.
Model Fixed effects Estimate + SE p-value
Palatability ~ leaf traits

Logio(palatability + 0.00001) ~ Intercept -4.330 + 0.0940 <0.001
logio(Ca) + logo(Fe) + logo(N) + Logio(Ca) -0.325 +0.114 0.00564
SLA + D1420 + D1240 Logio(Fe) -0.212 +0.101 0.0390
Logio(N) 0.531 +0.145 <0.001

SLA -0.378 +0.139 0.00786

D1420 0.285 +0.128 0.0285

D1240 0.288 +0.122 0.0208

Palatability ~ leaf traits + elevation

Logio(palatability + 0.00001) ~ Intercept -4.76 +0.181 <0.001
logio(Ca) + logo(K) + logio(Fe) + Logio(Ca) -0.274 +0.122 0.0272
logio(N) + site + D1240 Logio(K) -0.200 + 0.0926 0.0336
Logio(Fe) -0.204 +0.102 0.0487

Logio(N) 0.355 +0.114 0.00255
Site 0.726 +0.274 0.00977

D1240 0.238 +0.116 0.0439

Included to the models were the 16 pre-selected leaf traits measured during thelgocgmpaign
from February to March 2019. For explanations of variable abbreviations seeATid3.3. Palatability
was estimated experimentally in a feeding trial with the crikstlus assimilis(Orthoptera) and is
determined as consumed dry mass [g] per tree. SE = standard erigx) lodase 10 logarithmized.

Significance was defined at a 5% level.
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Table A.11.3.6 GLMM models showing the effects of leaf traits on chewer abundance per elevation.

Model Fixed effects Estimate SE p-value

Leaf chewers

At 1000 m a.s.l.
Abundance ~ D1420 + lggfCa)  Intercept 3.71 0.247 <0.001
+ logio(K) + D1240 + logo(N) +  D1420 0.0938 0.0421 0.026
l0g10(DBH) + logio(Fe) + Logio(Ca) 0.524 0.0467 < 0.001
logio(P) + SLA + (1 | Logio(K) -0.0561 0.0215 0.00916
family:genus) D1240 0.462 0.0686 <0.001
Logio(N) 1.19 0.0672 <0.001
Logio(DBH) 0.19 0.0146 <0.001
Logio(Fe) -0.0479 0.0228 0.0351
Logio(P) -0.288 0.0317 <0.001
SLA 0.265 0.0458 < 0.001
Random effects Variance SD
Family:genus 0.898 0.947
At 2000 m a.s.l.
Abundance ~ D1420 + D1240 + Intercept 5.56 0.252 <0.001
logio(P) + logo(N) + logio(DBH)  D1420 -0.171 0.0264 < 0.001
+ SLA +logi(Ca) + logo(K) + (1 D1240 -0.139 0.0218 <0.001
| plot) + (1 | family:genus) Logio(P) -0.441 0.051 < 0.001
Logio(N) 0.203 0.0569 < 0.001
Logio(DBH) 0.113 0.0196 < 0.001
SLA -0.141 0.0311 < 0.001
Logio(Ca) -0.147 0.0319 < 0.001
Logio(K) 0.333 0.0749 < 0.001
Random effects Variance SD
Family:genus 0.141 0.376
Plot 0.159 0.399
Rostrum chewers
At 1000 m a.sl.
Abundance ~ log(K) + logio(P)  Intercept 3.25 0.291 <0.001
+ logio(DBH) + SLA + (1 | plot) + Logio(K) 0.178 0.0561 0.00139
(1 | family:genus) Logio(P) -0.284 0.0885 0.00133
Logio(DBH) -0.143 0.0365 < 0.001
SLA 0.204 0.112 0.0699
Random effects Variance SD
Family:genus 0.176 0.419
Plot 0.199 0.446
At 2000 m a.s.l.
Abundance ~ D1240 + Intercept 3.56 0.135 <0.001
logio(DBH) + SLA + logo(N) + D1240 -0.162 0.0333 < 0.001
(1 | family:genus) Logio(DBH) 0.102 0.0356 0.00406
SLA 0.18 0.0569 0.00159
Logio(N) -0.168 0.07 0.0162
Random effects Variance SD
Family:genus 0.246 0.496

Minimal adequate model results of the GLMMs of chewer abundance per feeding guihbindils

at 1000 m a.s.l. and 2000 m a.s.l. Model construction and reduction were the same asMtt the
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including both elevation levels described in the main text. SE = standardS®rerstandard deviation,

logio(x) = base 10 logarithmized. Significance was defined at a 5% level.

Table A.11.3.7 LME models showing the effects of leaf traits on mean body mass [g] of chewers per

elevation.
Model Variable Estimate SE p-value
Leaf chewers
At 1000 m a.s.l.
Logio(mBM) ~ (1 | plot) + (1 | None
family:genus:species) Random effects Variance SD
Genus:family 5.29¢% 7.27€%
Species:(genus:family) 8.28e% 2.88¢e"2
Family 4.28¢e%0 2.07€e%
Plot 0.0 0.0
At 2000 m a.s.l.
Logio(mBM) ~ (1 | plot) + (1 | None
family:genus:species) Random effects Variance SD
Genus:family 0.0 0.0
Species:(genus:family) 0.0 0.0
Family 0.0 0.0
Plot 0.0156 0.125
Rostrum chewers
At 1000 m a.s.l.
Logio(mBM) ~ logio(K) + (1 | Intercept -2.64 0.0437 <0.001
plot) + (1 | family:genus:species) Logio(K) -0.103 0.032 0.00249
Random effects Variance SD
Genus:family 0.0 0.0
Species:(genus:family) 0.0 0.0
Family 0.0 0.0
Plot 0.0 0.0
At 2000 m a.s.l.
Logio(mBM) ~ logio(P) + SLA +  Intercept -2.75 0.0996 <0.001
(1] plot) + (1] Logio(P) 0.154 0.061 0.0161
family:genus:species) SLA -0.15 0.0705 0.0401
Random effects Variance SD
Genus:family 1.82¢% 1.35e%
Species:(genus:family) 0.0 0.0
Family 5.976€% 0.0773
Plot 1.72€* 0.131

Minimal adequate model results of the LMEs of mean body mass per feeding gudefaraits. Model
construction and reduction were the same as for the LME including both elevagtndescribed in
the main text. mBM = mean body mass, SE = standard error, SD = standard dewigdip1),+ base

10 logarithmized. Significance was defined at a 5% level.
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