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A B S T R A C T   

Tropical dry forests are among the most threatened ecosystems worldwide, with severe defor
estation and regeneration problems compounded by an increasing climate change threat. Lomas 
de Atiquipa in the Peruvian–Chilean Coastal Desert (Atacama Desert) comprises one of these 
formations, mainly dominated by the Tara tree (Tara spinosa), which is a Neotropical legume tree 
with high ecological and commercial value. However, approximately 80% of the original area has 
been reduced mainly by deforestation. An ecological restoration experience was demonstrated in 
this study by investigating the use of thorny shrubs as nurse plants to promote forest regeneration. 
This approach is based on the idea of facilitation between plants and can be a suitable “nature- 
based solution” to decrease reforestation costs. Accordingly, 170 seedlings and 128 seeds of Tara 
were installed in two contrasting environments: 1) under the cover of the nurse plant and 2) 
outside the vegetation cover. Survival rates of the seedlings and germinated seeds were period
ically monitored from August to December. We also measured microclimatic conditions outside 
and under the canopy of the nurse plant, including temperature (◦C), relative humidity (%), soil 
moisture (v:v), and illumination (lux), to assess the recruitment niche. Our results showed the 
highest seedling survival rates at the end of the experiment under the canopy of the nurse plant 
(22.4%) vs. outside (8.2%). This could be linked to the better performance of juvenile plants 
owing to the nursing effect of shrubs, as we detected a significant reduction in the extreme 
environmental conditions under the canopy of the nurse plant, with the lowest temperatures and 
highest humidity, as well as a significant reduction in light incidence. Our findings suggest that 
using local shrubs as nurse plants is a promising method for restoring Tara in the Lomas 
ecosystem because it reduces the stress of direct insolation and high temperatures and reduces the 
cost and effort of hand watering the seedlings after planting.   

1. Introduction 

Dry tropical forests are among the most threatened ecosystems worldwide (Cordero et al., 2016; Miles et al., 2006; Siyum, 2020). 
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This ecosystem structure is a mosaic of disturbed open canopies and relatively undisturbed closed canopy patches at several spatial 
scales (Khurana and Singh, 2001). Most dry tropical forests are typically influenced by severe deforestation and regeneration problems 
(Portillo-Quintero and Sánchez-Azofeifa, 2010). This forest degradation in tropical dry forests is because of unsustainable management 
regimes (Quesada et al., 2009), over-exploitation of species with commercial value (Lopez-Toledo et al., 2011), and the loss of suitable 
areas due to climatic constraints (Suresh et al., 2010). Approximately 54.2% of the tropical dry forested area is located in South 
America (Miles et al., 2006). In Latin America, 66% of this ecosystem type has already been converted to other land uses, whereas 95% 
has been lost in Peru (Portillo-Quintero and Sánchez-Azofeifa, 2010), additional problem, the rising temperature and increased 
droughts decrease the survival of trees and seedlings in tropical dry forests (Meir and Pennington, 2011; Young et al., 2011). Therefore, 
understanding both forest management and climatic constraints (present and future) is particularly important to recover the func
tionality of this ecosystem (Manchego et al., 2017) and reduce failure in restoration projects. 

On the Pacific Coast adjacent to the Peruvian–Chilean Coastal Desert (Atacama Desert) there is a typical tropical dry forest, a 
seasonal fog forest, locally called “fog oasis” or “Lomas” (Balaguer et al., 2011). “Lomas” vegetation develops on hill slopes facing the 
sea and is maintained by fog from wet oceanic winds (Péfaur, 1982; Tovar et al., 2018). When intercepted by the canopy of trees, this 
fog produces the main water contribution to the ecosystem (Jiménez et al., 1999). 

The ecosystem of “Lomas de Atiquipa” is dominated by herbaceous communities of plants but includes fragmented forest, primarily 
characterised by the presence of Tara spinosa trees, a neotropical legume that ranges from Venezuela to northern Chile (de la Cruz, 
2004; Martel et al., 2014). This forest has undergone an intense deforestation process, as a result only one-tenth of the original forest 
area remains (Balaguer et al., 2011; Manrique, 2011). 

