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ABSTRACT 
 

THE INFLUENCE OF PLANT-INSECT INTERACTIONS AND INCENTIVE-
BASED ENVIRONMENTAL POLICY ON TROPICAL FOREST 

RESTORATION 
 

 In recent years, tropical forest restoration has experienced a sharp rise in 

popularity as a means to combat forest loss. Governments, industry, and conservation 

organizations are investing billions of dollars annually to restore tropical forests, yet 

many ecologists caution that restoration efforts must move beyond simple tree 

planting to consider a variety complex ecological and social factors that influence 

restoration outcomes. Here, I examine three such factors with an emphasis on 

interactions between biota in restored forests and among actors involved in 

implementing incentive-based environmental policy.  

 First, within the context of a 15-year old forest restoration experiment in 

southern Costa Rica, I use two manipulative experiments to examine how plant-insect 

interactions affect seedling herbivory and mortality. I focus on mutualisms and 

antagonistic interactions between plants and insects as they are known to drive tree 

community dynamics in intact tropical systems but remain relatively unexplored in 

restored forests.  

 In my first chapter, I investigate how a mutualism between a disturbance-

adapted ant and scale insect affects scale infestation, biological control of scales, and 

folivory on a hyper-abundant, early-successional seedling. When excluding the scale-

tending ants, I observed increased herbivory and scale infestation on host seedlings. I 

also found that biological control of scales increased along with forest cover in the 
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surrounding landscape but only on seedlings where ants were excluded. These results 

suggest that the presence of disturbance-adapted ants confers protection to a highly 

abundant seedling which may contribute to the proliferation of this early-successional 

species in restored forests.  

 My second chapter focuses on the influence of insect herbivory on tree seedling 

mortality. In restored and remnant forest fragments, I excluded insect herbivory from 

multiple tree species of different successional stages and found that seedlings exposed 

to insect herbivory suffered greater mortality than those in insect exclosures. Further, 

this effect was more prominent in remnant than restored forests suggesting that 

restored forests may have reduced insect herbivory that could affect tree community 

composition as succession continues. 

 My third chapter investigates how different intermediary actors in Costa Rica’s 

payments for ecosystem services (PES) program influence program implementation 

and whether payments are sufficient to support smallholder farmers who participate 

in tree-planting PES strategies. Through interviews with intermediaries, I found that 

NGOs and agricultural centers offer a different suite of PES strategies than private 

PES agents with the latter focusing on large-scale forest conservation as opposed to 

small-scale tree-planting. Yet, all PES intermediaries were constrained by low 

payment amounts that affected their ability to work with smallholders and tree-

planting strategies. Interviews with farmers revealed that PES payments from tree-

planting rarely covered opportunity costs from converting commodity crops to PES 

land uses. I conclude that for PES to be a viable option to restore small-holder 
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landscapes in Costa Rica, the program should increase payment amounts for tree-

planting strategies to better incentivize both intermediaries and farmers to participate.  
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CHAPTER 1 
 

ANT-SCALE MUTUALISM INCREASES SCALE INFESTATION, 
DECREASES FOLIVORY, AND DISRUPTS BIOLOGICAL CONTROL IN 

RESTORED TROPICAL FORESTS 
 

ABSTRACT 

Ant-hemipteran mutualisms can have positive and negative effects on host plants 

depending on the level of hemipteran infestation and plant protection conferred by 

ants against folivory. Differential effects of such mutualisms on plant survival are 

well documented in undisturbed and ant-invaded systems, but few have explored how 

anthropogenic disturbance affects interactions between hemipterans and native ant 

species and what the consequences may be for recovering ecosystems. Within a 

fragmented landscape in Costa Rica, restored tropical forests harbor a mutualism 

between the native ant Wasmannia auropunctata and the scale insect Alecanochiton 

marquesi on the abundant, early-successional tree Conostegia xalapensis. I added A. 

marquesi scales to C. xalapensis seedlings and either allowed or excluded W. 

auropunctata to investigate if this mutualism leads to increased scale infestation, 

decreased scale mortality, and decreased folivory. I also examined whether these 

effects are mediated by the percentage of remnant forest cover in the landscape. I 

found that seedlings with ants excluded had fewer scale insects and higher herbivory 

than plants with ants present. I also found evidence that mortality due to fungi and 

parasitism was higher on ant-excluded vs. ant-allowed plants but only at sites with 

high surrounding landscape forest cover. Together, these results suggest that 

mutualisms between scale insects and native ants can promote scale infestation, 
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reduce folivory on native plant species, and disrupt biological control of scale insects 

in recovering tropical forests. Further, my experiment underscores the importance of 

remnant tropical forests as sources of biological control in anthropogenically-

disturbed landscapes. 

 

Keywords: hemiptera; Wasmannia auropunctata; Conostegia xalapensis; 

Alecanochiton marquesi; fragmentation; landscape forest cover; ecological 

restoration; Costa Rica 

 

INTRODUCTION 

Mututalisms between ants and sap-sucking insects in the order Hemiptera are 

ubiquitous in most terrestrial ecosystems. They occur when nutrient-rich excretions 

(honeydew) of hemipterans feeding on a plant’s phloem attract ants who in turn 

protect hemipterans from natural enemies (Hölldobler & Wilson 1990, Delabie 2001, 

Oliveira & Koptur 2017). The consequences of such mutualisms on host plants are 

wide-ranging but often, the detrimental effects of phloem feeding by hemipterans are 

eclipsed by protection from insect defoliators provided by ants, resulting in a net 

benefit to host plants (Styrsky & Eubanks 2007, Rosumek et al. 2009, Pringle et al. 

2011, Zhang et al. 2012). Conversely, in systems where major ant invasions have 

occurred, host plants can suffer reduced fitness (Brightwell & Silverman 2010, 

LeVan & Holway 2015) and higher mortality (Handler et al. 2007, Gaigher et al. 

2011, Fasi et al. 2013) due to large hemipteran infestations facilitated by ant 
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protection. In these invaded systems, drastic negative effects have been observed on 

native ants via resource dominance by invasive ant species (Holway et al. 2002, 

Wilder et al. 2013). Ant invasion coupled with mutualisms between both exotic and 

native hemipterans has also led to declines in native insect herbivores (Holway et al. 

2002, Kaplan & Eubanks 2005, Vonshak et al. 2010), tree mortality due to the 

promotion of sooty mold by hemipterans (O'Dowd et al. 2003), and crop loss and 

endangerment of farmworkers in agricultural settings (Wetterer & Porter 2003).  

 Beyond the context of ant invasion, anthropogenic disturbance can alter both 

ant and hemipteran community dynamics as well as their interactions. For instance, 

landscape-level fragmentation and habitat degradation may alter ant diversity and 

composition (Perfecto & Vandermeer 2002, de Castro Solar et al. 2016) and reduce 

ant-provided protection of plants on habitat edges (Evans et al. 2013). Further, altered 

trophic interactions in anthropogenically-modified landscapes can reduce the level of 

biological control of hemipterans (Gardiner et al. 2009, González & Valladares 2017) 

potentially exacerbating hemipteran infestations facilitated by ant protection. The few 

studies that have investigated ant-hemipteran mutualisms in disturbed habitats 

suggest that native ant-communities tending hemipteran resources can differ greatly 

between disturbed and natural forests (Tanaka et al. 2007), and, similar to their 

invasive counterparts, mutualisms between native ants and exotic hemipterans can 

facilitate major hemipteran infestations (Feng et al. 2015).  

 Yet, no study thus far has directly examined how the level of anthropogenic 

disturbance on the landscape affects the prevalence of these mutualisms nor whether 
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mutualisms between hemipterans and native ants in disturbed landscapes confer 

benefits to native host-plants by reducing folivory. Such a reduction in folivory could 

affect trajectories of restored ecosystems recovering from anthropogenic disturbance 

by influencing relative plant-species abundances and altering community composition 

during secondary succession. This process could be particularly important in tropical 

forests where specialist herbivores play a vital role in conveying rare plant-species 

advantage through negative-density dependent plant survival (Bagchi et al. 2014, 

Comita et al. 2014). Mutualisms that protect certain plant species from folivory could 

lead to reduced mortality and increased abundances of host plants relative to non-host 

species potentially shifting successional trajectories in restored systems. Such 

changes in host-plant mortality could also be amplified by a reduction in insect 

herbivores as landscape fragmentation increases (Fáveri et al. 2008, Ruiz-Guerra et 

al. 2010, Chávez-Pesqueira et al. 2015).    

 In 15-year old restored tropical forests within a highly fragmented landscape in 

Costa Rica, I explored whether a mutualism between a native but disturbance-adapted 

ant, Wasmannia.auropunctata, Roger (Hymenoptera: Formicidae: Myrmicinae), and 

the recently-recorded hemipteran scale insect Alecanochiton marquesi, Hempel 

(Hemiptera: Coccomorpha: Coccidae), interacts with landscape-level deforestation to 

affect the level of scale infestation and herbivory on the host plant Conostegia 

xalapensis (Bonpl.) D.  Don ex DC. Specifically, I added A. marquesi scales to 

planted C. xalapensis tree seedlings in restored forests and either allowed or excluded 

ants to test the following hypotheses: (1) scale abundance will be higher in ant-
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excluded vs. ant-allowed treatments; (2) ant and scale abundance on seedlings will 

increase as surrounding forest cover decreases; (3) scale mortality due to 

fungal/parasitoid attack will increase as landscape-forest cover increases; (4) 

herbivory will be higher on ant-excluded vs. ant allowed seedlings; and (5) overall 

seedling herbivory will increase as landscape forest cover increases.  

 

METHODS 

Study species 

W. auropunctata (hereafter referred to as “ants”) is a generalist ant species native to 

much of Latin America but is highly invasive outside of its native range (Wetterer & 

Porter 2003). It has been linked to declines in native insect diversity in the Galapagos, 

Hawaii, and New Caledonia (Clark et al. 1982, Walker 2006, Berman et al. 2013) and 

damage to crops through increased hemipteran infestation (Wetterer & Porter 2003). 

Population explosions of W. auropunctata in its native habitat have occurred 

following natural disturbances such as treefalls and in anthropogenically disturbed 

areas (Orivel et al. 2009). A. marquesi (hereafter referred to as “scales”) is a soft scale 

insect known from South America where it is considered a coffee pest (Dix-Luna et 

al. 2018). C. xalapensis (hereafter referred to as “seedlings”) is a native tree spanning 

much of Central America. Given its small and highly abundant seeds, it is a 

widespread pioneer species and is abundant in young secondary forests and 

agricultural areas.   
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Pilot surveys 

In summer 2016, I collected pilot data on A. marquesi and W. auropunctata 

abundance and host plant species in seven restored and three primary forests. In each 

forest, I examined every plant < 2-m tall in a 50 × 50-m quadrat for the presence of 

both species and measured abundance on the last 10 cm of the most scale-infested 

stems.  A. marquesi was positively identified by a taxonomic expert from specimens 

found on three tree seedlings in the family Melastomataceae: Miconia trinerva, 

Miconia schlimii, and C. xalapensis (Dix-Luna et al. 2018) though the scale was 

observed in the field on a total of seven melastomes. I found a high abundance of 

scales (>1000 individuals total) on seedlings in restored forests but observed no 

scales in primary forest fragments despite the presence of both W. auropunctata and 

suitable host plants (primarily Miconia trinerva, three unidentified melastomes, and 

C. xalapensis on primary forest edges). Further, the A. marquesi specimens I 

collected during these surveys were identified as the first record of the species in 

Costa Rica and the first occurrence on plants in the family Melastomataceae (Dix-

Luna et al. 2018). The combination of the evidence above and evidence that A. 

marquesi has been recorded as a coffee pest elsewhere but has not been seen 

previously in Costa Rican coffee suggest that A. marquesi is likely an exotic species 

in my study region. Still, given the lack of research on scale insects in the tropics, this 

determination cannot be made with certainty though A. marquesi does appear to be 

disturbance-adapted within my study system.   
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Site description 

I conducted this study in southern Costa Rica (Coto Brus, Puntarenas Province), an 

area that has seen a 70% decline in forest cover over the last 70 years resulting in a 

highly fragmented landscape with patches of primary and secondary forest 

interspersed amongst the dominant agricultural matrix (Zahawi et al. 2015). My 

experimental plantings and exclusion treatments were established on seven 0.25-ha2 

plots separated by a minimum of 1 km that were previously used as pasture and/or 

mixed agricultural and then restored by planting trees at a density of 1250 trees per ha 

in 2004-2006 (Holl et al. 2017). Species planted for restoration included two native 

species (Terminalia amazonia and Vochysia guatemalensis) and two fast-growing, 

non-native species with N-fixing mutualisms (Erythrina poeppigiana and Inga 

edulis). Sites are dispersed along a landscape forest cover gradient ranging from ~10-

90% at a 500-m radius. Site elevation ranges from 1,110 to 1,290 m with all sites 

categorized as premontane tropical forest with 3,500–4,000 mm of precipitation per 

year (Holl et al. 2017).  

