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Human activities have significantly altered over three-quarters of the Earth’s land 
surface, intensifying in the last century and threatening remaining ecosystems with 
ongoing land use changes and climate change. In Chile’s Mediterranean zone, habitat 
degradation and climate change pose severe threats to biodiversity, particularly 
affecting endemic tree species with recalcitrant seeds, such as Beilschmiedia 
miersii, which can face recruitment limitations due to changing environmental 
conditions and prolonged droughts. This study aims to determine if soil and 
site-specific conditions at B. miersii population sites limit seed germination and 
establishment. The study used Lens culinaris as a surrogate bioindicator species 
to assess soil conditions and their effects on germination and growth. We used 
laboratory-based experiments and statistical models to analyze the influence of 
biotic and abiotic factors, including soil nutrients, vegetation cover, and climatic 
changes. The study’s findings indicate that soil conditions at the examined sites do 
not pose significant limitations to germination and plant growth. This suggests that 
the studied sites retain the potential for recruitment, despite the observed variations 
in soil and site conditions. The results imply that other factors, such as historical 
climate changes and herbivory, may be impeding recruitment success. While 
further research is needed to identify the specific factors hindering recruitment and 
develop effective conservation strategies, this study provides valuable insights into 
the potential limitations affecting B. miersii recruitment. These findings highlight the 
importance of considering multiple environmental factors beyond soil conditions 
when addressing recruitment challenges in threatened species.
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1 Introduction

Humans have severely altered ecosystems worldwide (Ellis, 2015). Currently, it is estimated 
that more than three quarters of the Earth’s land surface has been directly altered by anthropogenic 
activities. These modifications have intensified in the last century, with almost a third of global 
land surface changes occurring during the last 60 years (Winkler et al., 2021). The remaining 
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original ecosystems are increasingly threatened by ongoing land use 
change processes (Newbold et al., 2015), and for those habitats that 
persist, by increasing stress from climate change (Mantyka-Pringle et al., 
2015; Segan et al., 2016). Climate change can be a severe threat to the 
long-term viability of species, particularly due to modifications of 
temperature and precipitation regimes (Urban, 2015; Román-Palacios 
and Wiens, 2020; Reynaert et al., 2021). Furthermore, habitat degradation 
and fragmentation induced by land use change processes can have 
synergistic effects with climate change, which may increase the current 
rates of biodiversity loss (García-Valdés et al., 2015; Selwood et al., 2015; 
Northrup et al., 2019). In the case of long-lived organisms with limited 
dispersal and long generation times, such as many tree species, viability 
of species will largely depend on the capacity of the remaining 
populations to reproduce on-site, which will be  contingent climatic 
conditions within the area (Selwood et al., 2015). There is evidence that 
climate change is already affecting crucial processes in the life cycle of 
trees, namely seedling, germination, recruitment, and establishment 
(e.g., Walck et al., 2011; Yukich et al., 2023).

However, besides climatic conditions, other environmental factors at 
site level, such as vegetation cover, community composition, litter depth, 
and soil conditions, may also play a key role controlling the reproduction 
process of tree species (e.g., Dupuy and Chazdon, 2008; Montgomery 
et al., 2010; Promis and Allen, 2017). Therefore, small changes at site level 
during the establishment stage, which is one of the most vulnerable life 
stages of plants, can greatly influence seedling survivorship (e.g., Lloret 
et al., 2004). This, in combination with the inherent characteristic of seeds, 
can make reproduction success even more difficult. For example, plants 
with recalcitrant seeds (desiccation sensitive seeds) have a short viability 
span window (few weeks to a few months) for germination because of 
seed sensitivity to changes in site temperature and humidity (De Vitis 
et al., 2020; Brock et al., 2023). In addition, some species may present mast 
seeding strategies in response to climatic cues, meaning that changes 
in local climatic conditions may reduce the frequency of favorable signals, 
severely limiting the productions of seeds, leading to negative 
consequences for tree recruitment and forest dynamics (Bogdziewicz, 
2022). Under these circumstances, site environmental conditions will 
have a pivotal effect on seeds germination once favorable climatic signals 
trigger the production of seeds.

The Mediterranean zone of Chile has been severely degraded due to 
the historical change in land use to agriculture, forestry, and urban 
development (Schulz et al., 2010), leading to large expanses of habitat loss 
and fragmentation (Fuentealba et al., 2021). Furthermore, models predict 
that this area could experience a temperature increase of 2°C and a 
decrease of precipitation (Araya-Osses et al., 2020; Vicuña et al., 2021). 
These factors combined (i.e., degradation and climate change) are 
becoming a threat to local biodiversity due to the synergetic effects on 
species extinction, which in turn can negatively impact the long-term 
viability of current ecosystems (Muñoz-Sáez et  al., 2021). This is of 
particular concern because this part of the country is considered a global 
biodiversity hotspot due to high endemism of plant species (Martinez-
Harms et al., 2021). Specifically, this hotspot has several endemic tree 
species with recalcitrant seeds such as Pouteria splendens (A.DC.) Kuntze, 
Beilschmiedia berteroana (Gay) Kosterm, Beilschmiedia miersii (Gay) 
Kosterm, Citronella mucronata (Ruiz et Pavón) D.Don, and Cryptocarya 
alba (Molina) Looser (Figueroa and Jaksic, 2004, Henriquez et al., 2012, 
Magni et  al., 2023), which are already showing signs of recruitment 
limitations (e.g., Sotes et al., 2018; Magni et al., 2022, 2023).

