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Conservation and restoration of hedgerows promote biodiversity and multi-functionality in agricultural landscapes. However, in Mediterranean environments, natural regeneration of hedgerows is often poor, and factors hindering the establishment and growth of hedgerow woody species remain unclear. This study aimed to address this gap by (1) quantifying natural regeneration, including seedling establishment and resprouting of planted hedgerow species and the establishment of woody species coming from outside the hedgerows; and (2) experimentally assessing the impact of drought, herbivory, and herb competition on seedling establishment. We selected 12 planted, 11–13-year-old hedgerows in four sites in Central Spain to sample their natural regeneration. In addition, we transplanted 1,356 seedlings of Colutea arborescens L., Crataegus monogyna Jacq. and Rhamnus alaternus L. to two field sites under three treatments that were applied factorially for two years: irrigation to alleviate summer drought, protection against herbivory, and herb clipping to reduce competition with transplanted seedlings. We found that only 66 juveniles of woody species, including 29 of species that were not planted in the hedgerows, developed from seed germination, and 316 sprouts recruited spontaneously along 10 years (14 individuals ha−1 year−1). Of the transplanted seedlings, only 22% survived after two years with protection against herbivory strongly enhancing seedling survival. To a lesser extent, irrigation and herb competition affected survival through interactions with herbivory and species identity. Irrigation and protection against herbivores accelerated seedling growth. Survival and growth of C. arborescens (14%; seedling height = 12 ± 9 cm) were lower than those of C. monogyna (41%; 21 ± 11 cm) and R. alaternus (17%; 13 ± 8 cm). We conclude that natural regeneration in Mediterranean planted hedgerows is low, herbivory is the main limiting factor for seedling survival, especially for deciduous species, and summer drought and herb competition mostly limit growth. These findings have important implications for the conservation and restoration of hedgerows in Mediterranean environments.
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Introduction

Agricultural production must be more sustainable to redress its negative impact on biodiversity and climate (IPBES, 2019; Pörtner et al., 2021). To achieve this goal, the EU Biodiversity Strategy for 2030 aims to convert at least 10% of farmland into high-rich landscape elements (European Commision, 2020). These landscape elements encompass several non-cultivated habitats of woody vegetation, such as hedgerows and forest patches (Rey Benayas and Bullock, 2012; Rey Benayas and Bullock, 2015).

Hedgerows are linear landscape green infrastructure commonly found around agricultural fields (Lajos et al., 2020). They can occur naturally or be planted. Hedgerows contribute to the multi-functionality of agricultural landscapes by promoting biodiversity, carbon sequestration, run-off control and nutrient regulation, and providing resources such as forage (García de León et al., 2021). Hence, the conservation and restoration of hedgerows should be prioritized in many agricultural landscapes worldwide. However, there are multiple socio-ecological factors that can limit the conservation and restoration (McCarthy, 1994; Footitt et al., 2018). In Mediterranean regions, natural regeneration of hedgerows is generally poor (Rey Benayas et al., 2021). The recruitment of plants in or near hedgerows in Mediterranean environments and the underlying demographic processes and their interaction with environmental factors and plant functional types are not well understood.

Drought stress is a major limitation for plant establishment in Mediterranean ecosystems (Rey Benayas et al., 2002; Granda et al., 2014). However, the impact of herbaceous competition on seedling survival of woody species in hedgerows remains controversial. While some studies indicate that herb competition significantly limits hedgerow regeneration (Kollmann and Reiner, 1996), others have found little to no effect (McCarthy, 1994). Herbs, however, often exacerbate the negative effects of summer drought stress on planted seedlings in Mediterranean cropland afforestation (Rey Benayas et al., 2005; Cuesta et al., 2010).

The presence of established vegetation in the landscape may facilitate natural regeneration of hedgerows through various mechanisms. Firstly, hedgerow plants produce seeds, and the effectiveness of colonization depends on distance. According to Janzen-Connell´s hypothesis, seedling recruitment increases with distance from mother plants up to a maximum value, after which it decreases due to dispersal limitations (Janzen, 1970; Deckers et al., 2005; Jacquemyn et al., 2010). However, several factors can distort this pattern at different scales. Conspecific adults can reduce the survival of the seedlings growing under their canopy through competition (Jacquemyn et al., 2010). Additionally, predators may forage under reproductive adults, attracted by the high abundance of seeds and seedlings, thereby reducing juvenile density near mother plants (Deckers et al., 2005). This effect is more pronounced in plants with fleshy fruits that are dispersed far from mother plants by birds, carnivore mammals, and herbivores (Suárez-Esteban et al., 2013; González-Varo et al., 2015). Secondly, although conspecific competition can hinder seedling establishment, facilitative interactions between plant species are common in Mediterranean environments and promote the establishment of juveniles, especially in late successional woody species (Cuesta et al., 2010; Hegland et al., 2021). Thirdly, hedgerows can influence herbivore activity. The structural complexity of hedgerows, which changes over time, can modify animal–plant interactions and impact the effect of herbivory on woody plant recruitment and performance (Endels et al., 2004; Suárez-Esteban et al., 2013; Dainese et al., 2015). For instance, more complex hedgerows can provide refugia and act as a reservoir for herbivores such as slugs (Marshall et al., 1999) and rabbits (Oryctolagus cuniculus).

