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An important mechanism of species co-existence in spatially structured landscapes is the competition-colonisation trade-off which states that co-existence of competing species is possible if, all other things equal, the better competitor is the worse coloniser. The effectiveness of this trade-off for the facilitation of co-existence, however, is likely to depend on the spatial arrangement of the habitat, because too strong agglomeration of the habitat may overly benefit the strong competitor (being the poor disperser), implying extinction of the inferiour competitor, while too much dispersion of the habitat may drive the superiour competitor (being the inferiour coloniser) to extinction. In working landscapes, biodiversity conservation is often induced through conservation payments that offset the forgone profits incurred by the conservation measure. To control the spatial arrangement of conservation measures and habitats in a conservation payment scheme, the agglomeration bonus has been proposed to provide financial incentives for allocating conservation measures in the vicinity of other sites with conservation measures. This paper presents a generic spatially explicit ecological-economic simulation model to explore the ability of the agglomeration bonus to cost-effectively conserve multiple competing species that differ by their competition strengths, their colonisation rates and their dispersal ranges. The interacting effects of the agglomeration bonus and different species traits and their trade-offs on the species richness in the model landscape are analysed. Recommendations for the biodiversity-maximising design of agglomeration bonus schemes are derived.
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INTRODUCTION

Loss and fragmentation of habitat are major drivers of the world-wide decline of biodiversity (Millennium Ecosystem Assessment, 2005). Restoring contiguous habitat is a means to counteract this process (Harris and Hobbs, 2001). While the implementation of such conservation measures is relatively easy on public lands, on private lands it is generally possible only with the consent of the landowners. Financial incentives like conservation payments are voluntary instruments that induce landowners to carry out conservation measures on their land. Such payment schemes are usually spatially homogeneous in that each landowners receives the same payment per area for a particular conservation measure, so the conservation agency has no control over the spatial allocation of the conservation measures. Instead, measures are usually carried out where they are least expensive, which may not be the ecologically most beneficial allocation.

An increasingly popular approach to incentivise the spatially aggregated provision of habitats is the agglomeration bonus by Parkhurst et al. (2002) in which a landowners receives a base payment for carrying out a conservation measure, and on top of this a bonus that is proportional to the number of adjacent land parcels on which the conservation measure is carried out, too. By now, the agglomeration bonus, and related concepts, have been studied in numerous theoretical (Drechsler et al., 2010; Bell et al., 2016; Iftekhar and Tisdell, 2016), experimental (Parkhurst and Shogren, 2007; Banerjee et al., 2012) and empirical (Lewis et al., 2011; Huber et al., 2021) articles and has found its way into various real-world applications (Krämer and Wätzold, 2018; Huber et al., 2021).

While most of the research on the agglomeration bonus is of a disciplinary economic nature, some research links the economic dimension with the ecological dimension to assess, e.g., the cost-effectiveness of different agglomeration bonus designs. A useful approach for such analyses is ecological-economic modelling (Wätzold et al., 2006; Drechsler, 2020). Much of the existing ecological-economic research on the agglomeration bonus, however, has focused only on single or non-interacting species (this applies not only to the particular topic of the agglomeration bonus but to ecological-economic research in the field of biodiversity conservation in general).

In contrast, ecologists have developed various useful concepts for the consideration of multiple interacting species. The oldest examples are the models by Lotka (1920) and Volterra (1931) for the description of two competing species and predator-prey systems. Another useful ecological concept is the competition-colonisation trade-off coined by Tilman (1994). It proposes that two species competing for the same resource can coexist if the superiour competitor has a lower mobility or ability to colonise empty habitat patches, so that the inferiour but more mobile species can persistently escape from the superiour competitor.

Such a trade-off has been observed, e.g., in species of Asteracea in Sweden (Jakobsson and Eriksson, 2003) where species with a good dispersal ability (measured, among others, by the number of dispersing seeds and the velocity by which seeds fall to the ground) tend to have a lower competition strength (measured by the size of seedlings after a given time with and without the presence of other species). Another example is the plant-ant community in Cameroon studied by Debout et al. (2009) where the ant species with the higher dispersal ability has the lower ability to maintain viable colonies in the presence of the other species.

A recent and very popular concept for the consideration of multiple interacting species is the metacommunity concept (Leibold et al., 2004; Holyoak et al., 2005). In a way it extends Tilman’s (1994) concept to more than two species (and to other types of interspecies interactions beyond competition). For this it combines two important ecological research fields: community ecology and metapopulation ecology. While community ecology focuses on the dynamics of multiple interacting species in a homogenous environment, metapopulation ecology (generally) focuses on the dynamics of single species in patchy environments where habitable patches are surrounded by a hostile “matrix” that can be crossed trough dispersal but is not suitable for reproduction. Habitable patches can harbour local populations which go extinct at a certain extinction rate, while empty habitat patches are colonised by neighbouring local populations at a certain colonisation rate (Hanski, 1999).