 

Experimental design 

In March 2018, I randomly placed four subplots at least 10 m apart in each of the 

seven restoration plots. In each subplot, I planted three greenhouse-reared seedlings 

of Conostegia xalapensis, a widespread, early successional species throughout 

Central America that was the most frequently recruited species in restored forests 

(Holl et al. 2017). Seedlings were randomly assigned to one of three treatments ants 
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excluded and scales added (-A+S), no exclusion of ants and scales added (+A+S), and a 

control with no manipulation (Fig. S1). For scale-added treatments, I harvested twigs 

from scale-infested seedlings surrounding restoration plots and attached the twigs to 

+A+S and -A+S seedlings to promote scale migration. After one week, I removed the 

twigs and counted 4 to 51 scale nymphs on each seedling that then propagated 

unabated for three months. Because a pilot experiment showed that ants colonize 

scale-infested seedlings within five days of scale infestation, I performed no ant 

transplants. All but three out of 28 +A+S seedlings were colonized exclusively by W. 

auropunctata ants within three days of scale migration. I excluded from analyses 

those +A+S seedlings that were not colonized by ants. I used TanglefootTM to prevent 

ants from colonizing -A+S seedlings and checked biweekly for ant presence on these 

seedlings, reapplying TanglefootTM as needed. I observed no intrusion by ants from 

the ground but early in the experiment, a nearby vine allowed ants to colonize one -

A+S seedling. I therefore removed surrounding vegetation that ants could potentially 

use to access -A+S seedlings and observed no further ant intrusion.  

 

Ant/scale abundance and scale mortality 

Three months after scale-infested twigs were introduced to allow scale migration onto 

+A+S and A+S seedlings, I harvested whole seedlings and counted the total number of 

scales (alive and dead) and ants present. To assess the effects of ant presence and 

abundance on change in total scale abundance, I subtracted the number of scales that 

originally migrated to -A+S and +A+S seedlings from the final total scale counts. To 
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account for ambient scale infestation from the surrounding plot and landscape, the 

response variable for change in scale abundance included a correction for ambient 

scale infestation as measured by scale abundance at the subplot level on control 

seedlings (∆ scale abundance on -A+S and +A+S seedlings – scale abundance on 

control seedlings). Because dead scales remained adhered to plants, I could quantify 

living vs. dead scales and included living scale abundance as a response variable. 

Response variables for ant abundance included both total ant abundance at the plot 

level and the plot-level mean of living scale scales per ant (living scale abundance/ant 

abundance) at the seedling level to account for the influence of scale abundance on 

ant abundance. I could easily determine which scales were killed by fungus and 

quantified mortality from fungal attack at the end of the experiment. Parasitism was 

often identifiable as well, but was sometimes difficult to decipher on scales that were 

heavily attacked by fungus. I therefore combined both parasitized and fungus-induced 

mortality into a single survivorship metric defined as number of dead scales with 

evidence of fungus and parasitism / total scales. Analyses using this ratio were also 

conducted using change in scale abundance as the denominator but results were 

similar to those using total scale abundance. I therefore only include the latter. I 

counted scales that were still alive but covered in fungus as dead and dead adult 

scales that had completed their life cycles with no evidence of fungal/parasitoid attack 

as alive.      

 I recorded plant height, basal diameter, and number of nodes for each plant at 

the end of the experiment to investigate whether scale abundance was correlated with 
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plant variables that might be important to scale foraging. All Pearson’s correlation 

values for total scale abundance and these variables at the seedling level were < 0.25, 

so I did not include them as covariates in the analyses.        

 

Folivory 

To examine whether ant presence affected folivory on C. xalapensis, I marked three 

randomly-selected leaves on each plant by closing my eyes, counting to five while 

moving my hands through the leaves, and selecting the leaf I was touching when the 

count ended. I then photographed these leaves at the beginning and the end of the 

experiment. I measured herbivory as area of leaf eaten/total leaf area using ImageJ 

(Rueden et al. 2017). I then subtracted percent folivory at the beginning of the 

experiment from percent folivory at the end of the experiment to calculate ∆ percent 

folivory. If marked leaves were not present at the end of the study, I excluded them 

from herbivory estimates. Therefore, folivory estimates may be underestimated due to 

unobserved whole-leaf loss from folivory.    

 

Landscape forest cover 

To examine associations between the level of landscape forest cover and response 

variables, I used a dataset of forest cover at 50-m concentric buffers surrounding 

restoration plots out to 650 m. Percent forest cover was hand-digitized from aerial 

photos of the landscape taken between 2003-2005 (Mendenhall et al. 2011). 

Therefore, my analyses exclude forests in the early stages of succession (<14 years of 
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age) that may be more characteristic of the disturbed matrix than secondary forests. 

Because deforestation in the last decade was minimal in this area (Zahawi et al. 

2015), relative forest cover around restoration plots from these photos are likely to 

reflect current levels. Due to sample size constraints, I could not examine the effect of 

all buffer sizes simultaneously and therefore constructed models that included each 

buffer separately with all other predictor variables for a given response variable. I 

then chose the optimal buffer size for each response variable using information 

criterion-based model selection corrected for small sample size (AICc). Models that 

scored >2 lower in AICc were used in the statistical analyses. Often, many models 

were within <2 AICc, though parameter estimates and test statistics changed little 

between these models. In such cases, I report only the lowest scoring model. I used z-

scores to standardize all landscape forest cover values for all buffer sizes.    

 

Data analysis 

I used generalized linear mixed models to analyze the effects of predictor variables–

landscape forest cover, ant/scale treatment, and their interactions–on the response 

variables for scale abundance (total, change over three months, and living scales 

only), scale mortality due to fungal/parasitoid attack, and ∆ percent folivory on 

seedlings. All scale abundance and mortality models included a random effect for plot 

to account for heterogeneity among restoration plots. Because control seedlings were 

used solely to correct for scale abundances on -A+S and +A+S seedlings and not test 

specific hypotheses, I excluded them from all analyses. I modeled all scale abundance 
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variables using Poisson distributed errors. Four seedlings experienced either a 

decrease in scale abundance or had fewer scales than control plants at the end of the 

experiment. Therefore, when modelling change in scale abundance, I used total scale 

abundance at the end of the experiment for these seedlings to avoid negative values in 

Poisson distributed models. For scale mortality, I used a binomial error distribution 

specified as the number of scales with evidence of attack by fungi and parasitoids 

(“successes”) over the total number of scales present (“trials”). For scale mortality, 

two outliers were detected (Cook’s distances > 2) and removed from the analyses. I 

detected overdispersion in Poisson and binomial models and therefore used penalized 

quasi-likelihood (PQL) estimation to correct model estimates, Wald z-test statistics, 

and perform inference. For ∆ percent folivory on seedlings, I used gamma distributed 

errors. I report means ± 1 SD throughout. To test the effects of landscape forest cover 

and scale abundance on ant abundance and scales-per-ant on +A+S seedlings, I used 

generalized linear models with PQL-adjusted Poisson and gamma distributed errors 

respectively. All analyses were conducted in R (R Core Team 2019).  

 

RESULTS 

Scale abundance increased on +A+S seedling from 81.0 ± 37.8 to 1028.4 ± 704.9 and 

on -A+S seedlings 86.1 ± 29.7 to 401.7 ± 329.3 over the course of the experiment 

indicating that scale migrations were successful.  Models evaluating change in overall 

scale abundance corrected for ambient scale colonization showed that +A+S seedlings 

had a significantly higher increase in scale abundance than -A+S seedlings (z = -4.31, 
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p = <0.001, Fig. 1A). Results were similar for models predicting total scale  

abundance (z = -4.13, p = <0.01, Fig. S2A) and total living scale abundance (z = -

3.95, p = <0.001, Fig. S2B). None of the scale abundance variables showed a 

significant relationship with forest cover at any buffer size surrounding plots (Table 

1&2).   

 Models of scale mortality showed a marginally significant interaction between 

treatment and forest cover at the 600-m buffer (z = 1.9, p = 0.058, Fig. 2) with scale 

mortality increasing on -A+S seedlings as forest cover increased but remaining 

relatively constant on +A+S treatments. Percent folivory increased on both -A+S 

(10.98 ± 7.69) and +A+S (4.84 ±2.73) seedlings but significantly more so on -A+S 

seedlings (t = -2.46, p = 0.014, Fig.1B), though folivory was unaffected by both 

landscape forest cover at the 500-m buffer and the interaction between landscape 

forest cover and seedling treatment (Table 1). Models that included only +A+S 

seedlings to examine ant abundance showed that neither ant abundance (Table 1) nor 

the number of scales per ant (Table S1) were significantly affected by either 

surrounding forest cover or living scale abundance.  

  

DISSCUSSION 

Scale infestation increased more on seedlings with no ant exclusion (+A+S) suggesting 

that this mutualism promotes higher scale infestation on host seedlings. To my 

knowledge, this is the first time that native ants have been shown to increase the 

abundance of hemipterans on native host plants in a recovering ecosystem. It is likely 



 
14 

that these ants are protecting scales from natural enemies, as observed in other 

systems where ant exclusion or reduction was shown to increase natural enemies 

leading to decreased hemipteran abundance (Vanek & Potter 2010, Gaigher et al. 

2013). Prior research has shown ants to be effective deterrents of entomopahogenic 

fungi either directly by removing fungi (Samways 1983) or indirectly by consuming 

honeydew, a source of fungal attack (Queiroz & Oliveira 2001). Others have found 

that ant consumption of exudates can also increase hemipteran abundance simply by 

preventing hemipterans from drowning in their own honeydew (Durak et al. 2016).  

 Regardless of the mechanism, the potential of this mutualism to increase scale 

infestations has implications for secondary and restored systems, especially when 

coupled with results from the folivory analysis. The reduction of folivory on 

seedlings with no ant exclusion suggests that ants deter insect defoliators, potentially 

providing a net benefit to host plants. Thus, the consequences of this interaction are 

consistent with those of similar mutualisms in natural systems where ant-tending of 

hemipterans generally leads to decreases in folivory from insects (Styrsky & Eubanks 

2007) and even mammalian megaherbivores (Prior & Palmer 2018). Due to the 

duration of the study, I cannot say whether decreases in folivory on C. xalapensis 

increase seedling survival, though herbivory on tropical tree seedlings has been 

shown to increase the risk of future mortality (Eichhorn et al. 2010). It should also be 

noted that the process of ant exclusion could have also excluded some non-winged 

herbivores from accessing seedlings from the ground. Thus, the significant increase 

of folivory on ant-excluded seedlings may yet be underestimated.       
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 Despite finding no evidence that landscape forest cover influences overall scale 

abundance or herbivory, I did find a marginally significant interaction between 

treatment and landscape forest cover on scale mortality from fungus/parasitism. 

Combined with the trend represented in Figure 2, this result suggests two things. 

