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Abstract: Due to the rapid development of China’s economy, the demand for wood is steadily
increasing. Eucalyptus species have been introduced in large quantities because of their fast growth,
strong adaptability, and wide utility. To understand the phenological changes in introduced Eucalyptus
in its new range, we carried out a field investigation to examine leaf functional and chemical defense
traits of three introduced species (E. saligna, E. grandis and E. robusta) over latitudinal and altitudinal
gradients in southern China. We sampled multiple stands of each species, and measured the leaf
physical characteristics (e.g., leaf width, leaf thickness, and specific leaf area [SLA]), leaf nitrogen
(N) and phosphorus (P) content, and phenolic compounds. We found that many functional traits
(e.g., leaf size and thickness) decreased at lower latitudes, especially in E. grandis, possibly to reduce
heat and water loss under higher temperatures. In E. grandis, we found that leaf P was lower at
higher latitudes and altitude, and phenolics increased with elevation, while in E. robusta, both leaf N
and P decreased with altitude. These findings suggested that both species were more conservative
in resource allocation, with E. grandis possessing enhanced chemical defenses in response to the
conditions experienced at higher elevations. In addition, we found the tree populations at the northern
range limit of E. robusta had lower SLA, suggesting a more conservative growth strategy, In contrast,
small populations in the northern part of the ranges of E. grandis had higher SLA, indicating range
expansion at the edge of the species’ geographic distribution. Overall, it is particularly important
to consider intraspecific trait differences across wide geographic areas when studying the spread of
invasive species in the new range.

Keywords: altitude; eucalypts; latitude; leaf characteristics; nutrient content; phenolic compounds;
precipitation; temperature

1. Introduction

Over the last few centuries, thousands of woody species have been transported from
their native forests and other areas for multiple purposes, and have become naturalized
and invasive in other parts of the world [1]. Although many of these trees have highly
detrimental effects on invaded habitats [2], some of these species have only become natu-
ralized or invasive relatively recently, and as such, little is known regarding their invasion
ecology, specifically how they have adapted and responded to environmental conditions in
their new range [3]. Examining the variation in leaf traits within and among species across
contrasting sites can provide vital information on plant performance and adaptation to local
environments [4,5]. Environmental factors act as selective filters on plant genotypes, partic-
ularly along abiotic gradients [6]. For example, with changes in latitude come variations in
climate, soil, and biotic interactions that shape differences in leaf functional and chemical
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traits [7,8]. Similarly, environmental changes across elevations underlie morphological
and physiological trait differences between plants at high and low altitudes [9]. Different
populations along gradients have variation in tolerance to stressors, with many plant
species displaying similar traits under the same conditions [10]. Therefore, environmental
gradients are natural laboratories for investigating the response of species to climate change
and novel habitats [11].

The success of an introduced species in the new range is dependent on many fac-
tors [12]. Following introduction, populations may be exposed to the selection of indi-
viduals with traits that are better matched with the physiological requirements of the
new environment [13]. Phenotypic plasticity is another important factor in the spread of
invasive species across large geographic areas [14], while biotic interactions with native
species (e.g., herbivores and pathogens) may play a major role in the success of intro-
duced species [12]. Previous research has shown that successful invaders often display
high phenotypic plasticity, strong chemical defenses, and can persist in a wide range of
environments [15,16]. While a lot of research focused on trait variation among native
and non-native species across environmental gradients [17,18], fewer studies focused on
population-level differences, particularly within introduced tree species. Understanding
intraspecific variation of introduced trees across latitudinal and altitudinal gradients may
provide useful ecological insights, and also help identify the most productive and useful
genotypes for future applications.

Eucalyptus is an important genus in forestry with many species displaying fast growth,
high phenotypic plasticity, strong adaptability, short rotation cycle, and great economic
value [19]. Due to these characteristics, Eucalyptus has been introduced into many countries
around the world [19–21]. Eucalyptus was first introduced to China in the late 1800s [22],
with E. globulus, E. tereticornis, E. camaldulensis, and E. robusta planted mainly as ornamental
trees [23,24]. By the end of the 20th century, due to increasing population growth and
rapid economic development, the demand for wood in China greatly increased [25]. In
the 1990s, there was a program that introduced many new Eucalyptus provenances into
China as part of the Chinese-Australian collaborative Research and Development project
on the introduction, domestication, and silviculture of cold tolerant eucalypts (coordinated
by CERC and CSIRO) [25,26]. The plantation area in China increased each year, reaching
5.46 million ha in 2018 [27]. Currently, China has the second largest area of Eucalyptus
plantations in the world, mostly in the southern parts of the country [28]. Eucalyptus can
spread naturally from plantations via seed onto nearby hillsides and coastal areas [29]. The
introduction and spread of Eucalyptus led to multiple ecological and agricultural problems
in southern China, such as soil degradation and loss of native biodiversity [30–32]. For
example, Eucalyptus can inhibit the survival of adjacent seedlings and the germination of
native plants and crop species through allelopathy [33].

A large body of evidence strongly supports the notion that leaf morphology and
characteristics have climate-related adaptive significance [34]. The environmental filtering
hypothesis predicts that with increases in environmental stress, plant species will display
higher stress tolerance in their traits [35]. Many studies have shown that variations in
climate can lead to significant changes in the function of plant leaves [8], especially changes
in temperature [36], rainfall [37], and other environmental conditions [38,39]. Specifically,
annual average temperature and annual average precipitation are highly correlated with
latitude, and are thought to be important drivers underlying the relationship between leaf
traits and latitude [40]. As early as the 19th century, biogeographers noticed that leaves
in low latitudes were usually larger in size [41], with leaf size decreasing with increases
in altitude [42]. However, the relationship between leaf size and environmental factors
is not fixed, and may vary in different regions or different species [41]. Leaf area and
specific leaf area (SLA) are related to plant photosynthesis and primary productivity, which
is very important for understanding plant responses to climate change [43]; while leaf
nutrient content affects nutrient cycling in forests [37]. Previously, it was found that leaf
width was negatively correlated with latitude, and leaf area was negatively correlated
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with altitude [44]. Gong et al. [8] studied the characteristics of leaves in northeastern
China and found that SLA decreased with increases in latitude. SLA may be an adaptive
strategy of plants to environmental changes to maximize photosynthetic rate [43], with
higher SLA values indicating a larger light capture area of leaves [37,45]. The growth rate
hypothesis (GRH) predicts that leaf nitrogen and phosphorus will decrease with increases
in latitude, because growth rate is higher in warm environments, resulting in a high
demand for phosphorus for RNA, ATP production, and protein synthesis [46]. Previous
studies revealed that leaf nitrogen and phosphrous decreased with increasing latitude
and altitude [47,48].

