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Abstract

:

Active restoration is one strategy to reverse tropical forest loss. Given the dynamic nature of climates, human populations, and other ecosystem components, the past practice of using historical reference sites as restoration targets is unlikely to result in self-sustaining ecosystems. Restoring sustainable ecological processes like pollination is a more feasible goal. We investigated how flower cover, planting design, and landscape forest cover influenced bird pollinator visits to Inga edulis trees in young restoration sites in Costa Rica. I. edulis trees were located in island plantings, where seedlings had been planted in patches, or in plantation plantings, where seedlings were planted to cover the restoration area. Sites were located in landscapes with scant (10–21%) or moderate (35–76%) forest cover. Trees with greater flower cover received more visits from pollinating birds; neither planting design nor landscape forest cover influenced the number of pollinator visits. Resident hummingbirds and a migratory bird species were the most frequent bird pollinators. Pollination in the early years following planting may not be as affected by details of restoration design as other ecological processes like seed dispersal. Future work to assess the quality of various pollinator species will be important in assessing this idea.
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1. Introduction


During the last ten years, global primary forest extent has declined by approximately 0.4 percent annually in large part because of conversion to agriculture [1]. Central and South America, regions with large tropical forest areas, lost nearly 4 million hectares of forest per year from 2005 through 2010 [2]. Among the many benefits provided by tropical forests are maintenance of soil fertility [3], habitat for biodiversity [4], and carbon storage with associated reduction of carbon emissions [5].



Anthropogenic restoration is one strategy to reverse tropical forest loss [6] and will more profitably focus on the restoration of ecosystem processes rather than the restoration of particular assemblages of plants and animals. Given the dynamic nature of soils, climates, human populations, and other ecosystem components, the past practice of using historical reference sites as targets is unlikely to result in self-sustaining ecosystems, or even be doable in many cases [7].



One potentially important facet of restoration design is planting arrangement. Island planting, or applied nucleation [8], involves planting small patches or islands to mimic natural successional processes. In contrast, plantation-style plantings result in an area covered with seedlings. If island planting facilitates restoration equally as well as plantation-style planting, it would be preferred because of lower costs [9]. Our previous work in southern Costa Rica has shown that plantation-style plantings are used more extensively by both insectivorous and frugivorous birds than island plantings, with potential consequences for the ecological processes of arthropod reduction and seed dispersal [10,11].



Pollination is another important ecological process with consequences for plant reproductive success, and, potentially, restoration rates and trajectories [12]. However, studies of pollination within a restoration context have been limited to date [13,14]. Animal pollination is particularly important in the tropics; 94% of tropical plant species are pollinated by animals [15] with birds being a particularly important group of pollinators [16]. Inadequate pollinator visitation rates may impede plant reproductive success with consequences for restoration [17].



Here we compared pollinator visits to Inga edulis trees located in either island or plantation treatments and within landscapes with varying amounts of forest cover. I. edulis is a successional species that develops an extensive canopy within several years of planting and is used more often by birds than other planted species with slower canopy development [11,18]. I. edulis is self-incompatible and thus cross-pollination is a necessary component of the reproductive cycle. Inga species have brush-like flowers that are pollinated by hummingbirds and some nocturnal species of bats and Lepidoptera [19].



Many bird pollinators are hummingbirds. Pollinator visits and pollination success of some hummingbird-pollinated neotropical plant species are positively affected by patch factors such as increasing conspecific flower density e.g., [20,21]. Thus we expected that increasing flower density within a tree would increase bird pollinator visits. We also expected that I. edulis trees in plantations would have more visits because of greater abundances of I. edulis trees in plantation treatments compared to island treatments. Although a few other plant species were flowering during the study, their abundance was limited, and I. edulis flowers were a primary source of nectar.



