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Abstract

:

Agricultural systems have increased in extension and intensity worldwide, altering vertebrate functional diversity, ecosystem functioning, and ecosystemic services. However, the effects of open monoculture crops on bird functional diversity remain little explored, particularly in highly biodiverse regions such as the tropical Andes. We aim to assess the functional diversity differences of bird guilds between monoculture crops (coffee, cocoa, and citrus) and secondary forests. We use four functional diversity indices (Rao Q, Functional Richness, Functional Evenness, and Functional Divergence) related to relevant morphological, life history, and behavioral traits. We find significant differences in functional diversity between agroecosystem and forest habitats. Particularly, bird functional diversity is quite homogeneous among crop types. Functional traits related to locomotion (body weight, wing-chord length, and tail length), nest type (closed), and foraging strata (canopy and understory) are dominant at the agroecosystems. The bird assemblages found at the agroecosystems are more homogeneous in terms of functional diversity than those found at the secondary forests, as a result of crop structure and management. We recommend promoting more diverse agroecosystems to enhance bird functional diversity and reduce their effects on biodiversity.






Keywords:


agriculture; ecological intensification; environmental filters; functional traits; monoculture crops












1. Introduction


The exponential growth of the human population has resulted in a rapid expansion of the agricultural frontier. The transformation from natural habitats to agricultural fields is one of the most common land-use changes [1]. Thus, agricultural intensification has become one of the main biodiversity threats worldwide [2,3]. Given the current land-use change trends, this situation may become critical by 2050, as agricultural fields are expected to globally increase by 70% [1,4]. Such a massive increase in agricultural areas would lead to biodiversity changes, biological homogenization, and the loss of functional diversity and ecosystemic services [5,6,7].



Coffee, cocoa, and citrus crops cover large land extensions in the tropical region, overlapping with biodiversity hotspots and conservation priority areas [8]. Those crops cover about 20 million ha and are important for the local economies of several developing countries [9,10,11]. The demand of coffee, cocoa, and citrus is expected to continue increasing in the next year, leading to an agricultural intensification at the expenses of natural areas and their biodiversity [12,13,14]. Land-use change is known to reduce species richness and functional diversity of many vertebrate species [15,16,17]. Likewise, agricultural intensification (and particularly open monoculture crops) not only change bird species richness and composition, but also their functional diversity [18,19]. Those agroecosystems are usually dominated by generalist species, sharing similar functional traits (e.g., diet or body size; [7]) Nevertheless, our knowledge about bird functional diversity in intensive agroecosystems is rather scarce, despite being common in megadiverse countries (e.g., Brazil, Colombia, or Vietnam).



The effects of land-use change and agricultural intensification on biodiversity are usually assessed using species richness and abundance as proxies, but assessing functional diversity may provide a more comprehensive and robust framework for this purpose [20,21]. Functional diversity is an integrative concept that considers the different roles that species play within a given community [22,23] and their relationship with ecosystemic services via certain traits [24,25,26]. Hence, the effects of agroecosystems on biodiversity can be better quantified from the functional diversity perspective.



The Colombian Andes are a good example of land-use change and agricultural intensification, despite being one of the most diverse countries in the world [27]. This region has a long history of deforestation and land-use change, resulting in high levels of habitat fragmentation [28]. The extant native forest remnants are intertwined among productive lands, forestry plantations (of both native and exotic tree species), and degraded lands [29]. Thus, habitat disturbance along the Colombian Andes has changed bird species richness and abundance, with noticeable impacts on highly specialized groups, such as the understory insectivore birds [29,30]. Differences in habitat structure and vegetation composition impose environmental filters that favor some species over others, leading to dissimilar communities [30,31]. A recent study on this area has compared bird functional diversity between secondary and restored native forests [31], but to the best of our knowledge it has not been assessed on birds from productive lands. In this regard, coffee, cocoa, and citrus crops occupy a large altitudinal range in some areas, such as the Caldas region, harboring 923 bird species [32]. As usual, those crops are established by replacing and fragmenting native forests [33]. In this context, we assessed the effects of agroecosystems on bird functional diversity and bird functional trait composition, aiming to: (1) compare the functional diversity of traits between agroecosystems and native forests using four functional diversity metrics, and (2) determine which functional traits explain the functional diversity differences between agroecosystems and native forests. As agroecosystems have a lower structural complexity than native forests and because functional diversity responds to vegetation structure [31,34], we hypothesize that birds in agroecosystems would have a lower functional diversity with a reduced set of dominant traits determined by environmental filters.