The genus Beilschmiedia, within the Lauraceae family, is of 
particular interest because it is mostly distributed throughout the 

tropics (Nishida, 1999). However, in Chile this genus is distributed in 
a subtropical zone that corresponds to a Mediterranean climate, where 
climatic conditions are harsher, with lower water availability and a 
warmer and dryer summer season (Fernández and Morales, 2016). 
Beilschmiedia miersii, which is the species from the genus that has the 
most northern distribution in Chile, is a shade tolerant tree with a 
maximum height of approximately 25 meters (Henríquez and 
Simonetti, 2001). Previous dendroecology studies by Venegas-
González et al. (2023) show that the age at different populations of 
B. mierssi can range from 34 to 348 years, with an average age among 
all sites of 114 years. Fruits are drupes (4 cm long, 2–3 cm wide), 
recalcitrant, with an unknown disperser (Henríquez and Simonetti, 
2001; Marticorena and Rodríguez, 2001). B. miersii is usually 
associated with other species with recalcitrant seeds such as C. alba. It 
has been reported that B. miersii shows no seed production and a lack 
of seedlings in several sites during the last few years, a phenomenon 
that is not observed with the species Cryptocarya alba (although low 
germination in site is observed) (Magni et al., 2022; Fernández et al., 
2023). Beilschmiedia species are known to show mast seeding 
processes; however, this has been hardly studied in Chile due to the 
lack of long-term data on seed fall (Yukich et al., 2023). Thus, B. miersii 
could be experiencing seeding and recruitment limitations due to the 
current megadrought, 13 consecutive years with rainfall deficits 
between 25 to 45%, affecting the central area of Chile (Venegas-
González et al., 2023).

Although it is expected that the El Niño Southern Oscillation may 
still produce wetter years over central Chile (Cai et  al., 2020), 
potentially triggering seeding production by B. miersii, there is scarce 
information on the current capacity of soil conditions for seed 
germination and recruitment, or other additional site-scale factors 
that may impede the first stages of plants establishment. Previous 
studies have shown that B. miersii germination and survival rates 
respond positively to leaf litter depth, litter water content, and canopy 
cover (Kremer et  al., 2019), and also that herbivory and seed 
predations by small mammals and free-range cattle are prevalent 
limiting factors on the species recruitment (Morales, 2015a). 
Nevertheless, no studies have analyzed potential soil restriction 
induced by climate change on this species. Droughts can modify soil 
physical and biological process, leading to mineral stress, soil toxicity 
and accumulation of allelopathic compounds (Lynch and St Clair, 
2004; Brevik, 2013; Zhong et  al., 2023), which may restrict seed 
germinations and growth even if precipitations regimes are adequate 
180 mm to 419 mm for B. miersii according to Becerra et al. (2004).

However, assessing potential soil restrictions for B. miersii 
establishment is very challenging due to the lack of recent seeds 
on-site and the short-term viability of seeds collected from previous 
years. Indeed, this is a common issue for long-lived laurifolious tree 
species that share their habitat with B. miersii, as they also produce 
recalcitrant seeds with limited seasonal availability, which has been 
exacerbated by increasing droughts driven by climate change (Magni 
et al., 2022). An alternative approach is the use of a surrogate species 
to evaluate if the soils of current B. miersii populations present 
unfavorable conditions for seed germination and growth. Surrogate 
species are selected substitutes used to represent the ecological 
responses of one or more species to environmental variables, 
particularly when direct assessment of the target species is impractical 
or constrained (Caro and O’Doherty, 1999). For the case of forest soil 
assessment, surrogate species should be able to quickly respond to 
several chemical and physical characteristics, including pH, salinity, 
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organic matter, toxic elements, nutrients and texture (Schoenholtz 
et al., 2000).

Lens culinaris is an annual legume species belonging to the 
Fabaceae family, originally domesticated in the Eastern Mediterranean, 
but currently widely grown as a crop in Mediterranean, sub-tropical 
and temperate climates (Khazaei et al., 2016). Lens culinaris has been 
increasingly used as a bioindicator species for environmental analysis 
over the last decade. For example, Ostroumov (2016) used L. culinaris 
seedlings to test the toxic effects of surfactants on plant growth. Other 
authors have used L. culinaris as a bioindicator to assess metabolic 
toxicity induced by pesticides (Salazar and Maldonado, 2019; Salazar 
and Quintero, 2020; Salazar and Quintero, 2021). Salazar and 
Maldonado (2020) analyzed the effects of a widely used disinfectant 
on L. culinaris to evaluate its potential as a bioindicator for toxicology 
assessments. De Silva et al. (2022) used L. culinaris to evaluate the 
effects of microplastics on germination and seedling growth. Salazar 
and Vega (2023), evaluated the response of L. culinaris to the widely 
used medication acetaminophen, finding inhibitions of root 
development and cell abnormalities. Belasri et  al. (2024) used 
L. culinaris to assess the effect of landfill leachate on vegetation, 
finding evidence of metabolic effects that reduced germination rates 
of the bioindicator species. These studies show that L. culinaris is 
highly sensitive and responds quickly to environmental factors, 
making it a suitable surrogate to evaluate potential limiting factors of 
soils for seed germinations. Nevertheless, as many legumes, L. culinaris 
has nitrogen-fixing capabilities making its seeds more tolerant to 
growth in nitrogen-restricted environments, which should 
be accounted for when interpreting the results.

In this work, we  aim to test if the soil and other specific 
conditions from the sites currently holding populations of B. miersii 
have any limitations for germination and establishment of seeds, 
using L. culinaris as a bioindicator surrogate species. In particular, 
we are interested in assessing the direct effects of soil nutrients, and 

indirect effects of vegetation structure and historic changes of 
climatic patterns on the capacity of soils to provide suitable 
conditions for seed germination and growth. To determine if there is 
any restriction for germination in sites dominated by B. miersii 
we collected field data and soil samples from 15 B. miersii population 
sites, using these samples to run germination tests under controlled 
laboratory conditions. We  hypothesize significant differences in 
germination and seedling growth rates between soil origins, which 
will be mainly explained by differences in soil available nutrients 
associated with changes in climatic patterns depending on 
site regions.

