Methods
Study system and species 
H. novaeseelandiae are large (c. 650 g adult) frugivorous pigeons. They live in lowland forests throughout NZ and are highly mobile, inferred from inter-annual changes in the numbers in northern forests and radio-telemetry data, but individuals can also be sedentary (Clout et al. 1991, Wotton 2007). 
V. lucens are large angiosperm trees up to 20 m tall, with trunks up to 1.5 m wide, occurring mainly in temperate coastal areas of NZ (Salmon 1980). Hermaphroditic flowers are produced all year, with bright red fruits being present mainly between December and June. P. ferruginea are tall dioecious gymnosperm trees up to 25 m tall, with trunks up to 1 m wide, occurring in shady environments throughout NZ, from lowland forest to c. 1000 m elevation (Salmon 1980). Male trees have cones and female trees produce large red diaspores, mainly between December and June, consisting of a single seed surrounded by fleshy ovuliferous cone scales (McEwen 1988) – for convenience, these structures will henceforth also be referred to as ‘fruit’. The fruit of both tree species are long (V. lucens: 15.4 ± 0.2 mm, n = 286 fruit; P. ferruginea: 16.1 ± 0.1 mm, n = 702 fruit; Pegman 2012) and have single seeds that are hard and ‘woody’ surrounded by nutritious, edible, and ‘fleshy’ pulp, indicating that they are consumed by fruit-eating animals (Coates-Estrada and Estrada 1988, Tiffney 2004). Because fruits and birds vary in size within species, mid-sized birds such as tui (Prosthemadera novaezelandiae) or blackbird (Turdus merula) can consume smaller individual fruits of both tree species, but this occurs infrequently (Kelly et al. 2010). Mammals may also act as dispersers since seeds of our study species occasionally showed signs of predation such as open husks and teeth marks; however, this is again infrequent and Pegman (2012) showed that only 2.2 ± 1.3% of dispersed P. ferruginea seeds (n = 434 seeds across 6 trees) had open husks, and mammal damage to dispersed V. lucens seeds was not observed. 
We utilised these two tree species because (i) they are the two large-fruited NZ species for which there are data to parameterize our model, (ii) they differ in their environmental requirements, therefore not growing together, (iii) they have different reproductive strategies, and (iv) they have differing spatial distributions. Mean annual fruit production for P. ferruginea (c. 5000) is around twice that of V. lucens, and the proportion of annual fruit production that is actively dispersed by H. novaeseelandiae is c. 46% for both tree species (Pegman 2012). Field measurements showed that the distance between P. ferruginea trees (30.2 ± 6.1 m, n = 3 sites) is around twice the respective value for V. lucens (Pegman 2012). The two tree species also have different shaped seeds (V. lucens is irregular, whereas P. ferruginea is smooth), affecting frugivore gut passage time (Table 1, Supplementary material Appendix1, Traveset 1998). All of these factors may result in different outcomes for each tree species in our simulations.

Model design 
Our model is concerned with how patterns in seed deposition emerge from interactions between frugivore behaviour and the environment, represented by different tree spatial patterns. The model is semi-mechanistic, spatially explicit, individual-based, stochastic, and event driven; it encompasses fruit production and avian frugivore foraging in simulated forests and was ‘built from the ground up’, having fundamental elements in common with other models of seed dispersal such as those described by Morales and Carlo (2006) and Will and Tackenberg (2008). We implemented our model in NetLogo 5.3 (Wilensky 1999). A complete description of our model following the ODD (Overview, Design concepts, Details) protocol of Grimm et al. (2010) and the code are provided in the Supplementary material Appendix 1 and 2 (see Fig. A1 in Appendix 1 for schematic overview). 
In brief, our model represents the movement of variable numbers of individual birds (in our case, H. novaeseelandiae) through landscapes of fixed abundance of fruiting plants (in our case, V. lucens or P. ferruginea) whose spatial arrangement can be varied. Individual birds select the tree they move to based on the multiplicative interaction of its available fruit and the distance from the bird’s current location. The rationale for this interaction is that there is a positive correlation of frugivory with fruit abundance (Saracco et al. 2005) and that frugivores prefer local, rather than more distantly located, resources. For example, plants in denser neighborhoods have greater fruit removal rates than more isolated plants, even when the latter have desirable fruit (Levey et al. 1984, Morales et al. 2012). However, this rationale provides no indication about the mathematical function that most closely describes such relationships. 
In our model, there is one feeding bout at a random point during the time spent at each tree during a mean of 120 minutes per day of perching time (Wotton 2007). A gut passage time for each feeding event is drawn from an appropriate probability distribution (see Supplementary material Appendix 1), seeds are deposited after that time elapses, and in due course the seed dispersal distribution emerges from this activity (Fig. 3b). There are no interactions among birds in the model with respect to their seed dispersal service (they do not flock due to current low densities, although they likely did so in the past) and so the final seed deposition pattern emerges from independent superposition of individual dispersal events across all birds. The parameters of the seed dispersal kernel are then fitted to the simulated seed deposition pattern (see below). 
Other elements in our model reflect the biology of the systems we considered and include: (i) ‘roost’ trees i.e. trees that are attractive to birds but do not provide a food source (e.g. Beveridge 1964 and Johnson 2001 describe the use of Weinmannia racemosa in this way) and (ii) the occasional longer distance random movement by individual dispersers within the landscape, rather than on the basis of the attractiveness of trees. We also had a model setting that controlled background rate of fruit loss from trees due to wind, abscission, predation, mishandling by birds, etc. 

