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Abstract

:

Interaction between animals and plants is an important way to maintain terrestrial biodiversity and ecosystem function, but little is known about the structure of reciprocal networks between fruit plants and frugivore birds in urban habitats. To explore the characteristics of the plant–frugivore network and network roles of species, we observed the fruit ripening phenology of 21 species of fruit plants and the interactions between these plants and 39 species of frugivore birds during the whole year in a large urban park. Then, we assessed the characteristics of the total plant–frugivore and seasonal networks, and analyzed the network roles of species and the relationship between their network roles and ecological traits. Fruit ripened mainly in autumn and winter, and interaction connections in the two seasons contributed 39.68% and 44.83% to the total network, respectively. The specialization (H2′), connectance (C), nestedness, and interaction evenness (   e   H 2     ) of the network were lower in autumn and winter, while the interaction diversity was higher. Compared with the networks (N = 1000) generated by the null model, the observed network exhibited higher nestedness and interaction diversity (E2) and lower specialization (H2′), connectance (C), and interaction evenness (   e   H 2     ). A correlation analysis combining ecological traits and network roles showed that plants with black fruit had higher effective partners and partner diversity, while other traits of plants and birds were not significantly correlated with their network parameters. The important plants (N = 6) and birds (N = 3) contributed to 71.78% and 67.55% of the total network connection, they were mainly evergreen plants with black and red drupes and omnivorous generalist birds with medium and large sizes. Our research highlighted the seasonal differences in urban plant–frugivore network and the value of important species in maintaining network structures and providing ecosystem services.
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1. Introduction


Interactions between fruit plants and frugivores are important ecological processes that generate and maintain biodiversity [1,2]. Many fruit plants rely on animals for seed dispersal. This mechanism increases their chance of offspring regeneration by escaping from the seed predators and seedling competition [3] and extends their distribution area. Additionally, frugivores can gain fruit for food as a reward from plants, which is a complex reciprocal ecological process at the community level [4]. Some classical studies on seed dispersal have already achieved a community-wide understanding [5], but with the advent of ecological network analysis, communities have been regarded as interaction networks [6,7], and it has become possible to unravel the structure and characteristics of complex networks and identify keystone species [8].



The process of urbanization is accompanied by the loss and fragmentation of habitat and urban bird richness, the decrease in diversity, and the homogenization and domination of urban bird communities by generalist species [9,10,11,12]. The connectivity between patches decreases, and the filtering effect of the landscape scale leads to a change in the bird community [13]. A recent study detected that urban plant–frugivore bird networks were composed mainly of birds well adapted to urban dwellings, as urbanization leads to the loss of bird richness and habitat specialist species [14]. However, green space, such as patched remaining native vegetation and artificially managed parks in cities, have become refuges for animals [15,16], and more and more urban landscape planning aims to create eco-friendly areas. Thus, a large number of garden plants flow into urban areas under the demand of increasing biodiversity by urban residents [17,18,19], which provides cultural and ecological services [20,21]. For instance, ZHU et al. [22] recorded 1771 plant species in 18 cities among the 5163 growing in the wild in different climatic zones and socioeconomic conditions in China, including multiple fruit plants.



In the face of declines in the richness and diversity of urban birds and the increase in the influx of fruit plants into the urban green space, we wondered what the character urban plant–frugivore networks would exhibit. Macroscopically, plant–frugivore networks are not only affected by different scales of time, space, and climate [23,24,25], but are also very sensitive to the loss of habitats resulting from urban production activities and the consequent decline of native plants and animals [26,27]. From the micro plant–frugivore interaction process, the ecological traits of species are important factors affecting plant–frugivore networks: the fruit (seed) size, color, and crop of plants affect the foraging choice of frugivore birds [28,29,30], while the body size, mouth peak length, and tail length of frugivore birds are used as the characteristics of feeding amount, mode, and flight ability to limit the foraging niche [31,32]. Not only that, there is a matching of phenological and ecological traits between fruit plants and frugivore birds [33,34,35,36].