While the ecological dimension of metacommunity conservation has been addressed (e.g., in the research topic “Metacommunity Spatio-Temporal Dynamics: Conservation and Management Implications” of Frontiers of Ecology and Evolution), not much research exists that links ecological and economic research in the field. With respect to the agglomeration bonus, most of the empirical and theoretical research on the agglomeration bonus is either purely economic, not considering the influence of the bonus-induced land-use on the survival of species (cf. the references above); or where the ecological dimension is addressed, only single or multiple independent species are considered (e.g., Hartig and Drechsler, 2009).

To the author’s knowledge, the only paper that analysed the conservation of interacting species through the agglomeration bonus is by Surun and Drechsler (2018). In that analysis an ecological-economic model of a conservation offset scheme with agglomeration bonus was developed in which the number of land-use permits (conservation credits) awarded for the restoration of land are related to the number of conserved neighbouring land parcels. Based on the outlined competition-colonisation trade-off, a superiour competitor with a lower colonisation rate and an inferiour competitor with a higher colonisation rate were considered, and it was analysed which levels of the agglomeration bonus allow for the coexistence of the two species, and how the suitable bonus levels depend on the traits of the species. The influence of the agglomeration bonus on the costs of conserving the two species were not considered, so the analysis addressed only the ecological effectiveness of the conservation scheme.

The present paper extends the analysis of Surun and Drechsler (2018) to address issues of cost-effectiveness such that the ecological benefit (survival of species) is maximised for a given conservation budget. A major focus will be on the question of how the cost-effective level of the agglomeration bonus depends on the traits of the species, such as their competition strengths, colonisation rates and dispersal ranges, as well as the shape of the trade-off between competition strength and colonisation rate.

For this, the model of Surun and Drechsler (2018) is extended to consider (up to) five species, as well as non-local dispersal so land parcels at larger distances can be reached. Furthermore, a deterministic and a probabilistic version of the competition-colonisation trade-off are considered. To simplify the analysis, and since the practicality of the agglomeration bonus within conservation offsets has been questioned (Parkhurst et al., 2016), the paper returns to the original application of the agglomeration bonus concept within conservation payments.

In the following section the model is presented as well as the way in which it is analysed, which includes, among others, the specification of model parameter ranges and the introduction of ecological and economic output variables. Extensive sensitivity analyses are carried with respect to these output variables whose results are presented and discussed in the Results and the Discussion.



MATERIALS AND METHODS


Model Description

The model is a generic model which is based on fundamental ecological and economic concepts. It assumes a fictitious landscape (model region) and consists of an economic and ecological module.


Model Region

The model region is a square grid with N by N grid cells (land parcels). Each land parcel i can be managed for economic purposes (intensive agriculture: zi = 0) or for the provision of habitat (conservation: zi = 1). Conservation of land parcel i incurs an opportunity cost (foregone agricultural profit) ci. The costs ci are drawn randomly and independently from a uniform distribution with bounds 1 ± σ. By choosing a mean cost of 1, all economic quantities, including the budget and the conservation payments (in particular, the base payment and the agglomeration bonus introduced below) are scaled in units of the mean cost. Boundary conditions are periodic, so if a model process (see below) depends on the state of a grid cell outside the model region and l units away from a boundary, the state of the grid cell inside the model region and l units away from the opposite boundary is considered (by this the model world has the shape of a torus).



Economic Module

The economic module is initialised with all land parcels being in agricultural use (zi = 0 for all i). The conservation agency offers a base payment b for those land parcels that change to conservational use. An additional agglomeration bonus a is paid for each adjacent conserved land parcel, so the total conservation payment for land parcel i equals:
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where the sum runs over the eight adjacent land parcels around land parcel i (land parcel i’s Moore neighbourhood Mi). A landowner will conserve if pi > ci and do agriculture otherwise. With the model region being initially in agricultural use, so that pi = bzi, land parcels with b > ci switch to conservation. Based on the resulting land-use pattern, the payment pi is offered again for all landowners who now switch to conservation. Land parcels that are adjacent to conserved land parcels receive the bonus a as described in Eq. (1). Based on the new land-use pattern the payment pi is offered again for all landowners who switch to conservation. This process is continued until the land-use pattern does not change any more.

The analysis assumes that the payments pi are supplied by a conservation agency which has a budget B to cover the payments:
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The budget B is monotonically increasing in a and b, so for given B a large (small) a is associated with a comparatively small (large) b to exhaust the budget.



Ecological Module

The output of the economic module is the land-use pattern, characterised by the zi for all N by N land parcels. All land parcels with zi = 1 are suitable habitat for a local population while the others are suitable only for dispersal. The ecological module is initialised by assuming that each habitat parcel is occupied by one species, and the identity of the species is selected randomly.