2 Materials and methods

2.1 Study area

The field data and soil collection were conducted in the 
Mediterranean climate ecosystems of the Metropolitan and 
Valparaíso administrative regions, where most of the B. miersii 
populations are located (Novoa, 2004). We selected a total of 15 
sites on a latitudinal gradient, from south to north, and with 
different degrees of habitat alteration due to urbanization-related 
processes (Figure  1). The climatic conditions of the area vary 
slightly between the Valparaíso and Metropolitan regions, with 
the oceanic western influence being the main factor resulting in 
these differences. Because of the importance of the oceanic 
influence on sites, we decided to select around half of the sites in 
coastal areas and the remaining half in central (inland) areas. The 
annual mean temperature in the area is 15°C and the precipitation 
varies between 150 and 450 mm (Araya-Osses et  al., 2020). 
However, these conditions are changing due to climate change, 
with an increase of maximum temperatures and a decrease of 

FIGURE 1

Map showing the study area within the central zone of Chile. Numbers indicate the different study sites: (1) Frances, (2) Aguas Claras, (3) Catapilco, (4) 
Canela, (5) Quirilluca, (6) Rincon, (7) Melon*, (8), Belloto, (9) Recreo, (10) Alvarado*, (11) Colliguay*, (12) Pangue*, (13) Tantehue*, (14) Arbol and (15) 
Patagual. Gray zones in the right map represent the extent of current urban areas and green areas the distribution of the B. miersii. * Represents sites 
located at central (inland) areas.
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precipitation (Quintana, 2012; Araya-Osses et al., 2020; Vicuña 
et al., 2021).

Most of the soils of the sites analyzed correspond to the alfisol 
orders and have a mixed loam surface texture, with soil use class VI 
and VII, mainly due to the slope or depth of the soils (Reyes Calvo 
et al., 2015). All sampled sites have populations of adult individuals 
and were selected to have at least three adult individuals incorporated 
within a 30×30 meter plot, which was then used for vegetation and 
soil sampling.

2.2 Vegetation cover and age structure

We placed a 30×30 meters plot at each site, which was then 
subdivided into nine subplots of 10×10 meters, made up of a 
matrix of eight equidistant (10 m) transects of 30 meters of length, 
four East–West and four North–South. These eight transects were 
used to estimate total and B. miersii specific vegetation cover with 
a resolution of 10 cm by using long-distance measuring tapes (line 
intercept method). Only woody species and individuals 
intercepting the measuring tape were considered. The space 
occupied by each individual, including their crown, was recorded. 
We selected the center and four corner plots from the nine-subplot 
matrix. In each selected plot, we collected one core sample per 
B. miersii individual to estimate the site-level age structure of the 
species. In each of the five subplots we measured the diameter at 
breast height (DBH) for all present B. miersii trees. To determine 
the age distribution and the last establishment of new individuals 
for each site, increment cores were taken. Also, the diameter at core 
height and the height of core extraction was recorded. Some sites 
only have a limited number of individuals (4 to 5) within the 
sampling plots. For these cases, cores were taken from every 
individual present in the site. Two sites were not part of core 
sampling because of permission issues as they were in protected 
conservation areas (i.e., Arbol and Patagual sites). Cores were 
mounted and then sanded. The age of the tree was estimated by 
visually counting the annual growth rings in a core sample using a 
stereo microscope, and adding the number of years it took for the 
tree to reach the coring height.

2.3 Soil samples and litter depth

To uncover factors influencing germination and growth, 
we analyzed soil and measured leaf litter depth. Soil samples at the site 
level were taken from the first 20 cm at the center of each of the five 
subplots used for estimating age structure. Samples were poured into 
a bucket, homogeneously mixed and then placed within a large 
airtight bag of 25×25 cm. After each field trip, soil samples were stored 
in a dark controlled environment, and half of each sample were sent 
for laboratory analysis, where soil electrical conductivity, organic 
matter, and available nitrogen, phosphorus, and potassium were 
quantified. We used the same five subplots to measure litter depth at 
site level with a resolution of 0.5 centimeter for each measurement. In 
addition, we estimated the below-canopy leaf litter depth by taking 
measurements under the canopy of five individual B. miersii selected 
at random.

2.4 Surrogate bioindicator seed selection

To evaluate the potential effect of site environmental conditions 
on soil and how this could affect germination, we  employed a 
surrogate bioindicator species. This approach addressed three key 
challenges associated with B. miersii seeds. First, herbivory by small 
mammals (e.g., rats) and large mammals (e.g., cows) limited seed 
availability at the study sites (Morales et al., 2015). Second, potential 
variability in seed production across sites could have resulted in 
underrepresentation in certain areas, introducing unwanted variation 
into the study. Finally, the recalcitrant nature of B. miersii seeds, with 
their short viability, presented logistical difficulties. Collecting enough 
seeds from all sites within a timeframe that ensured consistent viability 
was challenging, potentially biasing germination results.

Bioindicator species are widely used to assess environmental 
issues like limitations on contaminated soils, pesticide toxicity (in 
both crop and non-crop plants), and water quality (OECD, 2006, 
Sinnett et al., 2011). However, their application in predicting effects 
on native species is often limited (Boutin et al., 2004). This can be due 
to logistical challenges associated with testing a large number of native 
species, because the target native species may be threatened or rare or 
for statistical reasons (Wach et al., 2016). Because of these reasons 
more generalist and sensitive species have been used. For instance, 
Morales (2015a) evaluated the potential autotoxicity of B. tawa by first 
testing the effects of leaf leachate on a bioindicator species, Lactuca 
sativa L. Then experiments were performed using B. tawa seeds 
themselves. Interestingly, the study found that L. sativa germination 
was more affected by the leachate than B. tawa.

The surrogate species approach allowed us to identify and exclude 
the influence of obvious soil limitations affecting germination and 
growth at the site level, enabling us to focus on other potential abiotic 
factors. Given the range of potential suitable bioindicator species, 
we first determined the soil pH range to narrow down our options 
based on germination compatibility with the observed soil conditions.