2. Materials and Methods


2.1. Study Area


This study was conducted in the Central and Western Andes and in the inter-Andean valleys of the Cauca and Magdalena rivers (Caldas department, Colombia; 6°5.4′ N 75°36′ W). The Caldas department has an extension of 7457 km2 [35], from which 69.3% is covered with seasonal and permanent crop fields, while 21.9% is covered by natural forests or reforestations. In this area, we sampled five sun coffee (Coffea arabica L.) crops, four citrus (Citrus spp.) crops, six cocoa (Theobroma cocoa L.) crops, and nine secondary native forest patches (Figure S1). These sampling sites are located between 204 and 1829 m of elevation. The study area has a mean annual precipitation of 2800 mm and a mean temperature ranging from 17.0 to 24.5 °C [36,37].




2.2. Bird Sampling


We assessed the avifauna associated with the three agroecosystems and the secondary forests between October 2015 and April 2019. We deployed mist-nets at each habitat type [38,39]. We have chosen this approach because it allows us to register bird species that are usually difficult to detect using other methods (e.g., point-counts) and also allows us to capture the individuals to obtain morphological measurements [31,40,41]. The method used was previously validated in the study area by Castaño-Villa et al. [29]. We had a total of 112 mist-net points: 28 at the coffee crops, 29 at the cocoa crops, 21 at the citrus crops, and 34 at the secondary forests. At each sampling point we installed a mist-net (12 × 2.5 m × 36 mm), which was deployed between 10 and 50 h, and operated between 1 and 5 consecutive days, depending on the weather conditions. Capturing points were randomly located within each habitat and operated between 0600 and 1730 h. Overall sampling effort at each agroecosystem was 1000 mist-net-h (making a total of 3000 mist-net-h at the agroecosystems) and at the secondary forests was 1080 mist-net-h. To avoid counting the same individual more than once, captured individuals were marked with a small clip on the first feather of the rectrix. Bird taxonomy followed Remsen et al. [42]. The abundance estimations used for data analysis purposes correspond to relative abundances estimated on the individuals captured at the study area.




2.3. Bird Functional Traits


We used morphological, life history, and behavioral traits to assess functional diversity at the sampled habitats, as those sets of traits are known to be functionally relevant as they impact bird growth, reproduction, and survival, as well as affect ecosystem functioning [6,15,43]. We measured seven morphological traits following [44]: bill depth (BD), bill width (BW), total culmen (TC), wing chord length (WC), tarsus length (Ta), tail length (T), and body mass (W); all measurements were measured in mm except for body mass, which was measured in g. We measured these traits in situ before releasing captured individuals using a caliper (0.2 mm precision) and a Pesola® scale (0.5 g precision). We complemented our field data with information from the data paper of Cardona et al. [44] and measurements of specimens deposited at the ornithological collection of the Instituto de Ciencias Naturales, Universidad Nacional de Colombia. Information on life history and behavioral traits was obtained from the published literature [45,46]. The life history traits (categorical) included were: (1) diet: frugivore (Fr), granivore (Gr), insectivore (In), or nectarivore (Ne); and (2) nest type: cup (Cu), enclosed (En), hole (Ho), or platform (Pl). The behavioral traits (categorical) included were: (1) foraging strata: canopy (Ca), sub-canopy (Sca), understory (Un), or ground (Grf); (2) foraging strategy: flower visitor (Fv), searcher (Ru), catcher (Tr), or robber (Th); and (3) habitat type: forest interior (F), forest edge (FE), or open areas (Os). The complete functional trait matrix for the bird species included in our analyses is presented in Table S1.