First, surrounding forest cover may influence the level of biological control as 

evidenced by the increased scale mortality on ant-excluded seedlings (-A+S) with 

increasing forest cover on the landscape. This is consistent with studies that have 

found that younger forest on the landscape and increased habitat fragmentation can 

decrease entomopathogenic fungal diversity (Roland 1993, Chaverri & Vilchez 2006) 

and the level of parasitism (Valladares et al. 2006). Second, ant-presence appears to 

counteract this biological control; seedlings with both ants and scales experienced 

fungal/parasitoid attack at similar levels regardless of the amount of surrounding 

landscape forest cover. This result highlights both the importance of remnant forests 

as sources of biological control and the ability of species interactions in disturbed 

landscapes to disrupt those processes.          

 W. auropunctata colonized nearly all ant-allowed (+A+S) seedlings suggesting 

that it dominates this particular honeydew resource in these restored forests. This is 

consistent with evidence that W. auropunctata dominates ant communities in both 

disturbed, native habitat (Armbrecht & Ulloa-Chacón 2003) and throughout its 

invasive range (Berman et al. 2013). Invasion and dominance by W. auropunctata has 

been linked with the adaptation of clonal reproduction (Foucaud et al. 2010, Tindo et 

al. 2012) and unicoloniality (Le Breton et al. 2004) in disturbed, native habitats. 
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These attributes can lead to numerical dominance and inevitably, the displacement of 

other ant species (Vonshak et al. 2012). Armbrecht and Ulloa-Chacón (2003) go as 

far as suggesting the use of W. auropunctata as an indicator of disturbance within its 

native range. Following this logic, the dominance of scale exudates in these plots by 

W. auropunctata may indicate that these restored forests remain in a relatively 

disturbed state despite 15 years of succession. Because I only observed one other ant 

species tending scales on one seedling, it is difficult to know if the processes 

observed are unique to W. auropuntata-A.marquesi mutualisms or whether other ant 

species in these plots could perform a similar role in the absence of W. auropunctata.   

 Contrary to my predictions and evidence that ant and hemipteran densities are 

often positively correlated (Pringle et al. 2011), I found no evidence that W. 

auropunctata abundance increased with A. marquesi abundance. I also found no 

increase in W. auropunctata abundance as landscape forest cover decreased, which is 

surprising considering the species’ predisposition for disturbed areas. Because I only 

counted ants that were present on seedlings at the time of collection, my sample 

represents a snapshot of ant foraging that could have been affected by variation in 

light and temperature. For instance, Mooney et al. (2016) found that ant-tending of 

aphids increased due to higher light levels while Spicer et al. (2017) found that 

temperature mediated foraging activity in some tropical canopy ants.  

 In sum, my results show that mutualisms between native ants and hemipterans 

in human-disturbed habitats can affect host-plant folivory and hemipteran infestation 

with potential consequences on seedling communities in restored ecosystems. 
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Further, these mutualisms may interfere with biological control of hemipterans 

provided by remnant forests on the landscape. More generally, these data suggest that 

landscapes with low forest cover may have less potential to control hemipteran 

infestations through biological control than landscapes with more intact forest. 

Finally, my work reiterates the potential for W. auropunctata to dominate resources in 

anthropogenically-disturbed and secondary habitats and provides evidence that 

mutualisms with hemipterans may play an important role in understanding how 

systems recover after disturbance.     
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TABLES: CHAPTER 1 
 
TABLE 1.1. Model structure, parameter estimates, and test statistics. Bold p-
values are significant or marginally significant at alpha = 0.05 

Response Predictor β estimate Std error z/t p-value 

∆ A. marquesi 
abundance 

Treatment -1.1 0.25 -4.31 <0.001 

 Landscape forest cover 
650 m 

-6.59 3.87 -1.7 0.09 

 Treatment × Landscape 
forest cover 650 m 

-0.07 0.26 -0.28 0.78 

A. marquesi mortality Treatment 0.7 0.47 1.50 0.14 
 

Landscape forest cover 
600 m 

-0.19 2.96 -0.07 0.95 

 Treatment × Landscape 
forest cover 600 m 

1.27 0.67 1.90 0.058 

∆ % folivory on C. 
xalapensis 

Treatment -0.10 0.04 -2.46 0.014 

 Landscape forest cover 
650 m 

-0.04 0.04 -0.98 0.33 

 Treatment × Landscape 
forest cover 650 m 

0.05 0.04 1.24 0.21 

W. auropunctata 
abundance 

Landscape forest cover 50 
m 

-0.16 0.31 -0.51 0.61 

 
Living scale abundance 0.00 0.00 1.12 0.26 
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Table S1. Model structure, parameter estimates, and test statistics. Bold p-values are 
significant at alpha = 0.05 

 

Response Predictor β estimate Std error z/t p-value 

Total A. marquesi 
abundance 

Treatment -0.95 0.23 -4.13 <0.001 

 
Lanscape forest cover 450 m -0.20 2.16 -0.09 0.93 

 Treatment × Landscape forest 
cover 450 m 

-0.05 0.24 -0.23 0.82 

Living A. marquesi 
abundance 

Treatment -1.02 0.26 -3.95 <0.001 

 
Lanscape forest cover 450 m -0.21 2.69 -0.08 0.94 

 Treatment × Landscape forest 
450 m 

-0.11 0.26 -0.40 0.69 

Scales per ant Lanscape forest cover 50 m 0.03 0.03 0.88 0.42 
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FIGURES: CHAPTER 1 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 1.1. Mean change in (A) scale abundance and (B) percent folivory by 
treatment at the plot level (+A+S = ants allowed, -A+S = ant- excluded). Both 
responses showed a significant difference between treatments at the alpha = 0.05 
level (scale abundance: n = 7, z= -4.31, p = <0.001, folivory: n = 7, t = -2.46, p = 
0.014). 
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FIGURE 1.2. Interaction between treatment (+A+S = ants allowed, -A+S = ants 
excluded) and landscape forest cover at a 650-m buffer surrounding restoration plots 
when predicting proportion of scales killed by fungal and parasitoid attack/total 
scales. Interaction term was marginally significant at alpha = 0.05 (n = 7, z = 2.53, p 
= 0.058).  
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FIGURE S1. Experimental design. Box on left represents one of seven restoration 
plots with subplots randomly dispersed at least 10 m apart. Box on right is one 
subplot with the seedlings assigned to either +A+S, -A+S, or control treatments. 	
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FIGURE S2. Mean change in (A) living scale abundance and (B) total scale 
abundance at the plot level (+A+S = ants allowed, -A+S = ant- excluded). Both 
responses showed a significant difference between treatments at the alpha = 0.05 
level (living scale abundance: n = 7, z= -4.18, p = <0.001, total scale abundance: n = 
7, z = -4.39, p = <0.001).    
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CHAPTER 2 

EFFECTS OF INSECT HERBIVORY ON TROPICAL SEEDLING 
MORTALITY IN RESTORED AND REMNANT FOREST 

 

ABSTRACT 

Insect herbivory is one of the major drivers of plant mortality in the tropics and 

influences plant abundances and community composition. In some systems, 

anthropogenic disturbance reduces insect herbivory and increases the proportion of 

generalist insect herbivores. Such shifts could affect ecosystem recovery by altering 

patterns of plant survival and dominance with potential consequences for plant 

successional trajectories. We used an herbivory exclusion experiment in 15-year-old 

restored tropical forest plots and adjacent remnant forest fragments to explore the 

impact of insect herbivory on the mortality of planted tree seedlings of different 

successional stages. Early-successional seedlings experienced similar decreases in 

mortality when excluded from insect herbivores in both forest types, but this effect 

was smaller and driven by only a few species in restored forests. Later-successional 

seedlings experienced a stronger decrease in mortality between open and insect-

excluded treatments in remnant than restored forests. Our results suggest that 

herbivory-driven seedling mortality is lower in restored forests, particularly for later-

successional seedlings. Results are encouraging from a restoration perspective, 

because recruitment of later-successional seedlings is a key component of ecosystem 

recovery. Yet, if reductions in seedling mortality continue over the long term, this 

may affect community composition as succession progresses.  
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INTRODUCTION 

Insect herbivory is a major cause of tree-seedling mortality in tropical forests (Clark 

& Clark 1985, Eichhorn et al. 2010, Hodkinson 2012). Often, mortality induced by 

insect herbivores is not uniform across seedling species and populations due to the 

interaction between plant life-history strategies and insect-herbivore diet breadth. For 

example, late-successional tree species with low fecundity and large seeds tend to be 

well protected from herbivory through greater concentrations of secondary chemical 

defenses (Poorter et al. 2004). In contrast, highly fecund, early-successional seedlings 

with small seeds typically invest less in secondary defenses and are therefore more 

susceptible to generalist insect herbivores (Coley 1983, Poorter et al. 2004). At the 

population level, specialist insect herbivory drives negative density and distance 

dependent seedling survival (Janzen 1970, Bagchi et al. 2014, Comita et al. 2014), 

conferring a rare species advantage by disproportionately killing abundant seedlings 

that recruit close to their mother trees (Wright 2002). 

 Insect herbivory is one of the key processes driving tree community 

composition in relatively undisturbed tropical forests (Harms et al. 2000, Levi et al. 

2019). For example, Bagchi et al. (2014) found that the exclusion of insects in a 

biological reserve in Belize increased seedling abundance and shifted seedling 
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community composition to favor small-seeded recruits compared to non-excluded 

plots. Similarly, Kursar et al. (2009) observed that congeneric coexistence of the 

diverse genus Inga in the Peruvian Amazon and Barro Colorado Island in Panama 

was driven by dissimilarity in antiherbivore traits. Yet, a large percentage of tropical 

forests worldwide are highly fragmented and undergoing secondary succession 

(Arroyo-Rodriguez et al. 2017, Potapov et al. 2017, Chazdon et al. 2020). 

Studies suggest that forest fragmentation can lead to an overall decrease in 

insect herbivory (Arnold & Asquith 2002). For example, Fáveri et al. (2008) found 

that Amazonian trees in small fragments suffered lower herbivory than continuous 

forests, likely due to dispersal limitations of insect herbivores. Similarly, Chávez-

Pesqueira et al. (2015) and Martinson and Fagan (2014) determined that insect 

herbivory decreased as fragmentation increased across a broad array of study systems. 

That said, others have found that deforestation at the landscape scale increases overall 

insect herbivory (Morante-Filho et al. 2016) suggesting that responses to 

fragmentation alone may be different from those of habitat degradation and loss 

(Fahrig 2017).  

 Insect herbivory in fragmented and degraded habitats may be mediated by 

changes in top-down and/or bottom-up processes. For example, insectivorous birds 

that provide top-down control of insects typically have decreased abundance in 

fragmented (Bregman et al. 2014) and agricultural (Şekercioğlu et al. 2019) tropical 

landscapes which can affect biological control of herbivores (Peter et al. 2015). Yet, 

in highly disturbed areas, insectivorous birds may actually increase in abundance 
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(Ribon & Marini 2016) and density (Castaño-Villa et al. 2019) compared to 

continuous secondary and primary forests. Human-disturbances can also alter bottom-

up drivers of insect herbivore community composition. Specifically, changes in host-

plant spatial distributions may be responsible for observed shifts towards generalist 

feeders in fragmented landscapes (Martinson & Fagan 2014, de Araújo et al. 

2015b,Rossetti et al. 2017, Souza et al. 2019).  

Insect herbivory is predicated to play a major role as a biological filter of tree-

seedling recruitment and establishment in restored forests (Holl 2012), based on 

comparisons of percent herbivory by seedling successional stage (e.g.,Mariano et al. 

2018, Garcia et al. 2020), seedling herbivore defenses (Massad et al. 2011, Garcia et 

al. 2020), and factors influencing the biological control of insects in restored tropical 

forests (Roels et al. 2018). Reductions in herbivory and shifts towards herbivore 

generalism in degraded systems are predicted to affect tree community-composition 

(Chávez-Pesqueira et al. 2015, de Araújo et al. 2015a), potentially by releasing 

abundant tree species from density-dependent mortality that is driven by specialist 

insect herbivores (Pinho et al. 2017). However, no study has thus far investigated 

how insect herbivory directly affects the mortality of early and later successional tree 

seedlings in restored forests and the consequences for plant successional trajectories. 