We measured the soil pH of all stored collected samples using the 
Kalra and Maynard (1991) methodology for organic soils using 
distilled water as suspension medium. Three replicates of each soil 
sample were measured with a CE-PH20S meter (PCE Instruments®, 
Meschede, Germany). The average of these three replicates was 
calculated, representing the pH of each site. The objective of this 
process was to select a surrogate bioindicator species that could 
be  used to indicate problems in soil samples that may hinder 
germination and growth processes. According to the pH range 
obtained (5.6 to 7.3), we searched for bioindicator species that could 
thrive under those conditions and that were easily available. After this 
process we decided to use Lens culinaris, as this species grows well 
within this pH range. It has been described as a bioindicator species 
and has been used in phytoremediation experiments (e.g., Jebara et al., 
2015; Montejano-Ramírez and Valencia-Cantero, 2024). Lens culinaris 
has a Mediterranean origin and is a member of the Fabaceae family, 
which has several native herbs and woody species frequently present 
in the ecosystems where B. miersii naturally grows. Given the limited 
existing literature, we selected the ‘Campo lindo’ cultivar., the only one 
documented for our specific research objectives (Pino-Palma et al., 
2021). Although originating in Canada, its genetic composition aligns 
with cultivars better adapted to the Mediterranean climate (Khazaei 
et al., 2016).
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2.5 Germination and growth experiment

To evaluate differences in germination and seedling growth rates 
between soil origins, we used a laboratory-based experiment. We used 
petri dishes half filled with substrate from the different soil origins, 
with three replicates per each of the 15 sites (n = 45). In each dish, 20 
seeds of L. culinaris were sown, totalling 900 seeds for the experiment. 
The dishes were randomly placed in two germination chambers 
(BJPX-A300II, BIOBASE®) and maintained there for 6 days until the 
end of the experiment. The temperature and humidity were set at 22°C 
and 70%, respectively. In addition, a light and night cycle of 16/8 h was 
set. Seed germination was recorded daily in each plate until the 
hypocotyl appeared. After this step, the observed mortality for seeds 
and seedlings was recorded daily. At the end of the experiment petri 
dishes were taken out of the chambers and all seeds were measured 
with a millimeter graduated rule in relation to two variables: hypocotyl 
and radicular length. Germination percentage, mortality percentage, 
and germination speed were calculated (Chiapusio et  al., 1997; 
Morales, 2015b).

2.6 Effect of site on germination and 
growth

To evaluate the potential effect of site environmental conditions 
on soil that could affect germination and growth, we used two different 
regression models approaches. Germination data was non-normally 
distributed; therefore, we fitted a quasi-Poisson generalized model to 
the data. The remaining data were normally distributed; thus, we used 
linear models to analyze the effects of site conditions on hypocotyl and 
radicle growth, and on germination speed.

All regressions (non-linear and linear) were performed using R 
4.2.1 and the “Stats” package (R Core Team, 2023). To detect 
significant differences among soil origins, a post hoc test was 
performed using a Tukey HSD with the package “emmeans” (Lenth, 
2025). Effect size calculations were done using the packages “countES” 
(Coxe, 2023) for non-linear models and “effectsize” for linear models 
(Ben-Shachar et al., 2020).

2.7 Variables affecting germination and 
growth

To evaluate which biotic and abiotic variables have an effect on 
germination and growth, we used a generalized linear mixed model 
for germination and linear mixed models for the other response 
variable (Speed germination index (S), hypocotyl length and radicle 
length). The models included a set of independent variables 
representing site conditions. These variables were soil pH, electric 
conductivity, organic matter, available nitrogen, phosphorus, 
potassium, vegetation cover, depth of leaf litter at site level, depth of 
leaf litter below canopy of B. miersii individuals, vegetation richness, 
and changes in precipitation and temperatures (maximum and 
minimum) in the last 20 years. In all the fitted models, region was 
used as a random factor.

To estimate changes in climatic variables across the 15 sampled 
sites we used data from the global climate model CHELSA (Karger 
et al., 2017). The CHELSA model provides continuous coverage of 

global climate based on a rescaling of a reanalysis of global circulation 
data at high resolution (30 arcsec, ~1 km) (Brun et  al., 2022). To 
perform this task, the centroid of each sampling site was intersected 
with the data at the monthly level for the period 1990–2018 for the 
following variables: precipitation, minimum T°, and maximum T°. 
Subsequently, we computed the mean decadal historical changes (last 
20 years) for these variables using the last decade (i.e., 2010–2018) as 
a reference. For calculations and spatial processing, we used the R 
“stats” (R Core Team, 2023) and the “raster” package (Hijmans, 2023).

To avoid multicollinearity, a correlation matrix was built using the 
package “stats” (R Core Team, 2023) to determine the correlation 
between the variables analyzed (Supplementary Table S1). All pairs of 
variables with a correlation greater than 0.6 were identified, and one 
of them discarded, which was done automatically using the 
“findCorrelation” function from the package “Caret” (Kuhn and Max, 
2008). The variables that were discarded after this analysis were the 
difference in maximum temperature, leaf litter depth at site level, leaf 
litter below individuals, nitrogen, and species richness.

All the fitted mixed models (non-linear and linear) were fitted 
using the package “lme4” (Bates et al., 2015). We selected the best 
model for germination data by identifying the model with the lowest 
“quasi-AIC” (QAIC) based on Bolker and R Development Core Team 
(2022), using the package “Bbmle” (Bolker and R Development Core 
Team, 2022). For the remaining models, we selected the best models 
by identifying those with the lower AIC. This methodology fits a 
complete model and then compares it against simpler models using a 
stepwise algorithm included in the package “stats” (R Core Team, 
2023). Comparisons between site regions were done using a Mann–
Whitney test using the package “stats” (R Core Team, 2023).

3 Results

Table 1 shows a descriptive summary of the data collected in the 
15 analyzed sites, including canopy cover, soil characteristics, plant 
species richness and climatic variability. All sites corresponded to 
forest patches, with an average canopy cover of 75.6% and 14.3 species 
per site. However, both the canopy cover and species richness show 
important variances between sites. The site showing the lowest canopy 
cover was Rincón, with 49.3%, while the one showing the highest 
cover was Árbol, with 91.1%. Species richness ranges from six species 
in Catapilco and Recreo, to 26 in Pangue. Our data revealed that the 
oldest trees were concentrated at Tantehue (center) and Aguas Claras 
(coast), with average ages of 186.8 and 152.9 years, respectively. The 
youngest trees on average were located in the center at the Colliguay 
and Pangue sites with an average age of 48.8 and 49.5 years, 
respectively. Interestingly, there was little variation in ages at site level 
in the center regions in comparison with the sites located toward the 
coast (Figure 2). In terms of sites region, we only find significant 
differences for species richness and precipitations (Wilcoxon 
rank-sum test p = 0.012 and p = 0.018, respectively, Table 1).

3.1 Effect of site on germination and 
growth

The results from a quasi-poisson model, using germination as a 
response variable and the soil origin as a predictor variable, showed 
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TABLE 1 Summary of the data collected in the 15 analyzed sites.