Functional attributes drive the growth, competitiveness, and stress resistance of plant species in specific environments (Soliveres et al., 2014; Martínez-Vilalta et al. (2010); López-Iglesias et al., 2014). Evergreen and deciduous woody species often coexist in Mediterranean forest ecosystems (Fyllas et al., 2020). Deciduous Mediterranean woody species usually have higher drought mortality and are more susceptible to herbivory than their evergreen counterparts (López-Iglesias et al., 2014). The lower performance of deciduous woody plants can be attributed to their higher specific leaf area and growth rate (Paal et al., 2020), which are traits negatively associated with stress resistance (López-Iglesias et al., 2014; Andivia et al., 2021). However, their higher growth rate can enhance competitiveness when growing with weeds (Suárez-Esteban et al., 2013). Additionally, legumes have higher nitrogen concentration than other plant families, making them highly palatable to herbivores (Sánchez-Moreno et al., 2018). The interaction between functional attributes and environmental factors in determining plant establishment in hedgerows has been little explored.

This study aims to (1) quantify natural regeneration of planted species in hedgerows, including seed-based and resprout regeneration, as well as the establishment of species originating from outside the planted hedgerows; and (2) experimentally evaluate the interaction of limiting environmental factors that influence the seedling establishment for three functionally distinct woody seedlings in Mediterranean planted hedgerows. We hypothesized (H) and predicted (P) that ecological factors that shape the agricultural landscape determine plant regeneration in hedgerows (H1), and summer drought, herbivory, and herb competition synergistically limit recruitment of woody seedlings (P1); there is interspecific variation in species survival, growth, and recruitment (H2), and different species will respond differently to these limiting factors (P2), with context factors at the study site level influence early seedling establishment (P3). By providing insights into these aspects, the outcomes of this study will contribute to the design and establishment of hedgerows in Mediterranean environments.





Materials and methods




Sampled hedgerows

The following four plots were studied with well-developed planted hedgerows located in Central Spain (Figure 1A):

	San Carlos del Valle (Ciudad Real), site “Vista Alegre”, olive orchard (38°48´N, 3°13´W; 837 m a.s.l.; 4.55 ha; Figure 1B).

	Valdepeñas (Ciudad Real), site “El Peral”, olive orchard (38°48´N, 3°21´W; 705 m a.s.l.; 1.76 ha; Figure 1C).

	Novés (Toledo), site “Fuente del Albañal”, olive orchard (40°3´N, 4°17´W; 538 m a.s.l.; 2.65 ha; Figure 1D).

	Novés (Toledo), site “Los Billares”, barley field (40°1´N, 4°14´W; 538 m a.s.l.; 12.66 ha; Figure 1E).






Figure 1 | Location in peninsular Spain (A) and aerial photographs of the four studied fields taken from SIGPAC https://sigpac.mapa.es/fega/visor/. The fields correspond to sites “Vista Alegre” (B), “El Peral” (C), “Fuente del Albañal” (D), and “Los Billares” (E).



The four sites were managed as organic farms. The olive orchard sites included a green cover of spontaneous herbs and were mowed and fertilized only once every 4–5 years. “Los Billares” followed the rotation cereal–leguminous–fallow sequence. Adjacent to the hedgerows, there were a barley field (Los Billares), a grassland (El Peral), olive orchards (every site), a sunflower field (Vista Alegre), vineyards (Los Billares), and a winter wheat field (Los Billares). The annual crops were yearly ploughed, the olive orchards were extensive farming systems, and the grassland was not managed at all.

The studied sites have a continental Mediterranean climate characterized by cold winters and a long summer drought that imposes a severe water stress to the vegetation. In Valdepeñas and S. Carlos del Valle, total annual precipitation averaged 343 mm and mean annual air temperature averaged 15.3 °C during the period 2010–2021. In Novés, these values were 272 mm and 14.8 °C, respectively, during the same period. Soils of all sites were deep and fertile. The first two were a cambisol type and come from limestone, whereas the last two were a deep luvisol type and come from arkoses. Mean values of soil physical and chemical properties are reported in Table S1.