In Peru, this species is present across a broad altitudinal range (0–3000 m), extending from coastal areas to the Andean region 
(Aronson, 1990; Brako and Zarucchi, 1993). Since pre-Columbian times, Tara has been highly valued for its multiple non-timber uses, 
such as dyes, tannins, gums, and oils obtained from its seeds (Villanueva, 2007). From an ecological perspective, the value of Tara trees 
in “Lomas” ecosystems lies in their ability to intercept fog droplets, increase the water input into the soil (Balaguer et al., 2011), and fix 
nitrogen (Cordero et al., 2017). High soil water content and fertility facilitate vegetation cover and prevent runoff and soil erosion and 
thus provides valuable ecosystem services for the local communities. 

Local stakeholders have recently initiated various forest management projects to conserve ecosystem services and expand the 
forested areas on these hills (PER/01/G35, TNC-UNSA-Finland Government; Sotomayor and Jiménez, 2008). In dry ecosystems, water 
shortages negatively affect many physiological and morphological parameters, hindering plant survival, growth, and/or fitness 
(McDowell et al., 2008). Therefore, common reforestation techniques require periodic watering during the early stages of development 
to ensure the success of forest plantations. Furthermore, in a previous study, we found that the water supply for Tara seedlings resulted 
in better performance in the field (Balaguer et al., 2011) and under controlled conditions (Cordero et al., 2021). Nevertheless, in 
“Lomas,” the only human-assisted water source for planted seedlings originates from fog collectors (Tognetti, 2015), where water is 
directed to irrigation reservoirs, and the local communities are responsible for watering by hand (Fig. S1). Therefore, as both labour 
and maintenance costs are high, it seems appropriate to propose new techniques derived from ecological restoration (SER, 2004), 
which are based on facilitating the ecosystem to recover with minimal human intervention and emulating natural patterns and pro
cesses (Balaguer et al., 2014), according to the “nature-based solutions” approach (Seddon et al., 2020). 

The use of shrubs as nurse plants is based on the concept of facilitation between plants. Facilitation refers to the positive influence of 
an adult plant on the recruitment of other species (Gómez-Aparicio et al., 2004). Several mechanisms can be implicated in this positive 
relationship, including the amelioration of extreme environmental conditions, reduction of herbivory (Gómez-Aparicio, 2009), and 
improvement of soil quality (Mihoč et al., 2016). This approach has provided good results for Mediterranean and arid environments 
(Castro et al., 2002; Gómez-Aparicio et al., 2004; Gómez-Aparicio, 2009), as well as in high Andean forests (Gómez-Ruiz et al., 2013) 
and high elevation montane coniferous forest (Carbajal-Navarro et al., 2019). 

In a previous study at the same location, we detected an aggregated pattern between young individuals of Tara and both conspecific 
adults and adult thorny shrubs (Citharexylum flexuosum and Randia rotundifolia), which we interpreted as potential nurse plant effect 
(Cordero et al., 2016). Moreover, for Tara seedlings, we observed that photoprotection under drought stress is a functional mechanism 
to prevent photooxidative damage by excess light and, consequently, improve carbon assimilation and growth (Cordero et al., 2021). 
Based on these findings, in this study, we present the results of an experiment conducted under field conditions for the improvement of 
Tara recruitment through ecological restoration. 

This study aimed to explore the possible effects of native shrubs present in the study area on the survival of Tara seeds and 
seedlings. We hypothesised increased successful recruitment under shrubs due to the microclimatic conditions under their canopy. 
Specifically, a reduction of the extreme conditions of high temperature and radiation can benefit Tara seedlings because they diminish 
the evaporative demand and avoids photodamage (Cordero et al., 2021). Therefore, we expected to observe a positive effect on the 
early establishment of plants. Finally, we provide some recommendations for restoration practices. 