Site Canopy 
Cover (%)

pH EC 
(mS/
cm)

OM 
(%)

N (mg/
Kg)

P (mg/
Kg)

K (mg/
Kg)

SLLD 
(cm)

UCLD 
(cm)

Plant 
Species 

Richness

Δ Precip. 
(mm)

Δ Temp. 
Max. 
(C°)

Δ Temp. 
Min. (C°)

Mean 
age

Region

Alvarado 84.8 7.17 0.32 6.1 61 33 306 3.2 2.5 9 −112.8 −1.1 1.0 74.2 Center

Árbol 91.1 6.44 0.30 21.9 49 18 364 6.9 5.5 15 −142.9 −0.6 0.8 * Center

Colliguay 71.8 6.66 0.36 5.5 98 25 205 2.6 3.5 14 −156.5 −1.1 1.6 48.8 Center

Melón 82.2 5.82 0.52 9.2 145 17 370 3.6 2.7 10 −85.6 −1.0 1.0 58.0 Center

Pangue 89.2 6.12 0.32 10.7 71 16 392 4.0 3.3 26 −175.0 −0.8 2.0 49.5 Center

Patagual 71.8 5.75 0.32 28.8 43 22 267 2.6 5.6 9 −132.3 −0.5 0.7 * Center

Tantehue 87.5 6.45 0.28 10.2 69 22 280 4.0 3.3 17 −181.2 −0.3 1.3 186.8 Center

Aguas Claras 80.9 6.15 0.20 10.2 24 25 436 5.2 3.5 10 −80.9 −0.4 0.6 152.9 Coast

Catapilco 52.5 6.02 0.33 6.5 50 30 421 6.6 4.8 6 −88.0 −0.4 0.5 87.3 Coast

Belloto 87.0 5.94 0.35 9.0 76 17 294 3.9 4.9 10 −72.7 −0.6 1.1 73.3 Coast

Francés 80.4 6.48 0.18 5.3 48 19 349 4.5 3.0 8 −65.3 −0.6 0.6 72.0 Coast

Canela 77.0 6.18 0.16 6.8 34 38 409 4.6 4.3 9 −126.8 −0.5 0.8 77.4 Coast

Quirilluca 72.0 5.98 0.24 3.4 31 39 356 8.0 6.7 7 −86.6 −0.3 0.4 98.3 Coast

Recreo 57.2 7.93 0.51 5.2 70 29 268 0.6 0.5 6 −100.6 −0.5 1.3 77.2 Coast

Rincón 49.3 5.91 0.18 8.0 27 16 149 3.4 3.5 8 −121.5 −0.6 0.8 89.8 Coast

Average 75.6 6.3 0.3 9.8 59.7 24.4 324.4 4.2 3.8 10.9 −115.3 −0.6 1.0 88.1

Avg. Center 82.6 6.3 0.3 13.2 76.6 21.9 312.0 3.8 3.8 14.3a −140.9 a −0.8 1.2 83.5

Avg. Coast 69.5 6.3 0.3 6.8 45.0 26.6 335.3 4.6 3.9 8.0 b −92.8 b −0.5 0.8 91.0

*Sites where cores were not extracted due to permit constraints. EC, electric conductivity; OM, organic matter; N, nitrogen; P, phosphorous; K, potassium; SLLD, site level litter depth; UCLD, under canopy litter depth. Region represents if sites are located near the coast 
or toward the inland valleys. Significant differences between regions shown by letters a,b.
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that there were significant differences in seed germination among soil 
origins (D = 32.93, d.f = 14, p = 0.000). The soil origin with the lowest 
germination rate was Patagual with 75%. Three sites showed an 
intermediate rate of germination, Aguas Claras (85%), Catapilco 
(80%), and Quirilluca (85%). The rest of the soil origins ranged from 
95 to 100% (Figure 3). A post hoc test indicated significant differences 
between the Patagual soil origin and 10 other soil origins. The effect 
size of this analysis was relatively large according to Cohen (2013) 
(d = −1.35, d > 0.8). We did not find any difference in germination 
among coastal and central regions (W = 0.06, p = 0.051; Figure 4).

A linear model was used to evaluate the effect of the soil origin on 
the germination speed (GSI) showing that the soil origin has an effect 
on the germination speed (F14,30 = 14.21, MSE = 40.9, p = 0.000). The 
soil of the Catapilco site had the lowest GSI with 2.86, being 5.7 times 
lower than the maximum value of GSI at the Melon site (GSI = 16.41). 
Following this low GSI value were Patagual and Aguas Claras with a 
value of 5.14 and 5.8, respectively. Then there is a group of soil origins 
with intermediate values such as Frances, Rincon, Recreo, Arbol, and 
Canela that range from 8.44 to 9.5. Finally, there were a group of six 
sites showing relatively higher GSI values, which ranged from 10.76 
to 16.41. The sites within this group were Alvarado, Pangue, Tantehue, 
Belloto, Colliguay, and Melon (Figure 5). A post hoc test revealed that 
the GSI varied among sites and that these differences were statistically 
significant (Figure  6). We  also found differences in GSI among 
locations (W = 393, p = 0.001; Figure 5).

The effect of different soil origins (sites) on hypocotyl length was 
significant (F14,30 = 9.98, MSE = 831.3, p = 0.000) and the omega 
effect size was large (ω2 = 0.74). The soil origins with the lowest and 
highest hypocotyl mean length were Catapilco and Melon, with a 
value of 10.8 and 71.3 mm respectively; a difference of 6.6 times. Data 
show that there are three groups with similar hypocotyl length values. 
Among these groups the one with the highest hypocotyl growth is 
composed of the soil origins of Belloto, Canela, Colliguay, Frances and 
Rincon ranging from 43.4 to 52.2 mm. A group with intermediate 

hypocotyl length (from 31.7 to 40.5 mm) was represented by the soil 
origins Pangue, Quirilluca, Recreo and Tantehue. The group of soil 
origins with the lowest hypocotyl length (less than 30 mm) was 
represented by five soil origins (Aguas Claras, Alvarado, Arbol, 
Catapilco and Patagual). Among these soil origins, some had an 
extremely poor hypocotyl development that did not exceed the 16 mm 
mark (Catapilco and Aguas claras). A post hoc test showed that some 
of these groups differed significantly between them (Figure 7). We did 
not find differences in the hypocotyl mean length among regions 
(W = 230, p = 0.620; Figure 8).