 Understanding insect herbivory in degraded tropical systems becomes all the 

more salient considering the recent global commitments to hundreds of millions of 

hectares of forest landscape restoration (Chazdon et al. 2015). This global push to 

restore vast areas has come with a word of caution from restoration ecologists who 
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have called for careful planning and understanding of processes that may affect the 

efficacy of restoration efforts (Brancalion and Holl 2020, Palmer et al. 2016) 

 Here, we test the effects of insect herbivory on tree-seedling mortality in forest 

fragments and restored tropical forest in southern Costa Rica. We used an exclosure 

experiment to compare the survival of planted tree seedlings of different successional 

stages for 6-16 months. Specifically, we asked whether seedling survival was higher 

in exclosure treatments, and whether the magnitude of these differences changed with 

respect to forest type (restored vs. remnant forest fragments) and seedling 

successional stage (early vs. later).  

 

MATERIALS AND METHODS 

Site description 

We conducted this study within a highly fragmented landscape in southern Costa Rica 

(Coto Brus, Puntarenas Province) where remnant forest patches are interspersed 

amongst horticulture, agriculture, and grazing activities. The study area is considered 

a premontane tropical forest receiving 3500–4000 mm of precipitation per year and 

ranging from ~1100 to 1200 m in elevation, though the landscape has experienced a 

70% decline in forest cover over the last 70 years (Zahawi et al. 2015).  

We established our experimental plantings and herbivory exclusion treatments 

in seven restored forests that were previously used for pasture and/or mixed 

agricultural land. Each 0.25-ha restoration plot was established between 2004-2006 

and separated by a minimum of 1 km (Holl et al. 2020). Plots were restored with a 
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density of 1250 trees ha-1 which included equal proportions of two native species 

(Terminalia amazonia and Vochysia guatemalensis) and two fast-growing, 

naturalized species with N-fixing mutualisms (Erythrina poeppigiana and Inga 

edulis). We also conducted our experiment in three remnant forest fragments 

(hereafter referred to as “remnant forests”) that are paired with three of our 

restoration plots. While susceptible to edge effects and somewhat disturbed by past 

selective logging, these fragments are representative of the remaining forest in this 

part of the country.  

 

Species selection 

We examined seedling mortality of four early- and four later-successional tree-

seedling species that are abundant in the study area (Table 1). All species are 

hereafter referred to by their generic names. We define early-successional species as 

pioneers that commonly establish after a major disturbance such as in an abandoned 

agricultural field. We consider later-successional species as those that are found either 

in the understory of mature forests or a mix of primary and secondary forests but that 

do not establish during the earliest stages of succession. Successional status was 

determined by a local botanist through literature reviews and extensive experience in 

this study system. Seeds were gathered from the landscape surrounding the study 

region from 3-6 mother trees for each species. Seeds of Conostegia, Senna, 

Calophyllum, Otoba, and most Erythrina were germinated and grown in open-air 

nurseries until they were 5-10-cm tall and then planted into plots. We planted Senna 
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seedlings at two different times during the experiment, and monitored these plantings 

for six and 13 months, respectively; seedlings from both plantings were combined for 

analyses. We directly seeded Pseudolmedia into plots due to slow germination and 

measured mortality after germination. We transplanted Croton and Allophylus from at 

least three different sites in the surrounding landscape into experimental plots. Due to 

a shortage of reared seedlings, we collected ~20 naturally recruited Erythrina 

seedlings of similar size to nursery-grown seedlings from within the same plot, 

combined them with reared seedlings, and planted them in equal numbers in the study 

plots. 

 

Experimental design and data collection 

In August 2017, we placed four sets of two 1-m2 quadrats at least 10 m apart in each 

of seven restoration plots and three remnant forests (hereafter referred to as forest 

type). In each set, we randomly assigned quadrats as either open (exposed to insect 

herbivores) or exclosure herbivory treatments. Insect herbivores were excluded by 

erecting a 1 × 1 × 1-m rebar frame with a ~1 × 1.5-mm porosity fiberglass mesh 

covering over the plot. The mesh was buried on all sides to prevent herbivores >1.5 

mm in diameter from entering. A Velcro seam on one side of the exclosure allowed 

access for planting and sampling during the experiment. Open herbivory treatments 

included similar structural frames but with fiberglass screening that only covered the 

top and ~30 cm of upper sides to reduce litter fall and create similar light levels as the 

exclosure treatments. Open herbivory controls also had a 40-cm high barrier on the 
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uphill side to block most sliding debris, although a small amount of debris was still 

able to enter the open treatments located on steep slopes. As a result, we measured the 

steepest slope at 10-m uphill from each open treatment as this area accounted for the 

most debris. We then tested whether slope, forest type, and their interaction affected 

seedling mortality using a generalized linear model with a binomial distribution fit 

with penalized quasi-likelihood. As no slope effect was found, nor an interaction with 

slope and forest type on seedling mortality, we removed slope from subsequent 

models.  

 Before the experiment, we tested structures with fiberglass screening for 

reductions in photosynthetically active radiation (PAR) using a LI-COR 1400. We 

found ~35% PAR reduction in exclosures compared to non-screened open treatments. 

Despite reductions in PAR, exclosure and open treatments experienced a similar 

number of sunflecks exceeding 100 µmol m-2 s-1. These sunflecks play an essential 

role in tropical seedling growth in the understory (Chazdon & Pearcy 1991) and, 

given that several tropical seedling species in our study area experience asymptotic 

CO2 uptake in the forest understory at very low light levels (~100-250 PAR) (Loik & 

Holl 1999), we were confident that light reductions would not compromise this study. 

We also measured canopy cover at each subplot in all restored and remnant forests 

using a densiometer. We used a linear model to compare canopy cover by forest type 

and found no difference between forests so we therefore do not include canopy cover 

in subsequent models.  

 We planted seedlings into herbivory treatments as they became available in 
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August 2017, July 2018, and June 2019, and monitored seedling survival monthly for 

6-16 months depending on the species (Table 1).  

 

Data analysis 

We used a parametric survival analysis with right censoring to examine the effects of 

forest type (restored vs. remnant), herbivory treatment (exclosure vs. open), seedling 

successional stage (early vs. later) and their interactions on seedling mortality (Table 

2). As our initial Cox proportional hazards model was overfit and did not meet the 

assumptions of proportional hazards, we instead used an accelerated failure time 

(AFT) model to acquire coefficient estimates and test hypotheses. We conducted a 

priori tests of different distributions fit to our data using the flexsurvreg function in 

the R package flexsurv (Jackson 2016). We then compared the fit of different 

distributions using visual inspections of predicted vs. observed survival curves and 

loglikelihood. We chose the log-logistic distribution for our models because it had the 

lowest loglikelihood and provided the best fit when examining survival curves. To 

check the fit of our fully specified model with all covariates, we overlaid the 

predicted survivorship curve of the extreme value distribution vs. Kaplan-Meier 

(KM) curves of model residuals, which indicated reasonable model fit. We also used 

separate AFT models with log-logistic distributions to test species-specific responses 

to the exclosure treatment in each forest type. We used the function survreg in the R 

package survival (Therneau 2020) to fit all models. We tested hypotheses regarding 

the effects of predictor variables and their interactions using likelihood ratio tests 
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based on comparisons of χ2 distributions between full vs. reduced models. We 

calculated the difference in time-to-seedling-death between levels of coefficients of 

main effects as 1-eestimate. All analyses were conducted in R v.3.6.3 (R Core Team 

2020).  

 

RESULTS 

Main effects from our AFT model (Table 2) indicated a 34% faster time-to-seedling-

death in open compared to exclosure treatments across both forest types and 

successional stages (AFT estimate = -0.42, CI [-0.55, -0.29], p <0.001; Fig. 1a). Mean 

percentage of surviving seedlings at the end of the experiment was 67 ± 29% for 

exclosure and 55 ± 29% for open treatments. Early-successional seedlings had 156% 

faster time-to-seedling-death than later-successional seedlings across both forest types 

and treatment levels (AFT estimate = 0.94, 95% CI [-0.98, -0.09]; Fig. 1b). Mean 

percentage of surviving seedlings at the end of the experiment was 43 ± 29% for 

early-successional seedlings and 80 ± 13% for late successional species. Our model 

(Table 2) indicated a significant three-way interaction between forest type, herbivory 

treatment, and seedling successional stage with later-successional seedlings 

experiencing lower mortality in exclosure (78 ± 8% survival) compared to open 

treatments (57 ± 14%), but only in remnant forests. In restored forests, later-

successional seedlings experienced only a small decrease in mortality between 

exclosure (88 ± 9% survival) and open treatments (81 ± 8%) (p = 0.004; Fig. 2). In 

contrast, early-successional seedlings showed similarly higher survival in exclosure 



 
34 

than open treatments in both remnant (exclosure: 17 ± 10%, open: 4 ± 5%) and 

restored forests (exclosure: 64 ± 25%, open: 50 ± 20%; Fig. 2).  

 Individual species showed similar trends to full models but also revealed 

species-specific responses to exclusion treatments (Fig. 3, Table 3). All species, 

except for Allophylus and Calophyllum, showed significantly higher mortality in open 

than exclosure treatments in remnant forests. In restored forests, all species except 

Allophylus, Calophyllum, and Pseudolmedia had significantly higher mortality in 

open than exclosure treatments. Only one species, Croton, had significantly lower 

mortality in open treatments but only in restored forests. 

 

DISCUSSION 

We found that seedling mortality was consistently higher in open compared to 

exclosure treatments suggesting that insect herbivory is a major factor driving 

seedling mortality in both remnant and restored forests, but the effect was more 

pronounced and less variable in remnant forests. Most species had much lower 

mortality in exclosure compared to open treatments in remnant forests, whereas the 

trend in restored forests appeared to be driven by only a few key species (Fig. 3, 

Table 3) suggesting that seedlings in restored forests experience less insect-herbivore 

pressure than remnant forests in our study region. Further, because the difference in 

magnitude of herbivore-induced mortality between forest types was seen in both 

early- and later-successional species, it is unlikely this effect was purely due to tightly 

coevolved relationships between herbivore and plant communities consistent with 
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Whitfeld et al. (2012). For example, the early-successional Constegia recruits 

abundantly in restored forests but is almost never found in remnant forests. Yet, 

Conostegia, as well as other early-successional species studied, still experienced large 

mortality differences between open and exclosure herbivory treatments in remnant 

forests suggesting higher overall herbivory as opposed to specialized host-herbivore 

relationships.  

 While to our knowledge no other studies have compared the effects of insect 

herbivory on plant survival in restored and remnant forests, our results concur with 

studies reporting that  herbivory decreases in small fragments (Ruiz-Guerra et al. 

2010, Chávez-Pesqueira et al. 2015). However, our study contrasts with evidence 

indicating strong increases in herbivory at forest edges (Benitez-Malvido et al. 2016), 

which is somewhat surprising given that our plots are small and have large edge-to-

interior ratios. Results are encouraging from a restoration perspective, as it appears 

that our restored forests experience little spillover of destructive, hyper-generalist 

insect herbivores, such as large grasshoppers that are abundant in the surrounding 

matrix (Kulikowski personal obs.) and can dominate edge habitats (Wirth et al. 2008, 

De Carvalho Guimaraes et al. 2014).  

 Like other studies that have examined seedling susceptibility to insect herbivory 

(Davidson 1993, Poorter et al. 2004), we found that early-successional species 

suffered higher overall mortality than later-successional species. Lower survival rates 

of early-successional species have been attributed low investment in antiherbivore 

secondary chemicals (Hanley 1998). However, we observed far higher mortality of 
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early-successional seedlings in remnant compared to restored forests in both open and 

exclosure herbivory treatments. This combined with the similarities in canopy cover 

suggests that differences in herbivory and light levels between forest types are 

unlikely explanations for this trend. Other factors such differences in pathogen load 

(Augspurger 1984, McCarthy-Neumann & Kobe 2008) or microclimatic variation 

(Bazzaz & Pickett 1980) between forest types may have contributed to disparities in 

survival.  