Twelve hedgerows distributed among the four sites were sampled. Total richness in the planted hedgerows was 22 woody plant species (17 planted and 5 non-planted species; details in the Results). Rosa canina L., Retama sphaerocarpa (L.) Boiss., Colutea arborescens, and Crataegus monogyna represented 15%, 10%, 9% and 8%, respectively, out of 748 adult individuals in the plots sampled in 2019. Site “Vista Alegre” harbored one hedgerow, “Fuente del Albañal” harbored three hedgerows, and sites “El Peral” and “Los Billares” four hedgerows each (Figures 1B–E). Each hedgerow was distinguished from others by natural discontinuities such as corners and stone piles. Hedgerows were planted in 2009 (sites “Vista Alegre” and “Fuente del Albañal”), 2010 (site “El Peral”) and 2011 (site “Los Billares”). Hedgerows were 85 to 273 m long and 2.5 m wide when they were sampled in 2019. Initial cover of woody plants, height (h), the perpendicular diameters of the crown, and the number of fruits of all planted individuals in the hedgerows were measured between 19th and 24th September 2019. The number of fruits were categorized as 0 (without fruits), 1 (1–10 fruits), 2 (11–100 fruits), and 3 (> 100 fruits) in September 2019. Fruit production data was scaled to the plant volume.





Natural regeneration

We first assessed natural regeneration in and around the planted hedgerows. A first in toto sampling was conducted in the 12 selected hedgerows and surrounding fields between the 21st of June and 30th of July 2019. Conspicuous new, non-planted individuals at the hedgerows were identified. In addition, a detailed second sampling was done in 44 transects of 10 × 2.5 m located every 50 m along the hedgerows. In this sampling event, all woody plants that were found were noted, distinguishing the plants derived from seeds (located at > 20 cm away between the crown edge of an adult of the same species and the crown edge of a recruit) and the resprouts of the planted individuals (< 20 cm away from an adult plant of the same species). To sample the vegetation around the planted hedgerows, the observers walked around for 20 minutes in each of the adjacent fields (1 ha) to each hedgerow and identified every woody plant individual. The ability of each planted species to resprout (Pausas et al., 2016) was used as an additional criterion to differentiate between the plants originating from seeds and those from resprouting. In every plot, mean woody vegetation cover, distance from recruited plants to the closest reproductive plant of the same species – regardless of transect – and the biometric data for both types of new established plants were registered.





Experimental assessment of seedling establishment

A multifactorial field experiment was established to determine the interactive effects of limiting factors of the establishment of woody plant seedlings in the hedgerows. For this experiment, we selected “Los Billares” and “El Peral” sites. The treatments were applied on seedlings produced in nurseries and transplanted to the field of the species bladder-senna Colutea arborescens L., hawthorn Crataegus monogyna Jacq. and Mediterranean buckthorn Rhamnus alaternus L. These three species are shrubs and represent different functional types of species that were previously planted in the hedgerows. Specifically, they represented 9%, 8%, and 1%, respectively, of all hedgerow’s individuals. C. arborescens is a deciduous, fast-growing legume. C. monogyna is deciduous, grows more slowly (personal observations) than C. arborescens and produces fleshy fruits. Finally, R. alaternus is an evergreen and drought tolerant species with scleromorphic leaves that produces fleshy fruits. We tested three treatments: summer irrigation (I− and I+) to reduce summer drought; seedling protection (P− and P+) to exclude herbivory by rabbits, the most common herbivore in the studied sites; and herb clipping (C− and C+) in a 25-cm radius around each planted seedling to reduce competition (see details below). Herbivory pressure was estimated by counting rabbit latrines in September 2020, 2021, and 2022 and in February 2021 and 2022.

Some 1,356 seedlings were transplanted following the replication scheme in Table 1, namely 30 to 33 individuals of each species at Los Billares site and between 18 and 32 individuals at El Peral site. The unbalanced number of transplanted individuals at both sites was due to plant availability. Transplanting to the field was conducted between the 5th of October and the 20th of November 2020. Seedlings were 7- to 8-months-old and 5 to 15 cm in height. Seedlings were planted in gaps within the hedgerow plantation lines. All possible combinations of treatments were assured, and each transplanted seedling was at least 0.5 m far from any other transplanted seedling to avoid that treatment applied to one individual affected their transplanted neighbors.


Table 1 | Number of planted individuals per species, treatment, and site in the field multifactorial experiment.