Many plants possess leaf defense mechanisms that protect them against herbivores
and pathogens that may affect plant growth and productivity [49]. For example, phenolic
compounds (such as tannins) are generally considered to increase the resistance of trees
to herbivorous insects [50]. Biological interactions are thought to be higher at lower
latitudes [51]. As such, plant species at low latitudes are expected to display higher
degrees of defense (i.e., the low latitude high defense hypothesis, LLHD) [52,53]. Using
a meta-analysis approach, it was found that the chemical defense ability of plants at
high latitudes is significantly greater [54], which did not support the LLHD. In another
study, evergreen broad-leaved species had higher chemical defenses in low latitude areas
and deciduous broad-leaved species had higher physical defenses at low latitudes [4].
Plants at high altitudes have been shown to exhibit elevated concentrations of phenolic
compounds [55]. For example, in three species from the tribe Lactuceae (Asteraceae), it
was found that flavonoid and phenolic acid contents were positively correlated with
altitude [56]. Increased concentration of phenolic compounds in plant leaves at greater
elevations is likely a response to extreme abiotic conditions, such as higher irradiation,
wind exposure, and snow cover [57].

In the current study, we focus on three eucalypt species that have been widely used
in forestry in southern China, namely E. saligna Sm., E. grandis W.Hill, and E. robusta Sm.
(Figure 1; Supplementary Table S1). All three species are native to eastern Australia, where
E. saligna and E. grandis are distributed from the coast to elevations of around 800 m, and
E. robusta occurs predominantly in coastal areas, where it is usually found in swamps and
along estuaries [58,59]. Both E. saligna and E. grandis grow rapidly, with the former used
mainly in the paper industry throughout the world [60–62], and the latter widely used for
pulp and wood [63]. Oil extracted from the leaves of E. grandis is also used for cosmetics and
medicinal purposes [64]. Eucalyptus saligna was introduced to China in the 1970s [65], where
it was planted in Hunan, Guangdong, Guangxi, Fujian, Jiangxi, and Zhejiang provinces [66],
while E. grandis was mostly planted in Guangdong and Guangxi [64]. Eucalyptus robusta
is a fast-growing and highly productive timber species, that has been extensively planted
to produce high yield forests in southern China [67]. The species is utilized in the paper
making and biomass energy industries [68]. Leaves and bark of E. robusta are also used in
traditional medicine for the treatment of influenza, dysentery, malaria, and scalds [69].

The purpose of this study is to investigate the changes in leaf functional, chemical,
and defense traits of the three Eucalyptus species across latitudinal and altitudinal gradients
in southeastern China. Due to the high morphological variation observed in their native
range, and since they have been successfully introduced and naturalized in many countries
around the world, we expect leaf functional and chemical defense traits of the three focal
Eucalyptus species to significantly vary along latitudinal and altitudinal gradients and
across climates. Therefore, we test the following hypotheses: (1) leaf functional traits (e.g.,
size, thickness, and SLA) will decrease with the increase in latitude and elevation due to
lower temperatures and precipitation, and (2) leaf nitrogen and phosphorus concentrations
will reduce with increases in latitude and altitude, while phenolic compounds will be
higher at lower latitudes (associated with warmer and humid environments), as well as
at higher elevations (due to increased abiotic stressors). In addition, we asked what is the
relative influence (%) of altitude, latitude, temperature, and precipitation to changes in leaf
functional and plant defense traits in the introduced Eucalyptus species?
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Figure 1. The study species, including (a) Eucalyptus grandis, (b) E. saligna, and (c) E. robusta. Loca-
tions of tree stands of the three introduced species sampled for leaf functional and chemical defense 
traits in southern China are shown in (d). The full details of each sampling location are presented in 
Table 1. 

Table 1. Tree stands of the introduced Eucalyptus species sampled for leaf, chemical and plant de-
fense traits in southern China, showing location details (including latitude and longitude), local cli-
mate (mean annual temperature [MAT] and mean annual precipitation [MAP]), whether trees were 
planted or sprouted naturally (i.e., naturalized), and other notes about the sites. Locations where 
both naturalized and (+) planted trees were observed are also noted, as are soil type (obtained from 
https://www.resdc.cn, accessed on 20 April 2023) and other details. 

Species Location Latitude 
(N) 

Longitude 
(E) 

Altitude 
(m) 

MAT 
(℃) 

MAP 
(mm) 

Stand Details Soil Type and Other 
Details 

E. grandis Yueqing 28°21′43″ 121°8′39″ 14 17.27 1482 Naturalized Roadside. Clay loam. 
 Wenzhou 27°57′30″ 120°45′32″ 8 17.33 1516 Naturalized Hillside. Clay loam. 
 Hengyang 26°50′40″ 112°34′15″ 84 18.36 1432 Planted Roadside. Clay loam. 

 Chaling 26°45′41″ 113°31′41″ 132 18.50 1486 Planted 
Urban fringes. Clay 
loam. 

 Luoyuan 26°28′10″ 119°36′52″ 11 19.30 1514 Naturalized Hillside. Acidic clay. 

 Wan’an 26°10′7″ 114°44′9″ 294 17.76 1511 Naturalized Mountains. Acidic 
clay. 

 Putian 25°24′5″ 119°3′29″ 9 20.62 1199 Planted Roadside. Clay loam. 
 Guilin North 25°19′52″ 110°16′53″ 151 19.26 1785 Planted  Roadside. Clay loam. 

 Guilin South 25°9′34″ 110°24′1″ 141 19.30 1782 Naturalized 
Wasteland. Sandy 
loam. 

 Xiamen 24°29′32″ 118°0′16″ 20 20.99 1112 
Naturalized + 
Planted 

Hillside. Industrial 
area. Acidic clay. 