Here we present a study on the structure of the plant–frugivore network and the relationships between the network roles and functional traits of two trophic species in a large city in central China. For 1 year, we recorded the fruit ripening phenology of 21 species of fruit plants and the foraging interactions between these plants and 39 species of frugivore birds throughout the whole year in a large urban park. Based on the climatic characteristics of the study area, we expected (i) the network is seasonal, and is more complex in autumn and winter because of the sufficient fruit resources. According to the filtering effect of fragmented landscapes [19,27], we expected that (ii) the structure of the observed network is simple by the loss of interactions, and dominated by generalist species. Based on the trait-matching theory [33,35,36], we predict that (iii) there is trait matching between interacting plants and frugivore birds.




2. Materials and Methods


2.1. Study Site and Species


Our study was conducted in the Zhongshan botanical garden Mem. Sun Yat-Sen (122 ha, North Garden), a large park founded in 1956 and located in Nanjing, Jiangsu province, China (31°14′~32°37′ N, 118°22′~119°14′ E; 30~50 m a.s.l., Figure 1). The study area is located to the east of the Purple Mountain and has a northern subtropical monsoon climate with an average annual temperature of 14.7 °C and average annual precipitation of 1000.4 mm [37]. The zonal vegetation is evergreen deciduous broad-leaved mixed forest, among the main constructive species and associated species, evergreen broad-leaved trees include Cyclobalanopsis glauca, Photinia serratifolia, and Ilex chinensis, etc., and deciduous trees include Quercus acutissima, Pistacia chinensis, and Q. variabilis, etc. [38]. The Zhongshan botanical garden is a comprehensive public welfare organization integrating plant science research, plant resource collection, and protection and popular science education. Moreover, the Zhongshan botanical garden is also responsible for research on the introduction and domestication, cultivation, and application of some new plant varieties, especially landscape plants, ornamental plants, and ecological restoration plants (http://www.cnbg.net/, accessed on 28 August 2021).



In the early inquiry data and pre-investigation of several urban parks in Nanjing, we screened plants according to two criteria: (1) plants with fleshy fruit, including trees, shrubs, and herbs; (2) plants exist in many parks and are common fruit plants. We believe that these plants can reflect the state of fruit plants in urban parks to a certain extent. We did not include some fruit plants in the Rosaceae family (e.g., Rubus hirsutus, R. corchorifolius, or R. parvifolius) growing under shrubs in the study; although there are studies on seed dispersal of these plants by birds in that same study area [39], they only exist at the foot of purple mountains and are not common in other urban parks. Although most urban birds are omnivorous, they depend mainly on plants with ripening fruit during the autumn and winter and are considered seasonal frugivore birds in the northern subtropical zone [23,40], so we regarded all birds that forage on fruit observed in the study as frugivore birds.




2.2. Experimental Design


Our study was carried out for one year from July 2018 to June 2019. Based on the pre-experimental observations of the 4 km transect across the study area, we identified the target plant species and established seventeen 10 × 10 m2 observation subplots in the location with target plant distribution and labeled them for subsequent visits (Figure 1). These subplots were distributed in the range of 10–20 m on both sides of the 4 km transect, with an average distance of 134 m between subplots, and each subplot contained 1–4 species of fruit plants.




2.3. Field Methods


2.3.1. Phenological Observation of Fruit Ripening


Fruit ripening phenology was visually evaluated on selected plants during the experimental period [41]. We divided the whole fruit ripening stage into three stages: the early stage of ripening, in which the fruit begins to change color until 25% of the fruit is ripe; the ripening stage, in which 25~75% of the fruit is ripe; and the final stage of ripening, in which the last 25% of the fruit ripens until the fruit falls [42,43]. The observation frequency was determined according to the fruit ripening status of plants in different months: from July to October, few plants ripened, and the observation frequency was concentrated on individual species once a week; from October to January, more plants were ripe, and the observation frequency increased to twice a week; and from February to June, the frequency of observation was also once a week. We recorded three individuals per species to reduce phenological differences due to different microhabitats. All observations and records of fruit ripening were conducted in 17 subplots from 7:00 to 9:00 a.m. on each observation day.




