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(1) Background and rationale  

Biological complexity reaches its terrestrial climax in tropical rainforests, leading to the question why are 
there so many species in these ecosystems? The simplicity of this question is deceptive given that the steady 
increase in species diversity towards the tropics appears to be a complex result of evolutionary history and 
contemporary ecological interactions1,54,89. The tropics appear to be both the cradle and the museum of 
species diversity in so far as they are characterized by both higher speciation and lower extinction rates than 
temperate regions52. Such evolutionary dynamics have the potential to generate large regional species pools 
in the tropics.  

Interactions between plants and insects form the majority of links in terrestrial food webs75. Hence, 
understanding diversity maintenance for these groups is likely to be critical in understanding tropical-
temperate diversity gradients. There are >40,000 tropical tree species96, and tropical rainforests typically 
comprise 250–1,100 woody species per 50 ha3. For insects, tropical and global numbers of species remain 
unknown but our research group estimated there to be approximately six million species worldwide65. Insect 
communities in tropical rainforests are particularly rich in species, coupling high gamma diversity of 
regional species pools and high alpha diversity in communities8 with low beta diversity among 
communities70. May51 noted that we did not know how many insect species lived in a 'representative hectare' 
of a tropical forest. A quarter of century later, our research has provided the first estimates: ~9,500 herbivore 
species feeding on 200 tree species and involved in ~50,000 plant-insect species-level trophic interactions in 
a New Guinea rainforest67, and a total diversity of ~25,000 arthropod species in a 6,000 ha Panamanian 
rainforest8.  

The search for ecological mechanisms enabling the existence of complex food webs in rainforest ecosystems 
remains a key mission of tropical ecology4. Local species diversity can be driven by the abundance and 
distribution of resources (bottom-up effects), or the effects or natural enemies including predators, 
parasitoids and pathogens (top-down effects)20. However, this dichotomy is further complicated by effects 
propagating up and down trophic cascades45, as well as indirect interactions, such as apparent competition59. 
The coexistence of so many plant species in tropical forests is difficult to explain by classic niche theory, i.e. 
fine partitioning of their abiotic resources, such as nutrients, water and light, into hundreds of non-
overlapping niches4. The most plausible explanation of plant diversity in tropical forests invokes top-down 
control of plant populations by pathogens and/or herbivores. Herbivores and fungal pathogens, could 
facilitate the coexistence of plant species as agents of density dependent plant mortality. This mechanism 
was proposed almost half a century ago independently by D. Janzen and J. Connell16,37 and is known as the 
Janzen-Connell hypothesis (JCH) (Fig. 1). It has remained at the centre of ecological theory ever since15, 
with both original articles recently voted in the top 10 papers “every ecologist should read”17. Here we 
explore the importance of JCH in wider and novel contexts that incorporate tri-trophic networks, apparent 
competition and mutualistic interactions.  
 

  

Fig. 1. A. Taxonomic composition of plants (DBH>1cm) in a 20x20m Wanang rainforest plot3, B. Plant 
species richness in 2040m quadrats within the 50ha Wanang forest dynamics plot3, C. Key JCH concept of 
population recruitment37, D. Overcompensating density dependent mortality of recruits required by JCH6, E. 
Meta-analysis of density dependent mortality of seedlings and seeds, and the effects of distance from parent 
tree and/or seed/seedling density on NDD dynamics; the numbers of studies are in brackets15.                       ..  
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Fig. 2. A. Wanang 50ha forest dynamics plot showing 288,000 plants from >550 species, B. Importance (S: 

no. of species, N: no. of stems, BA: basal area) of large plant genera in the plot, C. Plant – herbivore food 

webs for 38 plant species and four folivorous guilds, D. Host specialization of folivorous guilds (proportion 

of species feeding on hosts from >1 family, >1 genus, 1 genus and 1 species)3,67 and unpubl. data.                  .                      
 

In order to fully understand interactions between trees and their natural enemies, and how these interactions 
scale up to impact entire communities through mechanisms such as the JCH, field research needs to be 
underpinned by genomic and metabolomic data. A three-pronged approach, including contemporary ecology, 
phylogenetic relationships and species traits can provide insights in the mechanisms determining food web 
structure. The few bipartite food webs where the phylogeny of both plants and herbivores have been 
resolved, including our own study from PNG (Fig. 2C), documented phylogenetical signal in trophic 
interactions that allowed moderately successful prediction of trophic interactions for new herbivore species92. 
Modes of plant anti-herbivore defence are often evolutionarily flexible, and as such represent another 
predictor of food web structure, partly independent from phylogeny10,106. Deeper analysis of the phylogenetic 
and metabolomic structure of food webs allows testing hypotheses on the evolution of plant-herbivore 
interactions.  