2. Materials and methods 

2.1. Study area 

The study site was at “Lomas de Atiquipa” (15◦47’43.66" S, 74◦21’48.20" W; 300–1200 m a.s.l.), Department of Arequipa, 
southwest Peru, on the western slopes of the Peruvian Andes. The entire “Lomas” ecosystem has an area of approximately 28,000 ha, 
and it is probably the greatest extension of this type of ecosystem on the Peruvian coast (Canziani and Mujica, 1997). Vegetation is 
dominated by annual plants (Alternanthera ferreyrae, Grindelia tarapacana, Nicotiana paniculata) and shrubs (Cytharexylum flexuosum, 
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Duranta armata, Randia rotundifolia). However, the current extension of forested Lomas is 2190 ha, dominated by the Tara tree (Tara 
spinosa). 

Soils are acidic (pH 4.88–5.09) and poor in nutrients (% C = 0.97 ± 0.39; % N = 0.11 ± 0.05), according to data reported by 
Balaguer et al. (2011). 

Fig. 1. Local climatic conditions from August to December 2016. Planting and sowing were on 13 Aug (grey arrow). Black arrows (from September 
onwards) show the four dates (6 Sep; 26 Oct, 20 Nov, 13 Dec) of the survival evaluation for seeds and seedlings of Tara. The top figure represents the 
temperature measured at 2 m above the Earth’s surface in Celsius (◦C): Maximum temperature (red dotted line), mean temperature (solid grey line), 
and minimum temperature (yellow dotted line). The figure below is the accumulated precipitation in millimetres (mm). Data were obtained from 
the application POWER Data Access Viewer (DAV), which provides geospatial information and meteorology parameters (https://power.larc.nasa. 
gov/data-access-viewer/). 
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The climatic conditions are extremely harsh, and according to Sotomayor and Jiménez (2008), there are two well-marked seasons: 
1) The dry season (January–June), without precipitation, but having a water influx by fog of 8.35 l m− 2 day− 1 and temperature values 
of 16.85 ◦C, and 2) the wet season (July–December), with peaks of precipitation in September (24.9 mm), mean temperature of 12.8 ◦C 
and an average water contribution by fogs of 40.9 l m− 2 day− 1. In this type of ecosystem, fog trapped by vegetation is the main source 
of water influx. 

Tara seeds germinate during the wet season under natural conditions; therefore, we performed the experiment according to their 
natural phenology. The local climatic conditions during the study period are shown in Fig. 1 and were obtained from the NASA Langley 
Research Center (LaRC) POWER Project funded by the NASA Earth Science/Applied Science Program (NASA, 2020). 

2.2. Species description 

Tara spinosa is a valuable neotropical legume belonging to the Caesalpinia group, a large clade of 205 species in the subfamily 
Caesalpinioideae, comprising 26 genera (Gagnon et al., 2016). The cpDNA haplotypes along the entire distribution rank inside Peru 
shows reduced genetic variability, probably because of human activities from pre-Columbian times (Balaguer et al., 2011). At “Lomas,” 
it is the only dominant tree in the ecosystem despite showing poor natural seedling recruitment (Cordero et al., 2016). The stand 
structure in the forest remnant has a very low density of saplings (1–10 cm diameter; 20.1 individuals ha− 1) and a density of adults of 
172.22 individuals ha− 1 in the study area (Cordero et al., 2016). 

The selected nurse plants were as follows: 1) Citharexylum flexuosum (Ruiz & Pav.), and 2) Randia rotundifolia (Ruiz & Pav.). Both 
species are tropical perennial thorny shrubs. These species are abundant and naturally occur alongside T. spinosa in the “Lomas de 
Atiquipa” (Talavera et al., 2017), and have a wide distribution throughout the coastal “Lomas” ecosystems in Peru (Galán de Mera 
et al., 2009). In the “Loma de Atiquipa,” both shrubs do not reach a substantial height (0.5–1.20 m), and the coverage of its crown is 
variable, depending on the stage of development of the plant (0.5–2 m crown diameter). Citharexylum flexuosum (Ruiz & Pav.) D. Don 
belongs to the Verbenaceae family, and the taxonomy of the Citharexylum genus was recently revised by Frost et al. (2021). Randia 
rotundifolia (Ruiz & Pav.) belongs to the Rubiaceae family, and its phylogenetic and morphological traits are detailed in Gustafsson and 
Persson (2002). 