 The three-way interaction between herbivory treatment, forest type, and 

seedling successional stage was driven by substantially lower later-successional 

seedling survival in open compared to exclosure treatments in remnant forests. Later-

successional seedlings were more susceptible to insect herbivory in remnant forests 

compared to restored forests, consistent with other studies showing lower herbivory 

in early- compared to late-successional systems (Silva et al. 2012, Neves et al. 2014). 

While unexplored in restored forests, theories of patch dynamics, trophic structure, 

and host-plant availability predict that as plant abundances decrease with increasing 

fragmentation, habitat for herbivore specialists decreases simultaneously, causing 

reductions in herbivore retention and population viability in habitat fragments (Holt 

2009, Bagchi et al. 2018). In restored forests, however, plant species and populations 

should increase as succession continues. Therefore, potential differences in herbivory 

between restored and primary forests may be a product of forest age, and if plant 

communities continue to recover, so may their respective herbivore specialists. Even 

if plant community composition fully recovers, it can take decades or centuries (Dent 
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et al. 2013) making the recovery of insect herbivores and the processes they drive less 

of a factor in the short-term. 

 Differences in seedling survival between restored and remnant forests could 

also be due to dispersal limitation of insect herbivore-specialists. Our restored forests 

vary substantially with respect to isolation from larger patches of remnant forests in 

the landscape. In a meta-analysis of insect-herbivore response to fragmentation, 

Martinson and Fagan (2014) found that isolation of habitat patches negatively 

affected specialist insect herbivory but increased generalist insect herbivory. As 

opposed to plant-resource constraints in restored forest, dispersal limitation of insect 

herbivore specialists could persist as forest succession continues potentially releasing 

some tree species from density-dependent mortality as has been seen with the loss of 

mammalian herbivores in other tropical systems (Kurten 2013, Camargo-Sanabria et 

al. 2015). 

 Finally, decreased seedling mortality in restored forests could be due to top-

down processes (e.g., birds, parasitoids) affecting insect herbivores. Despite much 

evidence that forest fragmentation and degradation can negatively affect 

insectivorous bird populations (Peter et al. 2015, Stratford & Stouffer 2015, 

Şekercioğlu et al. 2019), low diversity tree-plantings in the Columbian Andes 

(Castaño-Villa et al. 2019) and secondary forests in the Brazilian Atlantic (Ribon & 

Marini 2016) had higher abundance and density of insectivorous birds compared to 

more intact forests. Similarly, Tylianakis et al. (2007) found increasing parasitoid 

abundance and rates of parasitism of bees and wasps along a tropical disturbance 
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gradient. Hence, it is possible that lower seedling mortality in restored forests could 

be due to lower herbivore abundance from higher predation rates by birds and 

parasitoids compared to remnant forests.  

 We show that insect herbivory strongly influences tree-seedling mortality in a 

highly-fragmented landscape typical of much of the tropics. Further, later-

successional seedlings in restored forests showed a weaker response to herbivory than 

those in remnant forests. This result extends previous theoretical and empirical work 

to a restoration context suggesting that the potential for decreased insect herbivory 

and herbivore specialism in fragmented landscapes differentially affects restored vs. 

remnant forest fragments. As such, our results represent a double-edged sword for 

tropical restoration. On the one hand, it is encouraging that insect herbivory 

somewhat spared later-successional species in our restored forests, which is likely to 

have positive effects on ecosystem recovery. But should the lack of insect-herbivore 

pressure continue as forests age, restored forests may be susceptible to biotic 

homogenization due to the breakdown of diversity-driving mechanisms like density-

dependent seedling mortality caused by insect herbivore specialists. If such a 

breakdown was revealed to widely affect restored tropical forests, restoration 

practitioners would need to consider strategies that allow for changes in relative plant 

abundances, such as thinning of dominant tree species and/or enrichment planting of 

desirable species.   
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TABLES: CHAPTER 2 

TABLE 2.1. Seedling species used in the exclosure study indicating successional 
stage, sample size, and monitoring period1.  

Species Family 
Successional 
stage 

Sample 
size 

Monitoring 
period 
(months) 

Erythrina poeppigiana 
(Walp.) O.F. Cook 

Fabaceae early 32 9 

Conostegia xalapensis 
(Bonpl.) D. Don ex DC. 

Melastomataceae early 32 15 

Croton draco  
Schltdl. & Cham. 

Euphorbiaceae early 32 7 

Senna papillosa1 

(Britton & Rose) 
H.S. Irwin & Barneby 

Fabaceae early 128 6 or 13 

Allophylus 
psilospermus Radlk. 

Sapindaceae later 32 7 

Calophyllum 
brasiliense Cambess. 

Calophyllaceae later 24 6 

Otoba novogranatensis 
Moldenke 

Myristicaceae later 24 72 

Pseudolmedia mollis2  

Standl. 
Moraceae later 24-47 3-13 

1Variable monitoring period in Senna papillosa is due to two separate plantings   during the 
experiment.  
2Variable monitoring period and sample size in Pseudolmedia mollis represents different rates and 
success of seed germination.  
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TABLE 2.2. Output and structure of AFT model predicting seedling mortality by 
herbivory treatment (open vs. exclosure), forest type (restored vs. remnant), and 
successional stage (early vs. later). Deviance test statistic and p-values derived from 
likelihood-ratio tests of χ2 distributions on full and reduced models. Bold p-values 
indicate significant differences at the alpha = 0.05 level. 

Predictor Coef Std error Deviance p-value 
Treatment -0.42 0.07 -63.33  <0.001 
     
Forest type -1.19 0.08 438.36  <0.001 
     
Successional stage 0.94 0.11 463.19  <0.001 
     
Treatment × forest type 0.19 0.11 0.24    0.63 
     
Treatment × successional stage 0.08 0.14 3.49    0.06 
     
Forest type × successional stage -0.70 0.17 8.23    0.004 
     
Treatment × forest type × successional stage -0.66 0.23 8.47    0.004 
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TABLE 2.3. Mean survival and standard deviation by species, forest type, and 
herbivory treatment. Coefficients are derived from separate loglogistic AFT models 
that tested differences between exclosure treatments in each forest type. p-values are 
derived from likelihood ratio tests of 𝜒2 distrbutions against null models. Bold values 
indicate significant differences at the alpha = 0.05 level. 

 Restored forest   Remnant forest   
Species Mean 

open 
Mean 
exclosure 

Coef   p-
value 

Mean 
open 

Mean 
exclosure 

Coef p-
value 

Allophylus 
psilospermus 

87 ± 13% 86 ± 12%  0.15   0.64 73 ± 26% 83 ± 7% -0.27   0.26 

         
Calophyllum 
brasiliense 

90 ± 9 % 96 ± 4% -0.52   0.06 72 ± 13% 78 ± 10% -0.14   0.69 

         
Conostegia 
xalapensis 

69 ± 13% 77 ± 30% -0.33   0.04   6 ± 6% 25 ± 11% -0.40 <0.01 

         
Croton draco 52 ± 28% 45 ± 32%  0.28   0.02   0 ± 0%   2 ± 4%  0.32 <0.01 
         
Erythrina 
poeppigiana 

38 ± 36% 69 ± 28% -0.99 <0.01   4 ± 4% 31 ± 29% -0.71 <0.01 

         
Otoba 
novogranatensis 

68 ± 12% 87 ± 15% -1.19 <0.01 29 ± 11% 65 ± 15% -1.51 <0.01 

         
Pseudolmedia 
mollis 

82 ± 12% 84 ± 12% -0.17   0.53 52 ± 16%  81± 8% -1.10 <0.01 

         
Senna papillosa 48 ± 20% 65 ± 25% -0.49 <0.01    5± 8% 16 ± 15% -0.21 <0.01 
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FIGURES: CHAPTER 2 

 

Figure 2.1: Kaplan-Meier curves showing survival in open and exclosure treatments 
(a) and early- and later-successional species (b) across both herbivory treatments and 
forest types. Shaded areas represent 95% confidence intervals.  
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Figure 2.2. Survival in open vs. exclosure treatments by forest type for early- (a) and 
later- (a) successional seedlings. Values are means ±1 SD at the plot level (n = 7 for 
restored forests, n = 3 for remnant forests).  
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Figure 2.3. Species-specific seedling survival by herbivory treatment in restored (a) 
and remnant (b) forests. The top four species are early-successional and bottom four 
species are later-successional. Values are means ±1 SD at the plot level (n = 7 for 
restored forests, n = 3 for remnant forests). 
 

 

 

 

 

 

 

 

 

 

 

 

 



 
46 

CHAPTER 3 

THIRD-PARTY INTERMEDIARIES INFLUENCE PARTICIPATION AND 
IMPLEMENTATION OF COSTA RICA’S PAYMENTS FOR ECOSYSTEM 

SERVICES PROGRAM 
 

ABSTRACT 

Third-party intermediaries can play a major role in policy implementation of 

payments for ecosystem services (PES) programs by facilitating transactions between 

buyers and providers of ecosystem services. While often necessary in helping 

providers navigate the complex policy landscapes of many larger PES programs, 

intermediaries also run the risk of increasing transaction costs and influencing PES 

outcomes through their specific agendas. Yet, it is currently unknown how different 

types of intermediaries affect on-the-ground implementation and what the 

consequences may be for the environmental benefits of a given PES program. We 

interviewed intermediaries that oversee implementation of Costa Rica’s PES program 

to examine how the type of intermediary (NGO, agricultural center, or private 

forestry agent) influence provider access, participation, and type of PES approach or 

modality used by providers. We also used farm-income data obtained from interviews 

to contrast tree-planting PES payments with the opportunity costs of major 

commodities to examine the viability of PES to bolster livelihoods and increase 

environmental benefits in smallholder landscapes.  We found that while motivational 

differences between intermediaries translate into differences in farmer access and the 

modalities used, all intermediaries were constrained by a policy design that 

disproportionately favors forest protection modalities over tree-planting modalities. 
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Our farm data also revealed that PES payments were almost always less profitable 

than the commodities they would augment or replace on small farms. 

 

Keywords 

Third-party governance, PES, PSA, ecosystem services, payments for environmental 

services, Latin America, agroforestry, reforestation, conservation, tropics  

 

INTRODUCTION 

Payments for ecosystem services (PES) have become a widely popular conservation 

policy tool with over 550 active programs worth $36 billion worldwide (Salzman et 

al. 2018). PES schemes follow an incentive-based, ‘user pays’ approach to 

conservation whereby externalities created by environmental degradation are 

‘internalized’ into the economic system by assigning a monetary value to an 

ecosystem service (ES) directly or an environmentally desirable land use. The ES 

user then compensates the ES provider, usually the owner of ecologically important 

land, through cash or in-kind payments (Wunder 2005, Engel et al. 2008, Wunder 

2015). Conceptually, PES programs represent a market-based approach to 

environmental governance. However, in practice, PES programs are often 

implemented through policies that involve a complex network of state and third-party 

actors (Pagiola 2008, Huber-Stearns et al. 2013, Shapiro-Garza 2013).  

 Government-implemented PES programs often rely on intermediaries such as 

NGOs, cooperatives, and private entities to provide on-the-ground assistance to 
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providers in the application, execution, and compliance stages of a PES contract 

(McAfee & Shapiro 2010, Huber-Stearns et al. 2013, Porras et al. 2013). Multiple 

reviews and case studies suggest that intermediaries are often necessary to bridge the 

gap between policy and implementation (Schomers et al. 2015a, Schomers et al. 

2015b, Matzdorf et al. 2019). This includes disseminating information about 

programs and reaching out to eligible landowners to promote participation (Adhikari 

& Agrawal 2013) as well as building trust in communities that are leery of state 

involvement (Asquith et al. 2008, Salzman et al. 2018). 