 Liuzhou 24°24′9″ 109°37′4″ 89 20.62 1650 Naturalized Roadside. Clay loam. 
 Hezhou 24°22′42″ 111°29′13″ 112 20.42 1561 Naturalized Fields. Acidic clay. 

Figure 1. The study species, including (a) Eucalyptus grandis, (b) E. saligna, and (c) E. robusta. Locations
of tree stands of the three introduced species sampled for leaf functional and chemical defense traits
in southern China are shown in (d). The full details of each sampling location are presented in Table 1.

Table 1. Tree stands of the introduced Eucalyptus species sampled for leaf, chemical and plant
defense traits in southern China, showing location details (including latitude and longitude), local
climate (mean annual temperature [MAT] and mean annual precipitation [MAP]), whether trees were
planted or sprouted naturally (i.e., naturalized), and other notes about the sites. Locations where
both naturalized and (+) planted trees were observed are also noted, as are soil type (obtained from
https://www.resdc.cn, accessed on 20 April 2023) and other details.

Species Location Latitude
(N)

Longitude
(E)

Altitude
(m)

MAT
(°C)

MAP
(mm) Stand Details Soil Type and Other Details

E. grandis Yueqing 28◦21′43′′ 121◦8′39′′ 14 17.27 1482 Naturalized Roadside. Clay loam.
Wenzhou 27◦57′30′′ 120◦45′32′′ 8 17.33 1516 Naturalized Hillside. Clay loam.
Hengyang 26◦50′40′′ 112◦34′15′′ 84 18.36 1432 Planted Roadside. Clay loam.
Chaling 26◦45′41′′ 113◦31′41′′ 132 18.50 1486 Planted Urban fringes. Clay loam.
Luoyuan 26◦28′10′′ 119◦36′52′′ 11 19.30 1514 Naturalized Hillside. Acidic clay.
Wan’an 26◦10′7′′ 114◦44′9′′ 294 17.76 1511 Naturalized Mountains. Acidic clay.
Putian 25◦24′5′′ 119◦3′29′′ 9 20.62 1199 Planted Roadside. Clay loam.
Guilin North 25◦19′52′′ 110◦16′53′′ 151 19.26 1785 Planted Roadside. Clay loam.
Guilin South 25◦9′34′′ 110◦24′1′′ 141 19.30 1782 Naturalized Wasteland. Sandy loam.
Xiamen 24◦29′32′′ 118◦0′16′′ 20 20.99 1112 Naturalized + Planted Hillside. Industrial area. Acidic clay.
Liuzhou 24◦24′9′′ 109◦37′4′′ 89 20.62 1650 Naturalized Roadside. Clay loam.
Hezhou 24◦22′42′′ 111◦29′13′′ 112 20.42 1561 Naturalized Fields. Acidic clay.
Du’an 23◦57′51′′ 108◦6′34′′ 146 21.23 1667 Naturalized Basin. Clay loam.
Baise 23◦53′7′′ 106◦36′57′′ 141 22.63 1360 Naturalized Hillside. Silt.
Dongyuan 23◦47′30′′ 114◦37′22′′ 121 21.23 1844 Planted Mountain. Acidic clay.
Qingyuan 23◦45′4′′ 113◦1′56′′ 33 21.33 1716 Planted Mountain. Acidic clay.
Guigang 23◦3′17′′ 109◦36′15′′ 49 21.90 1450 Naturalized Roadside. Clay loam.
Nanning 22◦54′39′′ 108◦5′54′′ 100 22.03 1506 Naturalized Hillside. Acidic clay.
Lufeng 22◦54′34′′ 115◦37′15′′ 6 22.42 1517 Naturalized Roadside. Silt.
Yangjiang 21◦52′5′′ 111◦55′40′′ 14 23.21 2243 Naturalized Riverside. Clay loam.
Hepu 21◦19′21′′ 109◦13′59′′ 35 22.50 1672 Naturalized Roadside. Acidic clay.
Zhanjiang 21◦18′22′′ 110◦19′19′′ 22 23.35 1758 Naturalized Open field. Acidic clay
Xuwen 20◦16′8′′ 110◦15′50′′ 9 23.99 1662 Planted Beside waterway. Silt.

https://www.resdc.cn
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Table 1. Cont.

Species Location Latitude
(N)

Longitude
(E)

Altitude
(m)

MAT
(°C)

MAP
(mm) Stand Details Soil Type and Other Details

E. saligna Wenzhou 27◦57′30′′ 120◦45′32′′ 8 17.33 1516 Naturalized Hillside. Acidic clay.
Xiangtan 27◦43′36′′ 112◦28′8′′ 79 17.91 1399 Naturalized + Planted Hillside. Clay loam.
Xinshao 27◦18′17′′ 111◦27′12′′ 232 17.41 1365 Naturalized Semi abandoned factory. Acidic clay.
Shouning 27◦15′35′′ 119◦33′38′′ 78 18.33 1618 Naturalized Mountain. Acidic clay.
Luoyuan 26◦28′10′′ 119◦36′52′′ 11 19.30 1514 Naturalized Hillside. Acidic clay.
Sanming 26◦25′28′′ 117◦45′45′′ 129 19.94 1514 Planted Roadside. Acidic clay.
Wan’an 26◦10′7′′ 114◦44′9′′ 293 17.76 1590 Naturalized Mountain and roadside. Acidic clay.
Chenzhou 25◦50′3′′ 113◦1′47′′ 151 18.44 1511 Naturalized Mountain. Acidic clay.
Ganzhou
West 25◦47′47′′ 114◦56′33′′ 128 19.38 1434 Naturalized Roadside. Clay loam.

Ganzhou East 25◦47′47′′ 114◦56′33′′ 128 19.31 1467 Planted Roadside. Clay loam.
Longyan 25◦2′47′′ 117◦2′17′′ 427 20.99 1458 Naturalized + Planted Hillside. Acidic clay.
Xiamen 24◦29′32′′ 118◦0′16′′ 20 19.94 1112 Naturalized + Planted Industrial area. Acidic clay.
Xuwen 20◦16′8′′ 110◦15′50′′ 9 23.99 1662 Planted Beside waterway. Silt.