The sites also had a significant effect on the length of the radicle 
(F14,30 = 5.14, MSE = 356,6 p = 8.47×10-05) and the omega effect 
size was large (ω2 = 0.56). In contrast to the hypocotyl mean length, 
the effect of soil origin on radicle length is not clear. The main 
significant differences were observed among only two soil origins with 
the higher radicle length values and the six with the lower values of 
radicle length (Figure 9). The sites with radicle lengths ranging from 
26.4 to 35.6 mm were not significantly different from the soil origins 
with lowest or highest radicle development. We  did not find 
differences in the radicle mean length between regions (W = 193.5, 
p = 0.18; Figure 10).

3.2 Variables affecting germination and 
growth

The model showing the lowest qAIC for germination rate included 
organic matter, phosphorus, potassium, vegetational cover, difference 
in precipitation, and difference in minimum temperature as predictor 
variables. This model is able to predict differences in germination, but 
with low explanatory power (R2 = 0.32, χ2

8, 37 = 17.9, p = < 0.002). 
Organic matter (z = −0.34, df = 1, p = <0.001) and vegetational cover 
(z = 2.1, df = 1, p = 0.040) were the most significant variables explaining 
differences on germination rate between soil origins (Table 2).

FIGURE 2

Plot illustrating the age distribution of trees across different sites. The ages were determined using increment core samples.
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In relation to the GSI, the final model included pH, electric 
conductivity, organic matter, potassium, vegetational cover, difference in 
precipitation and difference on minimum temperature. This model has a 
considerable explanatory power to predict differences in the germination 
speed index (R2 = 0.73, χ2

8, 37 = 58.6, p = <0.0001). All of the independent 
variables included in the model were significant (p ≤ 0.05; Table 3).

The best model to predict the hypocotyl length included pH, EC, 
organic matter, potassium, and vegetational cover. The model was 

able to predict changes in hypocotyl length with a moderate 
explanatory power (R2 = 0.45, χ2

5,40 = 27.6, p = < 0.0001). All the 
independent variables included in the model were statistically 
significant (Table 4).

For radicle length, the best model was achieved using only soil 
pH, EC, organic matter and potassium as explanatory variables, 
resulting in a significant model, but with low explanatory power 
(R2 = 0.25, χ2

4, 41 = 13.51, p = 0.009). Among the independent variables, 

FIGURE 3

Germination rate (%) per soil origin. Red and blue colors indicate sites located in central and coastal areas as per Figure 1. Different letters indicate 
statistically significant differences at p ≤ 0.05.

FIGURE 4

Germination rate (%) per region. Red and blue colors indicate sites located in central and coastal areas as per Figure 1. Equivalent letters indicate no 
statistically significant differences at p ≤ 0.05.
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only pH and organic matter were significant in explaining changes in 
radicle lengths (Table 5).

4 Discussion

While we  did find significant differences in germination and 
growth rates among soil origins, we  did not find clear signs of 
germination limitations for any of the soils from the analyzed sites. 

Even though we were using a surrogate species, instead of seeds of 
B. miersii, our results suggest that all soil origins remain capable for 
recruitment, despite the observed variations in soils and sites 
conditions. These results were somewhat unexpected, given the lack 
of recruitment observed in the field at several sites, which was a 
pattern we were anticipating to also find in our laboratory experiment. 
An explanation for this may be related to the use a surrogate species 
(i.e., Lens culinaris) that requires different germination conditions that 
is also known to cope with limitation of nitrogen by fixing this 

FIGURE 5

Germination Speed Index (GSI) per soil origin. Red and blue colors indicate sites located in central and coastal areas as per Figure 1. Different letters 
indicate statistically significant differences at p ≤ 0.05.

FIGURE 6

Germination Speed Index (GSI) per region. Red and blue colors indicate sites located in central and coastal areas as per Figure 1. Different letters 
indicate statistically significant differences at p ≤ 0.05.
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nutrient from atmospheric sources. Nevertheless, we did not find 
nitrogen restrictions in any of the analyzed soils. Thus, other 
environmental limitations must be  operating on sites, such as 
inadequate vegetation cover, harsh climatic conditions and increased 
herbivory, which were obviously not an issue at the laboratory setting.

We observed significant differences in the four analyzed variables 
(germination rate, germination speed, hypocotyl length, and radicle 
length) across different soil origins. Additionally, we identified specific 

site parameters associated with these variations, indicating that certain 
environmental factors at the site level play a crucial role in seedling 
recruitment. Yet, germination rates were relatively high, and mortality 
very low in all analyzed soils, indicating that the recruitment problems 
may be due to processes happening at seedling stages. Indeed, we were 
able to find some seedlings of B. miersii in 4 out of the 15 sites, ranging 
from 28 to 833 individuals per hectare, during our field work, but 
we did not see any evidence of seedling survival to sapling stage. 

FIGURE 7

Hypocotyl length per soil origin. Red and blue colors indicate sites located in central and coastal areas as per Figure 1. Different letters indicate 
statistically significant differences at p ≤ 0.05.

FIGURE 8

Hypocotyl length per region. Red and blue colors indicate sites located in central and coastal areas as per Figure 1. Equivalent letters indicate no 
statistically significant differences at p ≤ 0.05.
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Previous works have found that herbivory by exotic small-mammals 
[European rabbit (Oryctolagus cuniculus)] and dry summers may play 
a key role precluding the transition from seedlings to saplings in other 
mediterranean-type ecosystems (MacDougall et  al., 2010; Granda 
et al., 2014), and the same effects has been also found for the Chilean 
Mediterranean ecosystem (Fleury et  al., 2015). Thus, the same 
pressures could be precluding the recruitment of B. miersii on-site. 

Interestingly, we found that vegetation cover on-site was related to 
germination rates on the laboratory test, which may imply that 
vegetation cover could not only be relevant for decreasing water stress 
during the dry season but may also generate specific soil conditions 
that increases seed germination (Aponte et al., 2010).