Production of C. monogyna and R. alaternus seedlings was ordered to a forest nursery (Viveros Alborada; https://www.viverosalborada.com/) and plants were grown in containers of 375 mL volume. Seedlings of C. arborescens were cultivated by us in the nursery of the Real Jardín Botánico Juan Carlos I of Universidad de Alcalá due to its unavailability at commercial nurseries. The climate in this nursery is similar to that in the commercial nursery. To produce C. arborescens seedlings, 150 g of seeds from the Centro Nacional de Recursos Genéticos Forestales “El Serranillo” were used. Seeds were pretreated by immersion in H2SO4 (96–98%) for 20 min. Next, seeds were washed to eliminate burnt leftovers tissues and extended on blotting paper for 24 hours. Finally, the seeds that had not swollen were selected. Selected seeds were placed on germination trays, filled with a mix of peat and coconut fiber (Projar PS SEED PRO-5050 A0 pH 5.5–6, Madrid, Spain) and washed-river sand in proportion 3:2 at 1-cm depth in February 2020. The germination of C. arborescens was >80%. Once seeds germinated, they were transplanted into 20 rigid trays of 35 cells (Herku QP 35 T, 5 × 5 × 11.5 cm; volume 287 mL, Madrid, Spain) and were watered on demand until November 2020. Anti-snail poison was applied once to all trays to control a pest at the UAH nursery facility.

The treatments were as follows: (1) Irrigation was applied eleven times: five from the 8th of June to the 24th of August 2021 and six from the 23rd of May to the 29th of August 2022. Every year, the irrigation started with 8 L/m2. Two weeks later, irrigation dose was risen to 12 L/m2 due to the increase of temperature and hence potential evapotranspiration and water demand. Two weeks later, irrigation dose was increased to 16 L/m2 every 3 weeks until the end of each summer. The irrigation dose was determined to maximize watering in a logistically feasible manner. (2) The protection against herbivory was applied at the time of transplanting. We used cylindric nets with a 1 cm mesh. The diameter was 25 cm and a height of 30 cm above the ground. (3) The reduction of herb competition by clipping was applied five times, namely between the 12th and 21st of March 2021, 1st and the 18th of May 2021, 15th and 29th of November 2021, 5th and 19th March 2022, and 6th and 11th of May 2022. Clipped herb biomass was dried in the oven at 60°C for 1 week and weighed.

Herb biomass was similar in “Los Billares” and in “El Peral” (mean cumulative total biomass ± se was 0.25 ± 0.01 and 0.24 ± 0.01 kg m−2, respectively; Mann Whitney U, W = 5,760; p = 0.89). Overall, there were more herb biomass in the non-irrigated treatments than in the irrigated treatments (W = 6,662; p = 0.05). There were not significant differences in herb biomass that grew with and without protectors (W = 4,383; p = 0.91).

Pressure of herbivores was estimated by counting the number of rabbit latrines along the hedgerow perimeter. There were not available data on herbivory pressure at the beginning of this study; however, we estimated that there were more rabbits in “Fuente del Albañal” site than in the other three sites. In September 2020, we found seven rabbit latrines in “Los Billares”, whereas only one latrine was found in the olive orchard of “El Peral”. However, in February 2021, September 2021, February 2022, and September 2022, we observed 3, 5, 3, and 6 latrines in “Los Billares” and 10, 15, 6 and 19 latrines in “El Peral”, respectively (Repeated-measures ANOVA; Site: F1,4 = 2.69, p = 0.18; Date: F4,4 = 0.99, p = 0.51).

Survival counting took place in mid-February 2021, on the last week of April 2021, first week of September 2021, at mid-February 2022, mid-May 2022, and mid-September 2022. A seedling was considered dead when the stems were completely dry and it did not resprout in consecutive measurements.

The height of the established seedlings was measured in 4th to 5th September 2021, 12th to 13th February 2022, and 14th September 2022. Seedling growth was estimated as the height in September 2022 minus height in September 2021.





Statistical analyses

Seedling survival was assessed by a survival analysis that used a Cox’s proportional risk regression model as it is implemented in function coxph of survival R package (Therneau and Grambsch, 2000; Therneau, 2021). Model predictors were site (“Los Billares”, “El Peral”), hedgerow age (11 or 13 years), species (C. arborescens, C. monogyna, R. alaternus), and the three experimental treatments. To determine relevant main factors and their interaction terms, we used the null and the full starting models with forward and backward selection following function stepAIC in R package MASS (Venables and Ripley, 2002). We considered the use of mixed models, but we decided to use linear models because the possible random factor “site” had fewer than five levels (Zuur et al., 2009) and it accounted for the variability related to a specific prediction (i.e., context factors, P3).