E. robusta Yueqing 28◦21′43′′ 121◦8′39′′ 14 17.28 1482 Naturalized Roadside, fields. Clay loam.
Wenzhou 28◦9′41′′ 120◦41′53′′ 30 17.39 1461 Naturalized Mountain. Acidic clay.
Fuding 27◦13′58′′ 120◦16′50′′ 21 18.11 1528 Naturalized Near mountain stream. Acidic clay.
Guilin 25◦19′39′′ 110◦17′11′′ 157 19.30 1797 Naturalized + Planted Near waterway. Clay loam.
Hezhou 24◦26′39′′ 111◦30′31′′ 130 20.63 1565 Naturalized Roadside. Clay loam.
Du’an 23◦58′19′′ 108◦5′16′′ 151 21.27 1646 Naturalized Mountain area. Clay loam.
Baise 23◦52′40′′ 106◦35′50′′ 148 22.57 1363 Naturalized Mountain, urban fringes. Acidic clay.
Qingyuan 23◦45′4′′ 113◦1′56′′ 33 21.33 1716 Naturalized Mountain. Acidic clay.
Haifeng 22◦58′24′′ 115◦13′29′′ 12 21.96 1653 Naturalized Roadside. Clay loam.
Shenzhen 22◦35′38′′ 114◦9′55′′ 63 22.60 1998 Naturalized Mountain. Acidic clay.

2. Materials and Methods
2.1. Study Area and Sample Collection

Naturalized and planted stands of E. saligna, E. grandis, and E. robusta were selected
from across the range of each species in southern China (this included both forest and
urban areas) (Figure 1). In our study, we define ‘naturalized’ tree stands as those where
there was evidence of them being localized and reproducing regularly [70]. Initially, we
used the Chinese Virtual Herbarium (https://www.cvh.ac.cn, accessed on 20 June 2021) to
identify potential areas with reproducing trees. However, although general details were
given regarding the collections of herbarium specimens (e.g., at the city- or province-level),
often, precise locations were not available for tree stands of each species in the online
database. As such, we used Street View in Baidu Maps (https://map.baidu.com, accessed
on 3 July 2021 to 15 May 2022) to identify and locate potential populations of the species
in Zhejiang, Fujian, Jiangxi, Hunan, Guangxi, and Guangdong provinces. The sampling
latitude ranged from 20◦16′8′′ N to 28◦21′43′′ N, where we targeted tree stands in a range
of environments, including coastal areas, inland flats (on both sides of roads or rivers), and
high mountains and forests (Figure 1).

We sampled leaf material from 23 tree stands of E. grandis, 13 tree stands of E. saligna,
and 10 tree stands of E. robusta (Table 1). For larger tree stands, we collected leaves from
at least 6 randomly selected individuals at least 10 m apart, while for smaller populations
(i.e., 6 individuals or less), leaves were sampled from all individuals present. During our
sampling, we selected mature trees that were at least several years old. An extendable
pole pruner was used to cut mature leaves (without insect pests or other damage) from a
high branch in the middle of the crown of the tree facing the sun. In total, 14 leaves were
collected from each individual (4 leaves for leaf functional traits and 10 leaves for chemical
analysis) and immediately placed in plastic bags and stored in a cooler box to keep in
optimal condition. At each location, the latitude and longitude were recorded, and notes
were taken regarding whether the trees at each site were planted or naturally occurring
(Table 1). The location information was later used to determine the altitude of the sampling
point (using https://www.advancedconverter.com, accessed on 18 June 2022). A voucher
specimen of each individual sampled, including buds, flowers, and fruits where possible,
were taken to verify species identification. All samples were returned to Jiangsu University,
where they were placed into the refrigerator before processing.

https://www.cvh.ac.cn
https://map.baidu.com
https://www.advancedconverter.com
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2.2. Leaf Functional Trait Measurements

We measured six leaf functional traits from each tree sampled in the field (from 4 leaves
per individual). Leaf size can be a useful indicator of plant growth, and is strongly linked
to plant ecological strategies [71]. In our study, all leaf samples were scanned and blade
length, blade width (at the widest point), and leaf area were measured using Intelligent Leaf
Area Measurement software (Zhejiang Topp Yunnong Technology Co., Ltd., Hangzhou,
China). Leaf thickness was measured from fresh leaves within 12 h after collection. For
each leaf, we measured the thickness from four random points on the blade (avoiding the
veins) using a digital Vernier caliper (Ningbo Deli Tools Co., Ltd., Ningbo, China) [72]. The
petiole length of each leaf was measured using a digital Vernier caliper (Ningbo Deli Tools
Co., Ltd., Ningbo, China). The leaves were then oven-dried at 80 ◦C for 48 h to constant
mass, and their dry weights were determined with an analytical balance. For each leaf, we
calculated the SLA, since it is positively related to the relative growth rate [73,74] and is an
indicator of plant response to resource availability [75]. The SLA was calculated as the total
leaf area (in square millimeters) divided by the total dry mass of the leaf (in grams) using
the formula of Wright and Westoby [76].

2.3. Chemical Analysis and Plant Defense Traits

We measured leaf nitrogen and phosphorus for chemical analysis and the phenolic
compounds (i.e., tannins) for the metrics of the leaf defense traits. The leaves were oven-
dried at 65 ◦C for 48 h, and sent to Ruiyang Biology in Nanjing, China for analysis. Total
nitrogen (N) and total phosphorus (P) were determined using the Kjeldahl method and
ICP-AES/molybdenum antimony resistance colorimetry methods, respectively. Leaf N and
P concentrations are important indicators for the plant nutrition status [72]. Moreover, N
and P levels can be strongly correlated with leaf-herbivory because they are often limiting
with respect to herbivore nutritional requirements [77]. Phenolic compounds were chosen
for examining the plant defense because they are known to be herbivore feeding deterrents
in many plant taxa [7]. The phenolic compounds were measured from each leaf sample
using phosphomolybdic acid and phosphotungstic acid colorimetry methods [78].