2.3. Experimental design 

2.3.1. Seedlings and seeds 
The selected seeds for planting in the field were chemically scarified (96% H2SO4, 45 min) and soaked in distilled water for 48 h 

(Cordero et al., 2021), and the pre-germinated seeds (showing an incipient radicle) were sown in 250 mL containers filled with 
substrate composed of black peat moss (PRO MIX®) and vermiculite 3:1 (v:v) supplemented with Osmocote (NPK 11:11:18) and 
microelements. All seedlings were grown for two months in a greenhouse at Universidad Nacional de San Agustín de Arequipa (UNSA, 
Perú) and maintained under semi-controlled conditions (well-watered by drip-irrigation, mean temperature of 15 ± 5 ◦C, and relative 
humidity 50 ± 10%). Seedlings were grown until they acquired an adequate size for planting (7–10 cm, according to prior experience), 
the leaves were fully expanded, and the root system was well-formed for transplanting in the field. Only 170 seedlings were selected for 
planting in the field experiment because we selected seedlings of similar size, number of leaves, and well-formed root systems. 

Seeds selected for direct sowing in the field were stored in darkness under constant temperature conditions in a cold chamber at 5 
◦C. They remained in this environment for 10 days before being scarified, as described above. Only stored seeds of similar size and 
showing an incipient radicle (of similar size) were planted. Therefore, only 128 seeds were considered for sowing in the field 
experiment. 

2.3.2. Field experiment 
During August 2016 (day 13, Fig. 1), an experiment was conducted in the Huayahuani area, in the Tara forest of “Lomas de Ati

quipa”. We selected an experimental plot of 1.35 ha (450 × 30 m) located on the windward side of the hills where the selected nurse 
plant species were present (C. flexuosum and R. rotundifolia). We considered two transects separated by 20 m to conduct the plantation 
and direct seeding of Tara. A total of 170 seedlings of similar size and 128 seeds were sowed according to the following design: on the 
plots with nurse plant treatment, seedlings and seeds were planted and sowed, respectively, under the canopy protection of the shrubs 
(at a point equidistant between the stems and the outer boundary of the crown, always on the windward side). On the plots outside the 
nurse plant, seedlings and seeds were placed in the centre of areas without shrub cover (with an extension of approximately 5 m2) 
ensuring they were at a minimum distance of 1 m from the canopy of nearby bushes. Regardless of their treatment, distances between 
successive seeds or seedlings in the transect were between 4 and 6 m. Each seed was buried (2 cm depth) inside a 5 ×5 cm plastic mesh 
bag (mesh size 2.5 mm) to prevent predation (James and Rahman, 2000). Seeds and seedlings were assigned to the treatment site 
(outside or under the canopy of the nurse plant), and their spatial arrangement in the field was randomly distributed. 

Both the seeds and seedlings were irrigated with 100 mL of water once at the onset of the experiment, as recommended for arid 
environment. Planted tree seedlings, in arid environment, are very sensitive to drought stress and mortality until roots are established 
in ambient soil (Dalton, 1992). Each seed and seedling was marked for its subsequent location, and its geographical location was 
recorded using a GPS device (Garmin GPSMAP 60 Series). The survival of all individuals was monitored four times during the early 
stages, from September to December (dates are shown in Fig. 1). To determine the vital status of the planted seedlings, we considered 
an individual dead if all leaves and buds were dry, the stem was broken, or the individual was absent. Seeds were considered alive if 
they had emerged from the ground and dead if they never emerged or if they met any of the conditions for dead seedlings. 
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2.3.3. Microclimatic conditions 
At the time of sowing and planting and for subsequent visits for survival, microclimatic conditions were characterised by the 

proximity of seeds and seedlings. Air temperature (◦C), relative humidity (% RH), soil moisture (TDR 100 Spectrum Technologies), and 
illumination (lux) were measured. 

