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Abstract
Soil rehabilitation involves restoring their capacity to provide goods and services; however, there is a lack of information 
regarding the survival and growth responses of individual species to local environmental variations. This study evaluated 
the adaptation capacity of three non-native multiple-use species in agroforestry design, in a degraded semiarid temperate 
climate zone located in the Tula watershed in Mexico, assessing their survival, growth of morphological variables, and 
death risk for use as soil restoration plants. According to the slope of the terrain, the species were planted in an agroforestry 
arrangement of lines and ridges. Plants were selected according to their multipurpose potential, including their taxonomy, 
form, function, and use, as well as their soil and climatic conditions. Survival rates for all three species were below accept-
able levels (< 49%) . Neither Senna multiglandulosa nor Sedum dendroideum adapted well to the soil and climate of the site, 
since their survival rates were below acceptable (∼ 17 < 49%) . Aloe sp. adapted to the edaphoclimatic conditions of the site 
because its survival rate was excellent (∼ 97 ≥ 90%) . Climate conditions during the autumn and winter affected growth rates 
of Senna multiglandulosa and Sedum dendroideum. Aloe sp. growth rates were only affected by climatic conditions during 
the winter months. Senna multiglandulosa's final height reduced death risk by 1.50% . Sedum dendroideum's final diameter, 
initial canopy cover and canopy growth rate reduced the risk of death by 55.1 , 5.1 and 30.7% , respectively. The height growth 
rate of aloe and initial canopy cover reduced the risk of death by 93.9 and 2.4%, respectively. Plant species evaluated showed 
varying levels of adaptation. Aloe sp. was the species that adapted best to the site's soil and climate.
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Introduction

Rehabilitating a soil is the process of restoring its capacity to 
provide goods and services again, but it is important to take 
into consideration that a rehabilitated soil is not the same 
as it was before degradation. Intervention strategies aim to 

restore the productivity of the area rather than to restore its 
original structure (Peri et al. 2021; Chazdon 2008). Seeding 
or planting of woody plants, soil retention and conservation 
tools, or a combination of the two, are the most common 
practices worldwide (Mata-Balderas et al. 2014). However, 
each ecosystem has its own dynamics of disturbance and 
subsequent recovery, depending on the type, intensity, and 
frequency of disturbance. Thus, there are no universally 
effective strategies, but rather complementary techniques 
that must be evaluated in order to determine which are the 
most effective methods to recover an ecosystem based on 
its particular properties (Ceccon 2013; Duarte et al. 2018; 
López-Barrera 2015). Rehabilitation activities are designed 
to ensure that plants achieve high levels of survival and 
growth during the field establishment step (Navarro et al. 
2006).

Many factors influence the survival of species at an early 
stage and the success of plantations, such as structural char-
acteristics, morphology, soil properties, nutrient availability, 
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climate, soil preparation, planting dates, humidity, weed 
control, site-specific characteristics as well as many other 
factors (Aguilos et al. 2020; Davis and Jacobs 2005; Navarro 
et al. 2006; Bernaola-Paucar et al. 2015; Palacios-Romero 
et al. 2017). Identification of the limiting environmental fac-
tors in an area of interest prior to planting is important to 
determine what morphological and physiological character-
istics the vegetative material should possess for fast rooting 
and adaptation to site conditions (Navarro et al. 2006; Landis 
et al. 2010). Despite the fact that diameter is recognized as 
an important attribute in nursery plants in order to ensure 
survival (Tsakaldimi et al. 2013), as well as tolerance of 
adverse climate conditions (Prieto et al. 2011), which is due 
to its relationship with root volume and taproots (Jacobs 
et al. 2009), morphological characteristics are not the only 
factors that explain the variation in responses after planting.

The Mexican ecosystem is highly heterogeneous, creat-
ing an environment that promotes great biological diver-
sity and an important natural capital, and is among the five 
nations with the greatest degree of biological and cultural 
diversity in the world (Challenger et al. 2009; Domínguez 
et al. 2009; Sarukhán et al. 2015). However, natural capital 
has suffered alarming deterioration due to the conversion of 
habitats to other soil uses and their consequent fragmenta-
tion and degradation (Challenger et al. 2009; Sarukhán et al. 
2015). The natural vegetation cover of the country was only 
54% in 1993, and 38% in 2002, of which approximately 50% 
was degraded (Challenger et al. 2009). More than 45% of 
soil degradation in Mexico is associated to human activity 
(Cotler et al. 2007), with rates higher in semiarid regions 
with low annual precipitation, which has a ranged of 260 
to 600 mm (Zamora et al. 2020). Tula watershed is located 
in the states of Hidalgo, Tlaxcala, and Mexico, and it has 
two main climate types: temperate subhumid and semiarid 
(Köppen classification modified by García, 1964). Some 
of the semiarid climate regions are experiencing popula-
tion growth, an expedition of mining concessions for the 
exploitation of construction materials, and agricultural and 
urban increase, resulting in the degradation of soils because 
of increasing demands of natural resources (INEGI, 2017; 
Zamora et al. 2020).