2.3.2. Plant–Frugivore Bird Network


During plant fruit ripening, we surveyed the birds foraging on the subplots via the focal observation method [44]. Specifically, we took the target fruit plants at the observation centers and conducted 30 min observations at fixed locations. Bird foraging sampling was performed by two experienced ornithologists using binoculars (8 × 42 mm) and monocular (60 × 70 mm) in two foraging periods of 9:00–12:00 a.m. and 14:00–17:00. The observation frequency was once a week, we ensured that all plants in the ripening stage had 30 min bird foraging records in one observation period, and the cumulative observation effort of each species of plant was 3 h during the whole experimental period [45]. The two experienced ornithologists did not change during the whole experimental period to control systematic errors, and all the field surveys were carried out on windless days with no rain. During the observations, the specific recording process is when a frugivore bird flies to the crown of a fruit plant and eats at least one fruit until it flies away from the tree, which is counted as an interaction; the second time the bird flies in for fruit is counted as a second interaction, and so on [8]. We used foraging frequency rather than the amount of fruit eaten to express the interactions [46] because birds peck at the large fruit rather than swallow the whole fruit, and the amount of fruit eaten by birds cannot be assessed.





2.4. Ecological Traits


We standardized the plant species list using the website “the plant list” (www.theplantlist.org/; accessed on 28 August 2021) and standardized the bird species list referring to the A Checklist on the Classification and Distribution of the Birds of China (Third Edition) [47]. Then, we collected the ecological traits of all plants and birds observed in the interaction networks. There were ten ecological traits for plants. We identified the plant origins (native and exotic) based on the research of ZHU et al. [22] on the taxonomic diversity of urban plants in China and “iPlant” (http://www.iplant.cn/; accessed on 28 August 2021). Among them, native plants included native-cultivated and/or native-spontaneous plants and exotic plants included exotic-cultivated and/or exotic-spontaneous plants. All plants not distributed in Jiangsu Province were considered exotic species; therefore, exotic plants included those from other provinces of China and other countries. Then, we determined growth form (evergreen and deciduous), fruit type (drupe, berry, and pome), fruit color (red, black, and yellow), and fructescence (long, medium, and short) by referring to the website “iPlant” (http://www.iplant.cn/; accessed on 28 August 2021). In addition, fruit size, length, diameter, and mass were measured by a Vernier analytical balance on 100 ripe fruit per fruit plant collected from three individuals. We calculated the ratio of flesh to fruit per species of fruit plant, and we also converted fruit size, namely, fruit length (l) and fruit diameter (d), into fruit volume using the ellipsoid volume calculation formula: V = 4/3 × (π × l/2 × d/2 × d/2). The transverse section of fruit is nearly round, so the two half axes in the ellipsoid are half the diameter of the fruit.



For birds, there are six ecological traits, including resident type (resident and winter resident), diet (omnivore, insectivore, and frugivore), habitat affinity (forest specialist, forest generalist, open-country bird, and shrubland bird), mass (g), body length (cm), and bill length (cm). These trait data all refer to the A field guide to the birds of China [48] and the A handbook of the birds of China [49]. These traits are important functional traits related to birds foraging [36,50,51,52]. Among them, the habitat affinity of birds was classified by referring to the study of NEUSCHULZ et al. [44]. Birds of forest specialists prefer the interiors of forests and woodlands; birds of forest generalists prefer the forest interior margins and sparsely wooded land areas; shrubland species prefer bushes, shrubs, and dry woodlands; and open-country species prefer grasslands, cultivation, and marshes.




2.5. Data Analysis


All statistical analyses were performed in R v.4.1.1 (R core team and contributors worldwide, 2021). To determine the characteristics of plant–frugivore network in different seasons, we divided the whole year into four seasons: spring includes March, April, and May; summer includes June, July, and August; autumn includes September, October, and November; and winter includes December, January, and February.