Surrounding land cover characteristics can potentially affect bird use of restoration sites [22] so we also examined landscape forest cover as a potential influence on bird pollinator visits. Several studies have shown that tropical hummingbirds (who we assumed would be the most common pollinators) are less affected by landscape characteristics than other groups such as understory insectivores [23,24,25]. Amazonian forest hummingbird abundance did not change after forest fragmentation [23]. In addition, a large-scale investigation in the study region revealed no strong relationships between land cover characteristics and hummingbird richness or abundance [25]. Based on these previous studies we anticipated that we would see minimal effects of landscape forest cover on bird pollinator visits. However, hummingbird species may vary in their response to land cover characteristics; one common forest-associated hummingbird species in the study area showed different movement paths in agricultural and forested areas [26]. Thus, we also examined the species composition of the potential pollinator assemblage that visited I. edulis flowers and that of all potential pollinator species in the study sites. Such information could indicate whether I. edulis pollinators were less likely, as a group, to respond to landscape characteristics than the entire potential pollinator set.




2. Methods


2.1. Sites


Study sites were near the Las Cruces Biological Station, Costa Rica, at 8°47′N, 82°57′W. In 2004 six sites were planted with four species including Inga edulis Mart. [Fabaceae], which is naturalized to the region. Sites were 1090 m to 1300 m in elevation and >1.2 km apart. Each site included a plantation treatment where seedlings covered the area, 2500 m2, and an island treatment of the same size where seedlings were planted in six patches, at least 8 m apart: two of 4 × 4 m, two of 8 × 8 m, and two of 12 × 12 m. Seedlings were 2.8 m apart. At most sites, treatments were 5 m apart; in a few cases treatments were separated by tens of meters. Treatments were cleared of non-planted vegetation every few months for 2.5 years. See [27] for additional experimental design details.



I. edulis trees were the fastest growing of the four planted species. In July 2007, the mean height of the I. edulis trees in the plantation treatments was 452 ± 136 cm (range = 237–594 cm, n = 6) and in the island treatments, 423 ± 158 cm (range = 213–588 cm, n = 6). I. edulis inflorescences comprise axillary flower spikes with each flower having a tubular corolla, 1–1.5 m long, and a large number of conspicuous white stamens that extend 2–4 cm beyond the corolla tube [28].




2.2. Observations


Observations took place from October 2007 through March 2008 at each site every three weeks between 6:00 am and 8:30 am. One Inga in each of the two medium and two large patches within the island treatments, and two Ingas in the plantations were observed with binoculars. If an equivalent-sized Inga had survived in a small patch, we conducted observations at these trees, for a total of 6–7 trees per site. The same trees were observed each time observations took place. Observed trees were similar in height, canopy cover, and distance to patch edge (<10 m). During each 20-minute observation period, the observer, J.A. Rosales, sat 10 m from the tree and recorded all bird visits and whether visiting individuals foraged at flowers, branches/leaves, and/or extra-floral nectaries. Visits by individuals of the same species were counted separately if at least one minute elapsed between initial sightings of the same species in the tree, with two exceptions. In two cases visits were separated by 42 and 46 seconds. We also considered these to be separate visits. Flower cover of each observed tree was estimated after observations as 0% cover, 1–5% cover, 6–25% cover or 26–75% cover.




2.3. Mist Netting


Permanent mist net lanes were established along trails in the three treatments per site in five sites; one site was excluded from sampling for logistical reasons. Three nets, 12 m long and 2.6 m high, were used in each treatment during a morning of sampling. Nets were opened within 30 min of sunrise and kept open for five hours, resulting in 15 hours per treatment and a total of 45 hours of sampling per round per site. Nets were closed during rain or high winds. Sampling took place in 2006–2007 and 2007–2008, during November (late wet season), February (dry season) and April (early wet season) for a total of six sampling rounds per site. Birds were identified to species and banded with either numbered metal bands (resident birds) or U.S. Fish & Wildlife Service bands (North American migrant birds). We weighed birds, took several morphological measurements, and determined age and sex when possible.




2.4. Land Cover Measurements


Land cover analyses were conducted using aerial photographs taken in 1998 (the Terra project) and 2005 (the Carta project) in campaigns sponsored by the Costa Rican government. The majority of the classification was made with the 2005 photos, collected during March and April 2005, at a scale of 1:150,000. For a few sites, photos from 1998 were used to fill in areas with shadows or clouds. The 1998 photos were collected from November 1997 to February 1998 at a scale of 1:40,000. Photos were orthorectified by Dr. David Morales and analyses were conducted with ARCGIS 9.1.