Speciose plant genera and their herbivores may represent particularly suitable models to disentangle the 
effects of phylogeny and species traits on food web structure. At the community level, species rich plant 
genera may account for ~20% of woody-plant species (Fig. 2B,30,109). Recent studies showed the diversity of 
herbivore communities is directly linked to the chemical diversity of their hosts85,106. Insect herbivores may 
be a key selective pressure in a community of closely related hosts forming highly diverse ‘species swarms’. 
The costs of herbivory are not universal, and neither are insect responses to defences106. These multiple 
selective pressures result in mixed defence strategies including divergent defensive traits, emerging 
alongside more conserved ones36. Such divergent traits are harder to follow for specialized herbivores and 
help closely related hosts to avoid herbivory79,85. It has been proposed that this could have driven the 
divergence in plant constitutive defences found in multiple plant genera. However, insects often overcome 
even strongly divergent defences, specialising on secondary metabolites. We may therefore expect 
diversification in defences to dampen NDD in the early stages of the insect plant arms race, but that an 
evolutionary trend of increased insect specialisation can lead to stronger NDD as specialist insects seek out 
their preferred hosts.  Interestingly, there may be a trade-off between investment into constitutive and 
induced defences, with induced defences more prominent in resource-rich habitats, while constitutive 
defences increase with stress, slow growth, and higher relative investment into biomass production57. Such 
trade-offs could contribute to the variability of defensive strategies in species-rich tropical genera as some 
species may rely on induced defences or attraction of predators, while others on constitutive defence42. These 
mechanisms could explain the coexistence of large numbers of closely related trees that constitute important 
part of tropical forest vegetation (Fig. 2B).  

(2) Outline of research 

Plants possess complex suites of evolved defensive traits which serve to determine their palatability for 

insect herbivores (Fig. 3B), and in turn the specificity of insects feeding on them: host specificity is a key 

assumption of the JCH. From the evolutionary perspective, the need to avoid sharing specialized herbivores 

should promote divergence in defensive strategies among closely related hosts, such as the investment into 

constitutive vs. induced defences106. This may increase the potential for an insect specificity and performance 

gradient across allogeneric hosts and modify JHC effects. Our study takes two complementary approaches to 

manipulate the chemical landscape faced by insect herbivores. Our first objective is to examine whether 

highly specific induced defences promote divergence in defensive strategies in large tree genera, and hence 

modify insect host specificity. Our second objective is to relocate the insects themselves across increasing 

phylogenetic and chemical distances from their primary hosts. Chemical heterogeneity will be studied across 

three large tropical genera (Ficus, Syzygium, and Macaranga) in addition to a wider selection of Rubiaceae 

species that act as secondary hosts for our focal herbivores. We will test four hypotheses: H1 Closely 

related (congeneric) species diverge in defensive strategies and induction of defences increases 
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dissimilarity between these species, H2 Closely related species with divergent defensive strategies 

harbour distinct insect communities and are predicted to escape herbivores feeding on their congeners 

(lower congeneric NDD), H3 Trophic niche of insect herbivores is largely defined by plant chemistry 

so that chemistry can explain phylogenetically unexpected host use and differentials in insect performance, 

and H4 Plant-herbivore food web structure is explained by a combination of evolutionary history and 

plant chemistry to the extent allowing successful predictions of new trophic interactions.  

 
Fig. 3. A. Co-phylogeny between geometrid (L) and pyraloid (R) caterpillars and their hosts92, B: CCA 

analysis of Ficus, Macaranga, and Syzygium polyphenol profiles and caterpillar communities (20% of 

caterpillar variability explained by covariation between polyphenol profiles and host phylogeny), C: Food-

web between focal plants and caterpillars.                                                                                                           .  