 Despite their often-positive roles in facilitating PES, considerable trade-offs 

come with use of intermediaries. First, intermediaries run the risk of reducing 

program effectiveness due to the costs they charge for their services that cut into 

payments received by providers. In a review of payments for watershed services, 

Brouwer et al. (2011) found that program effectiveness  declined with more 

intermediaries due to increased transaction costs. Similarly, Jiangyi et al. (2020) 

reviewed watershed PES in urban areas and found that fewer intermediaries led to 

increased cost effectiveness of the program. A recent review of 40 Latin American 

PES schemes presents evidence that programs using intermediaries were ~20% less 

likely to achieve environmental and economic goals than more direct, user-provider 

transactions such as watershed services where the providers receive a greater share of 

payments (Grima et al. 2016). Finally, when examining the disparity between prices 

of ecosystem services and payment amounts, Salzman et al. (2018) found that high 

transaction costs due to institutional complexity were one of the major barriers to 
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scaling up many non-hydrological PES programs worldwide.  

 Whereas reviews and meta analyses can help explore broad trends regarding the 

role of intermediaries in PES, what remains obscured are the distinctions between 

different types of intermediaries that may affect participation and outcomes, even 

within the same program. The few studies that have examined these distinctions have 

found that different intermediaries can influence provider access to PES. For 

example, Bosselmann and Lund (2013) found that some intermediaries in Costa Rica 

cater to wealthier participants whereas agricultural non-profits are more inclusive of 

smallholders. Similarly, Huber-Stearns et al. (2013) reported that no single type of 

intermediary in Panama provided the services necessary for the inclusion of all 

potential landholders in a given area. They concluded that for Panama’s PES to be 

equitable, intermediaries would need to create strong networks of collaboration 

between regional buyers and sellers as well as the centralized government, which to 

this point has occurred infrequently (Huber-Stearns et al. 2013).  

 It is unknown how differences between intermediaries affect the types of PES 

strategies being implemented on the ground. Large PES programs usually offer 

multiple strategies or modalities to achieve conservation goals (McAfee & Shapiro 

2010, Porras et al. 2013). Costa Rica’s PES program is illustrative of this dynamic, 

offering multiple modalities and sub-modalities from which potential PES providers 

choose (Table 1). Costa Rica’s program also mandates the use of intermediaries to 

oversee and facilitate the program. These intermediaries can take the form of private 

forest agents (regentes forestales), environmental NGOs, and non-profit agricultural 
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centers that are responsible for nearly every aspect of the program from application 

and consultation to implementation and monitoring (Porras et al. 2013). Given their 

predominant role in facilitating PES, it is important to understand how potential 

distinctions between different types of intermediaries, such as their motivations and 

constraints faced by PES policy design, affect the types of modalities used and thus, 

the conservation strategies being implemented on the ground.   

 This knowledge is particularly important in assessing the ability of PES to 

achieve environmental goals in smallholder landscapes. Much attention has been paid 

to smallholder participation and livelihoods in Costa Rica (Cole 2010, Bosselmann & 

Lund 2013, Matulis 2016, Lansing 2017) and elsewhere in the developing world 

(McAfee & Shapiro 2010, Adhikari & Agrawal 2013), but the link between PES 

policy structure (modalities and intermediaries), participation, and environmental 

efficacy in smallholder landscapes has received little attention despite the high 

conservation value of these landscapes (ARROYO-RODRÍGUEZ et al. 2009, 

Perfecto & Vandermeer 2010, Mendenhall et al. 2011, Reid et al. 2014).     

 In this study, we used semi-structured interviews with private forest agents, 

environmental NGOs, and non-profit agricultural centers in Costa Rica to examine 

how different types of intermediaries influence the implementation of PES. 

Specifically, we ask if 1) the agendas and goals of intermediaries differ by 

intermediary type, 2) the dissemination of information and access to the program 

depend on the type of intermediary available to participants, and 3) different 

intermediaries are offering distinct suites of modalities. From these data, we also 
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explore potential constraints intermediaries face given Costa Rica’s PES policy 

design and how the interaction between PES policy, intermediaries, and providers 

affects the environmental benefits of the program. We couple these analyses with 

interview data from smallholder farmers that examine the opportunity costs of 

switching from commodity crops to PES. These data shed light on whether the PES 

modalities available to smallholders provide enough of an economic incentive to 

make PES attractive ceteris paribus. Finally, we compare the case of Costa Rica with 

other literature on PES programs around the world to contextualize the broad-scale 

influence of intermediaries on outcomes.   

 

METHODS  

Background 

Costa Rica initiated the world’s first payments for ecosystem services (PES) program 

in 1997 due to one of the highest rates of deforestation in the tropics. The program 

initially acted as the counterpart to a new forest law (Ley Forestal N° 7575) that made 

the cutting of primary and secondary forest trees illegal. The law essentially reduced 

the value of all private forested lands as they could no longer be used for timber or 

agricultural production. PES was thus a way to compensate landowners for the lost 

income from their forests and as a disincentive to illegal logging (Pagiola 2008). The 

program also promoted large scale “reforestation” of timber species for harvest to 

decrease pressure on natural forests. Though results to date are mixed (Daniels et al. 

2010), the first iteration of the program generally was seen as successful in decreasing 



 
52 

deforestation rates (Pagiola 2008, Morse et al. 2009), yet this approach was widely 

criticized for favoring wealthy landowners and precluding poor, small-scale farmers 

from participating (Porras et al. 2013). Costa Rica has since responded by layering on 

an array of modalities (Table 1) to allow access to the smallholders through, for 

example, payments for agroforestry and natural regeneration of pasture lands 

(FONAFIFO 2020).  

 PES in Costa Rica is funded largely through nationwide gas and water taxes. 

These funds are administered by the National Fund for Forestry Finance (FONAFIFO 

in Spanish), a semi-autonomous government body that regulates and oversees PES 

contracts and payments. All interactions between FONAFIFO and ES providers are 

mediated through forest agents (regentes forestales in Spanish) who have historically 

taken three forms: private agents with no institutional affiliations, agents that work 

for NGOs, and agents that work for regional agricultural centers (RACs). Forest 

agents oversee the dissemination of program information, surveys of land to assess 

PES potential, paperwork involved with contracts, and monitoring of PES properties. 

They also provide technical assistance and expertise on tree-species choice and 

cultivation for the agroforestry and reforestation modalities. In return for their 

services, agents receive up to 18% of the payment amount the provider receives, 

though the ability to charge less than 18% creates, in theory, a competitive market for 

PES agents where providers can shop and choose the agent with the cheapest price. 
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Interviews 

In May and June 2019, we conducted semi-structured interviews with three NGO-

based, three RAC-based, and six private agents. Interviewees came from every 

province of Costa Rica except Guanacaste. We obtained a list of NGO and RAC 

intermediaries from Costa Rica’s National Forestry Office (Oficina Nacional 

Forestal) that represented most organizations (20+) working with PES and called all 

of them to solicit interviews. Private agents were found through both a list of agents 

provided by FONAFIFO and snowball sampling. To minimize travel time, we 

contacted private agents that were located in areas geographically near other 

scheduled interviews or near our base of operations in Heredia.   

 We conducted all interviews in person at a location of the interviewee’s 

choosing. Interviews lasted between 25-75 minutes. AJK conducted the interviews 

and took notes with assistance from a Spanish speaking research assistant. Interviews 

consisted of a list of questions (Appendix A) that were centered around four key 

themes: 

1. Intermediary motivations for working with PES  

2. The modalities offered by intermediaries 

3. The promotion of the PES program and how intermediaries locate providers 

4. The size of past and current PES contracts (both spatial and number of 

participants) 

 

 All interviews were transcribed and categorized by emergent themes with 
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respect to the major research questions of the study. We present results where all or 

all but one type of intermediary responded similarly.   

 In January 2020, we also interviewed six small-scale farmers (farm size <12 ha) 

and ranchers (farm size <100 ha) to examine the potential opportunity costs of land-

use change from production to reforestation or agroforestry modalities. The following 

commodities were represented on these farms: cattle (2×), potatoes, standard coffee 

(2×), partial-shade coffee, and artisanal coffee. Interviewees were from three different 

provinces of Costa Rica and were chosen through a combination of previous 

relationships not related to this study and snowball sampling. All interviews were 

conducted in person at a location of the participants choosing except for one phone 

interview. Interviews centered around: 

1. The size of the farm 

2. Per hectare gross and net profit of each commodity crop/animal grown 

3. Transaction costs and labor associated with production 

 We present results of net annual profits after transaction costs as described by 

farmers. Farmers reported profits across varying timeframes but we only present the 

most recent transactions. Most participants did not keep ledgers of their economic 

activities and therefore these data should be considered ballpark estimates of profits. 

Data on PES payments were obtained from FONAFIFO. Data on transaction costs 

and timber profits came from FONAFIFO, Costa Rica’s National Forestry Office, and 

personal communications with Costa Rican conservationists familiar with the PES 

program.  
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RESULTS AND DISCUSSION 

Intermediary motivations 

Nearly all NGOs and RACs stated the improvement of provider livelihoods as their 

main motivation for working with PES while environmental goals were mentioned 

infrequently. For instance, one large and prominent NGO stated their primary 

objective as, “To create a way of supporting small and medium farmers by providing 

them a better well-being though alternative avenues.” All RACs sought to “improve 

quality of life” of farmers by participating in the program. The only NGO that 

focused on environmental protection also had an economic basis to their argument: 

“The mission of the organization is to try to generate knowledge in people to manage 

their forests so they do not feel they are useless, that they are producing something 

with their farms so pressure on other forests is avoided.” Another environmental 

NGO went further and sought to break-down the dichotomy between economic and 

environmental considerations: “But honestly there is a very thin line between social 

and environmental issues…  because no matter how much they [providers] are 

protecting their forest, they are doing it because they have to, not because they 

believe it is fine. It is the only economic route they can take” referring to the forest 

law that makes it illegal to cut down natural trees in Costa Rica.  

This focus almost entirely on provider economics is concerning given that 

other studies of incentive-based policies like PES have found that economic 

motivations can “crowd out” intrinsic motivations for conservation (Vatn 2010, van 

Noordwijk et al. 2012). PES theory also states that once the payment ends, the 
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undesirable land use should be expected to resume (Engel et al. 2008). The case of 

the Cardamoms Forest in Cambodia is illustrative of both these potential 

consequences. There, Chervier et al. (2019) found that when PES for biodiversity was 

introduced, motivations of many providers shifted away from intrinsic concerns of 

subsistence to monetary valuation. In former PES providers, this led to a higher 

likelihood that they would violate conservation laws than non-PES participants. Thus, 

the longevity of environmental benefits of a given program may largely depend on 

the policy’s ability to promote and renew payments.  

In contrast, other recent evidence suggests that crowding out and 

reengagement in deleterious land uses is not a de facto consequence of using 

economic incentives to conserve.  Research from a long-term PES scheme in 

Colombia found that PES can actually “crowd-in” environmental concerns. Calle 

(2019) discovered that silvopastoral PES payments created a lasting conservation 

ethic even after payments ended when providers perceived tangible on-farm benefits 

from PES activities, in this case larger, healthier cattle. Reviews by Akers and Yasué 

(2019) and Rode et al. (2015) also found evidence of crowding-in of conservation 

values due to PES schemes but only when programs supported local capacity 

building. Therefore, payments themselves do not necessarily preclude conservation 

motivations, but programs may need to guard against the potential for crowding-out 

by bolstering local social networks and emphasizing co-benefits of PES modalities, 

something Costa Rica has yet to explicitly address.  

 Nearly all private agents spoke of their own economic opportunities when 
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discussing their motivations for working with PES. They described working with PES 

as a “good opportunity” or “the simplest activity for a forester.”  Another admitted, 

“It was not what interested me most… it was a good job option.” In general, private 

agents identified more with the timber industry than with environmental movements. 

