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Abstract
Background: Adaptation is not only effective by considering the survival of plants, but also by taking into account the traits that
support adaptation to environmental changing. Local adaptation occurs because different environmental factors impose
different selective pressures across habitats. Understanding the ecophysiological mechanisms underlying survival and growth
in plants is crucial for establishing the reasons trade-offs are associated with adaptation.

Methods: A comparison provenance test of 29 species of Eucalyptus were used to understand the adaptation strategies on the
coastal plains of Pointe-Noire, in the Republic of the Congo. Survival, growth traits and leaves functional traits was jointly
measured. Climatic traits of the species origin areas were also studied. Cluster analysis was performed to group species
according to their growth strategy.

Results: The results suggest that species would be able to survive under current environmental change by adjusting their
speci�c leaf area plasticity. The cluster analysis suggests a subdivision of the 29 species into four groups. The �rst cluster
brings together E.pilularis and E.peltata, with the lowest growth and the lowest speci�c leaf area. This cluster contains two
species totally unsuited to the local conditions of Pointe-Noire. The second cluster contains species with a wide variety of
responses as to their growth strategy, and are able to adapt to the local conditions. The third cluster includes a species are
specialized in acquiring high proportions of resources while investing very little in growth. The fourth cluster groups the species
with a very slow strategy of acquiring and using resources. Leaf anatomy is quite responsive to climatic conditions.

Conclusion: By evaluating all aspects of strategies, Eucalyptus species have shown great variation in their functionnal traits
and this may explains their diverse ecological range.

Introduction
The predictions reports that Africa will be most impacted by climate changes and there is a signi�cant risk of exceeding the
adaptive capacity of many forest ecosystems for the supply of vital goods and services (FAO 2015). The possible impact of
climate change on genetic diversity and the adaptive potential of species is a question currently being asked. However, the
experimental data to be able to answer this question is lacking in the current state. In the face of global climate changes, it is
necessary to adapt species to new environments (Hamrick 2004, Jump and Peñuelas 2005, Franks and Hoffmann 2012) and to
understand the biological processes that drive this adaptation (Loo et al. 2011). Understanding the basis of adaptation remains
a dauting task. Understanding of the capacity of species to adapt will become important for directing conservation and
management of biodiversity (Dillon et al. 2014). It is therefore important to consider environmental factors to understand which
ones determine the reactions (Evans et al. 1985). The study of functional traits has a long tradition in ecological studies,
especially with regard to plants (Vandewalle et al. 2010). The need to understand the unprecedented changes in ecosystems,
which are in�uenced by environmental changes, has given a way to understanding the morphological, physiological,
phenological characteristics, which represent ecological strategies and determine how plants react to environmental factors
(Pérez-Harguindeguy et al. 2013).

Functional traits indicate the ability of a plant to acquire, use and conserve resources (Westoby et al. 2002, Reich et al. 2003).
The plasticity of these functional traits is an important source of the phenotypic variation observed in the introduced
populations. It allow introduced species to succeed under the new conditions, without a diversity of DNA (Drenovsky et al.
2012). It is recognized that biodiversity remains essential to humanity and that genetic diversity within and among stands is the
pivot, both of current and future development of forestry (Kremer 2000). We can hope that this diversity includes also a
signi�cant proportion of elements of interest for the survival and adaptation of species (Kremer 2000).

Adaptation to different environmental conditions results in costly �tness trade-offs (Hereford 2009; Vanwallendael et al. 2019).
Assisted migration of individuals or populations of a species are recognized as a potentially important means of responding to
climate change. However, this approach is not yet widely used (FAO 2014).
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Eucalyptus have remarkable plasticity, generally attributed to selection pressures that have kept them in environments with high
constraints throughout their evolution, especially on soils poor in nutrients (Cossalter et al. 1999, Epron et al. 2007), and in hot
and arid areas (Booth 2012).

It is well known that certain species are more apt than others to grow in poor soils, but so far, there has been very little study of
the physiological bases of this difference in behavior.

The �rst attempts to introduce eucalyptus began in 1953 in the Congo, and then several species and provenances trials was
made. Several studies have been carried out on the productivity of these introduced species, at the end of which certain species
have proved to be adapted to local conditions, others not (Groulez 1964). However, the ecophysiological mechanisms
explaining these responses have not been studied in Congo.

This present study aims to understand the adaptation mechanisms of 29 eucalyptus species using ecophysiological approach.
We addressed three research questions: (i) do functional traits vary among eucalyptus species at different ages? (ii) what trade-
offs can be found among functional traits? (ii) is there a potential adaptation of eucalyptus species using relationships
between functional traits and climatic variables?