Given these serious alterations to Mexico's ecosystems, it 
is important to develop conservation and rehabilitation strat-
egies. Rehabilitating ecosystems can prevent and reverse the 
loss of biodiversity and restore ecosystem services (Ceccon 
2013). For degraded ecosystems to be restored, it is neces-
sary to reintroduce species that can thrive in the edapho-
climatic conditions of these regions. Incorporating shrubs 
and succulents as Senna multiglandulosa, Sedum dendroi-
deum and Aloe sp. under agroforestry practices can lead to 
sustainable soil management, as well as the rehabilitation 
of degraded areas. Among the factors considered in select-
ing these species were their ability to grow in semiarid to 

temperate climates, their resistance to drought and low tem-
peratures, their ability to form soil, their effectiveness in 
erosion control, and their use in Mexico as alternative crops 
(Gazca and Benavides 2018; Kumar et al. 2022; Gutiérrez 
2009).

Survival analysis considers data on the number of deaths 
of each species to calculate the likelihood of survival (Craw-
ley 2007), which indicates the species' ability to adapt to 
different habitat conditions (Sigala et al. 2015). Cox propor-
tional hazards regression model (Bradburn et al. 2003; Cox 
1972) predicts a species' death probability at a given time 
t based on certain morphological variables. Using survival 
analysis and Cox proportional hazards modeling, this study 
estimated the probability of survival for each species and 
determined their risk of death based on their morphological 
characteristics. During the early stages of any field trial, it 
is crucial to evaluate the progress of the trial, which is why 
forest plantations should receive more attention at this stage 
in the research process (Aguilos et al. 2020).

This study aimed to evaluate the adaptation capacity of 
three non-native multipurpose species (Senna multiglan-
dulosa, Sedum dendroideun, and Aloe sp.) in a degraded 
area with a semiarid temperate climate, located in the Tula 
watershed in Mexico, for restoring degrades soils through 
agroforestry by assessing their survival, growth of morpho-
logical variables, and death risk.

Materials and methods

Geographical location of study area

The study area was the Tula watershed located in the states 
of Mexico, Hidalgo, and Tlaxcala (Fig. 1), with elevations 
from 2333 to 3223 m and an area of 1037.66  km2. The aver-
age annual temperature is 14 °C while the temperature of 
the coldest month varies between − 3 °C and 18 °C, and the 
temperature of the hottest month is less than 22 °C. The 
predominant vegetation consists mainly of tascate forests, 
with species of the genus Juniperus spp., pine and oak, with 
species of the genus Pinus spp. and Quercus spp., and cra-
sicaule scrub, with plants of the genus Opuntia spp. (Insti-
tuto Nacional de Estadística y Geografía [INEGI], 2017; 
García-Comisión Nacional para el Conocimiento y Uso de 
la Biodiversidad [CONABIO], 1998; Instituto Nacional de 
Investigaciones Forestales y Agrícolas y Pecuarias [INI-
FAP] and Comisión Nacional para el Conocimiento y Uso 
de la Biodiversidad [CONABIO], 1995; Zamora et al. 2020, 
Buendía-Espinoza et al. 2022). There are two main climates 
within the watershed: semiarid temperate (28% of the total 
area) and temperate sub-humid (72% of the total area). In the 
temperate semiarid climate, annual precipitation ranges from 
500 to 600 mm per year. The predominant soils are haplic 
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phaeozem and eutrophic cambisol, both of medium texture 
(loamy). In the sub-humid temperate climate, annual precipi-
tation ranges from 600 to 1000 mm per year with rainfall in 
summer and the percentage of winter rainfall is 5 to 10.2% of 
the annual total. The precipitation in the driest month is less 
than 40 mm and the predominant soils are medium-textured 
haplic phaeozem and fine-textured pelic vertisol (INEGI 
2017; García-CONABIO, 1998; INIFAP and CONABIO 
1995; Zamora et al. 2020, Buendía-Espinoza et al. 2022).

Experimental site

Experimental site was established in Ejido San Felipe Teo-
titlán, municipality of San Felipe Teotitlán, located in the 
semiarid temperate zone within the Tula watershed at an ele-
vation of 2 473 m and an area of 1 680  m2 (56 × 30 m). The 
average temperature is 14 °C, with thermal oscillations in 
the monthly averages of 6.6 °C, the coldest month (January) 

has an average temperature of 11.1 °C, and the warmest 
month (May) has an average temperature of 17.7 °C. Rain-
fall ranges from 500 to 600 mm annually, of which approxi-
mately 83% falls between June and October (INEGI 2009).