Primary and secondary forest and other non-forest land cover classes were identified and quantified manually using texture characteristics and FAO guidelines [29]. Proportions of each class were calculated for 500 m buffers constructed around the center of each planting design treatment. Ground-truth data were collected in mid 2007 and 2008 to check the classification of each polygon. When discrepancies were found, the classification was changed. We summed the proportions of the primary and secondary forest classes for each buffer and averaged these values for the treatment buffers per site to arrive at one value. We classified each site as having sparse (10–21%, n = 3), or moderate (35–76%, n = 3) landscape forest cover.




2.5. Treatment of Data and Analyses


Observational data. All observations that took place at trees within island patches were classified in the island treatment and all observations at trees within plantations were in the plantation treatment. The birds observed at I. edulis trees were classified as pollinators if they were observed foraging at I. edulis flowers at some point during the observations.



We determined whether planting treatment and flower cover were independent using a G-test. Numbers of bird pollinator visits were summed for each tree for each date observed. After preliminary analyses and viewing residual plots, we used a square root transformation of the number of bird pollinator visits as the response variable. We used Proc Glimmix [30] to generate generalized linear models with treatment (island or plantation), flower cover within the focal tree, and landscape forest cover as potential explanatory variables. Proc Glimmix allows mixed models with fixed and random factors. Treatment, flower cover, and landscape forest cover were fixed factors. Because bird responses to treatments within a site could have been correlated, we included site as a random effect, allowing us to estimate the proportion of unexplained variance in our final model due to site. We included a repeated measures factor because sites were sampled multiple times.



In addition to the global model containing planting treatment, flower cover, landscape forest cover, all two-way interactions, and the three-way interaction, we generated a nested subset of models. To determine nested models, the variable with the highest p-value was excluded at each step. We compared nested models by calculating differences in log likelihood values and using the chi-square distribution. If the difference in values was significant, the model with more variables was kept because it explained the response variable significantly better than the model with fewer variables [31]. The process resulted in the final model.



We checked residual plots to determine if final model fit was adequate. We tested for significant differences between classes within variables using the Contrast statement which computes an f statistic based on a matrix associated with the fixed and random effects of the model [30].



Mist net data. We considered all hummingbird species and the three non-hummingbird species that were observed at I. edulis flowers as potential pollinators. We classified potential pollinator species as open-country species or woody-associated species based on Stiles and Skutch’s A Guide to the Birds of Costa Rica [32]. Species were classified as open-country if they prefer non-forest habitats while woody-associated species typically use woodlands, forests, woody agricultural systems like coffee, and diverse home gardens. None of the potential pollinator species would be considered strict forest specialists [32]. We compared the proportions of visits by open-country and woody-associated pollinators to I. edulis trees to the proportions of these two categories captured in mist nets. We used a test of independence with a G-test for this comparison.





3. Results and Discussion


There were 297 observation periods and during 195 of those observation periods, at least one bird was observed at the focal tree with 378 total birds and 52 species observed. Eighteen of the birds observed were unidentifiable to species although all but two of these could be classified to at least a family, e.g., Trochilidae, the hummingbird family.



Nine of the observed species were classified as pollinators because they were observed visiting flowers at least once during the study (Table 1). During 105 of the observation periods, at least one pollinator was observed and a total of 179 pollinator individuals were observed. Six of the pollinator species were hummingbirds. Of the three other bird pollinator species, two were Neotropical migrants (species that nest in northern North America and winter in Central and South America), and one was a year-round, tropical resident, Coereba flaveola (Table 1).
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Table 1. Birds species classified as pollinators, the proportion of their visits to I. edulis where flowers were visited and the proportion of flower visits per species over all flower visits observed.
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Scientific Name

	
Common Name

	
Family

	
Number of visits observed at I. edulis trees

	
Number of visits where flowers were visited (Percent)

	
Percent all flower visits observed






	
Amazilia tzacatl*

	
Rufous-tailed Hummingbird

	
Trochilidae

	
78

	
54 (69.2)

	
53.5




	
Oreothlypis peregrina

	
Tennessee Warbler**

	
Parulidae

	
45

	
9 (20.0)