The combined study of these functional traits will make it possible to characterize more fully the functioning of the plant and to
highlight adaptive strategies of the different species as suggested by Laclau et al. (2016). The species comparative study of
adaptive, growth, climate and functional traits and their correlations in the 29 species will therefore allow a description of the
general trends explaining the physiological mechanisms linked to their local adaptation.

Material And Methods
Study site and sampling

The present study is based on data collected from a provenance trial established at the Kissoko forestry station (4°45’51’’S,
11°59’21’’E), in the southern of Republic of Congo. Mean annual rainfall is around to 1 200 mm; daily temperature is around
25–26 °C in the rainy season (from October to May) and around 22–23 °C in the dry season (from June to September) (Jamet
and Rieffel 1976). Relative humidity is high (85%) with low seasonal variability (2%). The soil belonged to the ferralitic class,
highly desaturated in bases (Nzila 2001).Fieldwork was mostly carried out in four blocks randomly established in a 1.71 ha
experimental site. Each block contained 32 juxtaposed plots, and each plot had nine trees. There were 800 trees per hectare
with spacing among trees of 4.7m × 2.65m. Based on this systematic sampling, we gathered data on 29 eucalyptus tree
species belonging to 8 genera and (Supporting information Table 1). This plantation came from seeds that have been
harvested in several parts of Australia (from the North, North East, East and South East coasts of the continent) and Indonesia
in cool and humid climates, as well as in dry and hot areas (Figure 1).

Tree measurements

Two different ages (14 and 54 months) have been considered for the tree measurements after evaluating species survival rate.
For each tree, we were performed non-destructive quantitative measurements including collar circumference, total height and
leaf measurements. Collar circumference (CC in cm) was measured with a tape the trunk base. Total tree height (HT in m) was
measured with a VERTEX IV dendrometer at a distance that was approximately equivalent to tree height. Leaf variables
including speci�c leaf area (SLA), leaf thickness (LT) and leaf density (LD) were measured by 10 leaves of each tree that were
harvested from the upper and lower crown. These 10 leaves were chosen as adult, neither juvenile nor senescent with a
complete expansion of the blade, free from any attack by pathogens. Leaf tthickness was measured immediately after leaf
removal with a digital micrometer Mitutoyo at a point mid-way along the length of the leaf and mid-way between the median
and the edge of the leaf. Leaves area were measured in laboratory after their scan and then using MatLab software for image
processing.These leaves were dried at 65 °C to constant weight. The dry weight was used in conjunction with their measured
area to calculate speci�c leaf area (SLA in m².kg-1) by the following formula:
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Where Si, Mi and n are respectively the leaf area, the leaf dry mass and the number of leaf harvested.

The leaf density (LD in kg.m-3) was calculated considering SLA and LT (Sefton et al. 2002):

Climate data

Using meteorological stations informations (http://www.bom.gov.au/) of each site where the eucalyptus species were collected
in Australia and Indonesia, 18 climatic variables were considered in this study: 1- Average annual rainfall (AAR), 2- Maximum
annual rainfall (MAR), 3- Minimum annual rainfall (mAR), 4- Maximum monthly average rainfall (MMAR), 5- Minimum monthly
average rainfall (mMAR), 6- Number of months of rainfall less than 50 mm (NR50), 7- Average annual temperature (AAT), 8-
Maximum monthly temperature (MMT), 9- Minimum average temperature (mMT), 10- Maximum monthly average temperature
(MMAT), 11- Minimum monthly average temperature (mMAT), 12- Number of days below 40°C (ND40), 13- Number of freezing
days (NFD), 14- Potential evapotranspiration (PE), 15- Solar radiation (SR), 16- Altitude (A), 17- Longitude (Long), 18- Latitude
(Lat).

Statistics analysis

The following linear mixed model was used to perform ANOVA for functional traits, then survival rate and growth:

Where y is the vector of response variable; µ is a the overall mean; X and Z are the design matrix connecting respectively the
�xed and random effects to the data; b is a vector of �xed effects due to the blocks; sb ~ N(0, σ²sbId) is a vector of random
subgenus effect, σ²sb being the variance related to subgenus effect, Id is the identity matrix; sp ~ N(0, σ²spId) is a vector of
random specie effect, σ²sp being the variance related to specie effect; plot ~ N(0, σ²plotId) is a vector of random spatial
environmental effects due the plot, σ²plot being the variance related to spatial effect, ε ~N(0, σ²εId) is a vector of residual
effect. Before performing ANOVA on survival rate, an angular arc sinus transformation.

Where p’ is the transformed value of survival rate, p is the original value of survival rate.