2.4. Climatic Variables

Climatic conditions at each sampling location were characterized using a subset
of the bioclimatic variables downloaded from the WorldClim database (http://www.
worldclim.org/, accessed on 8 July 2022) [79]. Initially, we used a range of bioclimatic
variables (following the approach used by Moreira et al. [7]), including BIO1 (mean annual
temperature, MAT), BIO5 (max temp of the warmest month), BIO6 (min temp of the coldest
month), BIO12 (mean annual precipitation, MAP), BIO13 (precipitation of the wettest
month), BIO14 (precipitation of the driest month), and BIO15 (precipitation seasonality).
Upon producing simple linear regressions between each of the measured traits and the
climatic factors, we found MAT and MAP to be the most informative variables [8,80,81].
As such, MAT and MAP were used for all data analyses.

2.5. Data Analysis

We log transformed all of the trait data to ensure that they were more normally
distributed prior to the analyses [8]. Linear mixed-effects models were used to investigate
the separate and interactive effects of latitude, altitude, and climate variables (MAT and
MAP) on the leaf functional and plant defense traits of all species. In this analysis, altitude,
latitude, MAT, and MAP were fixed effects, while species was a random factor. Mixed-
effects models were performed using R version 4.2.2 (R Core Development Team). To
visualize the significant interaction effects in the mixed-effects models, contour plots were
generated using the R package visreg (visualization of regression models). To assess the
relative influence of the environmental variables on each trait, the proportion of variance for
each factor was calculated, and a variance ratio diagram was produced using the R package
ggplot. A one-way analysis of variance (ANOVA) in SPSS version 26 (IBM, Chicago, IL,

http://www.worldclim.org/
http://www.worldclim.org/
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USA) was used to examine the differences in leaf functional and plant defense traits of
each species across locations. Significant differences (at p < 0.05) between the pairwise
mean values were assessed using Tukey’s honest significant difference (HSD) test. Simple
linear regression plots were used to explore the relationship between all functional traits
and climatic variables, latitude, and altitude, and were generated using Origin (OriginLab,
Northampton, MA, USA)

3. Results
3.1. Changes in the Leaf Functional Traits across Latitudinal, Altitudinal, and Climatic Gradients

We found that latitude and climatic variables (MAT and MAP) had a significant effect
on the leaf length of all species when the data were pooled (p < 0.05, Table 2). Latitude and
altitude had a significant effect on leaf width, while SLA was significantly affected by altitude
and MAP (p < 0.05, Table 2). All environmental factors significantly impacted leaf area, while
leaf thickness was significantly affected by most factors apart from latitude (Table 2). Many
interactions between environmental factors were significant for leaf width and leaf area (e.g.,
latitude ×MAT, altitude ×MAT ×MAP, and altitude × latitude ×MAT ×MAP, p < 0.05,
Table 2). For leaf length, leaf thickness, and SLA, most interactions between environmental
factors were significant (except for altitude×MAT for all three traits and altitude× latitude
for SLA, Table 2).

Table 2. Significance levels shown for mixed-effects model testing for the effects of latitude (Lat),
altitude (Alt), mean annual temperature (MAT), and mean annual precipitation (MAP) on leaf
functional traits in all samples of Eucalyptus species introduced in southern China and all interactions.
Values highlighted in bold indicate a significance at p < 0.05.

Leaf Length Leaf Width Leaf Petiole Leaf Thickness Leaf Area SLA

t p t p t p t p t p t p

Alt −1.460 0.145 −3.081 0.002 2.375 0.018 −2.844 0.005 −3.332 <0.001 −3.173 0.002
Lat 2.695 0.007 1.967 0.050 −0.095 0.925 −0.494 0.621 2.458 0.014 −0.082 0.934
MAT 4.333 <0.001 0.331 0.741 1.737 0.083 −2.292 0.022 1.975 0.049 −1.087 0.278
MAP 6.996 <0.001 0.676 0.499 1.243 0.214 3.930 <0.001 4.265 <0.001 −2.358 0.019
Alt × Lat −2.393 0.017 2.239 0.025 −2.551 0.011 −3.581 <0.001 0.402 0.688 0.147 0.883
Alt ×MAT 0.242 0.809 1.635 0.102 −0.682 0.495 −1.405 0.160 1.747 0.081 −0.834 0.405
Lat ×MAT 2.337 0.020 2.477 0.014 3.735 <0.001 3.854 <0.001 3.051 0.002 −2.369 0.019
Alt ×MAP 2.162 0.031 −2.548 0.011 2.816 0.005 2.696 0.007 0.695 0.487 −4.255 <0.001
Lat ×MAP 4.091 <0.001 −0.030 0.976 −0.543 0.587 5.413 <0.001 2.383 0.017 −3.256 0.001
MAT ×MAP 2.013 0.045 −0.031 0.975 −0.135 0.893 2.610 0.009 0.956 0.339 −3.131 0.002
Alt × Lat ×MAT 5.442 <0.001 0.502 0.616 6.142 <0.001 6.395 <0.001 3.039 0.002 −3.742 <0.001
Alt × Lat ×MAP 4.628 <0.001 1.279 0.201 1.768 0.077 4.119 <0.001 3.964 <0.001 −2.401 0.017
Alt ×MAT ×MAP 8.024 <0.001 2.060 0.040 3.023 0.003 6.257 <0.001 6.488 <0.001 −2.590 0.010
Lat ×MAT ×MAP 4.907 <0.001 −1.677 0.094 6.485 <0.001 4.791 <0.001 1.315 0.189 −5.901 <0.001
Alt × Lat ×MAT ×MAP 13.225 <0.001 −2.750 0.006 10.488 <0.001 14.375 <0.001 5.892 <0.001 −8.341 <0.001

SLA = specific leaf area, t = test statistic, p = significance.