	
8.9




	
Coereba flaveola

	
Bananaquit

	
Thraupidae

	
18

	
15 (83.3)

	
14.9




	
Amazilia edward*

	
Snowy-bellied Hummingbird

	
Trochilidae

	
12

	
10 (83.3)

	
9.9




	
Setophaga fusca

	
Blackburnian Warbler**

	
Parulidae

	
10

	
3 (30.0)

	
3.0




	
Chlorostilbon assimilis*

	
Garden Emerald

	
Trochilidae

	
7

	
3 (42.9)

	
3.0




	
Elvira chionura*

	
White-tailed Emerald

	
Trochilidae

	
3

	
2 (66.7)

	
2.0




	
Unidentified hummingbird*

	

	
Trochilidae

	
3

	
2 (66.7)

	
2.0




	
Phaethornis striigularis*

	
Stripe-throated Hermit

	
Trochilidae

	
2

	
2 (100)

	
2.0




	
Phaethornis guy*

	
Green Hermit

	
Trochilidae

	
1

	
1 (100)

	
1.0








*Hummingbird species; **Neotropical migrant species.







Species varied in the proportions of visits that included foraging at flowers (Table 1). The most common visitor, the Rufous-tailed Hummingbird, foraged at flowers during 69.2 percent of its visits to I. edulis while the second most common visitor, the Tennessee Warbler, only foraged at flowers during 20% of its visits.



An observed tree’s planting treatment was not associated with its flowering category (0% cover, 1–5% cover, 6–25% cover or 26–75% cover), i.e., observed island trees were distributed in the four flowering categories at the same proportions as the plantation trees (G = 1.42, 3 d.f., p < 0.5). The final model to explain number of pollinator visits included only the explanatory variable flower cover (F = 27.55, p < 0.0001, Figure 1); neither planting treatment nor landscape forest cover was a significant influence (visits to island trees = 0.55 ± 1.00 per observation period and 0.73 ± 1.11 to plantation trees). Approximately 5.8% of the unexplained variance of the final model was explained by site, i.e., there was a limited amount of correspondence among the island and plantation treatments at a site.
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Figure 1. Pollinator visits to I. edulis trees increased with increasing flower cover. 2007–2008 restoration sites in Costa Rica. Bars with different letters are significantly different at the p < 0.05 level. Errors bars are standard deviations. 
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We captured 255 potential pollinators during mist netting in the sites, distributed among fifteen potential pollinator species: twelve hummingbird species and the three non-hummingbird species observed at I. edulis flowers. Three of the species (115 individuals) were classified as open-country species and the rest as woody-associated species (140 individuals, Table 2).
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Table 2. Potential pollinator species captured during mist netting.
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English name

	
Scientific name

	
Number of captures

	
Open-country or Woody-associated






	
Green Hermit

	
Phaethornis guy

	
23

	
W




	
Stripe-throated Hermit

	
Phaethornis striigularis

	
7

	
W




	
Scaly-breasted Hummingbird

	
Phaeochroa cuvierii

	
3

	
W




	
Violet Sabrewing

	
Campylopterus hemileucurus

	
7

	
W




	
Garden Emerald

	
Chlorostilbon assimilis

	
16

	
O




	
Violet-crowned Woodnymph

	
Thalurania colombica

	
3

	
W




	
Blue-throated Goldentail

	
Hylocharis eliciae

	
1

	
W




	
Charming Hummingbird

	
Amazilia decora

	
6

	
W




	
Snowy-bellied Hummingbird

	
Amazilia edward

	
9

	
O




	
Rufous-tailed Hummingbird

	
Amazilia tzacatl

	
90

	
O




	
White-tailed Emerald

	
Elvira chionura

	
8

	
W




	
Green-crowned Brilliant

	
Heliodoxa jacula

	
2

	
W




	
Bananaquit

	
Coereba flaveola

	
26

	
W




	
Blackburnian Warbler

	
Setophaga fusca

	
7

	
W




	
Tennessee Warbler

	
Oreothlypis peregrina

	
47

	
W









The proportion of open-country pollinator species that visited I. edulis trees was significantly higher than the proportion of open-country pollinator species captured in mist nets (G = 4.38, 1 d.f., p < 0.05).