Experimental design We will select 19 Ficus, 12 Macaranga and 10 Syzygium species previously studied 
by our team for herbivore communities67,92 and measure 5 individuals per species for their defences. First, we 
will measure VOCs and leaf defences in non-induced plants. In Macaranga, we will also record presence of 
ants and density of extrafloral nectaries per m2 of foliage. Second, we will mimic herbivory using MeJA on 
selected branches following ref. 48. The treatment will be repeated every three days for two weeks. We will 
sample VOCs before the experiment and after the first MeJA treatment using passive sampling with PDMS 
tubes39. We will sample leaves for analysis of non-volatile compounds before the experiment and after three 
weeks of the treatment. For Ficus, we will supplement the metabolite data with detailed data on caterpillar 
communities67,106 comprising guilds with a wide range of host specialization (Fig. 2D) that represent 
extensive sampling (1,500 m2 of leaf area per host species) from 1995-2008 (Fig. 2C). We will conduct a 
small-scale survey (150 m2 of leaf area per host species) to confirm that the composition of caterpillar 
communities did not change between the sampling campaigns.  

Further, we will conduct “sliding window” feeding experiments to explore fundamental trophic niches for 
Lepidoptera species, exposing each species to its host species and two additional species of increasing 
phylogenetic distance. We will use two Lepidoptera species per genus for nine genera representing five 
families that vary in host specificity and associations (Fig. 3), i.e. 54 host use experiments in total. Using 
insect and plant tissue as well as frass samples will allow us to detail some of the mechanisms by which 
insects deal with chemicals across a range of hosts (e.g. detoxification or sequestration) and monitor insect 
performance. Specifically, we will collect first instar caterpillars from known host plants (determined by our 
data base), photograph each individual for measurement and starve it for 6 h to ensure excretion of host 
tissue. A subset of these caterpillars will be preserved as controls (as a baseline for chemical comparison to 
experimental caterpillars). The remaining caterpillars will be transplanted to cages on their new hosts and 
allowed to feed on living tissue. Each caterpillar will be kept in a separate cage and measured every two days 
until they reach the final instar. During the final instar frass will be collected in 45 min intervals for six 
hours. We will perform two such collections separated by 24 h. A subset of these experimental caterpillars 
will be starved 6 h and preserved, while the rest will be reared to adults. We will be thus able to trace 
secondary metabolites from leaf to adult and account for modifications along the way. 

Data analysis After exposure in the field, the PDMS tubes will be desorbed using direct thermodesorption 
and the VOCs will be analysed using Gaschromatography-MS (GC-MS/MS) in with the Ecometer platform 
(N. van Dam’s lab). The leaf and frass samples will be analyzed using an Oribtrap LC-MS/MS platform from 
freeze dried samples (metabolomic, targetted metabolite and frass analyses) (B. Sedio’s and J.-P. Salminen’s 
labs). Mass spectra of fragmented molecules will be clustered into consensus spectra, or features, that 
represent individual compounds11 and will be matched with the records in available databases (e.g. Global 
Natural Products Social Molecular Networking, Metabolights) to identify the major metabolite groups. For 
both the metabolomics and VOC data we will calculate structural similarity (CSS) using molecular 
networks90,107. CSS of all pairwise combinations of compounds will be used to generate chemical structural 
and compositional similarity (CSCS) matrices for each pairwise combination of the studied samples to test 
H3 and H4. Phylogenetic analysis Intra-generic phylogenies of large tropical taxa are hard to resolve. We 
will use RAD-seq to estimate local phylogenies for Ficus. Extracted genomic DNA will be sent to 
SNPsaurus, LLC for genotyping-by-sequencing using Nextera-tagmented reductively-amplified DNA 
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(NextRAD83). Phylogeny will be reconstructed using orthologous genes identified by comparison to de novo 
references97 or to the published F. carica58 genome and identified using bioinformatic software, e.g. Stacks12. 
Phylogenetic data for representatives of each insect species will be generated through targeted enrichment of 
Ultra Conserved Elements (UCEs), an approach capable of generating thousands of loci per sample within 
realistic time frames24. The aim is to generate a phylogenetic hypothesis for a wider pool of species with 
known host use, beyond those involved in the experiments, as these will enable predictive analyses. 
Statistical analysis: Herbivore response variables will be correlated with phylogenetic and chemical distance 
using PGLMM. We will explore the role of both plant chemistry and phylogeny using i) process based food 
web models (e.g. incorporating phylogenetic and chemical interaction signal into synthetic food webs) and 
ii) predictive host use models (e.g. Phylogenetic Bipartite Linear Models).  