2.4. Statistical analyses 

All statistical analyses were carried out using IBM SPSS Statistics v.27. To model the effect of nurse plants over all four months, 
survival analyses were performed using the non-parametric Kaplan–Meier method. We compared the survivorship curves across the 
different treatments (seeds under the canopy, seeds outside, seedlings under the canopy, and seedlings outside). In addition, we 
analysed survival outside and under the canopy of the nurses for each month (from September to December) using generalised linear 
models (GLM) with a binomial response variable (alive = 1; dead = 0) and a logit link function. We considered a saturated model with 
two factors: site (outside vs. under the canopy of the nurse plant), type of propagule (seeds vs. seedlings), and their interactions. 
Supplementary analyses were conducted by separating the seed and seedling data. 

To characterise the microclimatic conditions (air temperature, relative humidity, soil moisture, and radiation) outside and under 
the canopy of the nurse plant, a repeated measures ANOVA was carried out (site as a fixed factor and date as a repeated factor) after 
checking the ANOVA assumptions. Additionally, the post hoc Fisher’s PLSD test was conducted to assess the differences between sites 
on each date. 

Finally, we aimed to incorporate the possible effect of the microclimate linked to the effects of nurses on the early survival of seeds 
or seedlings. Accordingly, principal component analysis (PCA) (Table S3) with all microclimatic variables (temperature and relative 
humidity of the air, illumination, and soil moisture) was conducted. The principal component (microclimatic component; MC factor) 
was incorporated as a covariate into the GLM models for each date. Total survival was used as the dependent variable, and site was 
used as a factor, also considering the interaction between site and the MC factor. 

3. Results 

The Kaplan–Meier analysis results showed differences in survival among treatments (χ2 = 31.6, p < 0.001). For example, at 25 days, 
50% of seedlings were still alive, whereas < 25% of seeds were alive at that time. Eventually, survival was higher for seedlings planted 
under the canopy of the nurse plant, with 25% survival after 4 months. When analysed in each recorded period, the survival of seeds 
and seedlings differed (Fig. 2; GLM results in Table S1). We detected high seedling survival; in most cases, seedling survival was double 
the seed survival rate. For example, we observed that in September, 50% of the seedlings were alive, compared to 16% of the seeds. The 
GLM model also detected a “site” effect on the last seedling survival in December (p = 0.012) and marginally significant values (p =
0.07) in October and November (Table S1), showing higher survival under the canopy of the nurse plant than outside, from October 
onwards. In terms of the survival of planted seedlings, the positive effect on survival was significant in both October (p = 0.044) and 
December (p = 0.014) and marginally significant in November (Table S2). 

The microclimatic conditions measured in the field during the study are shown in Fig. 3. The average temperature was 25 ◦C 
(minimum of 19 ◦C, maximum of 39 ◦C), the relative humidity throughout the experiment was, on average, 54% (ranging from 23% to 
99%), and the soil water content fluctuated between 10% and 58%. In November, we measured the highest values for temperatures 
(29.94 ± 4 ◦C) and radiation (51,251 ± 46,164 lx) and the lowest for relative humidity (38.8 ± 8%) and soil water content (21.36 ±
5%). These values are consistent with the regional climatic conditions reported in November because in the days prior to field survival 
in November, temperatures were high, and rainfall was very scarce (Fig. 1). 

Finally, when considering the combined effect of microclimatic conditions (MC factor as a covariate, Table 1) on total survival in 

Fig. 2. Tara seedlings and seeds survival percentage across the months outside (black lines) and under the canopy of the nurse plants (grey lines). 
The GLM whole model results show significant differences between seeds and seedlings (ptype effect < 0.005; Table S1). Survival differences outside vs. 
under the canopy of the nurse plant for planted seedlings are marked by an asterisk (psite effect < 0.05; Table S2). 