2.5.1. Network Structure


We plotted the fruit ripening phenology of plants and birds foraging in different months based on field observations, then summarized the connection for each season, calculated the proportion of the total seasonal connection to the total network, and computed the network parameters using the function “networklevel” in the “bipartite” package version 2.16. We characterized the structure of weighted interaction network using the following five statistics: (1) Connectance (C), which is the realized proportion of possible links [53] and represents the global density of interactions or the connectivity within the network; (2) Nestedness (nestedness), which describes the degree to which the interactions of less connected species are a subset of those of more connected species, we calculated nestedness for binary network [54]; (3) Specialization (H2′), which describes the complementarity of interaction, that is, when species are specialized on different association partners, H2′ of the entire network increases [55]; (4) Interaction diversity (   e   H 2     ), a Shannon Index based measure of diversity estimated from interaction frequencies, which reflect whether the links are strong (high interaction frequencies) or weak (low interaction frequencies) [56]; (5) Interaction evenness (E2), which depicts a high (with low interaction evenness) or low (with high interaction evenness) variation in interaction frequencies between different species pairs [56], it represents how similar the weights of the different paired interactions are [8]. The function “treemap” in the package “treemap” version 2.4-3 was used to plot the proportions of the four seasonal connections to the total network, and the function “radarchart” in the package “fmsb” version 0.7.1 was used to plot network characteristics in the different seasons.



We used the function “nullmodel” to randomize plant–frugivore bird interactions. Randomizations were performed by randomly distributing the observed total number of interactions among species of plants and frugivore birds, with the only restriction that each species had at least one interaction, the randomization routine conserved the total number of observed interactions and nodes. We compared the observed network structure with the expected network structure under random conditions, calculated over 1000 iterations. Randomizations can answer which nodes (species) interact with one another and how strong the interactions are under a simple null hypothesis that the interaction frequencies between consumers and resources are a consequence of the relative abundances of the potential resources [57], and they reduce the influence of sampling effects on network interpretation by hold characteristics of the observed data constant (e.g., sample size) [58].




2.5.2. Network Roles of Fruit Plants and Frugivore Birds


We characterized the network roles of plants and birds by calculating the following five statistics using the function “specieslevel” in the “bipartite” package version 2.16 (Carsten et al., 2021), including (1) Degree, a total number of connected species; (2) Species strength, which represents the sum of the dependencies of each species’ relevance across all partners, reflecting abundance rather than anything else [59]; (3) Partner diversity, which is the Shannon diversity of the interactions of each species; (4) Effective partners, “logbase (e or 2)” to the power of Partner diversity, which interpret as the effective number of partners [60]; (5) Specialization (d′), which expresses how specialized a given species is in relation to what partners are on offer, specialization of each species based on its discrimination from random selection of partners [61].



To measure the contribution of species to the plant–frugivore network, we conducted a principal component analysis of the network using the function “rda” in the “calibrate” package version 1.7.7 to obtain the PC1 scores of each species of fruit plant and frugivore bird [62]. The first principal component (PC1) was used to represent a synthetic estimator of each bird–plant interaction contribution to the interaction network and its structural role [63]. In addition, we also calculated the proportion of connections constructed by each species to the total connection of the network (ratio of connections (%)).




2.5.3. Relationships between Ecological Traits and the Network Roles of Species


To explore the relationship between ecological traits and the network roles of plants and birds, we conducted a correlation analysis. Ecological traits of species include two types: qualitative and quantitative. For fruit plants, the qualitative traits included origin, life form, fruit type, and fruit color, while the quantitative traits included fruit mass, fruit length, fruit diameter, and fruit volume. For birds, the qualitative traits of birds include residential type, diet, and habitat affinity, while the quantitative attributes include mass, body length, and bill length. Their network parameters include degree, species strength, partner diversity, effective partners, and specialization. Kolmogorov–Smirnov, and Shapiro–Wilk tests were used to explore the quantitative data normality. Then, the data were logarithm-transformed to detect potential nonlinear relationships. Pearson (data for normal distribution) or Spearman (data for abnormal distribution) correlations were used to identifying significant correlations between qualitative traits of plants and birds.