The GSI tended to be higher for soil origins located in the coastal area, 
which could be attributed to variations on organic matter, canopy cover, 

FIGURE 9

Radicle length per soil origin. Red and blue colors indicate sites located in central and coastal areas as per Figure 1. Different letters indicate statistically 
significant differences at p ≤ 0.05.

FIGURE 10

Radicle length per region. Red and blue colors indicate sites located in central and coastal areas as per Figure 1. Equivalent letters indicate no 
statistically significant differences at p ≤ 0.05.
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species richness, nitrogen, and climatic conditions. However, among the 
aforementioned factors, only organic matter and nitrogen have been 
directly linked to germination speed changes according to the literature 
(Turk et al., 2004; Abazarian et al., 2011; De Souza Marinke et al., 2019; 
Cakir and Ceyhan, 2021). These two factors were relatively higher at the 
coastal sites, which may explain the differences on germination speed 
index (GSI). Nevertheless, our resulting explanatory model for GSI shows 
that organic matter is negatively related with GSI when all soil origins are 
considered, which may look counterintuitive. A deeper exploration of our 
data reveals that within the central sites there is a negative correlation 
(r = −0.57) between organic matter and nitrogen, which is not observed 
in coastal sites (r = −0.08). This difference may imply a differential effect 
of climatic change on these sites depending on their region. We argue that 
the decrease of precipitation and minimum temperature could cause the 

accumulation of organic matter and lower nutrients availability in soils 
due to reduced decomposition rates (e.g., Kirschbaum, 1995; Butenschoen 
et al., 2011). This process may be less pronounced in coastal areas, as there 
is a constant flow of humidity from the ocean that controls temperature 
and increases soil water content. Temperature is documented to have an 
influence on organic decomposition (e.g., Dwevedi et  al., 2017), 
potentially increasing the decomposition rates in the hotter inland sites, 
but the dryer conditions of these areas may be limiting the decomposition 
processes. Despite the relationship observed between germination speed 
index and region, as well as the potential influence of certain independent 
variables, we acknowledge that our sample size is insufficient to draw 
definitive conclusions about these trends.

Both hypocotyl and radicle mean length showed significant 
differences among soil origins but not between regions. Patterns of 

TABLE 2 Fixed effects table for the quassi-poisson regression fitted using the germination rate as the response variable.

Variable Coefficient df Z values p

Organic matter −0.008 1 −3.400 <0.001

Phosphorus −0.003 1 −1.400 0.150

Potassium −0.001 1 −1.100 0.270

Vegetation cover 0.003 1 2.100 0.040

Diff. Precipitation 1990–2010 −0.001 1 −1.700 0.080

Diff. T° min 1990–2010 −0.040 1 −0.700 0.480

TABLE 3 Fixed effects table for the linear mixed model using the germination speed index as the response variable.

Variable Coefficient df Chi squared p

pH −1.99 1 10.076 0.001

EC 17.013 1 20.161 0.001

Organic matter −0.237 1 14.295 0.002

Potassium −0.020 1 18.339 <0.001

Vegetation cover 0.198 1 38.243 <0.001

Diff. Precipitation 1990–2010 −0.031 1 5.173 0.020

Diff. T° min 1990–2010 −4.641 1 6.799 0.009

TABLE 4 Fixed effects table for the linear mixed model fitted using hypocotyl lengths as response variable.

Variable Coefficient df Chi squared p

pH −15.712 1 13.379 <0.001

EC 64.722 1 8.482 0.004

Organic matter −1.574 1 18.817 <0.001

Potassium −0.107 1 12.966 <0.001

Vegetation cover 0.550 1 7.866 <0.001

TABLE 5 Fixed effects table for the linear mixed model fitted using radicle lengths as response variable.

Variable Coefficient df Chi squared p

pH −9.919 1 7.731 0.005

EC 25.929 1 2.130 0.144

Organic matter −0.821 1 8.608 0.003

Potassium −0.040 1 3.289 0.069
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hypocotyl and radicle growth were tightly related (r = 0.89), suggesting 
that these variables are responding to the same factors. Indeed, results 
from the mixed models show that both variables respond to the same 
factors (e.g., pH, EC, organic matter, potassium) but hypocotyl length 
also relates to site vegetation cover. Factors known to have an effect on 
hypocotyl growth include light intensity, temperature, water content, 
nutrient availability and organic matter (e.g., Xiong and Nilsson, 1999; 
Wang and Shang, 2020). However, in our study all these factors were 
controlled, except for soil nutrients and organic matter. Thus, the 
variability in nutrients such as nitrogen, phosphorous and potassium 
among sites may be a key factor explaining the differences in hypocotyl 
and radicle growth (Zhang and Wienhold, 2002; Abd El-hady et al., 
2022). Nevertheless, contrary to what may be expected, potassium 
shows a negative effect on hypocotyl length. There is some evidence 
of a potential negative effect of an excess of potassium on plant growth 
which is mediated by modifications of the nutrient uptake processes 
(Xu et al., 2020, Papadakis et al., 2023). Our experimental setting had 
soils with relatively high concentrations of potassium; therefore, the 
excess of potassium could be a plausible explanation. However, this 
potential mechanism cannot be directly applied to B. miersii or other 
native species, as these have evolved to growth in naturally occurring 
high-potassium concentration soils.

Contrary to the prevailing notion that organic matter enhances 
plant growth, our study revealed a negative association between 
organic matter content and growth parameters (hypocotyl and radicle 
elongation). This seemingly paradoxical finding corroborates 
previous reports documenting the detrimental effects of organic 
matter on plant growth under specific conditions (e.g., Xiong and 
Nilsson, 1999). Nutrient depletion and the presence of allelopathic 
compounds, particularly polyphenols derived from evergreen litter, 
are potential mechanisms underpinning this negative relationship 
(Lopez-Iglesias et al., 2014). In addition, the potentially decreased 
availability of nutrients in soils due to slower decomposition rates can 
also influence growth (e.g., Kirschbaum, 1995, Butenschoen et al., 
2011). While these factors could explain the negative relationship 
between organic matter and growth, this difference is more likely due 
to a positive relationship between organic matter and water retention 
(Lal, 2020). High moisture levels can hinder plant growth, for 
example, by reducing oxygen availability (Lacroix et al., 2021). In this 
study, the use of petri dishes without drainage, combined with high 
organic matter content in some soil samples, could have led to 
excessive moisture, thus causing the observed differences. In any case 
to have a conclusive answer field experiments will be needed.