M.D. Jiménez et al.                                                                                                                                                                                                    



GlobalEcologyandConservation53(2024)e03004

6

Fig. 3. Microclimatic conditions (means ± S.D.) outside (black) and under the canopy of the nurse plants (grey) during the experiment (pdate × site < 0.001). Significant differences between sites are 
marked by an asterisk (post-hoc Fisher’s PLSD test p < 0.05). 
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each recording period, we observed that differences due to site (psite effect < 0.05; Fig. 2) could be partially explained by the covariable 
(MC factor) in November (Table 1). The rest of the selected models by AIC values reflects that the interaction between microclimatic 
conditions and site effects should be considered. 

4. Discussion 

This study ascertained that using local shrubs as nurse plants can improve the early establishment and survival of Tara seedlings. 
However, the causes have not been clearly determined. We hypothesised that higher seedling survival rates under the shrub canopies 
could be due to mitigation of environmental stressors such as radiation and temperature. Nevertheless, support for this hypothesis is 
limited since significant microclimatic differences (soil moisture, temperature, and radiation) were only found in November. For the 
rest of the dates, survival is explained by the combined effect of microclimate and site. Therefore, other facilitation processes such as 
herbivory protection should also be considered. Despite these challenges, findings suggest that plant facilitation could play a crucial 
role in the regeneration of the Tara forest, particularly in the singular ecosystem of Lomas within tropical dry forests. Our results are 
consistent with those of previous studies that reported facilitation effects in other ecosystem types, such as semiarid and tropical 
systems (Gómez-Aparicio, 2009; Gómez-Ruiz et al., 2013; Lu et al., 2016). 

In the present study, we detected a positive effect of nurse plants on the percentage of seedling survival and partial support for the 
modulation by the microclimatic component This effect may be due to the alleviation of radiation, temperature and relative humidity 
in November, the month when we detected higher radiation and temperature values and lower relative air humidity as shown in Figs. 1 
and 3. Accordingly, during this month, the shading effect of the canopy on seedlings may turned into a net benefit for their survival, as 
shading reduced the evaporative demand (Franco and Nobel, 1988, 1989) and prevented photodamage during the early stages of plant 
recruitment. Previous studies have suggested that the amelioration of microclimatic conditions by thorny bush canopies is relevant for 
explaining the increased survival of seedlings beneath nurse plants in Mediterranean ecosystems (Castro et al., 2002; Marañón et al., 
2004) as well as the Andean region of Chile (Cavieres et al., 2007). Furthermore, in this ecosystem type, where the main water input 
into the soil occurs by the interception of fog by leaves and branches of trees and bushes during wet seasons, living under shrubs can be 
an additional factor favouring the microclimatic conditions for seedling survival by drop interception, even if it occurs only during 
short periods during fog events, which can be decisive for seedling recruitment (Khurana and Singh, 2001). 

The mechanisms underlying this improved survival under the canopy of the nurse plants may be related to the capacity to with
stand prolonged water stress by physiological adjustments at the leaf level (Kozlowski and Pallardy, 2002). For example, osmotic 
adjustment ensures leaf turgor and, consequently, leaf functionality through better stomatal control (Binks et al., 2016; Jiménez et al., 
2009). Different acclimation responses to drought have been described in Tara seedlings (Balaguer et al., 2011; Cordero et al., 2021). 
However, prolonged, and severe water stress can compromise physiological adjustments and hinder plant survival and growth (Binks 
et al., 2016; Hessini et al., 2009; McDowell et al., 2008). Therefore, irrigation is a common afforestation practice that ensures seedling 
survival and growth in the early stages after planting. In a previous study on a reforested Tara stand where local communities peri
odically hand-watered Tara seedlings, we observed that irrigated seedlings exhibited better field performance (an increment of 126% 
height, 121% crown width and 200% number of leaves, Balaguer et al., 2011). However, the only human-assisted water source was the 
fog collectors, which were previously installed. Harvested water is conducted towards and accumulates in reservoirs, forming a 
complex irrigation system that requires continuous maintenance (Tognetti, 2015; Fig. S1). Although irrigation enhances seedling 
survival in the field, it significantly increases the cost of reforestation (Benayas, 1998). Therefore, the use of nurse plants can decrease 
both radiation stress and evaporative demand, thereby reducing the costs of installing artificial irrigation and shading. 