2.5.4. Important Species of Fruit Plants and Frugivore Birds


Before comparing the inter-group differences in network roles of important species and other species, we conducted a cluster analysis of plants and birds based on their network contribution, that is, species strength, PC1 score, and effective partners, by using function “hclust”. We divided the species into two groups. The first group is an important species with high species strength, PC1 score, and more effective partners, and the second group is others. Then we used the T-test to test the data that conformed to a normal distribution (or after transformation conformed to normal distribution), and the Mann–Whitney-U test to test the data that conformed to abnormal distribution. The analysis between them was performed in the “stats” package version 4.1.2 (R Core Team and contributors worldwide, 2021), the function “cor” was used to test the correlation between network parameters and quantitative traits of species, the function “aov” was used to test the differences among species network parameters under different qualitative attributes, and the function “t.test” and “wilcox.test” was used to test the inter-group difference. The function “boxplot” in the “graphics” package version 4.1.1 (R Core Team and contributors worldwide, 2021) was used to determine the relationships between qualitative traits and network roles of species when there were significant differences between species network roles with different qualitative traits.






3. Results


3.1. Fruit Ripening Phenology and Seasonal Plant–Frugivore Network


Fruit ripening starts from the end of summer in August and ends in March of the following year, while the fruits of some plants ripen starting at the end of spring in April and ending in the early summer in June (Figure 2a). For the fruits that ripen mainly in autumn and winter, the species reached their peak in November (17 species); for the fruits that ripen in the spring and summer, the species reached their peak in May (4 species).



The contributions of interaction connections in different seasons to the total connection of the network were different (Figure 2b). Interaction connections contributed 5.77% and 9.72% of that to the annual network in spring and summer, and 39.68% and 44.83% of that to the annual network in autumn and winter, respectively.



The results of network analysis showed that the characteristics of the plant–frugivore network were different in the four seasons (Figure 3 and Figure S1). The nestedness, specialization (H2′), and connectance (C) of the network in the spring and summer were higher than those in autumn and winter because fewer fruit plants ripened in spring and summer and birds were more dependent on a few plants with ripe fruit. With the increase in the number of plant species with ripe fruit in autumn and winter, the nestedness, specialization (H2′), and connectance (C) decreased, while the interaction diversity (   e   H 2     ) increased, which was mainly due to the few species of mature fruit plants in spring and summer, and the few connections contributed by mature fruit plants and frugivore birds in autumn and winter. The number of species of frugivore birds and fruit plants was positively correlated with the contributions of the interaction connections between birds and fruit plants in different seasons (Rb2 = 0.90, p = 0.086; Rp2 = 0.84, p = 0.049) (Figure S2).




3.2. Year-Round Plant–Frugivore Network


Through observations throughout the year, we recorded the interactions between the 21 species of fruit plants and 39 species of frugivore birds and ultimately established 220 unique interactions for a total of 6027 interaction connections (Figure 4). Compared to the predicted networks generated by the randomizations (N = 1000), the observed plant–frugivore network exhibited relatively lower connectance (C = 0.27), higher nestedness (nestedness = 19.86), lower specialization (H2′ = 0.18), higher interaction diversity (   e   H 2      = 4.17), and lower interaction evenness (E2 = 0.62) (Figure S3). These results indicated that the observed network has fewer realized connections and a more stable subset of interactions than the predicted network, species exhibiting lower feeding dependence, and higher interaction frequencies.




3.3. Relationship between Species’ Network Roles and Their Ecological Traits


The analysis results between the network parameters and ecological traits of plants showed that fruit color had significant effects on partner diversity and the number of effective partners (Figure 5). Specifically, the partner diversity and the number of effective partners of plants with black fruit were significantly greater than those with red fruit, and the difference between plants with yellow fruit and other plants was not significant. The correlation between network parameters and other quantitative ecological traits (seed mass, ratio of flesh to fruit, seed length, seed diameter, and seed volume) of plants was not significant (Figure S4), and there was no significant difference between the network parameters of plants in different classification traits (origin, life form, fruit type, fruit color, and fructescence) (Table S2). The relationships between the network roles and ecological traits were not significant (Figure S5), and there was no significant difference between network parameters of birds with different qualitative ecological traits (resident, diet, and habitat affinity) (Table S3).