All seedlings were of the same age and the initial (November 2020) difference in height was distributed at random among treatments and replicates. The effects of nearest neighbors established before 2019 were assumed negligible due to the low density of natural recruits. To estimate studied factors’ effects on seedling growth, a linear model was fitted with the species and treatment as predictors [i.e., other main effects or interactions terms could not be assessed due to a small sample size (n=8)] using function lm from R package stats (R Core Team, 2021). It was unfeasible to estimate growth in height for the dead seedlings and a substantial number of seedlings died along the experiment. Thus, the average growth per treatment on the alive seedling basis was quantified. Statistical significance of studied factors was tested with a multifactorial ANOVA using function Anova from R package car, with an error type-III structure to avoid relevance of the order of factors (Fox and Weisberg, 2019). Variation partitioning was applied to disentangle the proportion of variance explained by every predictor on survival and growth with function varpart from vegan R package (Oksanen et al., 2022).

It was expected that irrigation increased herb biomass, which competes against the transplanted seedlings. Thus, a Mann-Whitney’s U was used to test whether there were significant differences in herb biomass between treatments (I−/I+ and P−/P+). In addition, cumulative biomass was calculated as the sum of dry weight eliminated in every clipping event. Due to the random distribution of samples one can assume initial dry biomass was similar around clipped (C+) and non-clipped (C−) seedlings.






Results




Plant size and fruit production

In summer 2019, woody-plant cover in the 44 sampled transects in the hedgerows averaged (± se) 61 ± 1%. Average plant height, major diameter (D1), and perpendicular diameter to the major diameter (d2) of adult plants were 96 ± 2 cm, 88 ± 4 cm, and 66 ± 63 cm, respectively. Such measures led to an average crown volume [height × D1 × d2] of 1.99 ± 0.20 m3 (Table 2).


Table 2 | Projected crown volume (in September 2019) per species and hedgerow and number of produced fruits normalized by plant size (estimated by a semi-quantitative number from 0 to 3; see Material and methods) measured in adult plants sampled in 10 × 2.5 m transects.



The volume of adult plants and the relative amount of fruit production in the hedgerows depended on species; it was highest for Jasminum fruticans and lowest for Prunus dulcis (Table 2). The plants with a larger volume produced more fruits than small plants (rho = 0.55, p < 0.01, n = 1,669). However, there were not significant relations between hedgerow age and plant volume (t = −0.03, p = 0.19, n = 1,699) or relative fruit production (t = −0.03, p = 0.20, n = 1,699). Relative fruit production (number of fruits/m3) differed among sites (Kruskal-Wallis, F3,662 = 5.45, p < 0.01) and averaged (± se) 0.57 ± 0.04 at “Vista Alegre”, 0.58 ± 0.04 at “El Peral”, 0.68 ± 0.05 at “Fuente del Albañal”, and 0.71 ± 0.04 at “Los Billares”.





Natural regeneration

We counted 66 and 316 individuals established from seeds and resprouts, respectively, of the planted species across hedgerows (Table 3). In addition, we counted 29 plants of species that were not planted in the hedgerows, namely 15 almond trees (P. dulcis), 10 grapevines (Vitis vinifera L.), two pistachio trees (Pistacia vera L.), a fig tree (Ficus carica), and an asparagus (Asparagus acutifolius L.). The average recruitment rate from seed of both planted and non-planted species was 14 individuals ha−1 year−1.


Table 3 | Natural regeneration at the studied planted hedgerows, distinguishing between the number of juveniles from seed germination and resprouts.



We only identified one recruited individual of blackthorn (Rhamnus lycioides L.) in the abandoned agricultural fields adjacent to the hedgerows, which was located at 3 m from the hedgerow, and a colonization front of several hundreds of R. sphaerocarpa seedlings, which were apparently of the same age and whose mother plants were planted ten years before.

The mean distance (average ± se) between the naturally emerged seedlings and the nearest reproductive plant of the same species (i.e. potential mother plant) was: C. monogyna (0.63 ± 0.26 m), P. spinosa (0.80 ± 0.06 m), R. sphaerocarpa (2.04 ± 0.05 m), R. canina (3.10 ± 0.16 m), R. alaternus (3.80 m; only one individual), R. lycioides (7.00 m; only one individual), P. dulcis (25 ± 13 m), P. vera (40 ± 7 m), and Quercus coccifera L. (64 m; only one individual).