The dynamics of the S species in the ecosystem are simulated in discrete time steps. Local populations of all species go extinct with probability e per time step. For the colonisation of unoccupied, empty, habitat parcels, first for each land parcel i the number nis of local populations of species s in the neighbourhood around parcel i is determined.

The neighbourhood Hi(d) around land parcel (grid cell) i has a square shape and is defined by the set of land parcels whose east-west and north-south coordinates differ from those of land parcel i by less than or equal to d, where d is identified with the species dispersal range. So the neighbourhood Hi(d = 1) contains the eight land parcels adjacent to land parcel i, Hi(2) contains these plus the 16 adjacent land parcels and so on.

Ignoring for the moment the competition between the different species, it is assumed that each of the local population in neighbourhood Hi(d) colonises the empty land parcel i with probability cs per time step. The probability Cis of being colonised by at least one local population of species s thus is:
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Obviously, for given colonisation probability, the probability of a local population colonising an empty land parcel increases with increasing dispersal range. This effectively increases the number of overall colonisation events and—as preliminary simulations show—strongly dominates the spatial effect of the increased dispersal range (such that a local population is able to affect more distant land parcels). In order to detect such spatial effects, the colonisation probability is rescaled dependent on d via:
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where cs is understood as the colonisation probability for the case of d = 1. By this an increase in the dispersal range, e.g., from d = 1 to d = 2 will change the colonisation probability only if the proportion of occupied land parcels in the larger neighbourhood H(2) differs from that in the smaller neighbourhood H(1).

Using the probabilities Cis from Eq. (3), for each land parcel it is sampled by which species it could be “potentially” colonised, i.e., if there were immigrants only from species s. The result is expressed by a vector vi = (vi1, …, viS) where vis = 1 if species s can potentially colonise land parcel i and vis = 0 otherwise.

Now consider that, in the presence of multiple species, only one species can actually colonise the habitat parcel, and that the species have different competition strengths ks. Species s then is assumed to win the competition for habitat parcel i with probability:
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To complete the description of the colonisation process, if the habitat parcel is not empty but occupied by some species s, this presence is considered by vis = 1. Implicitly, this assumes that being a resident in the habitat parcel is neither an advantage nor a disadvantage relative to being an immigrant—an assumption that might be relaxed in future analyses.

Lastly, a model is required for the trade-off between competition strength k and colonisation probability c. Two approaches are considered, one for perfect negative correlation and one for imperfect negative correlation. For perfect negative correlation (as it is considered, e.g., in Tilman, 1994), the competition strengths of the S species are assumed to be distributed at equal distances between two bounds, mk ± sdk so that the competition strength of species s is given by:
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By Eq. (6), species 1 is the most competitive one with k1 = mk + sdk, and species S is the least competitive one with kS = mk – sdk. The ranking of the colonisation probabilities is exactly opposite:
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so that species 1 has the lowest colonisation probability c1 = mc – sdc and species S has the highest, cS = mc + sdc.

For imperfectly correlated species traits, S pairs of correlated numbers, (x1, y1), (x2, y2), …, (xS, yS), are drawn uniformly from the unit interval [0, 1] with correlation ρ < 0, as proposed by Drechsler and Wätzold (2020). The competition strengths and colonisation probabilities of the species are then calculated as:
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A real example of the correlated distribution and competition strengths and colonisation rates (though considering very small spatial scales) is provided by Cadotte et al. (2006) who ranked protozoan and rotifer species by their competition strength and colonisation ability and found a correlation between competition and colonisation ranks of –0.74. Since these ranks provide only ordinal information, this correlation coefficient can, of course, only be a rough estimate on the correlation coefficient that would be obtained if the competition strengths and colonisation rates were measured on cardinal scales, and standard deviations of the competition strengths and colonisation rates cannot be calculated at all.

To complete the model description, the dispersal range is sampled from the uniform distribution with bounds md ± sdc and rounded to the next integer number.




Model Analysis


Model Simulation and Output

As indicated in the previous section, the model simulation consists of two parts. First, starting from a model region in agricultural use, the conservation payment, Eq. (1) induces landowners to conserving their land parcel, and time step by time step a pattern of agricultural and conserved land parcels emerges. Typically, it takes about 10–20 time steps to reach a static pattern that does not change any more.

The land-use pattern depends on the magnitudes of the base payment b and the agglomeration bonus a. Since the focus is on cost-effectiveness as defined in the Introduction, a fixed budget is assumed, which implies that for given base payment b the agglomeration bonus a is uniquely defined. The determination of the appropriate bonus is done via Newton’s secant method. Sometimes, due to mathematical discontinuities the budget constraint cannot be met with the desired accuracy (one integer budget unit which is a few percent of the available budget: see section “Sensitivity Analysis”), and only runs of the economic module are considered that fulfil this constraint. The output of the economic simulation is the bonus a that is associated with the chosen base payment b and budget B, as well as the information which of the land parcels are conserved.