(3) Study site and focal plant species  

The study will be conducted in Papua New Guinea, a country harbouring ~5% of global biodiversity and the 
third largest area of rainforest on Earth69. The experiments will be performed at the Wanang Conservation 
Area, comprising 10,000 ha of primary lowland (100-200 m asl.) rainforest including a 50 ha Forest 
Dynamics Plot, a member of the ForestGEO network3. This site has the necessary research infrastructure 
including a field research station113, collaborative agreements with local landowners, teams of trained 
paraecologists, a history of previous GACR projects, and extensive data on plants and plant-insect food webs 
(Fig. 2).  

The Wanang site (MAT 28.5o C, mean air humidity 80%) receives ~3,600 mm rainfall annually. It has a mild 
dry season (May to October) when the mean monthly rainfall represents ~50-60% of the rainfall in the wet 
season. This seasonality is complicated by El Niño events of variable strength, from mild events every five 
years on average to severe events repeated in ~30-year intervals when monthly rainfall drops to 25-50% of 
the long-term mean for dry season. The most recent severe El Niño events occurred in 2015 and 1997.  

We are monitoring 288,000 individual trees (DBH≥1cm) from >550 species in the 50-ha Forest Dynamics 
Plot in Wanang3 where we are also running 200 seed traps and monitoring 800 seedling plots (Fig. 2). We 
have analysed ~100 plant species for a suite of secondary metabolites and quantified many of their species 
traits: (1) leaf pubescence, (2) leaf specific weight, (3) leaf water content, (4) leaf latex outflow, (5) leaf N, P, 
C and ash content, (6) polyphenols (involved in defence through production of oxidative radicals and protein 
precipitation86) analyzed as ‘polyphenol fingerprints’ comprised of quantitative measurements of all major 
groups (condensed and hydrolysable tannins, and flavonoids) using HPLC-MS23, (7) pentacyclic 
triterpenes74, defensive against generalist herbivores, quantified using a propranol-methanol gradient column 
and high resolution LC-MS, (8) leaf palatability for the generalist herbivore (Oribius sp.)9, (9) wood density 
(5 wood cores per tree), (10) seed and fruit mass, (11) relative growth rate (DBH increment in 5 years), (12) 
seed production (from 200 fruit traps), and (13) local abundance (basal area and stems per ha). Traits (1) – 
(8) will be measured again on the experimental trees. We have constructed phylogeny for a majority of 
Wanang species and examined their life history traits in phylogenetic context109.  

In our study,we focus on large tree genera: Ficus, Syzygium and Macaranga. Ficus (Moraceae, 42 spp in 
Wanang, 14,980 stems in the 50 ha plot, ~ 800 spp. globally) was studied by our team in PNG for plant-
pollinator mutualism, population genetics, insect herbivory and chemical defence91,106. Ficus is variable in 
defensive strategies; some species are defended with alkaloids or proteases, others are low in constitutive 
defences. Herbivores on Ficus include highly specialized species sequestering defensive metabolites from 
hosts, as well as moderately specialized and widely generalist species. Syzygium (Myrtaceae, 12 spp. in 
Wanang, 3,389 stems per 50 ha, ~ 1,200-1,800 spp. globally2) is high in constitutive defences such as 
polyphenols, terpenoids and essential oils. Many herbivores are genus specialists, feeding on multiple 
Syzygium hosts but no other genus. Macaranga (Euphorbiaceae, 12 spp. in Wanang, 3,350 stems per 50 ha, 
~300 spp. globally) is rich in active polyphenols, as shown by our work92 while it has low concentrations of 
other defences, such as alkaloids21. Herbivore fauna on Macaranga is less specialized compared to Ficus and 
Syzygium67.  

We have documented host records for >400,000 herbivorous insects from ~5,000 species and 11 feeding 
guilds over the past 20 years of sustained research effort in PNG rainforests, including Wanang29,67. 
Lewinsohn46 noted that this matrix of >10,000 distinct plant-insect and insect-insect trophic interactions, 
although incomplete, “is likely to be as good as it gets”. We also surveyed vertebrate predators, including 
birds, and their trophic interactions14,88. Wanang is probably the most studied tropical forest site in New 
Guinea, with detailed information on its food webs allowing us to design community-level manipulative 
experiments proposed here.  
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(4) Project institutions 

The project will be based at the Biology Centre of the Czech Academy of Sciences (BC)111 and the New 
Guinea Binatang Research Center (BRC)112. BC is one of the largest biological research facilities in 
Central Europe and includes wide range of expertise from taxonomy to ecology and molecular biology. The 
Novotny lab hosting the project team includes eight laboratories, all focused on various aspects of 
community ecology, and provides intellectually vibrant environment for its researchers and PhD students 
from 16 countries114. 