Thus, only fruit color can explain partner diversity and effective partners of fruit plants, that is, plants with black fruit had more partner diversity and effective partners. We found that the contribution of some species was far greater than that of other species in the network, and classifying species using ecological traits averaged the contribution of different species.




3.4. Important Fruit Plants and Frugivore Birds in the Plant–Frugivore Network


We selected six important species of fruit plants and three important species of frugivore birds using cluster analysis based on species strength, PC1 score, and number of effective partners (Table 1; Figure S6). The six important fruit plants were Cinnamomum camphora (P6), Photinia davidsoniae (P11), Taxus chinensis (P3), Phoebe chekiangensis (P7), Melia azedarach (P20), and Fatsia japonica (P16) (Table 1), contributed 39.12%, 11.91%, 6.12%, 6.80%, 3.75%, and 4.07% of the connections to the interactive network respectively (Table 2), and these important species collectively contributed 71.78% of the connections. All except P20 are evergreen plants with black or red fruit (seed). The three important species of frugivore birds were Pycnonotus sinensis (B12), Cyanopica cyanus (B4), and Turdus mandarinus (B29), which were the most important frugivore birds in the network, they contributed 34.98%, 16.29%, and 16.28% of the connections to the interactive network, respectively (Table 2), and these important species collectively contributed 67.55% of the connections. Three birds are omnivorous generalist birds with medium and large sizes.



For plants, the PC1 score and number of effective partners of the six important species (Group 1) were much larger than those of the other species (Group 2), while the species strength and their partner diversity were larger than that of the remaining species. In addition, the specialization (d′) of the six important species was smaller than that of other species, but the difference is not significant (Table 2). The results indicated that the top six plant species that contribute more to the network provide food for more frugivore birds.



For frugivore birds, the PC1 score, species strength, partner diversity, and effective partner of the top three frugivore birds are significantly larger than those of other birds, while specialization (d′) of the top three frugivore birds was significantly lower than that of the remaining birds, which indicates that the three important birds, making more contributions to the network, obtain their food from a variety of fruit plants and have low dietary specificity.





4. Discussion


The characteristics of network in the study area vary in the course of the season, and the specialization (H2′), the connectance (C), the nestedness, and the interaction evenness (   e   H 2     ) of the network were lower in autumn and winter, while the interaction diversity was higher, and the total network exhibited high nestedness and interaction diversity and lower specialization (H2′), connectance (C), and interaction evenness (   e   H 2     ). Compared with the networks (N = 1000) generated by the null model, the observed network exhibited higher nestedness and interaction diversity (E2), and lower specialization (H2′), connectance (C), and interaction evenness (   e   H 2     ). A Correlation analysis combining ecological traits and network roles showed that plants with black fruit had higher effective partners and partner diversity, while other traits of plants and birds were not significantly correlated with their network parameters. The important plants (N = 6) and frugivore birds (N = 3) contributed 71.78% and 67.55% of the total network connection. They were evergreen plants with black or red drupes and omnivorous generalist birds with medium and large sizes.



We found that most fruit plants ripen in autumn and winter, while only a few plant species ripen in spring and summer, and the plant–frugivore interactions occur more in autumn and winter than in spring and summer, corresponding to the fruit ripening time. The fluctuation in fruit resources leads to some species only transiently participating in interactions in spring and summer, while other species are active for longer periods in autumn and winter, consistent with the transience and constancy in a plant–frugivore network described by YANG et al. [64]. Seasonal changes in fruit availability and bird composition contributed to the highly seasonal interactions between fruit plants and frugivore birds [65], as in our study, the species number of ripe species and participating frugivore birds were positively correlated with the interaction connections in different seasons (Figure S1). The seasonality of the network is reflected in the increases in ripe species and frugivore birds from spring and summer to autumn and winter, as food resources are sufficient, and the connectance (C), nestedness, specialization (H2′), and interaction evenness (E2) of networks decrease, while the interaction diversity (   e   H 2     ) increase (Figure 3), which is consistent with our prediction (i).