Having determined the land-use pattern, the ecological module is simulated with the initial condition mentioned above, that each conserved land parcel is randomly assigned a local population of one of the S species. The ecological dynamics are simulated for 100 time steps. In the final time step it is recorded for each land parcel by which species it is occupied (or whether it is empty).

From the recorded land-use and occupancy data the following output variables are calculated:

(1) the proportion of conserved land parcels (cons)

(2) the level of spatial agglomeration of the conserved land parcels (clust_cons) (Eq. 9)

(3) the number of extant species (which occupy at least one land parcel) (nspp)

(4) the mean competition strength taken over of the extant species (m_comp)

(5) the mean colonisation probability taken over the extant species (m_col)

(6) the mean dispersal distance taken over the extant species (m_disp)

(7) the mean proportion of occupied land parcels in the model region (m_occ), taken over all extant species

(8) the mean level of spatial aggregation of the occupied land parcels (m_clust_occ) (analogous to Eq. 9), taken over all extant species.
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The ecological simulation, including the sampling of the species traits, is repeated 100 times, and averages over the eight output variables are taken to encompass the ecological stochasticity. The simulation of the economic module and the associated 100 replications of the ecological module are repeated 100 times to encompass the economic stochasticity, and again an average of the eight output variables is taken.

The ninth and last quantity of interest is the cost-effective ratio, (a/b)ce of agglomeration bonus and base payment. To determine it, the base payment b and the agglomeration bonus a are varied systematically under the budget constraint, Eq. (2). Following the definition of cost-effectiveness provided in the Introduction, the cost-effective combination of a and b is where nspp is maximised for the given budget B.

Technically, the base payment b is varied in 21 steps from the minimum conservation cost, 1 – σ, to the maximum conservation cost, 1 + σ. For each level of b the ecological-economic model is simulated and for each of the 100 replicates of the economic simulation the agglomeration bonus a is determined, so that the conservation budget is exactly exhausted, as explained above. An average is taken over the 100 simulation replicates. Out of the 21 considered combinations of a and b the one is identified that maximises the (mean) number of extant species, nspp.



Values of the Model Parameters

Two sizes of model regions are considered (Table 1). For the small region, N = 11, two species are considered to mimic the 2-species model of Tilman (1994). As an alternative, a region with S = 5 species is considered. Preliminary model analyses revealed that the small region is too small to allow for the persistence of more than two competing species. So the case of S = 5 is considered only with the large model region, N = 15.


TABLE 1. Values of the model parameters.

[image: Table 1]The range of the conservation budget is chosen so that in general between a few and a few dozen percent of the land parcels can be conserved, and the cost variation has a similar range as, e.g., in Drechsler (2021). A value of σ = 0.2 (0.5) means that the most costly land parcel is about 50 percent (three times) more costly than the least costly one, which should cover a wide range of real situations.

As described in section “Ecological Module,” the competition strengths ks, as well as the colonisation probabilities cs and dispersal ranges ds, are sampled from ranges mk ± sdk, mc ± sdc, and md ± sdd, respectively. The competition strengths range, without loss of generality, between zero and one. Table 1 shows the considered values for mk and sdk which encompass high to low variation in the competition strengths among the species. The range of the mean colonisation probability, mk, as well as the value for the local extinction probability, e, are chosen so that for average values of the other model parameters the expected number of surviving species is at about S/2. The ranges of sdk and sdc are chosen to encompass a wide range of cases from those where the inferiour species has little survival chances (large sdk and small sdc) to the those where the superiour species has little survival chances (small sdk and large sdc).

The dispersal range d measures how many grid cells a dispersing individual can travel. Considering, as described above, that non-integer dispersal ranges are rounded to the next integer, the minimum sensible (non-integer) value for the dispersal range is 0.5. Under periodic boundary conditions, a dispersal range of d = N/2 represents global dispersal under which dispersers from a local population can reach any other land parcel. These two constraints explain the ranges of md and sdd in Table 1.

Lastly, for the case of imperfect negative correlations between species traits, a value if ρ = –0.5 is considered. Imperfect correlation is not very meaningful if there are only two species, so this case is considered only for the case of S = 5.



Sensitivity Analysis

Three scenarios are considered:


1 N = 11, S = 2, ρ = –1

2 N = 15, S = 5, ρ = –1

3 N = 15, S = 5, ρ = –0.5



The first scenario is closest to the 2-species systems of Tilman (1994) and Surun and Drechsler (2018). The second scenario extends to the consideration of five species with the same deterministic trade-off between competition strength and colonisation rate, where the stronger competitor is, with certainty, the worse coloniser (Eqs. 6 and 7). The size of the model region is enlarged to 15 × 15 land parcels. The larger size of the model region allows for larger meaningful dispersal ranges of the species and a better analysis of the influence of the species dispersal ranges. The third scenario is identical to the second but considers the alternative, probabilistic trade-off of Eq. (8), so that the stronger competitor is not with certainty, but only likely to be, the worse coloniser.