  

Fig. 4. BRC has a team of paraecologists and students (A), insect lab with macrophotography (B), herbarium 
(C), a field station in Wanang (D) and a canopy crane in Baitabag (E).                                                              .                                                                                                                            

 

BRC will host the study in PNG. It is the best-equipped and the most productive institution for biological 
research in New Guinea, built partly with support from GACR-funded projects. BRC includes four buildings 
(250 m2 of lab space, accommodation for 35 people, two 50 kVA diesel generators, autonomous water 
supply), six 4WD Toyota Landcruiser vehicles, broadband internet, an insect rearing facility, reference 
collections of plants (~1,000 spp.) and insects (~5,000 spp.) with storage space for plant and insect 
specimens (capacity 15,000 plant and 50,000 insect specimens), a freeze drier for sample preparation and 
freezers for sample storage. BRC also operates (i) a field research station at the Wanang lowland rainforest, 
comprising three buildings with 70 m2 of lab and accommodation space and a 50-ha forest dynamics plot3, 
and (ii) a 50 m canopy crane allowing 1 ha canopy access at the Baitabag lowland rainforest. The PNG 
National Research Institute has permitted our research since 1995. 

BRC is one of the global leaders in paraecologist training, engaging indigenous people from rainforest 
communities in ecological research68,95 (Fig. 4). This approach has proved highly efficient for ecological 
research (including our own studies), beneficial to building local academic community, and stimulating 
indigenous rainforest conservation64. The Wanang Conservation Area has been recognized internationally as 
a role model for successful combination of research and indigenous conservation and was awarded the 
UNDP Equator Prize for innovative approaches to conservation in 2015102. The present project will use 
paraecologists to accomplish the highly demanding field work programme, bringing jobs and training 
opportunities to local communities and strengthening thus their commitment to rainforest conservation64. 
BRC is also training over half of all postgraduate ecology students in PNG (often under supervision from our 
team) and providing unique opportunities to Czech students and biologists (24 Czech PhD students and 
researchers have spent >30 person-years in residence at BRC). The proposed project will involve local 
students, as well as P. Toko and S. Ibalim, two BRC-trained graduates now enrolled as PhD students at the 
University of South Bohemia. 

(5) Significance and broader impacts  

(1) The proposed set of experiments examines the relative importance of bottom-up impact of resources 
and top-down impacts from natural enemies along trophic cascades, and the potential of food webs to 
maintain the extraordinary vegetation diversity in tropical rainforests by top-down density-dependent 
control of plant population by herbivores. This is possibly the most comprehensive set of community-
scale manipulative experiments proposed for a single ecosystem, applied to one of the most studied plant-
insect-vertebrate food webs in tropical forests67.  

(2) This study combines (i) the existing detailed inventory of a rainforest food web67 with (ii) 
manipulative community experiments, taking into consideration (iii) phylogenetical relationships of 



6 

 

interacting species and (iv) species traits, including anti-herbivory and anti-predator defences. Whilst 
the importance of phylogeny, species traits and ecological interactions has been long recognized, few studies 
combine all three aspects when examining tropical food webs. Our study will allow us to combine these four, 
so far mostly separate, research approaches to complex rainforest ecosystems.  

(3) PNG is one of the three largest remaining areas of tropical rainforests, but it is under increasing 
pressure from logging93. Our project will further develop a model of collaboration between research and 
indigenous rainforest conservation64,102. Our research will bring employment and training to the Wanang 
Protected Area and as such has a direct effect on rainforest conservation. Our programs combining 
graduate student training in the Czech Republic and paraecologist and student training in PNG are 
among most prominent examples of such collaborative programmes in the tropics68,95. This project will 
further develop them and strengthen our PNG research station which is presently one of the important 
facilities globally in tropical ecological research95.  

Our project thus provides an example of ecological expertise aimed at addressing questions of major 
theoretical importance in community ecology, with links to training and practical biodiversity 
conservation.  
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