To detect the covariations among functional traits, we used pairwise Pearson’s multiple correlation tests to bivariate
relationships.A principal component analysis was performed in order to identify the similarities between the climatic
characteristics of the species origin areas and those of introduction area.At species level, funtional traits were estimated from
the tree measurements at 14 and 54 months (Supporting information Table S1).The K-means partitioning method was
performed to assign observations to clusters concerning growth and functional traits at 54 months.All statistical analyses were
performed within the open‐source R environment (R Core Team, 2019; version 4.0.2).

Results
Survival
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At 15 and 54 months, the survival rate of the species is signi�cant different between subgenera (Pvalue = 0.0003 and <.0001)
and between species (Pvalue <0.001 and <.0001). The subgenera Blakella and Idiogenes are the most represented with survival
rates of 91% and 87% respectively, while the subgenera Eucalyptus and Eudesmia are poorly represented with survival rates of
35% and 13% respectively (Figure 2). A less survival of the species E.tetrodonta (17%), E.peltata (12%) and E.pilularis (0%) was
noted at 54 months. E.Tereticornis (94%) and E.Tesselaris (88%) have the highest survival rates (Figure 2).

Growth and Ecophysiological traits

Growth traits naturally increase with age between 15 and 54 months. The Anova showed signi�cant differences between
species of the same subgenus as well as between subgenera for the all traits (Table 2). Among the functional traits, only leaf
thickness remained almost stable between 15 and 54 months, while speci�c leaf area increase and leaf density decrease. The
subgenera Symphyomyrtus, Idiogenes, Eucalyptus and Corymbia show greater variations in LT, however their SLA remains
weak. This trend is different for the subgenera Minutifructus, Eudesmia, Blakella and Alveolata, wich show strong SLA and
weak LT. The Flores provenance of E.urophylla shows one of the best growths and therefore a strong SLA.

Correlations

The juvenile-adult correlations (Figure 3) indicate a fairly close ranking at different ages for LT and height. On the other hand,
the LD ranking changed completely between 15 and 54 months (r = 0). There is naturally a strong and positive relation between
height and collar circonférence (r = 0.79 and 0.84). However, there is a moderate and positive correlation between growth and
survival (r = 0.41 to 0.57). Between ages the SLA correlation is moderate (r = 0.49). Between growth and SLA the correlation is
low. A negative correlation is noted between SLA and LD as well as LT. LD and LT vary in opposite sens.

PCA and clustering analysis

The PCA results indidicate that the main component represents 65.60% of the whole of variance (Figure 4). The two main
components are respectively associated with temperatures for the �rst (40.76 %) and rainfull for the second (24.84%). The
results shows (Figure 5) that species such as E.tereticornis, E.nesophilla, E.tetrodonta, E.polycarpa, E.brassiana, E.alba are
found in areas with similar characteristics to those of the Congolese coastal savannas. On the other hand, the climatic
conditions of the areas of species line E.punctata, E.maculata, E.acmenoides, E.resinifera is different from those of the
introduction area.

The cluster analysis suggests a subdivision of the 29 species into four groups (Figure 6). The �rst cluster brings together
E.pilularis and E.peltata, with the lowest growth and the lowest SLA. We note that at the end of this experiment, no individuals
representing E.pilularis were present in the trial. The second cluster contains species with a wide variety of responses as to their
growth strategy. We meet species with very high growth and high SLA. This is the case, for example, of E.cloeziana,
E.urophylla_Flores and E.alba_Timor. This cluster also includes species with medium growth and low SLA like E.robusta and
E.brassiana. Species like E.toreliana with low growth and large SLA are part of this cluster. The species grouped within cluster 3
have exclusively a large SLA but weak growth. The last cluster groups together the species with weak growth and weak SLA.

Discussion
Plant survival

Survival is a �rst fundamental criteria for the adaptation of species (Gardner 2017). Plants compete for light, water, nutrients,
air and space to survive. The ranking of species according to their survival rate does not considerably change between 15 and
54 months. The total disappearance of the E.pilularis plants at 54 months re�ects a very poor adaptation to the local conditions
of Pointe-Noire. This result corroborates those obtained by Brezard (1982) in the same region. However, species with a low
survival rate but good growth like E.citriodora are not inadapted. They must have been in�uenced by several factors like density
plantation leading to competition between species. Intense competition between adjacent plots would have accentuated
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differences between fast-growing and slow-growing species, through suppression of the slower growing species (Hunde et al.
2007)

Therefore adaptations can be divided into two general categories: functional adaptations, which are adaptations that help an
organism survive in its environment, and growth and reproductive adaptations, which are adaptations that help an organism
successfully growth and reproduce. An organism must have both adaptations in order to ensure the « total adaptation ».