Experimental design

An agroforestry design based on contour planting was 
applied to the field experiment as a means of increasing 
organic matter production, reducing runoff, and contribut-
ing to the creation of a microclimate (Ceccon 2013). For this 
purpose, six 30 m-long trenches, 30 cm deep and wide, were 
dug perpendicular to the slope of the land in order to reduce 
runoff and sediment dragging, where 156 plants of Aloe sp. 
were planted each meter. Each trench was planted with one 
Senna multiglandulosa plant every ten m to provide nitrogen 
to the soil and to protect it. A total of 24 plants were planted 
in the six trenches. An internal ridge was created between 

Fig. 1  Area of study and location of the experimental site within the Tula watershed, Mexico (Buendía-Espinoza et al., 2022)
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the trenches, where 288 plants of Sedum dendroide species 
were transplanted in a real frame arrangement of 2 m in 
order to establish a microclimate and protect the soil. Dur-
ing the period July 30 to August 11, 2020, excavation and 
transplanting activities were conducted (Fig. 2).

Target species

Based on edaphoclimatic conditions at the experimental site 
as well as their multipurpose potential, taking into account 
taxonomy, form, function, and uses, multipurpose plants 
were selected.

Senna multiglandulosa, known as retama, grows at alti-
tudes between 2100 and 4000 m from Central Mexico to 
Guatemala (INECOL 1997). This species is able to thrive 
in semiarid to temperate climates, is drought and cold tem-
perature tolerant, prefers loamy to sandy soils, even if they 
contain high levels of stoniness, tolerates poor soils and 
tepetose soils, requires medium to high moisture levels, and 
is useful for erosion control (Gazca and Benavides 2018).

Aloe sp., also known as aloe, is a semiperennial succu-
lent plant of the Liliaceae family and has succulent leaves 
arranged in the shape of roses. It is native to Africa, but 

has spread throughout Mexico, thriving in a wide variety 
of habitats, including forests and deserts. Aloe sp. grows 
in areas with rainfall between 200 and 600 mm, slow-
ing down in areas with rainfall below this amount, but is 
resistant to drought and thrives at altitudes ranging from 0 
to 2500 m. This species grows best in loamy soil, but can 
also thrive in sandy soils or soils with very little organic 
matter and a pH of alkaline-neutral. The thermal regime of 
this plant is from 18 to 27 °C, and at temperatures below 
5 °C, it shows damage (Pedroza and Gómez 2006).

Sedum dendroideum, also known as Siempreviva, is a 
shrubby plant in the family Crassulaceae, which is native 
to Mexico, Guatemala, and Central America (Pérez-Calix 
2008). The species is found in semi-warm, semiarid and 
cold climates, and in a wide range of habitats, including 
rocky areas, crags, slopes, forests, and scrub with alti-
tudes between 1350 and 2750 m above sea level (Gutiér-
rez 2009). Plants can grow without difficulty at maximum 
temperatures, but during the winter they must be kept dry 
in order to prevent damage since they store water in their 
succulent leaves (López 2019). When temperatures are low 
during frosty conditions, this species is capable of surviv-
ing temperatures as low as 0 °C (Toogood 2007).

Fig. 2  Species distribution on the experimental area of shrubs and succulents, Ejido San Felipe Teotitlán, Mexico State
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Vegetation sampling and measurement of variables

During a period of 12 months beginning in September 2020 
and ending in August 2021, the survival and morphological 
variables of the species were evaluated monthly. In each 
evaluation, the survival of each seedling was assessed, 
assigning a 1 or 0 to dead or live plants, respectively, and 
measuring the height, diameter, and canopy cover of the 
seedlings. The height of each plant (cm) was measured from 
the base of the plant to the apex of its dominant vertical 
shoot using a flexometer. The stem diameter (cm) was meas-
ured at ground level with a vernier. The coverage  (cm2) of 
the seedlings was calculated using the square method, which 
involves placing a 45.7 cm × 61 cm acrylic grid divided into 
1 cm × 1 cm quadrants over the seedling and counting the 
number of squares occupied by the seedling. Squares with 
more than 50% covered were considered units.

Evaluation of species survival, vegetative growth, 
and mortality risk in the field

Based on the data collected on morphological variables and 
plant survival, the following indicators were calculated:

Survival estimation

The survival rate was calculated based on the Kaplan–Meier 
estimator, Ŝ

KM
 , also known as the limit product estimator, 

a nonparametric statistical method that takes censoring into 
account when studying the period during which an event 
must occur (Kaplan and Meier 1958). This estimator can be 
used when the individual times of the censored and uncen-
sored individuals are known, so that survival rates can be 
calculated when an individual dies or reaches the end of their 
follow-up period. The Kaplan–Meier estimator is defined as:

where r
(
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 indicates the dead 
plants, and t

i
< t represents the time at which the measure-

ment was made (Kaplan and Meier 1958; Rivas-Ruiz et al. 
2014; Gallardo et al. 2016).