On the other hand, our results showed that planted Tara seedlings had a higher survival rate than those germinated from seeds, with 
seedling survival doubling in most cases. The transition from the seed to the seedling stage can have critical effects on recruitment 

Table 1 
Results of the three GLM models considered to elucidate seedling survival across each sampling date are presented. The entire microclimatic effect 
was summarised in a new component extracted by PCA (MC factor, Table S3) and incorporated into the models. In Model I, Site, MC component, and 
their interaction are considered as fixed factors. The interaction was removed for Model II, while only the MC component was maintained for Model 
III. Models with lower Akaike information criterion calculated (AICc) values were selected and marked in bold.   

September  October  November  December  

Wald 
Stat. 

p AICc Wald Stat. p AICc Wald Stat. p AICc Wald Stat. p AICc 

Model I Site 1.436 0.231 229.885 4.200 0.040 179.077 0.725 0.395 161.056 5.457 0.019 135.279 
MC 
factor 

5.412 0.020  0.373 0.541  2.947 0.086  6.286 0.012  

Site ×
MC 
factor 

6.979 0.008  2.726 0.099  1.106 0.293  1.757 0.185  

Model II Site 1.450 0.229 235.339 3.725 0.054 179.935 0.091 0.763 160.040 8.013 0.005 135.582 
MC 
factor 

6.013 0.014  0.108 0.742  6.230 0.013  7.640 0.006  

Model III MC 
factor 

4.771 0.029 234.735 0.472 0.492 181.719 8.515 0.004 158.059 5.835 0.016 142.59  
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success (Postma and Ågren, 2016; Rother et al., 2013). The seedlings used in this study were cultivated under semi-controlled con
ditions in a greenhouse at the UNSA University facilities and then transplanted into a field with fully expanded leaves and developed 
primary root systems. The ontogenetic state of seedlings, their size, and the presence of fully developed leaves are traits that enhance 
field performance (Andivia et al., 2021; Ostertag et al., 2015), especially in degraded areas with microclimatic stress, such as low 
availability of soil nutrients and water content (Gallo et al., 2017), which are common in tropical dry forest ecosystems (Ceccon et al., 
2006) and which were predominant in our study area. Plants exhibit a coordinated leaf-level response to cope with light and water 
stress (Reddy et al., 2004). For example, in a previous study, we described how Tara seedlings exhibited a rapid response to drought 
stress by reducing stomatal conductance and evapotranspiration and to light stress by increasing structural (leaflet angle) and chemical 
photoprotection (pigments related to thermal dissipation; Cordero et al., 2021). Therefore, our results support the use of seedling 
planting for Tara rather than the direct sowing of seeds in the field, as it ensures leaf-level adjustments to cope with stress. 

5. Conclusions and management implications 

In the present study, we found partial evidence for a net positive effect on overall survival at the early stages of Tara seedlings 
through a facilitating effect of shrubs on Tara, which overcame both biotic and abiotic filters (Hobbs and Norton, 2004). These findings 
agree with those of previous studies that recommended the use of shrubs as nursing plants to improve the early establishment of woody 
seedlings under stress conditions (Gómez-Aparicio et al., 2004, 2005; Khurana and Singh, 2001; Marañón et al., 2004; Miller, 1995). 
Furthermore, considering the predicted scenarios under global warming for South America by the IPCC, where the mean daily tem
perature and consecutive numbers of dry days (precipitation < 1 mm) will increase (Pörtner et al., 2022), the ability of these forests to 
regenerate naturally could be compromised. Therefore, we propose using shrubs as nurse plants to restore Tara trees in tropical dry 
forests by improving the microclimatic conditions in their recruitment niche, thereby promoting ecosystem recovery (Aronson et al., 
2006) through “nature-based solutions” (Seddon et al., 2020). Restoration methods based on natural processes, such as the use of 
shrubs as nurse plants, have the potential to reduce operational costs and minimise the risk of plant failure (Marañón et al., 2004). 
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