Seedling survival

Survival of transplanted seedlings progressively decreased to 22% by the end of counting (approximately two years). Mortality was faster in “El Peral” than in “Los Billares” (LR χ2 = 33.71, p < 0.01; Figure S1A) and differed among species (LR χ2 = 22.94, p < 0.01; C. arborescens survived the least and C. monogyna survived the most; Figure S1B). Protection against herbivores had a positive effect on seedling survival (LR χ2 = 47.17, p < 0.01; Figure S1C) that differed among species (Species × Herbivory LR χ2 = 14.47, p < 0.01); R. alaternus and C. arborescens were the most and the least, respectively, benefited species by seedling shelters.

There were not significant main effects of irrigation (LR χ2 < 0.01, p = 0.99) or herb clipping (LR χ2 = 1.45, p = 0.23) on seedling survival. The interaction of these two treatments with species and protection against herbivores was significant: Species × Protection × Clipping (LR χ2 = 13.71, p < 0.01), and Species × Herbivory × Clipping × Irrigation (LR χ2 = 6.00, p = 0.05; Figure 2). Alleviating drought stress and competition had little to no effect on the unprotected plants. In contrast clipping increased survival for protected seedlings. R. alaternus was the species that benefited the most when protected against herbivores (higher survival increase; 28%), while C. arborescens was the least benefited (lowest survival increase; 18%). In general, irrigation only increased survival if herb competition was suppressed, and this effect was stronger for C. arborescens and R. alaternus. In summary, herbivory was the most important factor for seedling survival and that herb competition was more important than summer drought for survival.




Figure 2 | Effects of interactions among protection against herbivories (unprotected P−, brown bars; protected P+, green bars), irrigation (I−, without irrigation, line pattern rising right “/”, I+ with irrigation, line pattern rising left “”), and herb clipping (C− without clipping, low line density pattern; C+ with clipping, high line density pattern) on the survival of C. arborescens (A), C. monogyna (B), and R. alaternus (C) transplanted seedlings at the end of the experimental in September 2022. Error bars represent standard errors.



Other significant interaction terms were Site × Species × Clipping (LR χ2 = 6.93, p = 0.03), Site × Species × Irrigation (LR χ2 = 11.84, p < 0.01), and Site × Protection × Clipping × Irrigation (LR χ2 = 4.92, p = 0.03). The variation partition indicated that species identity and protection against herbivores explained each 5% of observed mortality, whereas both irrigation and herb clipping explained <1%.





Seedling growth

Height growth of transplanted seedlings depended on species (F = 18.77, p < 0.01) and treatment (F = 20.47, p = 0.01; Figure 3). R. alaternus grew more than the other two species (t = 3.33, p < 0.01). Clipped (t = 2.38, p = 0.04) and protected (t = −2.04, p = 0.04) seedlings also grew more than non-clipped or unprotected seedlings. Irrigation did not affect seedling growth. According to the variation partition analysis, species and treatment explained 32% and 20% of seedling growth, respectively.




Figure 3 | Difference in seedling height growth per species and treatment. P+ protection against herbivores; P− without protection against herbivores; C+ herb clipping, reduced competition; C− no clipping; I+ irrigation, reduced drought; I− no irrigation. Error bars represent standard errors.



Although the effects of interactions among treatments on growth could not be statistically tested owing to small sample size, some relationships can be guessed (Figure 3). Lack of protection and herb clipping reduced growth in all species but R. alaternus (interactions Protection × Species and Clipping × Species). Irrigation increased C. monogyna growth but had little or no effect for the two other species (interaction Irrigation × Species).






Discussion

This study has (1) quantified the natural regeneration of species planted in 11- to 13-yr-old Mediterranean hedgerows and the colonization of species dispersed into the hedgerows and (2) experimentally assessed the limiting factors of woody seedlings establishment. Its novelty lies in the long-term estimation of natural recruitment and the assessment of the relative importance of three major limiting factors on the recruitment in Mediterranean hedgerows. Overall and in agreement with our predictions, summer drought, herbivory, and herb competition limited the early establishment of woody seedlings (P1), functionally different woody species exhibited contrasting responses to these limiting factors (P2), and limiting factors for plant establishment depended on the local context (P3).




Natural regeneration

Hedgerow plantings resulted on ca. one third of ground covered by woody vegetation, the amount of fruit production averaged up to ten fruits per m3 of hedgerow vegetation, and recruitment rate was 14 seedlings ha−1 yr−1. These values are consistent with the values reported in restoration trials in Mediterranean environments. For instance, Martínez-Baroja et al. (2022) found that 4.1 oaks (Q. ilex) ha−1 yr−1 were recruited from 30-yr-old woodland. Similarly, Vieco-Martínez et al. (2023) found 9.7 individuals ha−1 yr−1 that were spontaneously recruited under mixed 26-yr-old Pinus halepensis and Q. ilex plantations close to our study sites.