2.4. Data Analysis


2.4.1. Functional Diversity Analysis


We estimated functional diversity metrics based upon quantitative data. Therefore, we had to previously transform binomial (i.e., present or absent) life history and behavioral traits into Spearman rank correlation coefficients [47], following the methodology described by Pillar and Duarte [48] and Pillar et al. [49]. Then, to assess bird functional diversity, we grouped our data in two matrices in order to assess bird functional diversity: the Q matrix containing functional traits for each species, and the L matrix containing species-relative abundance at each capturing point. With those matrices we estimated four complementary functional diversity indices: Rao’s Q (RaoQ), functional richness (FRic), functional evenness (FEve), and functional divergence (FDiv).



RaoQ index is calculated as the sum of the differences of weighted traits and represents the mean distance of a given trait between two randomly selected individuals [50]. FRic index represents the amount of functional space occupied by a subset of species within the community [51]; high FRic values indicate that several niches are occupied by species from the community, while low FRic values indicate otherwise [52]. The FEve index represents the regularity of species abundance distributions along the functional volume [53]; high FEve values indicate that niches are evenly occupied, while low values indicate niche sub-utilization [52]. The FDiv index describes patterns of niche differentiation within the community [51]; high FDiv values indicate a high niche differentiation within the community, and low FDiv values indicate low niche differentiation [52]. We used the FD package [54] in R 3.6.1 [55] to estimate the functional diversity indices. We used the Box–Cox transformation [56] to normalize the functional diversity values obtained from those indices.



To assess the differences in functional diversity (i.e., RaoQ, FRic, FEve, and FDiv) across the three agroecosystem types and the secondary forests, we fitted generalized linear mixed-effects models (GLMMs, hereafter) with a Gaussian error distribution. The response variable was the functional diversity indices obtained (note that we fitted separate GLMMs for each functional diversity index and each functional trait type). We only included habitat type (categorical variable) as a fixed effect, and mist-netting points were included as a random effect. To fit the GLMMs, we used the lme4 package [57], and all the graphs were produced using the ggplot2 [58]; both packages were implemented in R 3.6.1 [55].




2.4.2. Functional Composition Analysis


To determine which functional traits were dominant at the agroecosystems, we estimated the community weighted means (CWM) of the measured traits. We calculated CWM values by multiplying the L and Q matrices (L × Q = T), where T represented the mean of each trait weighted by the relative abundance of the species [49]. Then, we represented those CWM values using a principal component analysis (PCA), which was conducted using the R packages SYNCSA [59] and ggplot2 [58].






3. Results


We recorded a total of 175 bird species: 76 at the coffee crops (corresponding to 383 individuals), 84 at the cocoa crops (413 individuals), 91 at the citrus crops (663 individuals), and 96 at the secondary forests (334 individuals).



3.1. Functional Diversity


Based on the morphological, life history, and behavioral traits of those species, we estimated functional diversity differences among habitats using the four indices chosen for this purpose (Figure 1; see details on Tables S2 and S3). These functional diversity indices showed contrasting results among functional trait groups, as they measured different aspects of functional diversity. We found no difference in morphological traits using Rao’s Q index (Figure 1A), but we found significant difference for life history and behavioral traits among all habitat types (Figure 1B,C). A similar result was obtained using the functional richness (FRic) index, with significant differences between citrus crops and secondary forests for the morphological traits (Figure 1D), and also significant differences for life history and behavioral traits (Figure 1E,F). When examining functional evenness (FEve), morphological and behavioral traits had no significant differences between habitats (Figure 1G,I), but life history traits presented some differences (Figure 1H). Finally, when examining the functional divergence (FDiv), we found significant differences for all functional trait categories (Figure 1J–L), secondary forests being different from all agroecosystems, but functional differences among crops were non-significant in most cases.