For each of the three scenarios, 8,000, 4,000, and 1,000 random model parameter combinations are sampled from the ranges in Table 1 (the smaller numbers of replicates in scenarios 2 and 3 were chosen for computation time constraints). For each parameter combination the nine introduced output variables are determined, representing a global sensitivity analysis (Saltelli et al., 2019). The range of each of the model parameters B, σ, sdk, mc and sdc is split into five subranges of equal size. For md and sdd, the 2 × 2 (N = 11) or 4 × 3 (N = 15) possible combinations of values are considered. By this the multidimensional model parameter space is subdivided into small segments into which the model parameter combinations are sorted into, and an average of the nine output variables is taken.

Plotting an output variable versus the five subranges of a particular model parameter resembles a one-at-a time (OAT) sensitivity analysis (Saltelli et al., 2019) to detect main effects, and plotting it versus the subranges of two model parameters simultaneously allows detecting 2-way interactions between model parameters. The chosen approach of model analysis is more flexible and makes the parallel analysis of a multitude of model parameter combinations more easy than standard sensitivity analysis in which the model parameter values are chosen from a fixed set of values. Effectively, however, both approaches are equivalent.

To explore some issues in more detail, two additional analyses are carried out. The first reveals how the number of extant species nspp depends on the variations in the competition strengths and colonisation rates (sdk and sdc) for several levels of their correlation ρ.; the other model parameters are set at the mean values of their ranges (Table 1). The second analysis investigates how selected model output variables depend on the ratio a/b of agglomeration bonus and base payment. Eight model parameter combinations are considered here, defined by systematically varying sdk ∈ {0.1, 0.4}, sdc ∈ {0.1, 0.3} and md ∈ {2.5, 5.5}; scenario 2 is assumed with N = 15, S = 5 and ρ = –1, with all other model parameters at their median values.





RESULTS

The results below are sorted with respect to whether they refer to the ecological dimension of the conservation problem, or the economic dimension, or whether they are of an ecological-economic nature. Each section combines the results from the three scenarios defined above which are presented in detail in Supplementary Appendices A–C, respectively.


Ecological Results

(1) According to the simulation experiments for scenario 1 (N = 11, S = 2), the expected number of surviving species nspp (as well as the mean proportion of occupied land parcels m_occ) is maximised if the variation in the competition strengths of the species is of a similar magnitude as the variation in the colonisation probabilities: sdk ≈ sdc (Supplementary Figure A1).

(2) The mean competition strength m_comp (taken over all extant species) increases with increasing sdk and decreasing sdc (Supplementary Figure A4) while the mean colonisation probability m_col increases with decreasing sdk and increasing sdc (Supplementary Figure A5). The former observation indicates a dominance of superiour species while the latter indicates a dominance of inferiour species.

(3) The mean dispersal range m_disp (taken over all extant species) is not considerably affected by any model parameter (Supplementary Figure A6).

(4) The analysis of scenario 2 with the larger number of and parcels and species (N = 15, S = 5) confirms these findings (see the corresponding Supplementary Figures B1, B4–B6) and in addition reveals that the expected number of extant species, nspp, decreases within increasing md and increasing sdd (Supplementary Figure B1).

(5) In contrast to nspp, the proportion and spatial aggregation of occupied land parcels, m_occ and m_clust_occ, increase with increasing md (Supplementary Figures B2, B3).

(6) And, as one could expect, the mean of the dispersal ranges, m_disp, increases with increasing md (Supplementary Figure B6).

(7) The results for scenario 3 with imperfect negative correlation between competition strength and colonisation probability are largely identical to those for scenario 2, with one important difference: the expected number of extant species is not maximised by equating the variation of competition strengths (sdk) with that of the colonisation probabilities (sdc), but it is maximised when both these model parameters are small, i.e., if all species have more or less identical competitions strengths and identical colonisation probabilities (Supplementary Figure C1).

To further elaborate on this finding, another analysis was added for which all model parameters except for sdk, sdc and the correlation ρ are fixed at the median values of their ranges, while those three are varied to six equidistant levels within their ranges. Figure 1 confirms that for small negative correlations ρ, the expected number of extant species declines with increasing sdk and sdc, while only at large negative correlations it has fairly large levels even for larger sdk and sdc, as long as these have similar magnitudes.
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FIGURE 1. Expected number of extant species (nspp), by colour, as a function of the variation in competition strengths (sdk) and the variation in the colonisation probabilities (sdc) for various levels of the correlation ρ between competition strength and colonisation probability. Number of land parcels N2 = 115, number of species S = 5; other model parameters at the median values of their ranges (Table 1).