[bookmark: _Toc318022529]Model parameterisation, sensitivity and structural analyses, and in silico experiments
The model parameterization was informed by data describing the foraging behavior of H. novaeseelandiae and the physiognomy of V. lucens and P. ferruginea, obtained through experiments, field observations, and from the relevant literature (see Table 1). We conducted a univariate sensitivity analysis, following the methods described by Hamby (1994), by imposing a ± 25% change on each specified baseline model input parameter and then calculating absolute ratios (Sy, x) of change in kernel parameters to assess how these seed dispersal characteristics changed with model parameterization (Table 2 and Supplementary material Appendix 4). The model parameters we tested were chosen because they were a priori deemed to be the most relevant to the questions we were focussing on or were the most uncertain. Because the sensitivity analysis suggested that it was a crucial driver of the model’s dynamics, we also conducted a structural analysis on the mathematical function governing frugivores’ choice of tree based on the distance from its current location (see Supplementary material Appendix 1, Eq. A2). Since we were assessing whether the degree of tree aggregation (sigma, σ) was a major driver of seed distributions, we used the entire biologically reasonable range (i.e. σ = 2 to 100 m) in the assessment of its sensitivity.
We then conducted a series of in silico plant-frugivore experiments to explore the extent to which seed dispersal kernels are influenced by interactions between tree spatial patterns and frugivore density. A factorial design was employed in which the density of H. novaeseelandiae (nK) varied between 0.1 and 10 ha-1, representing the range of plausible values (Pegman 2012). In support of this, Greene (2003) calculated H. novaeseelandiae densities of 0.1 to 2.6 ha-1 in Pureora Forest Park, NZ, reflecting seasonal movements linked to food availability. The degree of aggregation of trees (sigma, σ) was varied by tightening or relaxing clusters in the Thomas point process (Illian et al. 2008), used to simulate patterns of individual trees from aggregated (low σ) to diffuse (high σ), with c. 86% of all trees of a given cluster located within 2σ of the cluster centre (Illian et al. 2008, Supplementary material Appendix 1, Fig. A2). We varied σ from 10 to 200 m (representing nearest fruiting tree neighbors at c. 11 to 28 m) and held abundance constant at 1200 fruiting trees in 120 clusters per simulated landscape of 400 ha (i.e. 3 trees ha-1), based on field estimates of the density of both tree species (Pegman 2012). We also conducted experiments to assess the combined effects of low fruit availability and low fruit ripening on the seed dispersal kernels. 
There were 30 simulations for each combination of factors, with each replicate comprising 120 minutes of daily frugivore perching time (time from arrival until departure from a tree, including foraging, Wotton 2007) across 14 days, adjusting frugivore gut passage time of seeds and fruit production according to the tree species examined (Table 1). Our analyses used seed dispersal events that occurred during the last three days of the model runs; this minimised the risk of ‘burn in’ effects, but still had ample sample size for robust parameter estimation. Each individual bird started the simulation at a randomly chosen tree, and the number of fruit removed from each tree and the dispersal distance of every seed were recorded.
Seed dispersal distributions were summed across individual birds to characterize the population level pattern for each tree species. A Weibull probability density function (Weibull 1951, Eq. 1) was fitted to the distributions by maximum likelihood estimation using the ‘fitdistr’ command in the MASS library in R–3.1.1 (R Development Core Team 2015). We used the Weibull distribution because it is flexible, approximating a number of other probability distribution functions that have been used to summarize seed dispersal kernels, and it quantifies the properties of dispersal kernels that we are interested in i.e. scale (mean seed dispersal distance) and shape (i.e. kurtosis-1; low shape values equate to high kurtosis and ‘fat’ long tails and vice versa).

[image: ]			Eq. 1

where x = distance from tree, α = scale parameter, and β = shape parameter, all > 0.
For each analysis, we estimated the scale and shape parameters of the seed dispersal kernels; for these data, we were most interested in the scenario analyses that used empirically derived ‘field’, or ‘observed pattern’, estimates of tree aggregations while varying disperser densities, and vice versa. We also quantified the total number of dispersed seeds, seed rain map plots, frugivore foraging ranges (via convex hulls, computed in the R Spatstat library, Baddeley and Turner 2005) and the flight distances that resulted in them, and performed a spatial analysis of seed rain using a bivariate pair correlation function (Illian et al. 2008) based on spatial association between trees and deposition events.
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