Unlike our previous work indicating that insectivorous and frugivorous birds used plantation-style treatments more than island treatments [10,11,33], planting treatment did not influence numbers of pollinator bird visits to trees in islands compared to plantations. The number of pollinator visits to I. edulis was driven primarily by conspecific flower density in focal trees e.g., [20,21]. In addition, pollinator visitation was not influenced by the amount of forest in the landscape. These results may be explained by the fact that most of the pollinator visits were by hummingbirds which often travel widely in search of food. Previous work indicates that hummingbirds as a group show few abundance or species richness effects to landscape characteristics [23,24,25] although individual species may vary in their responses to land cover patterns [26]. Neotropical migratory birds also follow food supplies in some cases [34,35] and the migrants who visited I. edulis are found in a variety of land cover types in Costa Rica [32]. In addition, the particular assemblage visiting I. edulis had a greater proportion of open-country pollinators and a lower proportion of woody-associated pollinators than were captured in mist nets within the study sites; the composition of the pollinator assemblage was different than might have been expected based on the capture data. This finding indicates that I. edulis may be most attractive to open-country pollinators and suggests the lack of planting treatment and landscape forest cover effects may stem, in part, from the particular combination of I. edulis with its pollinator assemblage.



Our results suggest that pollination, an ecological process with the potential to influence the rate and trajectory of restoration, may occur as readily within island as plantation treatments and within restoration sites with varying amounts of surrounding forest cover. Thus, although plantation-style planting likely has a positive influence on the ecological processes of arthropod reduction by vertebrates and seed dispersal, through positive effects on insectivorous and frugivorous birds [10,11,33], similar effects may not occur for pollination, at least at this stage of forest recovery. These findings are in accord with recent work showing that different species interaction networks within ecosystems will not necessarily respond similarly to restoration strategies [36]. Similar research with other plant species used in tropical restoration would help to determine the generality of our results. It would also be valuable to determine pollinator assemblages at I. edulis in forest.



Pollinator visitation is an important first step in the process of producing seeds and fruit but further work to document the quality of the different pollinator species would be valuable. For example, Inga sessilis has bat and hawkmoth pollinators, as well as bird pollinators, which varied in their contributions to plant fitness, in Brazil [37]. While bat and hawkmoth pollinators contributed more to fruit production than birds, birds were more consistent pollinators over time and I. sessilis showed adaptations to attract each of the pollinator groups [37]. Additional research on the entire suite of I. edulis pollinators, which may also include bats and hawkmoths, would provide a more complete picture of planting design and landscape effects on pollination in this system.



Similarly, even within a group of pollinators, individual species will vary in the quality of pollination services they provide. The bananaquit for example, which regularly visited I. edulis, robs nectar from the flowers of some plant species, coming into contact with the pollen only infrequently, thus providing little pollination [38]. However, the brushy structure of I. edulis flowers makes it unlikely that bananaquits can always avoid contact with the pollen-bearing portions of the flower and bananaquits are effective pollinators of other tropical plants [39]. However, future work to quantify which pollinator species are most effective with regard to pollen transfer and subsequent seed set would aid in ranking the value of various pollinators. In addition, although I. edulis is a particularly important species in the restoration sites because of its fast growth and the physical structure it provides, the pollination of other species is also important. Future work to determine pollinator visitation rates and pollination success for both planted species and those that have naturally established in the restoration sites would aid in determining the generality of the results for I. edulis.




4. Conclusions


Quantifying the success of restoration efforts has become more challenging as restoration ecologists and practitioners have discovered that the practice of using reference sites as targets may not always be feasible or desirable. While a focus on particular species may be warranted in some cases [17], restoring ecological processes will often be a more constructive and attainable goal. This work indicates that pollination in the early years following planting may not be as affected by characteristics of restoration design as other ecological processes like seed dispersal and vertebrate consumption of herbivorous arthropods e.g., [10,11]. Future work to assess whether our results extend to other plant-pollinator interactions, which potential pollinator species of I. edulis are the most effective pollinators, and their specific responses to restoration design, will be important in assessing this idea.
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