3.2. Functional Composition


Regarding the morphological traits included in the analysis, the first two PCA axis explained 74% of the variance (Figure 2A). From these, the dominant traits within the three agroecosystems (explained by the first PCA component) were related to locomotion and dispersal ability (i.e., body mass, wing chord length, and tail length). Conversely, the dominant traits at the secondary forests (explained by the second PCA component) were related to foraging (i.e., total culmen, and bill height and width). Regarding life history traits, the first two PCA axis explained 54% of the variance (Figure 2B). From those, the dominant traits at the secondary forests (explained by the first PCA component) were related to the diet (i.e., insectivore and frugivore) and nest type (hole nest), while the only dominant trait at the agroecosystems (explained by the second PCA component) was nest type (enclosed nest). Regarding behavioral traits, the first two PCA axes explained 58% of the variance (Figure 2C). From those, the dominant behavioral traits at the agroecosystems were related to foraging strata (i.e., canopy and ground), foraging strategy (catchers), and habitat type (i.e., forest interior, forest edge, and open areas). Conversely, the dominant behavioral traits at the secondary forest agroecosystems (explained by the second PCA component) were only related to foraging strategies (i.e., searchers and flower visitors).





4. Discussion


Our results showed that bird functional diversity among the different agroecosystems assessed was similar in most cases, but significantly differed from secondary forests. Therefore, intensive cultivation can lead to a biological homogenization of the functional traits of associated fauna. These findings support the hypothesis that land-use change impacts community-assemblage processes [60]. Furthermore, the dominant functional traits on agroecosystems may be the result of different environmental filters exerted by those habitats, also impacting ecosystem function when we look at the big picture.



4.1. Functional Diversity


According to our functional diversity metrics, agroecosystems have larger functional diversity values (in terms of RaoQ and functional richness) than secondary forests. This result agrees with the results of Morelli, Benedetti, Perna and Santolini [60], but contrasts with many other studies [6,31,61,62,63,64]. Such differences may be due to community characteristics (e.g., species richness and abundance) or to environmental filters related to vegetation structure and landscape heterogeneity. Our results suggest that bird communities associated with different agroecosystems are more similar among each other than to those from secondary forests, due to trait differentiation. Thus, bird communities at the different agroecosystems use a larger portion of the functional space. This may be related to the wider resource availability and diversity that birds use at those agroecosystems [7,51,65,66]. In this sense, the resources that agroecosystems offer may be allowing more diversity of diets and habitat preferences, which may favor several life history and behavioral traits [43,67]. On the contrary, the birds from secondary habitats are restricted to a single habitat type (i.e., we found forest species such as Veniliornis kirkii, Poliocrania exsul, or Ceratopipra erythrocephala, which are absent at the agroecosystems), or those specialized to an insectivore diet (common in the Thamnophilidae, Furnaridae, and Tyrannidae families). Therefore, the presence or absence of specialist species may lead to significant functional diversity differences [68]. On the other hand, environmental heterogeneity may explain some functional differences found among the contrasting agroecosystems [69].



Coffee crops presented higher functional evenness values, as previously reported by Edwards et al. [70] and Davies et al. [71]. Such patterns may emerge from differences in resource-use effectiveness or habitat disturbance. Thus, our results suggest that coffee crops have a larger functional uniformity and more regular spacing within the functional space, compared to citrus crops or to the secondary forests. Particularly, those bird species present at the coffee crops have similar abundances and foraging strategies than those from citrus crops [72]. Most of the bird species found at the coffee crops are insectivores (e.g., Crotophaga ani, Myiarchus cephalotes, and Polioptila plumbea), suggesting that coffee plants are providing insects, and not fruits, as feeding resources [51,73,74]. Contrarily, bird species present at citrus crops and secondary forests showed less functional uniformity. Those bird species fed on insects, fruits, seeds, or nectar (e.g., Amazilia tzacatl, Euphonia laniirostris, or Tiaris olivaceus). Therefore, sun coffee crops tend to homogenize the Andean landscapes, homogenizing the resources that birds use, and consequently homogenizing bird functional traits as well [73,74].