According to Kaplan and Meier (1958), survival function 
is defined as S(t) = P(t ≥ t), t ≥ 0 , where S(t) represents the 
probability of death occurring at time T  equal to or greater 
than time t . The status of each plant (alive or dead) at the end 
of the evaluation period and its duration (months) were con-
sidered. S(t) = 1 − F(t) indicates that S(t) is decreasing if F(t) 
is the distribution function of T . S(t) decreases at a given rate 
at each instant, which represents the probability (risk) of an 
individual's death at that point (Kaplan and Meier 1958). SPSS 
v25 software was used for the analysis. Rodríguez-Echeverry 

(1)�S
KM

=
∏

ti<t

r
(

t
i

)

− d
(

t
i

)

r
(

t
i

)

and Leiton (2020) indicate that a survival rate exceeding 90% 
is excellent, between 70 and 89% is acceptable, between 50 
and 69% is marginal, and less than 49% is inacceptable.

Estimation of death risks

Cox proportional hazards regression (Cox 1972) was used to 
examine the impact of planting site and production system 
on seedling morphology variables. The proportional hazards 
model used was as follows:

where h
i
(t) is the risk of death for individual i at time t  , 

derived by multiplying the unspecified baseline hazard func-
tion, h

o(t) , by an exponential function of k covariates (Alli-
son 1995).

The model estimates a coefficient � for each factor or covar-
iate and tests the null hypothesis that H

0
∶ � = 0 using the 

Chi-square test. When such a coefficient is negative, it indi-
cates that the risk of death is reduced with increasing covari-
ates, whereas a positive value indicates the opposite (Williams 
2008). SPSS v25 software was used for the analysis.

Estimation of vegetative growth

The height growth rate (HGR, cm  month−1), diameter growth 
rate (DGR, mm  month−1), and canopy growth rate (CGR, 
 cm2  month−1) were calculated using the following equations 
(Griscom et al. 2005):

where H,D, andC represent the diameter, height, or canopy, 
respectively, at t

1
 at the beginning of the experiment and at 

t
2
 at the end of the experiment on a monthly basis. Species 

response at the planting site was assessed over four periods 
of analysis (Spring, summer, autumn, and winter).

Results

Survival estimation

All species established in the experimental area survived 
44.1% after a period of 12 months (Table 1). Considering 
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the censored data, which consisted of plants that did not suc-
cumb to the death event during the analysis, the Aloe sp. had 
the highest survival estimate of 97.4%, followed by Senna 
multiglandulosa and Sedum dendroideum with survival rates 
of 17% each (Table 1).

Both Sedum dendroideum and Senna multiglandulosa 
species achieved median survival rates of 50% at 7 and 
8 months following establishment, respectively. The survival 
rate of Aloe sp. plants during the evaluation period did not 
exceed the established median survival limits, since 97.4% 
of the plants survived (Fig. 3).

As shown in Fig. 4, each species has a different risk of 
death. Sedum dendroideum recorded a death risk of 10% 
from October to December 2020; however, this increased to 
50% from March to August 2021. The species Aloe had an 
estimated death rate of approximately 2% in April (month 
8), which remained unchanged throughout the assessment. 
Senna multiglandulosa had an increased mortality risk in 
April 2021.

Estimation of death risks

The Cox proportional hazards model was statisti-
cally significant for all three species (Senna multi-
glandulosa:  Chi2 = 4.056, p = 0.044 < 0.05; Aloe sp. 
 Chi2 = 65.091, p = 0.0000 < 0.05; and Sedum dendroideum: 
 Chi2 = 200.780, p = 0.0000 < 0.05), thus rejecting the null 
hypothesis that H

0
∶ � = 0 . This indicates that at least one 

of the covariates can explain survival time in the model.
Cox regression results indicate that the predictor vari-

able final height (finhei) has a positive effect on survival in 
the species Senna multiglandulosa; that is, a 1 cm increase 
in height reduces the risk of death by 1.5% (1–0.985), pro-
vided all other variables remain constant (Table 2).

Height growth rate (HGR) and initial canopy cover (ini-
can) decreased Aloe's risk of death by 93.9% (1-0.061) and 
2.4% (1-0.976) based on Cox regression analysis (Table 3).

Table 1  Estimated survivorship 
using the Kaplan–Meier 
estimator for the shrubs and 
the succulent species evaluated 
during September 2020 and 
August 2021

Censored are plants that did not succumb to the event death during the survival analysis

Species Total number Event number Censored

Number Percent (%)

Aloe sp. 156 4 152 97.4
Senna multiglandulosa 24 20 4 16.7
Sedum dendroideum 283 235 48 17.0
Total 463 259 204 44.1

Fig. 3  Estimated survival function [S(t)] for the three species, based 
on an assessment from September 2020 to August 2021

Fig. 4  Estimated risk function for the three species, based on an 
assessment from September 2020 to August 2021
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Cox regression analysis shows that final diameter (fin-
dia), initial canopy cover (inidos) and canopy cover growth 
rate (CGR) have a positive effect on survival in the spe-
cies Sedum dendroideum. That is, a 1 cm increase in final 
diameter, 1  cm2 increase in initial canopy cover, and 1  cm2 
increase in canopy cover growth rate reduce the risk of 
death, respectively, by 55.10% (1-0.449), 5.1% (1-0.994), 
and 30.7% (1-0.693) assuming all other variables remain 
unchanged (Table 4).