When the data for all species were pooled, we found that leaf width and leaf thickness
increased with higher latitudes (Figure 2; see Supplementary Figures S1–S3 for individual
species contour plots). In E. grandis, leaf width, leaf thickness, and SLA were significantly
positively correlated with latitude (R2 was 0.170, 0.306 and 0.106, respectively, p < 0.05,
Figure 3a, Supplementary Figure S4a). The leaf length, leaf width, leaf area, leaf thickness,
and petiole length of all species decreased with increases in altitude (Figure 2). For E.
grandis, there was a significant negative correlation between both leaf length and leaf area,
and altitude (R2 was 0.200 and 0.170, respectively, p < 0.05, Supplementary Figure S4b). In
E. robusta, there was a significant negative correlation between leaf width and elevation (R2

= 0.395, p = 0.03, Figure 3b). Differences for all leaf traits among locations were significant
in each species (p < 0.05, Figure 4a, Supplementary Figure S5). In E. grandis, the population
at the site with the highest elevation (Wan’an) had the smallest leaves with the highest
SLA (Figure 4a). By contrast, the population of E. grandis at the coastal city of Xiamen
had the largest and thickest leaves, with the more southern populations of Nanning and
Xuwen having significantly lower SLA than many other locations (Figure 4a). A similar
pattern was observed for E. saligna with the population at the highest altitude having the
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highest SLA, while the population at Xiamen had the largest leaf length, width, area, and
thickness (Figure 4a, Supplementary Figure S5). In E. robusta, the most southern population
at Shenzhen had the highest SLA and thinnest leaves (Figure 4a).
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on all leaf functional and chemical defense traits in all of the Eucalyptus study species. For the statistical
results, see Supplementary Table S2. Significance of the main effects (Alt and Lat) and the interactions
(Alt*Lat) are indicated as ns (i.e., non−significant, p ≥ 0.05), * (p < 0.05), ** (p < 0.01), *** (p < 0.001) in
the upper right corner of each plot. Abbreviations: SLA (specific leaf area), total P (total phosphorus),
and total N (total nitrogen).

We found that the leaf length of all Eucalyptus species increased with higher MAT,
while leaf width, leaf thickness, and petiole length reduced with increases in MAT (Figure 5,
see Supplementary Figures S6–S8 for the contour plots of each individual species). In
E. grandis, the leaf width and leaf thickness were significantly negatively correlated with
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MAT (R2 was 0.137 and 0.233, respectively, p < 0.05, Figure 6a). For E. robusta, there was
a significantly negative correlation between leaf thickness and MAT (R2 = 0.413, p = 0.03,
Figure 6a). The leaf length, leaf area, leaf thickness, and petiole length in all species
decreased with higher MAP (Figure 5). Specifically, in E. grandis there was a significant
negative correlation between both leaf thickness and leaf area, and MAP (R2 was 0.176 and
0.235, respectively, p < 0.05, Figure 6b, Supplementary Figure S9b).
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Supplementary Figure S4.
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Figure 4. Differences in (a) leaf functional and (b) plant defense traits across locations of introduced
Eucalyptus grandis, E. robusta, and E. saligna in southern China. Significant differences (p < 0.05,
Tukey’s HSD post-hoc comparison) among sites are denoted by different letters above the bars.
Abbreviations: SLA (specific leaf area), total P (total phosphorus), and total N (total nitrogen).
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Figure 5. Contour plots illustrating the effects of mean annual temperature (MAT) and mean annual
precipitation (MAP), and their interactions on all leaf functional and chemical defense traits in all
of the Eucalyptus study species. For the statistical results, see Supplementary Table S3. Significance
of the main effects (MAT and MAP) and the interactions (MAT*MAP) are indicated as ns (i.e., non-
significant, p ≥ 0.05), * (p < 0.05), ** (p < 0.01), *** (p < 0.001) in the upper right corner of each plot.
Abbreviations: SLA (specific leaf area), total P (total phosphorus), and total N (total nitrogen).

3.2. Variation in Plant Defense Traits along Altitudinal, Latitudinal, and Climatic Gradients

We found that changes in altitude had a significant effect on both total N and total
P, while total P was also significantly affected by MAP (p < 0.05, Table 3). All plant
defense traits were significantly affected by interactions between environmental factors. For
example, total N and phenolic compounds were significantly impacted by the interactions
between latitude, MAT, and MAP, as well as between altitude, latitude, MAT, and MAP
(p < 0.05, Table 3). Total P and phenolic compounds were both significantly affected by the
interaction between altitude, latitude, and MAT (p < 0.05, Table 3).
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Figure 6. Relationship between the key functional traits of introduced Eucalyptus grandis, E. saligna,
and E. robusta and (a) mean annual temperature (MAT) and (b) mean annual precipitation (MAP)
in southern China. Traits shown are leaf width, leaf thickness, and specific leaf area (SLA). The
black dots represent the mean ± standard error (SE). Patterns of other leaf functional traits across
latitudinal and altitudinal gradients for each species are presented in Supplementary Figure S9.
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Table 3. Significance levels shown for the mixed-effects model testing for the effects of latitude (Lat),
altitude (Alt), mean annual temperature (MAT), and mean annual precipitation (MAP) on plant
defense traits in all samples of Eucalyptus species introduced in southern China and all interactions.
Values highlighted in bold indicate significance at p < 0.05.

Total N Total P Phenolic
Compounds

t p t p t p

Alt −1.985 0.049 −2.090 0.038 −0.417 0.677
Lat 1.358 0.176 1.629 0.105 −0.710 0.479
MAT 0.690 0.491 1.635 0.104 −1.639 0.103
MAP −0.997 0.320 −2.131 0.034 −0.019 0.985
Alt × Lat 1.028 0.305 1.035 0.302 2.408 0.017
Alt ×MAT 0.662 0.509 −0.410 0.682 2.411 0.017
Lat ×MAT −2.632 0.009 −1.738 0.084 −2.277 0.024
Alt ×MAP 0.286 0.775 0.768 0.443 −3.164 0.003
Lat ×MAP 1.958 0.052 2.580 0.011 0.129 0.897
MAT ×MAP 1.151 0.251 2.385 0.018 −1.178 0.310
Alt × Lat ×MAT −2.372 0.019 −2.011 0.046 −2.678 0.008
Alt × Lat ×MAP 1.364 0.174 0.768 0.444 0.813 0.417
Alt ×MAT ×MAP 1.415 0.159 −0.398 0.691 0.743 0.458
Lat ×MAT ×MAP −3.172 0.002 −0.634 0.527 −3.592 <0.001
Alt × Lat ×MAT ×MAP −2.432 0.016 −1.572 0.117 −4.700 <0.001

Total N = total nitrogen, Total P = total phosphorus, t = test statistic, p = significance.