Economic Results

(8) Analysis of scenario 1 (scenarios 2 and 3 lead to the same economic results as scenario 1) yields the expected result that increasing the conservation budget B increases the proportion cons of conserved land parcels (Supplementary Figure A8)—which increases the expected number of surviving species nspp (Supplementary Figure A1). Otherwise the conservation budget has no considerable effect.

(9) Increasing the cost variation σ increases the cost-effective agglomeration bonus (a/b)ce (Supplementary Figure A7) because the likelihood of finding low-cost neighbours is reduced. So at high cost variation a rather high agglomeration bonus must be offered to induce a desired level of spatial agglomeration of conserved land parcels, which agrees with findings of Drechsler and Wätzold (2009).

(10) The proportion of conserved land parcels cons is negatively correlated with clust_cons (compare Supplementary Figure A8 with Supplementary Figure A9). This is a simple consequence of the “patch selection effect” coined by Drechsler et al. (2010): a high spatial agglomeration implies high average cost of the conserved land parcels, so for given conservation budget the total number of conserved land parcels is low—causing a trade-off between the number and the spatial agglomeration of conserved land parcels.



Ecological-Economic Results

(11) Analysis of scenario 1 reveals that the cost-effective level of the agglomeration bonus (a/b)ce (Supplementary Figure A7) and the implied level of spatial agglomeration of the conserved land parcels, clust_cons (Supplementary Figure A9), is negatively correlated with nspp, so that for sdk ≈ sdc the cost-effective bonus is smaller than in the cases in which sdk and sdc strongly differ from each other. In that latter case only one species survives (Supplementary Figure A1) and the survival of a single species is, of course, favoured by a high level of habitat agglomeration and a rather large agglomeration bonus. In contrast, for the coexistence of both species, with sdk ≈ sdc, too much habitat agglomeration is harmful, so (a/b)ce is rather small.

(12) The same result is obtained for scenario 2 (Supplementary Figure B7), except that even for very unequal sdk and sdc, species numbers nspp > 1 can be achieved. For sdk >> sdc these are the superiour competitors, while for sdk << sdc the good colonisers survive. In either case, the cost-effective agglomeration bonus is relatively large.

(13) The cost-effective level of the agglomeration bonus (a/b)ce decreases with increasing mean dispersal range md (Supplementary Figure B7). As explained above, via the patch selection effect this allows for the conservation of a higher number of land parcels, increasing the proportion of conserved land parcels, cons (Supplementary Figure B8).

(14) While in scenario 2 the cost-effective level of the agglomeration bonus (a/b)ce, decreases with increasing sdk, in scenario 3 it increases (Supplementary Figure C7), so an increasingly higher agglomeration bonus should be offered with increasing variation in the species’ competition strengths.

(15) Starting from the observed existence of a cost-effective level of a/b, in an additional analysis the effect of a/b on nspp and the mean traits of the extant species, m_comp, m_col and m_disp, is analysed for eight different combinations of the model parameters sdk, sdc and md (section “Sensitivity Analysis”). Figure 2A shows that nspp exhibits a maximum as a function of a/b which is located toward larger a/b ≈ 0.05 for the large dispersal range md = 5.5 and toward smaller a/b ≈ 0.01 for the small dispersal range md = 2.5.
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FIGURE 2. (A) Shows the expected number of extant species nspp as a function of the ratio of agglomeration bonus and base payment (a/b) for four model parameter combinations, defined in section Sensitivity Analysis by the variations in the competition strengths and colonisation rates sdk and sdc and the mean dispersal range md. Lines without and with symbols: sdc = 0.1 and sdc = 0.3; solid and dashed lines: md = 2.5 and md = 5.5; sdk = 0.4 (the results for sdk = 0.1 are similar: Supplementary Table D1). (B) Shows the mean competition strength m_comp (solid line) and colonisation rate, m_col (dotted line) of the extant species as functions of a/b, for sdk = 0.4, sdc = 0.3 and md = 2.5 (the results for the other model parameter combinations are shown in Supplementary Table D1). All quantities are scaled relative to their values obtained at a/b = 0.


(16) The effect of the agglomeration bonus on the competition strengths and colonisation rates of the extant species (m_comp and m_col) is small except for the case of large trait variations sdk and sdc, where an increasing a/b increases m_comp and decreases m_col (Figure 2B). The dispersal range of the extant species (m_disp) increases with increasing a/b (Supplementary Table D1).




DISCUSSION

A generic model is developed and analysed to explore the cost-effectiveness of the agglomeration bonus (Parkhurst et al., 2002) to conserve several competing species which are structured as a metacommunity (Leibold et al., 2004; Holyoak et al., 2005). Competition here is modeled such that the species differ by their competition strength, and if individuals from several species immigrate into a habitat patch the superiour species are likely to win the competition and colonise the patch; while inferiour species are likely to be locally replaced by superiour species.