Estimation of vegetative growth

Tables 5, 6, 7, and 8 present the average growth rates of 
plant height, stem diameter, and canopy cover for each spe-
cies during the evaluation period. During the autumn cycle, 
Sedum dendroideum and Aloe sp. both had negative growth 
rates in height and canopy cover, with − 0.29 cm  month−1 
and −  7.37  cm2   month−1 and −  0.53  cm   month−1 and 
−  4.26  cm2   month−1, respectively. Senna multiglan-
dulosa demonstrated a positive growth rate in height 
(0.87847 cm  month−1) and a negative growth rate in can-
opy cover, the latter of which was the highest at − 22.80 

 cm2  month−1. Senna multiglandulosa and Sedum dendroi-
deum showed positive growth rates at the stem diameter 
level (Table 5).

During the second period, which corresponds to the win-
ter cycle, all three species showed negative growth rates 
for height, stem diameter, and negative canopy cover, with 
Senna multiglandulosa and Sedum dendroideum showing 
the greatest decreases in stem diameter and canopy cover, 
with − 0.005067 cm  month−1 and − 10.44  cm2  month−1, 
respectively. Species Aloe sp. showed the greatest reduction 
in height, down − 1.15235 cm  month−1 (Table 6).

In the springer cycle, which corresponds to the third 
period, all three species showed positive growth rates for 
height, stem diameter, and canopy cover, with the exception 
of Sedum dendroideum, which again displayed a decrease 
in height (− 0.44872 cm  month−1). Senna multiglandulosa 
had the highest canopy cover growth rate with 59.5392 
 cm2  month−1 in this period (Table 7).

In the fourth period, which corresponds to the sum-
mer cycle, all three species had positive growth rates in 
height, stem diameter, and canopy cover, with the excep-
tion of Sedum dendroideum, which showed a decrease 
of −  0.02442  cm   month−1 in stem growth rate. Aloe 

Table 2  Morphological 
variables influencing death risk 
in Senna multiglandulosa 

finhei final height

Variables Coefficient (B) SE Wald Freedom degrees Significance Exp(B) 95% Confi-
dence interval 
for Exp(B)

Lower Upper

finhei − 0.015 0.008 3.900 1 0.048 0.985 0.970 1.000

Table 3  Morphological 
variables influencing death risk 
in Aloe sp 

HGR height growth rate, Inican initial canopy cover

Variables Coefficient (B) SE Wald Freedom 
degrees

Sig Exp(B) 95% Confidence 
interval for 
Exp(B)

Lower Upper

HGR − 2.793 0.847 10.881 1 0.001 0.061 0.012 0.322
inican − 0.024 0.013 3.616 1 0.05 0.976 0.952 1.001

Table 4  Morphological 
variables influencing death risk 
in Sedum dendroideum 

findia final diameter, inidos initial canopy cover

Variables Coefficient (B) SE Wald Freedom 
degrees

Sig Exp(B) 95% Confidence 
interval for 
Exp(B)

Lower Upper

findia − 0.801 0.283 7.995 1 0.005 0.449 0.258 0.782
inidos − 0.053 0.005 106.662 1 0.000 0.949 Lower Upper
CGR − 0.367 0.026 204.988 1 0.000 0.693 0.659 0.729



1004 European Journal of Forest Research (2023) 142:997–1010

1 3

Table 5  Average growth rates of plant height, stem diameter and canopy cover. Period 1: Autumn cycle

HGR height growth rate, DGR diameter growth rate, CGR  canopy growth rate

Species Period 1

Plant height (cm) Stem diameter (cm) Coverage  (cm2)

1 3 1 3 1 3

Senna multiglandulosa 54.2625 56.8979 1.584583 1.724167 154.208 85.7917
Sedum dendroideum 20.6583 19.7804 2.011979 2.068453 53.54064 31.40876
Aloe sp. 19.0679 17.4755 84.3462 71.5513

Species HGR (cm  month−1) DGR (cm  month−1) CGR  (cm2  month−1)

Senna multiglandulosa 0.87847 0.046528 − 22.8056
Sedum dendroideum − 0.292636 0.018825 − 7.377292
Aloe sp. − 0.53082 − 4.26496

Table 6  Average growth rates of plant height, stem diameter and canopy cover. Period 2: Winter cycle

HGR height growth rate, DGR diameter growth rate, CGR  canopy growth rate

Species Period 2

Plant height (cm) Stem diameter (cm) Coverage  (cm2)