Nearly half of the newly established seed recruits in the studied hedgerows originated from non-planted species that successfully colonized them, indicating that hedgerows performed as effective applied nucleation elements (Corbin and Holl, 2012). However, we hardly found established individuals in the vicinity of the planted hedgerows, which we attribute to ploughing and several abiotic and biotic factors that limit plant establishment in exposed Mediterranean environments (Streit et al., 2002; García de León et al., 2014). Notably, all established seedlings were of vertebrate-dispersed species (e.g., C. monogyna, J. fruticans, P. dulcis, and Rosa canina), highlighting the importance of zoochory for hedgerow regeneration.

Our findings hint that natural regeneration assisted by hedgerows in Mediterranean fields is a slow process, despite the increasing propagule pressure. In addition to the limiting factors and processes we experimentally assessed here and discuss below, competition from established vegetation at hedgerows may hinder natural regeneration aligning with the Janzen-Connel’s hypothesis. Janzen (1970) suggested that maximum seedling establishment occurs at intermediate distances from mother plants; close to mother plants, adults outcompete seedlings, which eventually die, and few propagules are able to reach and establish at long distance sites. In our experiment, ploughed crops occupied the intermediate distances from mother plants.





Limiting factors of early establishment

Our transplanting experiment ascertained the factors limiting the early (two years) establishment of seedlings in the hedgerows. Around 80% of the transplanted seedlings died in the first two years with rabbit herbivory emerging as the main factor hindering natural regeneration. The high vulnerability of young seedlings to herbivores can be attributed to the limited capacity of seedlings to produce secondary defensive compounds and toughness (Barton and Hanley, 2013). Herbivory pressure has also been described as a key limitation to woody species recruitment in hedgerows (Endels et al., 2004; Suárez-Esteban et al., 2013). For instance, Suárez-Esteban et al. (2013) found that the low density of hackberry (Celtis australis) in Mediterranean hedgerows was due to a larger density of rabbits compared to other habitats. In agreement with our results, Endels et al. (2004) estimated that 80% of planted individuals in hedgerows were affected by herbivory.

The influence of abiotic factors, such as temperature and precipitation, on the regeneration of woody plants in hedgerows has also been highlighted in previous studies (McCarthy, 1994; Jacquemyn et al., 2010; Footitt et al., 2018). Notably, we did not find any significant effects of irrigation on survival and growth, suggesting that competition for water was severe even in the irrigated scenario. Hand irrigation may have been insufficient to compensate the fast soil drying (McCarthy, 1994). Rey Benayas et al. (2002) even found a marginal negative effect of irrigation on seedling survival, attributing it to increased competition by weeds in irrigated plots rather than the direct negative effects of water itself. This explanation aligns with our experiment, where we also found a negative effect of irrigation on protected C. monogyna seedlings (Figure 2B).

Contrary to our P1, herb clipping alone did not enhance the survival of woody seedlings in hedgerows. However, when combined with herbivory, herb clipping showed a positive effect (Figure 2). It is possible that the frequency of herb clipping was not sufficient to fully counteract the predicted effect of herb competition on survival. Previous studies support the idea that herb competition reduces woody seedling growth (Kollmann and Reiner, 1996; Rey Benayas et al., 2002; Rey Benayas et al., 2003; Rey Benayas et al., 2005; Rey Benayas et al., 2007). Kollmann and Reiner (1996) suggested that herbs compete for light with woody seedlings. Conversely, Rey Benayas et al. (2003) pointed out that the competition between woody species seedlings and herbs in Mediterranean abandoned cropland was mainly driven by water availability rather than light. The negative effects of herbs on Quercus coccifera seedlings resulted from competition for both water and light, while water competition was more important in the case of more mesic Quercus species (Rey Benayas et al., 2007). Some authors have also emphasized that herbs can limit the growth of woody seedlings through competition for nutrients (Tourte and Buchanan 2003; Cuesta et al., 2010; Jacquemyn et al., 2010).

We observed that seedlings of C. arborescens and R. alaternus were shorter when grown surrounded by a dense herb cover. This indicates that competition with herbs was relevant, although it did not directly contribute to the observed high seedling mortality (Figure 3). Our experimental design did not allow us to determine whether seedlings primarily competed for water (Rey Benayas et al., 2003), light (Kollmann and Reiner, 1996) or soil nutrients (Jacquemyn et al., 2010). Nevertheless, herb removal provided the surviving seedlings with more resources for their development. In our study, competition for water and light seems more plausible than competition for nutrients, because agricultural fields surrounding the hedgerows were fertilized, and the composition of planted hedgerows include legume shrubs, which serve as natural nitrogen fertilizers (Dendy et al., 2015).