Traits evolution and correlations

All the growth traits evolved positively between 15 and 54 months. The stability of leaf thickness and the decrease in leaf
density led to an increase in SLA between these two ages. We can evoke to explain the result that at 15 months water was a
limiting factor, while it became less at 54 months with root development favoring a larger area of prospecting, but also in depth.
It was noted a decrease in the average annual temperature from 27°C to 24.9°C between the leaf samples harvest between 15
and 54 months. When the temperature decreases, the plants develop a large leaf area in order to maximize the capture of light
(Killi et al. 2017). Our results show negative and signi�cant correlations between SLA, LT and LD. These results corroborate
those of Vile et al. (2005) and Niinemets (1999). Low SLA due to thicker and/or denser leaves contributes to leaf life span,
nutrient retention, and protection against desiccation (Ackerly et al. 2002). The correlations between height and functional traits
allow us to realize the acquisition and use of resources strategies of different species. A weak positive correlation was noted
between height and SLA. Species with a large SLA generally have good growth because they maximize their photosynthetic
capacity. The weak correlation observed between these two traits is explained by the existence of species with a large SLA but
with low growth.

Adaptive species strategies

The knowledge of climate similarity, as well as knowledge of locally favored adpative traits can help to inform plantation
strategies (Wright et al. 2018). It was assumed that species from areas with climatic conditions close to those of Pointe-Noire
should be better suited compared to those from remote areas. This hypothesis has been veri�ed only for one specie,
E.tereticornis having a good balance between the acquisition and the use of resources. While some species from areas not
similar to Pointe-Noire appear to be more suitable, as is the case for most of the species grouped within cluster 2. These
species thrive well in humid or sub humid, tropical or subtropical regions under rainfall of 1100 to 1500 mm with a dry season
of 1 to 5 months. A similar rainfall regime is encountered in the Congo. The adaptations of eucalypts, which allow many
species to grow successfully under often difficult conditions of poor soils and highly variable rainfall, have provided some of
the characteristics that make a small number of eucalypt species particularly successful in plantations (Booth 2012). In
species, genetic diversity contains a signi�cant proportion of elements of interest for the survival and adaptation of species.
Some individuals have genes that allow them to respond better to environmental constraints, which gives them better adaptive
value than their peers (Bradshaw and Christina 2006, Savolainen et al. 2013). Genetic variations can therefore modulate the
local effects of environmental change (Parmesan 2006). Local adaptation can be constrained by variation in natural selection
and gene �ow (Kawecki and Ebert 2004, Leimu and Fischer 2008, Bamba et al. 2018). Studies have revealed that local
adaptation among provenances and populations of E.camaldulensis has been suggested from variation in adaptive
phenotypes which correspond to local environment including: morphological traits (growth form, leaf thickness, stomatal
density and phenology) (James and Bell 1995); growth rate (Otegbeye 1985); wood properties (El-Lakany 1980); physiological
responses (Morshet 1981) and drought tollerance (Lemcoff et al. 2002). The adaptive clines suggested from phenotypic
variation are supported by evidence of genetic adaptation within coding genes (Thumma et al. 2012).

Leaf traits do not vary randomly, but are constrained by trade-offs from investing carbon in leaves (Wright et al. 2004). Speci�c
leaf area is an important plant functional trait as it is an indicator of relative growth rate, stress tolerance and leaf life span. It is
generally assumed that intraspeci�c variation of SLA is mostly the result of environmentally induced phenotypic plasticity (Liu
et al. 2017), but genetic effects may also be present, due to local adaptation or genetic drift (Scheepens et al. 2010). At the
interspeci�c level, functional traits can be used to explain community composition and structure (Lavorel and Garnier 2002;
Díaz et al. 2004). Functional traits can also be used to classify plant species according to Grime (1977) strategies or to explain
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the occu²érrence and distribution of species (Díaz et al. 1998). The present results suggest that populations of differents
species would be able to survive under current change in environmental conditions by adjusting their SLA plasticity. This
adjustment by means of phenotypic plasticity may allow populations in the long run to adapt genetically to the environmental
changes via genetic assimilation (Price et al. 2003). The classi�cation of species shows that the �rst cluster contains two
species totally unsuited to the local conditions of Pointe-Noire. The species grouped at second cluster are able to adapt to the
local conditions of Pointe-Noire, through a great plasticity of their speci�c leaf area. There are species with a rapid resource
acquisition and development strategy. However, there are also species with a slow acquisition strategy but a rather e�cient
development of resources. We would place the third cluster species in the �eld of rapid resource acquisition strategies and a
slow return on investment on Wright's leaf economic spectrum (2004). According to Lambers and Poorter (1992), these species
are specialized in acquiring high proportions of resources (water, light, carbon) while investing very little in growth. Finally, the
fourth cluster groups together the species with a very slow strategy of acquiring and using resources. This results in poor
growth due to their reduced photosynthetic capacity.