4 6 4 6 4 6

Senna multiglandulosa 56.2083 53.7875 1.715417 1.714167 42.7083 11.375
Sedum dendroideum 16.97481 14.47807 2.055465 2.040263 22.53571 9.462222
Aloe sp. 14.2423 10.7853 64.1282 49.4615

Species HGR (cm  month−1) DGR (cm  month−1) CGR  (cm2  month−1)

Senna multiglandulosa − 0.80694 − 0.00042 − 10.4444
Sedum dendroideum − 0.832245 − 0.005067 − 4.357831
Aloe sp. − 1.15235 – − 4.88889

Table 7  Average growth rates of plant height, stem diameter and canopy cover. Period 3: Spring cycle

HGR height growth rate, DGR diameter growth rate, CGR  canopy growth rate

Species Period 3

Plant height (cm) Stem diameter (cm) C2overage (cm)

7 9 7 9 7 9

Senna multiglandulosa 52.4167 79.25 1.701667 2.1325 11.88235 190.5
Sedum dendroideum 14 12.6538 1.977512 2.138242 5.34123 7.63333
Aloe sp. 10.8083 16.2533 39.9808 51.09868

Species HGR (cm  month−1) DGR (cm  month−1) CGR  (cm2  month−1)

Senna multiglandulosa 8.94444 0.143611 59.5392
Sedum dendroideum − 0.44872 0.053577 0.76403
Aloe sp. 1.81499 3.705972
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sp. and Senna multiglandulosa achieved the greatest 
growth rates in terms of height and canopy cover, meas-
uring 0.94737 cm   month−1 and 46.8333  cm2   month−1, 
respectively.

Discussion

Survival estimation

Plant survival is related to rainfall regime (del Campo 2002; 
Alloza 2003), so its scarcity during the early period follow-
ing planting is the risk factor that generates the greatest risk 
for survival (Alloza and Vallejo 1999), particularly in those 
environments where vegetative activity can begin as early 
as the winter months. The average survival rate of the three 
species at the experimental site was below acceptable levels 
( < 49% , Rodríguez-Echeverry and Leiton 2020). According 
to Omary (2011) and Vallejo et al. (2012), plant survival can 
be affected by rainfall, slope, soil properties such as humid-
ity, temperature, pH, electrical conductivity, nutrients, as 
well as planting or transplanting techniques (Ortega et al. 
2006), water availability optimization processes used during 
plant establishment, and functional traits of plants developed 
in water-limited environments (Hernández et al. 2010). In 
this study, all three species were transplanted on the same 
soil substrate, so any differences in their survival rates may 
have been the result of the incidence of various factors 
which contribute to the establishment stage of plants, such 
as environmental conditions, plant management, morphol-
ogy, physiology, and genetics (South 2000; Chen and Klinka 
1998). The best example of adaptive power here is aloe, 
which is a Crassulacean Acid Metabolism (CAM) plant that 
maintains a series of regulatory mechanisms in its metabo-
lism to adapt to seasonal changes (Honda et al 2000). Under 
stress conditions, aloe maintains this photosynthetic pathway 
of CAM plants and switches to the C3 metabolic pathway 

once conditions improve. Also, aloe has a thick cuticle that 
makes it more resistant to cold temperatures (Pedroza and 
Gómez 2006). Sedum dendroideum is also a CAM plant, 
but it has a thin cuticle which does not allow it to withstand 
cool season changes, whereas Senna multiglandulosa is a 
C3 plant, whose photosynthetic efficiency varies depending 
on the species, the phenological stage, and the aridity of the 
environment (Rundel et al. 1999).

Senna multiglandulosa and Sedum dendroideum showed 
survival rates below acceptable levels ( ∼ 17% < 49% , 
Rodríguez-Echeverry and Leiton 2020), while Aloe sp. 
displayed excellent survival rates ( ∼ 97 ≥ 90%, Rodríguez-
Echeverry and Leiton 2020), indicating adaptability to the 
site's edaphoclimatic conditions. Senna multiglandulosa and 
Sedum dendroideum showed the highest mortality during 
the months of March, April and May, likely due to exces-
sive evapotranspiration and rainfall distribution in the study 
area, which averages 500 to 600 mm of rainfall per year, 
83% of which falls between June and October (INEGI 2009). 
Margolis and Brand (1990) and Navarro et al. (2006) sug-
gest that reforestation may be successful if plants are able 
to survive the establishment phase, which usually lasts less 
than two years, however the first year is crucial, as the plants 
begin to absorb water and nutrients from the soil once they 
come into contact with it. Therefore, factors that affect the 
plant's water status at the time of planting are critical to its 
survival (Burdett 1990; Heiskanen and Rikala 2000).

Estimation of death risks

Sigala et al. (2015) report that Cox proportional hazards 
regression can be used to estimate the proportion of species 
mortality risk based on morphological variables in conjunc-
tion with the site-specific edaphoclimatic conditions. Senna 
multiglandulosa's final height (finhei) is the most important 
predictor of survival, that is, it negatively affects mortality, 
which is consistent with Silva et al. (2009) and Stovall et al. 