Interactions among limiting factors and species

Species responded differently to the treatments (P2). Species differences in survival could be attributed to their varying tolerance to drought and herbivory. Consistently, the deciduous legume C. arborescens had the lowest survival. Papachristou and Papanastasis (1994) found that C. arborescens and other legumes have high concentration of protein and low concentration of lignin, which make these species particularly attractive to herbivores. Surprisingly and contrary to our hypothesis, the evergreen species with scleromorphic leaves, R. alaternus, did not show the highest tolerance to drought and herbivory, while the deciduous C. monogyna was the least vulnerable species to the stress factors. Additionally, we cannot discard that differences in the quality of planted seedlings could have affected their field performance (Cortina et al., 2006; Mola et al., 2018).

Unlike survival, R. alaternus showed the highest growth rates, likely due to higher benefits from shade provided by adult plants in the hedgerows. Some individuals of this species reached a height growth of 30 cm in the first autumn after planting, particularly when located close to well-developed brooms (R. sphaerocarpa). Andivia et al. (2017) found that broom presence was a major determinant in the colonization of mid and late successional woody species like R. alaternus.

The studied species had contrasting values for most regeneration-related functional traits, with seedling height standing out (Shannon et al., 1996; Endels et al., 2004; Suárez-Esteban et al., 2013; Paal et al., 2020). Plant height is an easy measurable trait that directly relates to the maximum distance of propagule dispersal (Tamme et al., 2014). Our interpretation of contrasting responses of different species based on functional trait complementarity is consistent with that of Rey Benayas et al. (2005) for Quercus species planted in Mediterranean farmland, who found that shading increased growth only for the mesic Q. faginea, but not for the xerophytic Q. coccifera.

Fruit type is an important functional trait that can affect the colonization of hedgerows by certain plant species such as the almond or fig trees. The type of fruit can also explain why species differently respond to limiting factors (Figure 2). Plants with fleshy fruits, which are dispersed by vertebrates, can colonize farther compared to those with non-fleshy fruits (Suárez-Esteban et al., 2013). Nevertheless, in our study we have only detected one specimen of fig tree as a representative of fleshy fruit species established in the hedgerows without being planted. Conversely, non-fleshy fruit species such as the almond tree and the pistachio were able to establish to a larger extent by spontaneously colonizing from outside the hedgerows. Approximately half of planted species in the studied hedgerows are dispersed by vertebrates (e.g., C. monogyna is animal dispersed, while Retama sphaerocarpa is wind dispersed; Table 2). We attribute this effect to the presence of abundant individuals of vertebrate-dispersed plant species recruited in the hedgerows and to the fact that they can be effectively dispersed by magpie (Pica pica). Magpie is also abundant in the studied areas (Sánchez-Moreno et al., 2018; Martínez-Baroja et al., 2019; Martínez-Baroja et al., 2021). However, there cannot be an optimum combination of factors that maximize the regeneration of all species simultaneously because species vary in their response to herbivory, irrigation, and clipping (Figure 2). Instead, managers might need to provide a set of micro-environments and species to enhance the regeneration of hedgerows (Paal et al., 2020).

Finally, hedgerow regeneration differed among study sites (P3). The abundance of rabbits (Suárez-Esteban et al., 2013) and propagule pressure of species near the hedgerows can explain in part differences among sites. Dainese et al. (2015) found that the largest regeneration can be observed in hedgerows with intermediate levels of herbivore and propagule pressures. Climate and soil characteristics might have also influenced the different establishment of seedlings across sites.






Conclusions

We found that natural regeneration in planted Mediterranean hedgerows is slow despite the presence of planted sources of propagules. Species dispersed by vertebrates were favored. Herbivory was the main limiting factor for seedling survival, especially for the deciduous C. arborescens. Summer drought and herb competition primarily restricted growth and were relevant when interacted with other limiting factors. Our study suggests that costs of replacing dead plants in planted hedgerows can be minimized conducting censuses to identify newly recruited seedlings and implementing protection measures against herbivores such as rabbits. Reducing spontaneous herbaceous cover by mowing or herbicides also contribute to the establishment of woody plants in hedgerows. We recommend planting species-rich hedgerows that incorporate a variety of functional traits to develop these linear green infrastructure elements in agricultural Mediterranean landscapes.
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