The observed network has lower connectance (C) and interaction evenness (E2) and higher nestedness, specialization (H2′), and interaction diversity (   e   H 2     ) than random networks. The results indicate that the structure of the observed network was simpler than the structure expected by null models, and the contribution of key species to the network was more important than expected, which may be because the fragmentation of forest landscape has a filtering effect on frugivore birds, resulting in the loss of some reciprocal interactions [14,66], which is consistent with our prediction (ii). In our study, there was no significant correlation between ecological traits and network roles of species, which is inconsistent with most studies [51,52,67] and our prediction (iii), except plants with black fruit have more partner diversity and effective partners; that is, they can attract more frugivore birds, which is consistent with some studies [30,51]. On the one hand, it may be because individual species play important roles and their contribution to the network is much higher than the average value of species with the same traits, so the differences cannot be shown in the analysis; on the other hand, the results may also be affected by the sample, as insufficient sampling will cause some misreading [46,56]. After cluster analysis based on the network contribution of species, we found that five of the top six fruit plants were evergreen native plants with black and red drupes (Table 2), which is consistent with the results of some studies emphasizing that birds prefer black and red fruit [68]. In addition, evergreen fruit plants can provide temporary shelter when birds are disturbed in feeding in highly disturbed urban habitats and native evergreen fruit trees are widely planted in urban habitats because of their fine landscape effect [69,70,71], and the long-term interaction adaptation between these plants and frugivore birds has resulted in bird foraging preferences for these species [26]; as per the author’s observation, the evergreen fruit plants such as Cinnamomum camphora and Ilex cornuta in this study are widely planted for the greening of urban parks and roads in Nanjing city where the study was located. However, it is worth noting that some studies have shown the homogeneity of plant composition in urban landscapes is caused by landscape design, cost savings, or imitation [69,72]. The relevant practitioners (urban planning, garden management, etc.) should pay attention to this problem to avoid the simplification of the urban plant–frugivore network and the reduction in the ecosystem service functions provided by plants.



We also found that the top three frugivore birds were medium- and large-size omnivorous generalist birds (Table 2), consistent with some studies in disturbed habitats [11,14,73] and some studies on bird composition in urban ecosystems [74,75], they occupy a dominant position in both urban plant–frugivore networks and urban bird communities. They have a wider feeding niche and eat more plant fruits [11]. Moreover, their high adaptability to urban high disturbance habitats makes them dominant in the overall number [76], which may increase the cumulative connection of plant–frugivore bird networks.



Our study is only a first step to understanding the characteristics of the plant–frugivore network with the change in the bird and vegetation community in the context of urbanization. Most studies have described the interaction patterns of ecological networks in natural habitats with different disturbance gradients and the practical functional consequences of these interactions on seed dispersal [77,78,79], but rarely involve the interaction patterns and consequences in urban green space habitats. This occurs because the planting and maintenance of most plants in urban green space, especially urban parks, are artificial, and the interference is difficult to define, and the process is sometimes accompanied by irreversible landscape changes. Urban habitat seems to weaken the role of seed dispersers of birds in the reciprocal network and strengthen the role of plants in promoting bird diversity and maintaining ecosystem function, so it becomes important to determine the ecological role and functional role of plants. Therefore, in future research, a large number of field observations and quantitative and qualitative analyses are necessary, which will help us understand the interaction mechanism of animals and plants in highly disturbed habitats, as well as biodiversity protection and management.