Table 8  Average growth rates of plant height, stem diameter and canopy cover. Period 4: Summer cycle

HGR height growth rate, DGR diameter growth rate, CGR  canopy growth rate

Species Period 4

Plant height (cm) Stem diameter (cm) Coverage  (cm2)

10 12 10 12 10 12

Senna multiglandulosa 103.000 111.25 2.425 2.735 343 483.5
Sedum dendroideum 12.3704 13.8776 2.123457 2.050204 9.2375 17.7234
Aloe sp. 19.1645 22.0066 58.16447 78.35526

Species HGR (cm  month−1) DGR (cm  month−1) CGR  (cm2  month−1)

Senna multiglandulosa 2.75 0.103333 46.8333
Sedum dendroideum 0.50239 − 0.02442 2.82863
Aloe sp. 0.94737 6.730263
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(2019), who reported that juvenile trees have smaller canopy 
covers to allocate more resources to growth in height but are 
more likely to survive.

Sedum dendroideum's final diameter (findia) was the most 
significant factor in reducing its risk of death, followed by 
its canopy cover growth rate (CGR) and initial canopy cover 
(inidos). The final diameter (findia) reduced mortality by 
approximately 55%, which is consistent with Fontes (1999), 
who suggests that some species allocate more resources to 
developing their diameter as they develop, whereas early in 
their development, their diameter is greater than that of other 
species. The growth rate of canopy cover reduced (CGR) the 
risk of death by approximately 31%, which is in agreement 
with Moser et al. (2007), who assert that canopy leaf tissue, 
which catches sunlight and transpires water, plays an impor-
tant role in establishing and growing new plants, as well 
as determining their geographic and temporal distribution. 
For aloe species, height growth rate (HGR) was the most 
important predictor variable in reducing the risk of death 
by 93.9%, followed by initial canopy cover (inican) by 2.4%. 
These findings are consistent with the findings of Valdec-
antos (2001), who states that height increases are typically 
positive under medium–high survival rates indicating good 
climatic conditions.

Estimation of vegetative growth

Navarro et al. (2006) point out that a plantation's success 
is determined by the plant's ability to grow and develop 
according to seasonal conditions and the species' capabili-
ties, which are traditionally measured in terms of survival 
and growth. During the autumn cycle, when the rainy season 
ended and the cold season began, Senna multiglandulosa 
achieved a high survival rate and a positive growth rate in 
height (HGR: 0.87847 cm  month−1) and diameter (DGR: 
0.046528 cm   month−1), however, its canopy cover area 
(CGR: -22.8056  cm2  month−1) declined. Seedlings of tree 
and shrub species generally develop narrow canopy covers 
to maximize their height and, to a lesser extent, diameter 
growth, and in response to light demands (Martínez-Sánchez 
2008). Under subhumid conditions with summer rainfall in 
Chapultepec forest, Mexico City, Mexico, Gazca and Bena-
vides (2018) also reported positive growth rates in height 
and diameter for Senna multiglandulosa. Moreover, Rico 
and Bachman (2006), as well as Terrones et al. (2004), rec-
ognize this species as fast-growing.

During this same period, Sedum dendroideum species 
showed a high survival rate and a positive diameter growth 
rate (DGR: 0.01888825 cm  month−1), but negative height 
(HGR: − 0.292636 cm  month−1) and canopy cover growth 
rates (CGR: − 7.377292  cm2  month−1). Negative canopy 
growth rates, which contribute to initial survival, but sub-
sequent growth is positively related to lower canopy cover 

levels (Yang et al. 2011), may have affected plant diameter 
and height by decreasing photosynthesis (Moser et al. 2007; 
Olivas et al. 2013). During this time period, Aloe sp. had 
a high survival rate, but a negative growth rate in height 
(HGR: − 0.53082 cm  month−1) and canopy area (CGR: 
− 4.26496  cm2  month−1). Although the planting season for 
Aloe sp. extends into August, its negative growth rates in 
height and canopy cover could be a result of early frosts, 
which are a major problem during this period due to the 
plant's slow rooting habit, low growth tendencies and sus-
ceptible leaves (Pedroza and Gomez 2006).