Our results revealed a positive relationship between canopy cover 
and hypocotyl length. This finding is likely due to the close link 
between canopy cover and soil properties, particularly increased 
availability of nutrients like nitrogen and phosphorus (Gallardo, 
2003). These nutrients have been shown to concentrate under tree 
canopies, with studies reporting contributions to the soil ranging from 
49 to 90% (Prescott, 2002). Consequently, higher canopy cover could 
translate to potentially higher nutrient concentrations (N and P), 
which, due to their known positive impact on growth, can potentially 
influence hypocotyl length. This hypothesis appears to be supported 
by our data, as we observed a positive correlation between hypocotyl 
length and nitrogen levels (r = 0.57).

In terms of pH, results suggest a negative relationship between pH 
and hypocotyl and radicle length, meaning that there decrease in 
length when there is an increase in acidity of soil. Studies in other 

species such as red clover (Trifolium pratense L.) show that pH can 
have an impact on radicle length (Agić et al., 2009). However, it will 
depend on the tolerance range of the target species. Lens culinaris are 
tolerant to a wide range of soil pH, from moderately acid to slightly 
alkaline (Panuccio et al., 2022). The lentil cultivar we used in our study 
seems to present better growth responses in slightly acidic soils, but it 
did not show germination and growth problems in any of the assessed 
soils. We believe that the observed trends were perhaps explained by 
an interaction with other variables that were not studied.

The analyzed soil samples in this study do not show major 
restrictions for low recruitment of the surrogate species. Even the 
sites that have the worst performance still show reasonable 
germination and mortality rates, without major barriers to growth 
in the early stages of establishment. However, the main question of 
our study is whether the sites have the conditions to promote the 
recruitment of B. miersii. Most of these sites do not show evidence 
of successful recent regenerations as the youngest B. miersii 
individual we  managed to find was dated to be  15 years old 
(Figure  1). From the 15 sites analyzed in this study, only four 
present seedlings, but no site had saplings. Interestingly, the age 
distribution of sites in the center was more homogeneous than in 
the coast and the four sites where seedlings were present were in 
coastal regions. These results are consistent with those of other 
species in the genus, such as Beilschmiedia tawa, where a lack of 
recruitment was also observed, and the youngest individual found 
was 45 years old (Morales, 2015a).

These results imply that other factors not analyzed in this study 
may explain the lack of B. miersii recruitment observed in the field, 
such herbivory, seed removal or specific microsite conditions. Seeds 
of B. miersii have short viability, and high humidity needs, especially 
after seeding in periods of drought. In addition, seeds require a leaf 
litter cover to secure germination and establishment (Becerra et al., 
2004, Kremer et  al., 2019). Studies have shown that B. miersii 
recruitment is highly dependent on regular water availability, with 
watering periods every two to 3 weeks to favor germination and 
promote the survival of seedlings. The amount of water in controlled 
studies have varied from 180 mm (dry year) to 419 mm (wetter year) 
(Becerra et al., 2004), and 502 mm (Kremer et al., 2019). The climatic 
data show that all the sites in our study have experienced a decrease 
in precipitation in the last 20 years (Table 1; Supplementary Figure 
S1). This reduction is significantly more intense during the first and 
second quarter of the year with an average decrease of 7 mm and 
256 mm, respectively. A small decrease during the first quarter can 
be seen as marginal, however, is a critical time for the germination 
of B. miersii, as changes in humidity can have huge effects on the 
viability of recalcitrant seeds (Wen and Cai, 2014). Regarding litter, 
both studies highlight the importance of litter in successful 
germination, with a litter depth greater than 5 cm producing the best 
results (Kremer et al., 2019). However, it is important to note that in 
the present study, only 27% of the sites had a litter depth greater than 
5 cm, which can also help to explain the lack of recruitment (Table 1).

5 Summary and conclusions

We did not find any clear limitations, at least at the soil level, that 
could hinder germination and plant growth at the studied sites. 
B. miersii has recalcitrant seeds that have special requirements that are 
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currently not met at all sites. The main current issues appear to 
be  historical changes in climate variables (e.g., precipitation) and 
herbivory. Changes in other climatic variables, such as minimum and 
maximum temperature, can also cause disruptions in several processes 
and mechanisms that can exacerbate recruitment problems, and 
therefore are key for further analysis. Despite the limitation of using 
L. culinaris as a surrogate species, whose soil and water requirements 
may differ from B. miersii, it remains a valuable indicator of potential 
soil constraints for plant establishment. If this less tolerant species 
struggles to germinate and establish, it’s unlikely that native species 
like B. miersii would fare any better.

While this study employed a bioindicator species to assess soil 
limitations for B. miersii seed establishment, future studies in 
natural settings should prioritize native species, particularly 
B. miersii, to both minimize invasive risks and directly explore its 
recruitment strategies under shifting climatic conditions. In 
addition, coarse-scale climatic data, while valuable, lacks site-
specific detail. To elucidate annual trends, sensor-driven research 
at site level on abiotic variables like temperature and soil moisture 
is essential to determine if the minimum conditions for recruitment 
are being met. Due to the complex interplay of different variables, 
future studies incorporating ecological modeling could help to 
evaluate the changes in these variables and their impacts on the 
viability of B. miersii dominated forests.

In conclusion, our study did not identify significant soil-related 
barriers to the germination and early growth of B. miersii, and the 
species’ recruitment appears to be influenced by other factors such as 
historical climate changes and herbivory. In Chile, efforts have been 
made to protect streams and gullies, which are the habitat of this 
species. However, changes in environmental factors, such as water 
availability, threaten their long-term viability. If this scenario continues, 
the species may face significant challenges. The use of a surrogate 
species highlighted potential soil constraints, but future research 
should focus on B. miersii itself to better understand its specific 
requirements and challenges. Detailed, site-specific climatic data and 
ecological modeling will be crucial in addressing the complex variables 
affecting B. miersii recruitment and ensuring the sustainability of its 
populations under changing environmental conditions.
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