Total N and total P of all species decreased with both higher latitudes and increases
in altitude (Figure 2). In contrast, levels of phenolic compounds increased with higher
elevations (Figure 2). For E. grandis, there was a negative correlation between total P and
latitude (R2 = 0.487, p < 0.001), and a positive correlation between phenolic compounds
and altitude (R2 = 0.310, p = 0.002, Supplementary Figure S10). In E. robusta and E. saligna,
there was a negative correlation between total N and altitude (R2 was 0.460 and 0.341,
respectively, p < 0.05), and for the former species, there was also a negative correlation
between total P and altitude (R2 = 0.659, p = 0.003, Supplementary Figure S10b). Differences
in all leaf chemical defense traits among locations in E. grandis were significant (p < 0.05,
Figure 4). In E. grandis, the coastal population at Xiamen had the highest total leaf N
and P, and lowest concentration of phenolic compounds (Figure 4). Total leaf N and P
were significantly different among locations in E. saligna (Figure 4). In this species, total P
was significantly lower at the highest altitude site of Longyan (Figure 4). There were no
significant differences among locations in any of the measured chemical defense traits in
E. robusta (Figure 4).

For all species, total P decreased with increased MAT, and reduced with higher MAP,
while phenolic compounds increased with increases in MAP (Figure 5). In E. grandis, there
was a positive correlation between total P and MAT and between phenolic compounds and
MAP (R2 was 0.477 and 0.426, respectively, p < 0.001); while total N negatively correlated
with MAP (R2 = 0.293, p = 0.005, Supplementary Figure S11). In E. saligna, total N and
phenolic compounds were positively correlated with MAP (R2 was 0.384 and 0.349, p < 0.05,
Supplementary Figure S11b).

3.3. Relative Influence of the Environmental Factors on Leaf Functional and Plant Defense Traits

In our analyses of the relative influence of environmental factors on leaf functional
and plant defense traits in all species (Figure 7), we found that many traits were highly
affected by latitude. Of all of the environmental factors, leaf width, leaf area, total P, and
total N were mostly affected by latitude (54.5%, 34.3%, 34.3%, and 43.6%, respectively,
Figure 7). MAT also highly affected the total P content in the study species (31.9%), while
leaf area was highly influenced by both MAT and MAP (25.5% and 24.1%, respectively,
Figure 7). Leaf length, leaf thickness, petiole length, SLA, and phenolic compounds were
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mainly affected by MAT (39.9%, 40.8%, 52.9% 35.0%, and 64.5%, respectively), with SLA
also being highly influenced by MAP (30.6%, Figure 7).
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Figure 7. Effects of altitude (Alt), latitude (Lat), mean annual temperature (MAT), and mean annual
precipitation MAP) on each leaf functional and chemical defense trait, including leaf area (LA), leaf
length (LL), leaf width (LW), leaf petiole length (LP), leaf thickness (LT), total nitrogen (N), total
phosphorus (P), phenolic compounds (PC), and specific leaf area (SLA).

4. Discussion

Population-level variation in leaf functional and plant chemical defenses across en-
vironmental gradients can provide vital information regarding resource acquisition and
utilization, competitiveness, and invasiveness of plant species [82,83]. Yet, few studies have
examined the in-situ trait variations in invasive trees across latitudinal, altitudinal, and
climatic gradients [84,85]. To our knowledge, the present study is the first to investigate
the leaf functional and plant defense trait variations in populations of multiple Eucalyp-
tus species that are widely used in forestry, within the introduced range in China. The
findings from this study highlight how closely related and co-occurring tree species can
differ markedly in their resource use strategy in the introduced range, which has important
implications for their potential invasiveness.

4.1. Variation in the Leaf Functional Traits of Introduced Eucalyptus Species across Clines

Overall, our results revealed that the leaf width and leaf thickness of all species
combined increased with increases in latitude, with E. grandis displaying a greater leaf
width, leaf thickness, and SLA at higher latitudes (Figures 2 and 3). In contrast, most
leaf functional traits of all species decreased with higher elevation (Figure 2). As such,
our first hypothesis that leaf functional traits would reduce with increases in latitude
and altitude due to lower temperatures and precipitation was only partially supported.
With higher latitudes in China, temperature and precipitation decrease and hydrothermal
conditions deteriorate [86]. Consequently, greater leaf size in such environments would
maximize photosynthetic rates to enhance plant growth [87,88]. Moreover, smaller and
narrower leaves that enable plants to maintain their physiological equilibrium via rapid
heat dissipation across a smaller area may be advantageous in lower latitudes with higher
temperatures [42]. Our finding of thinner leaves in Eucalyptus populations at lower latitudes
with higher temperatures (i.e., in the south of China) is consistent with patterns observed
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in Eriophorum vaginatum and Cassiope tetragona, where the southern populations in Alaska
also had thinner leaves [89]. As the case with smaller leaves, thinner leaves can maintain
optimal temperature under warmer conditions, since they facilitate rapid heat transfer
across the thin boundary layer [41,86]. Our result of SLA in E. grandis decreasing at lower
latitudes is consistent with some previous studies [11,88,90]. Lower SLA is associated with
nutrient retention and the prevention of desiccation in plants, that could be a useful strategy
in hotter environments [87].

The results from the current study are consistent with many previous studies demon-
strating leaf size as negatively correlated with altitude [44,91]. With increasing altitude,
temperature decreases, restricting leaf size in plants [92]. Smaller leaves reduce water loss,
thereby improving the plant response to exposure and dryness at high altitudes [41,91,93].
Lower temperatures and precipitation, as well as weaker light intensities, may inhibit
plant growth, and therefore more resources need to be allocated to foliage construction,
reducing SLA [94].

4.2. Leaf Chemical and Defense Traits across Clines

Consistent with our second hypothesis, we found that leaf N and P concentrations of
Eucalyptus species reduced with increases in latitude and altitude (Figure 2). Previous stud-
ies have demonstrated that temperature, water availability, and light can strongly influence
N and P concentrations in leaves of many plant species. Of these environmental factors,
temperature has been shown to be a major factor influencing leaf chemistry across latitude
and altitude [95]. For example, in a study of 1280 plant species, Reich and Oleksyn [96]
found that overall leaf N and P declined with increases in MAT towards the equator, which
is consistent with our research results (Figure 5). Other studies, have shown declines
in leaf N and P associated with lower temperatures at higher elevations in Metrosideros
and evergreen woody plants [47,95,97–99]. Changes in precipitation across latitude and
altitude have also been shown to be related to concentrations of leaf phosphorus in many
species [100]. Low precipitation limits soil weathering, organic matter production, and
mineralization, resulting in the slow release of soil phosphorus; therefore, reducing the
phosphorus content of plant leaves [101].