This manifested as statements like, “When I started working, it was the golden age of 

forest production in Costa Rica, because companies paid a lot… to reforest.” This 

concern for their own livelihoods is understandable given that private agents do not 

have access to non-PES funding such as the donations received by NGOs but still 

highlights the stark motivational differences between different types of 

intermediaries.     

Others have noted the dangers when intermediaries seek profit from PES. For 

example, in Mexico’s forest protection for hydrological services, profit maximizing 

drove intermediaries to prioritize areas with large tracts of forest but low rates of 

deforestation, leading to a lack of additionality (the protection added beyond a 

business-as-usual scenario) and inefficient allocation of PES resources (Ezzine-de-

Blas et al. 2016). In other studies of Costa Rica’s intermediaries, Matulis (2013, 

2017) presented evidence that profit seeking behavior of private intermediaries led to 

the exclusion or exploitation of certain landowners where private agents charged up 

to 50% of the payment amount, considerably higher than 18% dictated by law.  

 Despite their overall motivation to engage in PES primarily for profit, 

surprisingly, the private agents we interviewed always charged far less than both 

NGOs and RACs for their services (5-15% of payment). In fact, all but one NGO 



 
58 

charged the maximum of 18% of the payment amount set by FONAFIFO. The 

reasons stated by NGOs/CACs for this difference always involved transaction costs 

associated with the institutions such as office rent, employee salaries, and support for 

non-PES services which concurs with other studies of intermediaries that found 

transaction costs to be one of the biggest impediments to program efficiency 

(Brouwer et al. 2011, Grima et al. 2016, Salzman et al. 2018). In addition, private 

agents focused their contracts on large areas of forest protection (discussed at length 

below), which both increases payments and involves fewer transaction costs when 

compared to tree-planting PES modalities. Therefore, private agents had the freedom 

to charge less to make themselves more competitive in order to secure larger 

contracts.      

 

Intermediary role in participant access to PES 

All intermediaries highlighted that word-of mouth was the primary means by which 

the program spread, though differences existed between private agents and 

NGOs/RACs in how participants accessed intermediaries and program information. 

All private agents mentioned direct referrals from previous or current providers as 

their main avenues for accessing new participants. This stands in contrast to 

NGOs/RACs, all of whom relied on word-of-mouth but also actively sought new 

participants through community workshops and meetings. All intermediaries 

confirmed that FONAFIFO has a very small role in promoting the program and thus, 

intermediaries remain the sole gatekeepers of information and access to the program. 
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One NGO respondent characterized the situation like this, “…both organizations and 

FONAFIFO are leaving out many people. First they are not doing the proper publicity 

of the program and that is the fault of FONAFIFO for not having a dissemination 

component in which they teach people in rural areas that the program exists and that 

it has benefits. As for organizations…we are sectorized. We only make advertising 

efforts in specific [geographic] areas.”  

 Given that not all areas of the country have active NGOs/RACs that are 

promoting PES and that private agents do little if any outreach for the program, it is 

likely that many areas of the country exist in a knowledge/information gap with 

regards to PES. Indeed, the farmers interviewed in Coto Brus, a southern canton with 

few active non-profit intermediaries, were at best vaguely aware of the program and 

had no detailed knowledge of modalities, payment schemes, or how to initiate a 

contract. Similar studies have suggested that in areas with active NGOs, participation 

in PES is higher and generally more successful. For example when Cole (2010) 

examined Costa Rica’s agroforestry modality, she found that NGOs were essential to 

fostering local capacity building that led to successful implementation. Similarly, 

Adhikari and Agrawal (2013) found that NGO intermediaries were often responsible 

for disseminating information about programs and reaching out to eligible landowners 

to promote participation. This substantially reduced transaction costs for providers by 

promoting the optimal environmental rehabilitation and connecting them with the 

appropriate buyers. 

 Outside of Costa Rica, institutions that serve as intermediaries between the state 
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and ES providers are often seen not only as facilitators of the programs, but as 

capacity builders within participating communities. For example, in Vietnam, Pham 

et al. (2010) found that environmental NGOs were able to build trust and provide a 

necessary voice to the rural poor when contracting with ES buyers. Similarly, in 

Indonesia intermediaries run by local governments improved community partnerships 

leading to positive environmental and social outcomes when implementing 

controversial Reducing Emissions from Deforestation and Forest Degradation 

(REDD+) PES programs (Kim et al. 2016). In Montana, a non-profit agricultural 

intermediary used its well-established social capital to successfully connect niche 

sustainable beef producers to PES, a result that a large international conservation 

NGO had previously failed to achieve (Davis et al. 2015). Finally, NGO 

intermediaries can assuage the concerns of potential providers that are leery of state 

involvement. In Bolivia, Asquith et al. (2008) found that an NGO was able to 

strategize and diversify payment types away from cash to in-kind payments, in this 

case honey bees and fencing, helping providers feel that their land rights were not 

being usurped by the state.   

 In some of these examples, intermediaries became agents of policy change by 

either lobbying or working with the state to improve programs. Based on responses 

indicating frustration with FONAFIFO and the PES policy in general, it appears that 

intermediaries in Costa Rica have less of a voice in policy formation and change. 

Respondents consistently addressed how the bureaucracy within FONAFIFO 

negatively affected both intermediaries and providers. One illustrative example came 
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from a private forest agent: “Once working with a man who had a very large land, I 

placed an abbreviation on the map… The document was returned because it had to be 

the whole word... I had to invest twice as much time to correct the document. That 

hurts me so much for the loss of time and creates a very negative perception in the 

public sector because they [FONAFIFO] cause all processes to be delayed.” This 

frustration with the contracting process and interaction with FONAFIFO was 

expressed by nearly all intermediaries who felt that the providers inevitably suffered 

because of the immense paperwork and bureaucratic hoops they must jump through 

before receiving PES contracts. Those that worked with tree-planting modalities also 

expressed that baselines set by FONAFIFO for payment such as minimum allowable 

tree mortality rates were overly restrictive and unduly increased risk for both 

providers and intermediaries. 

   

Modalities offered 

NGOs and RACs offered a similar suite of modalities while private agents worked 

with fewer modalities overall (Table 2). For example, all NGOs and RACs except one 

worked with agroforestry whereas no private agents worked with this modality. 

Despite these distinctions in modalities offered between NGOs/RACs and private 

agents, all intermediaries worked predominantly with the forest protection modality. 

 Two main concerns drove differences regarding modalities offered among 

intermediaries. First, respondents indicated that working with the small farms that 

usually employ the agroforestry modality simply paid so little that it was difficult or, 
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in the case of private agents, nearly impossible to work with smallholders. One 

respondent who works as both a private agent and for a RAC put it this way: “Private 

agents, for example, usually do not like projects of 5 or 8 hectares because the 

percentage they get provides very little money.” Another private agent admitted, 

“Unfortunately, the small farm market is very abandoned because no agent wants to 

work with them.” Respondents also felt that the transaction costs and uncertainty 

involved with tree-planting modalities like agroforestry and reforestation were very 

risky and therefore not appealing for either private agents or small farmers. For 

example, one respondent stated “It is more complicated when it is reforestation… 

because FONAFIFO is very strict. They ask for analysis of plant growth and 

survival… so for a forest engineer it is very risky to start a reforestation project.” 

Further, nearly all intermediaries held the opinion that the reforestation modality was 

declining due to low prices and lack of promotion by FONAFIFO and implied that 

this might increase deforestation rates. One NGO stated, “This is worrisome because 

nobody wants to have forest plantations. We are worried because demand [for wood] 

is constant but there are fewer people producing. Before the plantations covered the 

demands of the market and not today. There is a gap in production, what worries us is 

that people are going to start taking trees from the primary forest.”    

 For those intermediaries that did engage with smallholders, the fees charged for 

larger forest protection projects were often necessary to offset the proportionally 

higher costs and lower gains of working with smallholders. Some respondents stated 

that they could only do so if the smallholder was in close proximity to a large forest 
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protection project. For example, when discussing the difficulty of working with 

smallholders, one RAC respondent stated, “The organization does it by 

complementing or balancing with large projects. … if I am going to see a small 

project I will see several others that same day so that the costs do not increase.” One 

private agent similarly expressed, “I had several small farms of 8 hectares but near 

this there was a very large farm so for that same trip, I could work with two farms and 

take advantage that the other person has a larger farm.” Thus, it appears the limited 

capacity of intermediaries to work with smallholders is associated in part with travel 

time rather than amount of payment received.    

 When examining the sub-modalities of agroforestry and reforestation, only one 

NGO contracted with providers that used native species. All other intermediaries 

contracted with providers that planted monocultures of fast growing, non-native 

timber species that were usually harvested after 5-16 years. This is despite the much 

higher price paid for plantings of native and endangered species. The intermediaries 

and FONAFIFO do not hide the fact that these modalities were used primarily for 

timber production. When asked why they do not work with native species, one RAC 

responded, “For yields. We know that native species have slower growth and are only 

used by people who are not interested in harvesting the wood in the short term.” They 

explained that “this type of modality is more for people who have more resources that 

do not depend on what they generate on the farm, they use it more as a complement.” 

The sentiment that payments to smallholders are mostly used as supplementary 

income as opposed to contributing substantially to livelihoods was expressed multiple 
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times during interviews with one NGO stating that payments from PES timber were 

used mainly for one-time luxury items as opposed to contributing substantially to on-

farm income. Similarly, in a study of smallholder engagement with Costa Rica’s PES 

program, Lansing (2017) found that smallholders enrolled in PES tend to be wealthier 

with less reliance on agricultural. Therefore, they have a significantly greater amount 

of fallow land than non-participants with which to engage in PES. Not only are 

agroforestry payments viewed by the intermediaries as unlikely to bolster livelihoods, 

the fact that fast-growing, non-native timber species are usually used calls into 

question the environmental efficacy of these tree-planting modalities. Whereas timber 

plantations sequester more carbon than agricultural land, they provide poor habitat for 

animal species on the landscape (Healey & Gara 2003) and offer only limited 

biodiversity potential (Catterrall et al. 2005, Lamb et al. 2005). 

 

Opportunity costs of small farmers 

When comparing the net profits per hectare per year from cattle, potatoes, and all 

forms of coffee, we found that none of the agroforestry/reforestation modalities 

covered or exceeded the opportunity costs of taking land out of production and 

replacing it solely with PES (Fig. 1). Even the least lucrative commodity examined 

(cattle production: $471.68 ha-1 yr-1) exceeded the most intensive and lucrative PES 

strategy (reforestation with endangered species: $419.28 ha-1 yr-1). On the other 

extreme, artisanal coffee can yield a profit of nearly $8000 ha-1 yr-1 with other types 

of production, including low-yield coffee, all profiting after transaction costs between 
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~$500-2500 ha-1 yr-1 more than the highest paying PES. In terms of PES payments, 

natural regeneration and the agroforestry modalities had much lower payments than 

any of the reforestation modalities at ~$20-200 ha-1 yr-1. Except for natural 

regeneration, all tree-planting modalities have transaction costs for the purchase of 

tree seedlings and their maintenance which were difficult to ascertain for this 

comparison. Therefore, the PES payments represented on the right side of Figure 1 

would be somewhat smaller given transaction costs involved with planting.  

 After 10 and 16 years, the reforestation and agroforestry modalities become 

more financially-viable because the timber becomes harvestable; nonetheless, 

standard and artisanal coffee still profit more overall (Fig. 2). Despite higher 

economic potential, this type of comparison cannot capture the disparity in capital 

needed to invest in a crop that is harvested every 10-16 years compared to yearly. 

Loans taken out on the future prospect of harvest could help with these transaction 

costs but the endeavor may still be perceived as too risky for farmers who rely 

entirely on farm-generated income for subsistence.  

 Overall, our comparison of opportunity costs and PES payments corroborates 

the view held by most of the intermediaries we interviewed that payments are simply 

too small to be an attractive option for smallholders looking to diversify their farm 

income, a problem that compounds when payments must be enough to incentivize not 

only the provider, but the intermediary into participation as well.   