Conclusion
Research in ecophysiology has improved the understanding of tree adapation by adressing functional traits that play a critical
role in adaptation (Bouvet et al. 2020). From the interpretation of ecophysiological traits and growth, four major groups emerge:
(i) species with a large SLA, which gives them a high photosynthetic capacity, with a good growth; (ii) species having a low SLA
with poor growth due to their reduced photosynthetic capacity, so insuitable to our local conditions; (iii) e�cient species with
low SLA and very good growth; (iv) species with large SLA and poor growth. The species in-group (ii) and (iv) are the least
suitable. Those of group (iv) maximize the capture of resources but do not have good growth. This present study offers
interesting perspectives, in particular: the study of the differential expression of genes of different species installed in different
environmental situations; the implementation of multi-site comparative tests of species in order to take into account the micro-
environmental heterogeneity; a comparative study of the strategies for acquiring and using the resources of the different
species in their original area and in the area of introduction. The combination of both phenotypic and genomic approach
(Steane et al. 2017) must be taken into account in future studies of plant adaptation to Congo local conditions.
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Figures

Table 1
List of species study and their belonging subgenus

Specie code Subgenus Specie Specie code Subgenus Specie

1 Alveolata E. microcorys 16 Symphyomyrtus E. alba_Australie

2 Blakella E. tesselaris 17 E. alba_Timor

3 Corymbia E. citriodora 18 E. apodophylla

4 E. maculata 19 E. bigalerita

5 E. nesophila 20 E. brassiana

6 E. peltata 21 E. exserta

7 E. polycarpa 22 E. grandis

8 E. torelliana 23 E. paniculata

9 Eucalyptus E. acmenoides 24 E. pellita

10 E. phaeotricha 25 E. propinqua

11 E. pilularis 26 E. punctata

12 E. umbra 27 E. resinifera

13 Eudesmia E. tetrodonta 28 E. robusta

14 Idiogenes E. cloeziana 29 E. tereticornis

15

Minutifructus

E. raveretiana 30 E. urophylla_Alor

31 E. urophylla_Flores

32 E. urophylla_Timor

Table 2
Descriptive statistics and Anova results

  Traits HT15 HT54 CC15 CC54 SLA15 SLA54 LT15 LT54 LD15 LD54

Unit m cm cm²/g mm g/cm3

Mean 2.02 7.99 7.27 29.98 80.43 259.73 0.28 0.27 0.46 0.18

SD 0.87 3.26 3.87 12.84 16.79 102 0.05 0.05 0.06 0.11

Max 5.55 18.6 26.12 72.8 148.84 529.46 0.463 0.42 0.60 1.15

Min 0.55 1.50 0.94 1.50 45.76 38.36 0.143 0.16 0.32 0.08

Pvalue Subgenus 0.023 < .0001 0.068 < .0001 < .0001 < .0001 < .0001 < .0001 < .0001 < .0001

Specie 0.003 < .0001 0.003 < .0001 < .0001 < .0001 < .0001 < .0001 < .0001 < .0001
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Figure 1

Location of harvesting areas for the studied species
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Figure 2

Mean of survival rate according to subgenera and species
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Figure 3

Between traits and juvenile-adult correlations
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Figure 4

PCA graph of variables
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Figure 5

PCA graph of individuals
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Figure 6

Cluster dendogram of species Cluster 1 : 11- E.pilularis, 6- E.peltata ; Cluster 2 : 14- E.cloeziana, 31- E.urophylla_Flores, 22-
E.grandis, 24- E.peilita, 30- E.urophylla_Alor, 4- E.maculata, 3- E.citriodora, 21- E.exserta, 8- E.torelliana, 20- E.brassiana, 7-
E.polycarpa, 27- E.resinifera, 29- E.tereticornis, 23- E.paniculata, 28- E.robusta, 10- E.phaeotricha, 32- E.urophylla_Timor, 5-
E.nesophila, 17- E.alba_Timor ; Cluster 3 : 19- E.bigalerita, 18- E.apodophylla, 26- E.punctata, 16- E.alba_Australie ; Cluster 4 : 9-
E.acmenoides, 1- E.microcorys, 15- E.raveretiana, 13- E.tetrodonta, 25- E.propinqua, 2- E.tesselaris, 12- E.umbra.
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