As shown by Tilman (1994), two competing species with the same ecological niche can only co-exist if the locally inferiour species has the higher colonisation probability (the probability by which a local population can colonise empty habitat patches), because otherwise the superiour species will displace the inferiour species from the landscape. This relationship is known as the competition-colonisation trade-off (Amarasekare, 2003).

Against this background, a main question of the present analysis is under which conditions the expected number of extant species (nspp) is maximised. If competition strengths and colonisation probabilities of the species are perfectly negatively correlated (as in the model of Tilman (1994)) coexistence of the species is maximised if the variation of the competition strengths and the colonisation probabilities over the species is about equal (sdk ≈ sdc: result 1 in section “Ecological Results”).

If one deviates from this equality nspp declines. Two opposite effects are possible. First, if there is low variation in the competition strengths (sdk) and high variation in the colonisation probabilities (sdc) the good colonisers have no competitive disadvantages compared to the poor colonisers, so the poor colonisers go extinct. Second and opposite, if there is high variation in the competition strengths (sdk) and low variation in the colonisation probabilities (sdc) the superiour competitors have no disadvantages in terms of colonisation ability compared to the weak competitors, so the weak competitors go extinct.

A different result is obtained if the correlation between competition strengths and colonisation probabilities is not perfectly negative (result 7). Here high values of nspp can be achieved only if the variations sdk and sdc are small.

The expected number of extant species, nspp, further declines if the dispersal ranges of the species are increased (result 4), despite an observed increase in the proportion of land parcels occupied by the (superiour) species. The reason is that at large dispersal ranges the superiour species can reach more distant habitat parcels, diminishing the refuge for the inferiour species and intensifying the competition between the species. This agrees with Snyder and Chesson (2003) who found that local dispersal can facilitate species coexistence. In a different but related context, Nowak and May (1992) showed that the restriction of interaction range from global to local facilitates the coexistence of cooperators and defectors in a prisoners dilemma in which the agents are located and interact on a spatial grid.

These ecological findings have consequences for the cost-effective level of the agglomeration bonus. It is known that the survival of inferiour competitors can be enhanced by introducing spatial habitat heterogeneity (Amarasekare, 2003), which provides an additional ecological niche (Yu and Wilson, 2001). Since the agglomeration of habitat induced by the agglomeration bonus can be seen as a form of spatial homogeneity, to provide a sufficient degree of spatial habitat heterogeneity the agglomeration bonus must not be too large.

On the other hand, too much spatial dispersion of habitat hinders the colonisation of habitat patches, especially for species with low colonisation rates and small dispersal ranges. An agglomeration bonus that is chosen too small thus compromises the metapopulation dynamics of the species, and threatens in particular the strong competitors with their small colonisation rates. This implies that nspp exhibits a maximum as a function if the agglomeration bonus (a/b) (Figure 2A). In the text below the influence of the ecological model parameters on that cost-effective agglomeration bonus (a/b)ce is discussed (the observed influences of the economic parameters in section “Economic Results” confirm previous results).

If the variations in the competition strengths and colonisation rates allow for the coexistence of superiour and inferiour competitors (sdk ≈ sdc for large negative ρ, and sdk, sdc << 1 for small negative ρ, as discussed above) the agglomeration bonus should not be chosen too large to generate a sufficient level of spatial heterogeneity and support species coexistence (results 11 and 14 in section “Ecological-Economic Results”). In the other cases, the number of extant species is smaller and the species have similar traits (either all are superiour competitors with low colonisation rates or all are inferiour competitors with higher colonisation rates). This lessens the relevance of the species competition, and the conservation problem can be considered as one of a “single” species, which calls for a rather large agglomeration bonus (e.g., Hartig and Drechsler, 2009).

The metapopulation dynamics of species do not necessarily depend on the spatial structure of the habitat in geographic units but on the spatial structure as it is perceived by the species (With and Crist, 1995). A landscape that appears heterogeneous for a species with a short dispersal range may appear homogenous for a species with a large dispersal range. Thus, since the coexistence of the species requires a moderate level of spatial heterogeneity, for species with large dispersal ranges the agglomeration bonus should be chosen rather small (result 13).

The quantitative results of the analysis (see Figure 2A and the Supplementary Appendices) suggest that cost-effective levels of the agglomeration bonus range below about (a/b)ce < 0.1, where in the discussions above a “rather large” value should be identified with that upper bound, and a “rather small” value with a few percent. If one deviates from the cost-effective level the number of extant species declines (result 15), but this decline is generally not so severe that one would have to hit the cost-effective level with high precision (Figure 2A). Instead it appears to be sufficient to choose the right order of magnitude.