Our functional divergence results showed a constant pattern across habitats. While functional divergence on morphological and behavioral traits was larger at the secondary forests than at the agroecosystems, life history trait functional divergence was larger at the cocoa and citrus crops. These results are similar to those from Morelli et al. [60], Rocha et al. [68], García-Navas, and Thuiller [75]. Hence, those habitats with large functional divergence values suggest high niche differentiation in the dominant species [51], which is likely to affect competition interactions among them [72,75]. In our study sites, the most abundant species were searchers foraging at lower vegetation strata, having similar feeding and locomotion traits (i.e., bill shape and wing length).




4.2. Functional Composition


The functional traits that explain morphological variation on agroecosystems (i.e., body mass, wing chord length, and tail length) are related to movement and dispersal capabilities, which are susceptible to be affected by the environmental filters imposed by vegetation physiognomy and planted species density [34]. In this regard, vegetation structure at coffee (e.g., crops with high foliar density and densely planted) and cocoa (e.g., 4-m round-crown trees with thick branches) crops may be determining bird morphology [76,77]. For example, some species forage at the shrubs’ foliage, while other forage or perch on the trees’ crowns (e.g., Uranomitra franciae, Phyllomyias griseiceps, Basileuterus rufifrons, Momotus aequatorialis, Milvago chimachima, or Pionus menstruus). The dominant life history trait at the agroecosystems is the enclosed nest, which might be reducing egg and chick exposure to predators [78,79]. Also, agroecosystems present a combination of bird species with different habitat preferences, but some of them are occasionally found at native forests as well (e.g., Mionectes olivaceus, Pheugopedius sclateri, or Saltator atripennis). Those species may be using agroecosystems as corridors to move among native forest patches [80].



However, our results highlight the dominance of functional traits related to the type of resource consumed at the secondary forests (i.e., total culmen, and bill width and height) and hole nesting habits. Thus, morphological trait variation seems to be closely related to resource availability on forest patches [81]. While hole-nesting seems to be a dominant trait in the tropical forests, it depends on the existence of tree cavities. Therefore, holes in old trees may be a critical resource for hole-nester birds [31,53], but those holes are very scarce in disturbed forests and productive lands, where old trees are merely absent.





5. Conclusions


Our results suggest that agroecosystems of intensive production can provoke biological homogenization on bird functional diversity, which may drastically alter ecosystem functioning. As the Andean tropical forests are a biodiversity hotspot, the functional diversity homogenization impinged by productive lands can be a major threat to their biodiversity and the ecosystem services that it provides to the local communities. We encourage producers to embrace environmental-friendly practices, such as ecological intensification [82,83,84], to reconcile production needs with biodiversity. In this regard, including functional diversity analyses in this discussion allows us to go beyond species while quantifying the actual impacts of agroecosystems on biodiversity.
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Figure 1. Functional diversity of bird morphological (panels A,D,G,J), life history (B,E,H,K), and behavioral (panels C,F,I,L) traits among agroecosystems and secondary forests using four functional diversity indices: RaoQ (panels A–C), FRic (panels D–F), FEve (panels G–I), and FDiv (panels J–L). Dots outside boxplots represent outlier values. Significant differences are denoted with asterisks (* p< 0.05; ** p < 0.01; *** p < 0.001). 
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Figure 2. Relationships among functional diversity trait groups for birds in agroecosystems and secondary forests. These results are based on principal component analyses using the community weighted mean on (A) morphological traits, (B) life history traits, and (C) behavioral traits. Trait abbreviations are: BD: bill depth, Ta: tarsus length, T: tail length, W: weight, WC: wing chord, BW: bill width, TC: total culmination, Fr: frugivore, Gr: granivore, In: insectivorous, Ne: nectarivore, Cu: cup, En: enclosed, Ho: hole, Pl: platform, Ca: canopy, Sca: sub-canopy, Un: underbrush, Grf: ground, Fv: flower-visiting, Ru: rummage, Tr: trapper, Th: thief, F: forest, FE: forest edge, Os: open site. 
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