5. Conclusions


Within the limitations of our study, we provide evidence that the plant–frugivore network in urban parks has seasonal characteristics and becomes complex with the fruit ripening of a large number of plants in autumn and winter. In general, the plant–frugivore network was dominated by a limited number of evergreen plants with black or red fruit and omnivorous generalist birds with medium and large sizes. The contribution of these important species to the plant-frugivore network far exceeds the sum of other species at the same trophic level, which is unfavorable to maintaining the diversity of the whole network. We suggest that landscape managers avoid homogeneous greening plant selection and choose diversified fruit plants to create more food resources for other birds. At the same time, we call for more research into plant–frugivore networks on the urbanization gradient and in different types of green space in the city, to better understand the crisis and challenge of maintaining urban biodiversity caused by human-induced changes from a community perspective.
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Figure 1. Map of the field site at Zhongshan Botanical Garden in Jiangsu province, China (each circle represents one 10 × 10 m2 subplot monitored for fruit ripening phenology and subsequent bird foraging). 
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Figure 2. Fruit ripening phenology: (a) fruit ripening phenology of 21 species of fruit plants; (b) the connections of different seasons contribution to the total plant–frugivore network, the color bars with the gradient of red to blue below the main figure indicate the proportion of interaction connections to the total network in different seasons. 
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Figure 3. Characteristics of plant–frugivore networks in different seasons. 
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Figure 4. Network diagram of plant–frugivore interaction. P1–P21 represents 21 species of fruit plant, and B1–B39 represents 39 species of frugivore birds. See Table S1 for corresponding Latin names. 
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Figure 5. Partner diversity and effective partners of plants with different colors of fruit. 
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Table 1. The six important species of fruit plants and three important species of frugivore birds with the highest contributions to the network.
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	Code
	Species
	Ratio

(%)
	PC1
	Species Strength
	Effective Partners
	Partner Diversity





	P6
	Cinnamomum camphora
	39.12
	26.33
	13.11
	10.16
	2.32



	P11
	Photinia davidsoniae
	11.91
	10.32
	3.83
	6.04
	1.80



	P3
	Taxus chinensis
	6.12
	6.71
	0.70
	2.45
	0.90



	P7
	Phoebe chekiangensis
	6.80
	5.49
	0.84
	5.03
	1.61



	P20
	Melia azedarach
	3.75
	3.29
	0.23
	3.09
	1.13



	P16
	Fatsia japonica
	4.07
	3.16
	1.14
	2.35
	0.86



	B12
	Pycnonotus sinensis
	34.98
	24.73
	4.79
	6.65
	1.90



	B4
	Cyanopica cyanus
	16.29
	10.03
	4.09
	8.01
	2.08



	B29
	Turdus mandarinus
	16.28
	14.48
	2.42
	4.67
	1.54
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Table 2. Comparison of network roles of the important species (Group 1) with the other species (Group 2).
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	Fruit Plants
	Group 1 (N = 6)
	Group 2 (N = 15)
	Differences



	PC1
	9.22 ± 8.79
	1.23 ± 3.51
	U = 4, Z = −3.192, p < 0.01



	Species strength
	2.13 ± 2.45
	1.75 ± 1.34
	U = 44, Z = −0.08, p = 0.97



	Log(Effective partners)
	0.90 ± 0.14
	0.63 ± 0.15
	F = 0.19, T = 3.68, df = 19, p = 0.02



	Partner diversity
	2.32 ± 0.59
	2.19 ± 0.48
	F = 0.23, T = 5.6, df = 19, p = 0.58



	Specialization (d′)
	0.09 ± 0.05
	0.14 ± 0.10
	F = 0.01, T = −0.08, df = 19, p = 0.94



	Frugivore Birds
	Group 1 (N = 3)
	Group 2 (N = 36)
	Differences



	PC1
	10.09 ± 10.17
	−1.48 ± 0.95
	U = 0, Z = −2.85, p < 0.001



	Log(Species strength)
	0.56 ± 0.15
	−1.01 ± 0.64
	F = 3.76, T = 4.367, df = 37, p < 0.01



	Effective partners
	8.07 ± 1.74
	2.57 ± 1.74
	U = 7, Z = −2.49, p < 0.01



	Partner diversity
	2.07 ± 0.23
	0.75 ± 0.62
	U = 7, Z = −2.49, p < 0.01



	Specialization (d′)
	0.12 ± 0.03
	0.28 ± 0.15
	U = 98, Z = 2.32, p = 0.015







Mean ± SD.
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