During the winter period, Senna multiglandulosa again 
maintained an excellent survival rate, while Sedum den-
droideum obtained an acceptable survival rate, but their 
growth rates were negative for height (−  0.80694 and 
− 0.832245 cm  month−1, respectively), diameter (− 0.00042 
and − 0.005067 cm  month−1), and canopy cover (− 10.4444 
and − 4.357831  cm2  month−1). Gazca and Benavides (2018) 
also reported negative growth rates for Senna multiglandu-
losa during the autumn cycle in Chapultepec forest, Mexico 
City, Mexico, under subhumid conditions and summer rain-
fall. Negative growth rates in canopy cover could have led to 
negative growth rates in heights and diameters since plants' 
establishment and growth depend on leaf tissue that per-
forms photosynthesis (Moser et al. 2007; Olivas et al. 2013). 
In plants, leaf area is affected by hydrological, biogeochemi-
cal, and biophysical processes (Peduzzi et al. 2012), as well 
as by solar radiation interception, photoassimilate conver-
sion efficiency, use of water and nitrogen, and temperature 
regulation (de Freitas et al. 2007; Barrios and Cobo 2004). 
The canopy's negative growth rate may also be attributed to 
the high levels of stress caused by the distribution of rainfall 
at the study site, which resulted in, at best, regrowth, while 
in severe cases, a significant reduction in height and diam-
eter (Burdett 1990; Heiskanen and Rikala 2000).

During the same period, Aloe sp. plants also sur-
vived well, but their growth rates were negative in height 
(− 1.15235 cm   month−1) and canopy cover (− 4.88889 
 cm2  month−1). These results are in agreement with Pedroza 
and Gómez (2006) who explain that Aloe plants are 
restricted in their growth and development by frost, mainly 
at temperatures below 7 °C, causing severe damage at tem-
peratures below 0 °C.

During the seasons of spring and summer, when the 
rainy season begins, Senna multiglandulosa y Sedum den-
droideum obtained survival rates below acceptable levels 
( ∼ 17% ) at the end of the spring season. Navarro et  al. 
(2006) and Vallejo et  al. (2012) note that high mortal-
ity of established plants in semiarid areas and degraded 
dry sites is primarily determined by rainfall amount and 
spatial distribution, evapotranspiration rates, the length 
of the growing season, and soil characteristics, includ-
ing depth and moisture retention capacity. Nevertheless, 
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Senna multiglandulosa showed positive growth rates 
in terms of height (HGR: 8.94444  cm   month−1-spring, 
and HGR: 2.75  cm   month−1-summer), diameter 
(DGR: 0.143611  cm   month−1-spring, and DGR: 
0.103333  cm   month−1-summer), and canopy cover 
(CGR: 59.5392  cm2  month−1-spring, and CGR: 46.8333 
 cm2  month−1-summer). Growth rates for height, stem diam-
eter, and canopy cover might have been positive because the 
rainy seasons have been linked to evapotranspiration (Nav-
arro et al. 2006) and plant survival (Padilla and Pugnaire 
2007), which facilitate a deeper root system (Grantz et al. 
1998; Padilla and Pugnaire 2007).

During the spring period, Sedum dendroideum 
showed positive growth rates for diameter (DGR: 
0.053577 cm  month−1) and canopy cover (CGR: 0.76403 
 cm2  month−1), but negative growth rates for height (HGR: 
− 0.44872 cm   month−1). However, during the summer, 
Sedum dendroideum exhibited positive growth rates in terms 
of height (HGR: 0.50239 cm  month−1) and canopy cover 
(CGR: 2.82863  cm2  month−1) and slightly negative growth 
rates in terms of diameter (DGR: − 0.02442 cm  month−1). 
Growth rates in diameter and height may have been positive 
due to canopy growth, as some species invest more resources 
in diameter growth during development compared to their 
beginnings, and as species progress through more advanced 
stages of development, they become taller (Fontes 1999). 
During these two seasons, Aloe sp. plants showed positive 
growth rates in height (HGR: 1.81499 cm  month−1-spring, 
and HGR: 0.94737 cm   month−1-summer), as well as in 
canopy cover (CGR: 3.705972  cm2  month−1-spring, and 
CGR: 6.730263  cm2  month−1-summer), corroborating what 
Pedroza and Gómez (2006) said that Aloe sp. plants resume 
their growth gradually after leaving the frost season with 
rainfall under 400 mm.

Conclusions

Based on this study, it's possible to determine whether a 
species can adapt to edaphoclimatic conditions where it's 
established, taking into account survival, vegetative growth, 
and death risk, so that agroforestry can be recommended as 
a land management method on degraded soils that benefits 
society as a whole as well as rural development. Among 
the three plant species evaluated, Aloe sp showed the great-
est ability to adapt to the edaphoclimatic conditions of the 
study area. The seasonal conditions of the site affect the 
growth rates of morphological variables of the species evalu-
ated in varying degrees. Climate conditions during autumn 
and winter affected the height, stem diameter, and canopy 
diameter of Senna multiglandulosa and Sedum dendroideum 
species. Plant height and canopy cover of Aloe sp. species 

were affected by the winter weather conditions. Each spe-
cies' morphological variables determined its death risk. For 
Senna multiglandulosa species, the final height variable 
reduced the death risk while for Sedum dendroideum spe-
cies, the final diameter, initial canopy cover, and growth 
rate in canopy cover reduced the death risk. Variable height 
growth rate and initial canopy cover in Aloe species reduced 
death risk.
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