 

 



 
66 

Conclusions and synthesis 

We found that the differences between intermediaries that affect provider 

participation and modalities used are mostly driven by the program’s policy design, 

namely the low payments for all modalities except forest protection. All 

intermediaries, and therefore the providers they serve, are constrained by the fact that 

the forest protection modality is lucrative and presents fewer transaction costs for all 

types of intermediaries. Therefore, intermediaries must rely on forest protection 

contracts to fund all PES in their portfolios regardless of their motivations to engage 

in other modalities. We see three main consequences for Costa Rica’s PES program 

that stem from the interaction between low payments and the intermediary policy 

structure. First, because smallholder engagement is driven by NGOs and RACs, the 

reliance of these intermediaries on properties that contain large swaths of intact forest 

precludes mixed use, smallholder landscapes that have low levels of remnant forest 

from being represented in the program. This focus on large areas of intact forests runs 

counter to evidence that most land left to conserve in the tropics is represented by 

human-dominated landscapes (Gardner et al. 2009) and ignores calls to conserve such 

areas that have major restoration potential and retain high levels of biodiversity and 

ecosystem services (Perfecto & Vandermeer 2008, Chazdon et al. 2009). Second, low 

payments for agroforestry and reforestation discourage intermediaries and providers 

from engaging in tree-planting that respondents felt is essential to curbing illegal 

logging of remnant forests. When these modalities are used, economic concerns also 

drive decisions to plant non-native, fast growing trees that can be harvested and turn a 
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profit much sooner than native species. Therefore, the few environmental benefits 

gained through the sparse use of these modalities are ephemeral. Finally, because PES 

policy in its current state does a poor job of incentivizing natural regeneration and 

tree-planting especially of native species, Costa Rica will likely continue to see very 

few gains in overall forest cover due to PES.    

 Our research also uncovered a discrepancy in both the stated social goals of the 

PES program and the goals of intermediaries to support farmer livelihoods. It appears 

Costa Rica’s response to criticisms of favoring wealthy landowners to expand small-

scale PES has been largely unsuccessful. PES payments to smallholders seem to only 

be attractive to farmers that do not rely entirely on farm income for their livelihoods. 

Further, our comparison of opportunity costs suggests that for those farmers who do 

rely entirely on farm-generated income, the current PES current program is not a 

viable option to replace commodity production with more environmentally sound 

practices. NGOs and RACs that work with smallholders are thus unable to fully 

realize their goals of bolstering farmer livelihoods. Besides low payments, it appears 

that the bureaucracy of contracting and maintaining PES greatly impedes 

participation, especially within tree-planting modalities. The unease and frustration 

expressed by intermediaries with FONAFIFO’s handling of the policy suggests that 

little collaboration exists between these two critical players in advancing and 

improving PES policy.  

 Overall, Costa Rica’s PES program provides an example of third-party 

governance that has succumbed to overly complex institutional structure represented 
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by competing program goals, disconnections between the higher and intermediary 

levels of governance, and inflexible policy design that prevents the policy from 

evolving. First, it appears the early criticisms of payments going exclusively to 

wealthy landowners has created dual goals of environmental improvement and social 

development without fully considering landowner economics. This has led to two 

tiers of the PES program, the environmental tier represented by the forest protection 

modality and the social tier represented by the tree-planting modalities. Where the 

policy fails is at the intersection of these two. By limiting payments for tree-planting 

to only token amounts, FONAFIFO has guaranteed that these modalities will always 

be represented by the most economically viable options, i.e. ephemeral timber 

production that is essentially decoupled from environmental goals. On the other hand, 

the intermediary structure combined with high payments for forest protection locks in 

the dominance of this form of conservation precluding both social development goals 

and alternative forms of conservation such as restoration through natural regeneration 

and tree-planting. Second, despite the desire and potential of intermediaries to 

advance the program, PES still operates in a top-down fashion where the governing 

body dictates the rules of engagement but is virtually disconnected from the realities 

on the ground. This leaves well-meaning intermediaries feeling powerless as they try 

their best to navigate the bureaucracy of the policy. Finally, the policy’s fixed 

payment structure is ill-suited to capture the social and environmental nuances of 

particular providers’ situations and ecosystems that fall outside of the paradigm of 

intact primary forest.  
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 To FONAFIFO’s credit, they have recently recognized these problems and in 

2019 began offering a new modality called “mixed systems” (sistemas mixtos in 

Spanish) that pays smallholders for small patches of forest, tree planting, and natural 

regeneration that were traditionally not covered under other modalities. Although the 

impressions of intermediaries regarding this new modality were mixed, it can be 

considered a step in the right direction. What may be truly needed for Costa Rica to 

realize its conservation potential though PES is a change in value both monetarily and 

in the form of an ideological shift away from traditional conservation narratives that 

only value large primary forests. Shifting some money from forest protection 

projects, especially those with low additionality, and differentiating payments based 

on farm size may entice providers and intermediaries alike to see PES in smallholder 

landscapes as economically viable. Further, providing up front capital to cover 

transaction costs and loans on future harvests of native, slow-growing timber species 

would decrease the risks involved and provide more incentive to engage in 

environmentally sound tree-planting strategies. Finally, a better dialogue is needed 

between intermediaries and FONAFIFO to balance the power dynamic and allow the 

policy to reflect on the ground realities intermediaries and providers face.  
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TABLE 3.1. Modalities offered by Costa Rica’s PES program and key characteristics 
(FONAFIFO, 2020). Payments in USD were converted from Costa Rican Colones 
(CRC) at the rate $1 = 576.49 CRC. 

Modality Sub-modalities Description 
Farm-
size (ha) 

Payment 
period 

Total 
payment 
(USD) 

Annual 
payment 
(USD) 

Forest 
protection 

Conservation forests 70 % 
canopy cover 
and > 60 trees 
15 cm in 
diameter/ha 

2-300 10 yr $628.35/ha $62.84/ha 

 Hydrological 
resources 

Conservation of 
forest in areas 
important for 
water resources 

  $785.45/ha $78.55/ha 

Natural 
regeneration 

none Allowing 
previously 
cultivated land 
to recover 

2-300 10 yr $201.27/ha $20.13/ha 

Agroforestry Timber species Plantings of 40-
250 trees/ha 
within 
cultivated land 
or 625 in up to 
five 1-ha blocks 

1.5-125 3 yr 
(renewal 
after 5 yr) 

$1.72/tree $0.57/tree 

 Endangered 
species 

   $2.54/tree $0.85/tree 

Reforestation Fast growth 
species 

Plantations of 
816 trees/ha 

1-300 5 yr 
(renewal 
after 15 
yrs) 

$1239.54/ha $247.91/ha 

 Medium growth 
species 

   $1397.62/ha $279.52/ha 

 Endangered 
species 

   $2096.42/ha $419.28/ha 

 
 

 

 

 

 



 
72 

TABLE 2: Modalities used by interviewed intermediaries: high = used by all 
or all but one intermediary, med = used by 33-66% of intermediaries, low = 
used by <33% of intermediaries of a given class. Data derived from answers 
to interview questions regarding whether an interviewee participated in each 
modality at the time of the interview or in the last year.     

 
Modality Sub-modality Typical provider Private agents NGO RACs 

Forest 
protection 

NA largeholder high highs high 

Agroforestry Fast-growth species 
Endangered species 

smallholder none 
none 

med 
low 

med 
none 

Reforestation Fast-growth species 
Medium growth species 
Endangered species 

largeholder med 
none 
none 

low 
low 
low 

low 
low 
low 

Natural 
regeneration 

NA small and 
largeholder 

low low low 
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FIGURES: CHAPTER 3 

 
FIGURE 3.1. Opportunity costs reported by interviewed farmers and potential PES 
payments for agroforestry and reforestation modalities yearly per hectare. Estimates 
for commodity production include transaction costs expressed by interviewees. 
Estimates of PES payments include a 10% intermediary fee. For agroforestry 
payments, only the highest payment of 816 trees/ha are represented.   
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FIGURE 3.2. Opportunity costs reported by interviewed farmers and potential PES 
payments for agroforestry and reforestation modalities including timber sales for 10 
and 16 years after planting. Timber sale estimates included transaction costs of 
production. 10-year timber profits were from Gmelina (white teak) and 16-year 
profits from Tectona (teak), both fast-growing non-native species. Data for modalities 
using medium growth and endangered species were unavailable and are not reported. 
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APPENDIX 

INTERVIEW TEMPLATE – NGOS AND PSA 

1. Overview of study for interviewee 

a. Research question and goals  

b. Defining terminology – intermediary, modality, ecosystem service, 

livelihood, ecosystem service provider/participant 

 

2. General information on organization 

a. When was your organization created and how long have you worked 

with PSA? 

b. What is the mission statement and general goal of your organization? 

c. How many members make up your organization and how many are 

devoted to PSA? 

d. Do you offer any non-PSA services to landowners? 

e. Do you focus on a specific region or land jurisdiction for PSA 

contracts? If so, why?   

 

3. PSA modalities 

a. Which PSA modalities have you assisted with in the past?  

i. Conservation 

1. Type of land/landowner assisted? 

ii. Reforestation 
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1. Which species and why? 

iii. SAF (agroforestry) 

1. Type of SAF – coffee, plantation, etc. 

2. Which species and why? 

iv. Pasture regeneration? 

b. What is the general percentage which you engage in each of these 

modalities? 

c. Do you have plans to offer any other services in the future?  

 

4. Type of support organization provides 

a. What services do you provide to PSA participants for each of the 

modalities that you have supported?  

i. Technical advice  

ii. On-the-ground technical assistance  

iii. Providing trees – if so, what species?  

iv. Assessing land – size, extent of forest, type of modalities 

available 

v. Monitoring responsibilities 

vi. Loans or other assistance to cover transaction/opportunity costs 

b. What is your fee for those services for each modality you have 

offered?  
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5. Accessibility 

a. Could you describe the typical process of contracting a participant? 

b. How have you found your clients for PSA? 

i. Do you actively promote your services and attract participants?  

ii. Do participants contact your organization directly? If yes, how 

do they find you? 

iii. Does this differ by modality? 

iv. Does FONAFIFO ever play a role in connecting you to 

participants? 

c. You stated that you supported _______ modality at a higher 

percentage than others? Why?  

d. Have you ever had an instance where you were contacted by a 

potential participant or started the contracting/consulting process but 

didn’t end up providing services? If so, why?  

e. Are there other agents/organizations in your area that assist with 

different modalities than you/your organization? 

f. Are there some participants that it’s not practical to work with? If so, 

why? 

 

6. Organizational funding 

a. Do the fees you receive from PSA payments cover your transaction 

costs for those services or are they supplemented from other funding? 
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b. Do any other sources of funding (i.e. donations, government) support 

your PSA services? 

c. Do PSA fees ever support non-PSA services? 

  

7. Interaction with governing body 

a. To what extent do you interact with FONAFIFO regarding PSA?  

b. Does FONAFIFO actively engage in overseeing your organization? 

c. Do you feel FONAFIFO is actively engaged in monitoring compliance 

with PSA law?  

 

Interview template – farmer opportunity costs 

 

1. General farm info: 

a. What crops/animals are you currently using? 

b. How many hectares do you currently own that goes towards 

farming/ranching?  

c. Is farming/ranching your main source of income? 

d. Do you have any supplementary sources of income? 

e. Do you hire employees to help on your farm?   

 

2. Opportunity costs: 
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a. What is your per-hectare profit after paying for employees, farm 

inputs, etc.? 

b. Do these profits fluctuate greatly from year to year? Do you expect 

them to change drastically in the near future? 

c. How much time do you and your family spend maintaining your 

business?  

 

3. Hidden opportunities for PES 

a. Do you have any land that is not in production and will not be in the 

near future? If so, how much?  

b. Do any of the crops you currently grow have potential to be grown 

under trees?  

c. Do you have any secondary or primary forest on your land? 
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