Concentration of phenolics in plant leaves are strongly affected by climate and season,
with tannin production influenced by photoperiod, soil pH, and water availability [102–104].
We found that the phenolic compounds of all Eucalyptus species increased with elevation
(Figure 2), which was consistent with our second hypothesis, and agreed with the results
of Monschein et al. [105], which revealed that the harsher environmental and climatic
conditions at higher altitudes were associated with an increase in flavonols in the tissues of
Epilobium angustifolium. Other studies have reported that phenolic compounds are higher
in warm and humid environments. For instance in oak trees, it was found that leaves con-
tained higher water content and higher concentration of tannins in warmer climates [106].
In our study, there was not a clear relationship between phenolic compounds and latitude or
MAT (Supplementary Figures S10 and S11), although we did find that phenolics increased
with MAP in both E. saligna and E. grandis (Supplementary Figure S11b), highlighting
how changes in precipitation may influence plant defense in these species. In evergreen
broadleaved trees, it was found that while the tannin content decreased with latitude, leaf
thickness in these species increased (which was thought to be a substitute for phenolics as
a physical defense mechanism) [4]. We also found that leaf thickness of these Eucalyptus
species increased with latitude, indicating a similar mechanism operating in these species
in the introduced range in southern China.

4.3. Contribution of Environmental Factors to the Potential Spread of Introduced
Eucalyptus Species

Understanding the environmental factors that limit the range of species is vital for
exploring the potential of introduced plants to invade new areas, and predict their response
to global changes [107]. Both leaf functional and plant defense traits of invasive plants
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may change in the introduced range, and over time adapt to the new environmental
conditions [108]. In addition, many invasive species are thought to be more responsive to
changes in the environment than native species, and display a high degree of phenotypic
plasticity, thereby facilitating their expansion into new areas [14]. While previous studies
have demonstrated the role of phenotypic plasticity or local adaptation in the success of
alien species in the introduced range [109,110], the relative importance of each strategy to
different invaders has not been fully appreciated.

In our study, E. grandis and E. saligna populations at environmental range limits at the
highest elevations displayed higher maximum photosynthetic capture rates (i.e., smaller
leaves with higher SLA) and higher phenolic compounds (Figure 4). In more coastal
populations of E. grandis (e.g., Xiamen), which were exposed to higher precipitation and
more benign temperatures, leaves were larger with higher total P and N and lower phenolic
compounds (Figure 4). In E. robusta, the populations at the northern range limit, which are
exposed to colder winter temperatures, had a more conservative resource allocation strategy
(with lower SLA), which was in contrast to E. grandis, where the southern populations
in warmer and more humid environments tended to have lower SLA (Figure 4). The
higher SLA at the most northern limits of the range of E. grandis may be indicative of these
populations expanding their ranges into the north [111]. Our variance partitioning analysis
revealed that temperature was an important factor influencing leaf size, total P, SLA, and
phenolic compounds (i.e., MAT, Figure 7). During our surveys, we could not find any
populations of any of the study species north of Taizhou (Zhejiang Province) and Changsha
(Hunan Province). Areas to the north of these cities experience colder winters (e.g., the
lowest temperatures in Changsha and Taizhou in the last decade were −6 ◦C and −17 ◦C,
respectively), indicating that temperature may be a limiting factor for these species.

The trait variation we observed along clines could be due to plasticity and/or local
adaptation in the introduced range. Given that these are long-lived trees, much of the
variation observed is likely due to phenotypic plasticity. Many previous studies support
the notion that plasticity, rather than adaptive ecotypes, is a driver of invasiveness in many
invaders (e.g., Alternanthera philoxeroides [112]). Invasive species that reproduce clonally
and have undergone fewer introduction events are thought to employ phenotypic plasticity
as a primary strategy for exploiting new habitats (e.g., due to lower genetic variation) [113].
In contrast, multiple introductions and outcrossing (including hybridization with other
closely related species) is associated with invaders that possess higher genetic variation
that can enable them to adapt to many different habitats [114,115]. Many Eucalyptus species
display outcrossing and have a high propensity to hybridize in the native range [116–118].
In China, there have been multiple introductions of the three study species over the last
130 years, as well as closely related species they could hybridize with [119]. Previously,
it was found that phenotypic plasticity in combination with local adaptation led to the
success of invasive Prunella vulgaris [120]. As such, adaptive processes cannot be excluded
as a mechanism for some of the trait variations observed in the current study. The high
degree of trait variation observed here has implications for the effects of climate change
on the spread of these introduced Eucalyptus species in China. For instance, invaders
with high phenotypic plasticity are likely to be able to spread further towards the poles
under climate warming [121]. Future studies involving genetic studies on adaptation to
environmental variables and the response of seedlings to varying resource availability (Liu
et al., unpublished data) will likely shed light on how introduced tree species may change
upon settling in a new range.

5. Conclusions

Intraspecific differences in leaf functional traits along environmental gradients re-
vealed that the three introduced Eucalyptus species from this study can exploit a wide range
of habitats through changes in leaf functional, chemical, and plant defense traits. We found
that many functional traits decreased at low latitudes, probably to minimize heat and water
loss in hotter environments. Furthermore, many traits and leaf N and P decreased at higher
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elevations, while phenolic compounds increased, indicating that plants employed a more
conservative growth strategy and possessed higher chemical defenses to cope with harsher
environmental conditions. Whether the trait variation observed here is due to phenotypic
plasticity or genetic adaptation is a promising avenue for future studies. In summary, our
study provides an understanding of in-situ population variation in the growth and defense
traits of three Eucalyptus species widely used in forestry within the introduced range in
southern China, which has implications for the spread of these species, particularly under
climate warming.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f14050936/s1, Table S1: Morphological characteristics of the
three study species; Table S2: Mixed-effects model of the effects of species, latitude, altitude, and
interactions on all traits of all species; Table S3: Mixed-effects model showing the effects of species,
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