Next to the decline of the number of species, the composition of the traits in the extant species changes when deviating from the cost-effective level (a/b)ce: if the agglomeration bonus is reduced to a smaller value a/b < (a/b)ce the extant species tend to have lower competition strengths (m_comp) and higher colonisation rates (m_col) (result 16), which indicates that the spatial agglomeration of the habitats is too low for the superiour competitors with the small colonisation rates to survive. In the opposite direction, if the agglomeration bonus is increased to higher levels than the cost-effective one the extant species tend to have higher competition strengths (m_comp) and smaller colonisation rates (m_col), which indicates that the spatial agglomeration (and homogeneity) of habitat is so high that the superiour competitors are able to replace the inferiour competitors and prevail.

The model is based on a number of assumptions that may limit the range of its applicability. On the economic side, it was assumed that the land-use pattern builds up step by step in response to the base payment and the agglomeration bonus and the land use in the previous time step. This myopic and “solitary” behaviour ignores that real landowners have foresight and communicate with each other—which affects the speed at which a land-use pattern emerges (Parkhurst and Shogren, 2007). Nevertheless, at least in a qualitative sense the land-use pattern in the present model should respond realistically to the payment scheme, such that, e.g., an increase in the agglomeration bonus, or a decrease in the spatial variation of the conservation costs, will increase the level of spatial agglomeration of conserved land parcels; and that for given conservation budget there is a (more or less strong) trade-off between the amount and the spatial agglomeration of conservation efforts. However, in a quantitative sense these features may depend on the spatial correlation of the conservation costs whose role may be a matter of future research.

Another loss of generality in the analysis may arise from the particular way in which the species competitions are modelled, where each species is assigned a competition strength and the probability of winning a competition is proportional to that strength (Eq. 5). Alternatively, one could consider a lexicographic model of competition according to which superiour species always outcompete inferiour species. In addition, the present model assumes that only one species can inhabit a land parcel, ignoring the possibility of local coexistence that can be induced, e.g., by ecological niches (Amarasekare, 2003); or there may be transient effects such that in the long run only one species can prevail, but at intermediate time scales several species can coexist.

Future research may address the above issues and relax some of the assumptions. On the economic side one could further introduce dynamics in the conservation costs and more complex landowner behaviour (Groeneveld et al., 2017; Drechsler, 2021). On the ecological side one could include other types of inter-specific interactions (Baumgärtner, 2004), such as parasitism, mutualism, or predator-prey interactions (Begon et al., 1990). More generally, one could consider food webs or ecological networks (which specify which species interacts with which other species, and how: Pascual and Dunne, 2005) and make better use of ecological theories of species coexistence (Chesson, 2000a,b; Amarasekare, 2003; Barabás et al., 2018). Another interesting issue would be the trade-off between species richness (nspp) and the survival of rare species with particular traits. A challenge with respect to the practical application of the model is that while mechanisms of coexistence are by now quite well understood qualitatively, it appears to be very difficult to quantify them and assess their relative contributions to observed species coexistence (Yu et al., 2004).

Nevertheless, the present study provides some useful insights into the potential effects of agglomeration bonus schemes on species coexistence and biodiversity and in particular demonstrates that the choice of the cost-effective size of the agglomeration bonus is a balance that needs to take into account the different species traits (e.g., their competition strengths and colonisation rates) and depends on a number of ecological and economic factors, such as species dispersal rates and the spatial heterogeneity of conservation costs.

Although the agglomeration bonus concept has been applied in several agri-environmental schemes (Mills et al., 2012; Krämer and Wätzold, 2018; Huber et al., 2021) the design of cost-effective schemes is a challenge. Huber et al. (2021) stress the influence of the conservation costs on the propensity of land parcel enrolment. Agglomeration is likely to come at a cost, since it may exclude the selection of inexpensive but isolated land parcels but require the selection of costly land parcels in the neighbourhood (Drechsler et al., 2010). The results in section “Economic Results” highlight the importance of the spatial variation in the conservation costs.

A key decision in the design of an agglomeration bonus scheme appears to be the choice of the base payment b and the bonus per conserved neighbour, a. Altogether, if x percent of the land should be conserved the total payment should be about the lower x-percentile of the regional cost distribution. The question is how this payment is distributed into b and a. The Swiss Ordinance on Direct Payments, e.g., offers a base payment in lowlands of CHF 1,080/ha plus a bonus for connectivity of CHF 1,000/ha (BLW, 2020). If one, somewhat speculatively, considers those CHF 1,000/ha for the adjacency with eight neighbours this would correspond to a ratio a/b = 0.12.

The present analysis reveals that the cost-effective level of a/b depends not only on the mentioned spatial cost distribution but also on the traits of the species to be conserved. The results provide some hints under which conditions the ratio should be rather large and when it should be rather small. As demonstrated, the cost-effective level of a/b depends on a considerable number of ecological and economic factors, so quantitative methods like ecological-economic modelling are helpful, if not necessary, to make informed and good decisions.
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