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Abstract: Light and nitrogen availability are among the most important environmental factors
influencing leaf and root morphological traits and forest ecosystems. Understanding the variation
in leaf and root traits is pivotal to the adaptive plasticity and leaf-root-specific traits in response to
low light and N availability. The effects of light and N availability on leaf and root traits and their
interrelations are still not clear. We aimed to measure the response of leaf and root traits and their
interrelations to light and N availability in a temperate region. Thus, a factorial experiment was
conducted with two angiosperm tree species under two light (L+, L−) and two nitrogen (N−, N+)
levels. Results showed that the leaf density (LD) and leaf mass per area (LMA) increased, while
leaf thickness (LT) decreased under low light availability. Under N availability, the LD and LMA
decreased, while LT increased in sun-exposed plots and remained stable under low light availability
across two species. The root diameter, root length, specific root length (SRL), and specific root area
(SRA) decreased, while the root tissue density (TD) increased under low light availability. Root
diameter, root length, SRA, and SRL increased, while the TD decreased under N+ in L+ plots and
remained stable under L− plots. LMA and LT were significantly positively correlated to root length
and SRL while significantly negatively correlated to TD. However, LD was significantly positively
correlated to TD. We observed that low light availability has significantly decreased the plant biomass
and root mass fraction (RMF) and increased the leaf mass fraction (LMF), while the stem mass fraction
(SMF) remained stable—indicating the shade in-tolerances in both species. Correlation analyses
revealed that LMF is generally, and particularly under L− conditions, less related to leaf and root
morphological traits, while RMF was frequently positively correlated to both leave and root traits
under all environmental conditions. This illustrates a divergent regulation of morphological traits
above and below ground under varying biomass allocation patterns.

Keywords: leaf-specific traits; leaf morphology; root morphology; leaf mass per area; leaf density;
specific root length; specific root area; root tissue density

1. Introduction

Light is a highly heterogeneous environmental factor influencing plant growth and
survival and competitive interactions within plant communities [1,2]. Acquisition and
efficient use of active photosynthetic radiation (light) are among the most significant
factors influencing seedling survival and development in understorey forest layers [3].
The seedling stage of trees is particularly critical because survival and performance at
this phase will coin the future forest ecosystems. Shade tolerance is, thus, a major trait
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for seedling growth, development, and survival under low light availability and key for
influencing the forest composition, dynamics, and structure [4,5]. For example, it not only
determines the species’ life-history strategies but in some species also the position along
with the growth survival trade-off [6,7]. Low light availability in the understorey of natural
communities primarily results from overlying plant canopies and the potential occurrence
of differently sized gaps; the dynamics and composition of understorey plant communities
in forests are thus, to a large extent, the result of a contrasting light availability [2,8,9].

Several highly variable traits are known to drive plant performance or be affected by
different light regimes [10]—plastic reactions displaying a continuum of saplings perfor-
mance strategies [11]. For example, it was found that the growth of seedlings is significantly
related to the leaf area for 40% of the evaluated tropical rain forest tree species [10]. Two
other traits that are frequently linked to shade tolerance are a higher leaf area for light
capturing per unit of mass (i.e., specific leaf area; SLA), the inverse of leaf mass per area
(LMA), and a low root:shoot ratio [12,13]. Bright light during leaf development decreases
LMA within a single plant or when leaves from the same species are compared among
habitats [14]. In larger forest gaps, greater light availability enables tree seedlings to change
their leaf form and function but also an allocation to leaves, stems, or roots—largely af-
fecting the biomass allocation pattern [14,15]. For example, Sanford et al. [16] reported
that species growing in larger forest gaps (with a greater light availability) hold greater
leaf to above-ground biomass ratios. Similarly, the ratios of leaf area to wood biomass of
four species of small trees and shrubs growing in forest understorey doubled relatively to
open-grown ones; the increase was negatively related to the species’ increased growth-per-
unit leaf area under full light [17]. Interestingly, recent studies of Poorter [18] and Paz [19]
reported that under reduced light conditions, some tree species, including seedlings of
shade-tolerant trees, had the least SLA and greater root:shoot ratios relative to those of
shade-intolerant species. Contrasting findings might be related to the fact that light inten-
sity is not the only factor varied by different canopy cover or gap sizes [14]; subsequently,
interrelated effects of changes in light, temperature, and water and nutrient availability to
both vegetation components and microbial communities are determined.

For example, previous studies evidenced that pronounced gaps impact the soil tem-
perature and moisture on the forest floor of gap centers [20,21], significantly enhancing
the nutrient release (i.e., N, P, and K) and mass loss from litter decomposition during the
vegetation period [14,22]. Similarly, N availability in larger gaps in temperate ecosystems is
often increased due to modified snow cover, soil freezing, and thawing events—regulating
litter decomposition and facilitating nutrient release during the winter [21,23,24]. Fur-
thermore, soil N availability in gaps may increase by a reduced uptake by a less dense
plant cover [14]—further facilitated by ever-increasing dry and wet N deposition rates in
some regions of the world, including northeast China [22]. The responses of species to
the variable nutrient supply have been extensively studied [25]. Nitrogen availability, for
example, is affecting plant biomass allocations; increased N availability often decreases
the root mass fraction or increases the leaf mass fraction [14]. In nutrient-poor soils, tree
species generally show traits associated with a more resource-efficient investment in an
extensive root system, such as low turnover rates, large diameter, high tissue density, and
low nutrient concentrations prolonging the resource retention in roots and leading to a
low relative growth rate [24]. In contrast, a fast resource acquisition strategy is generally
adopted in high resource environments, with fast-growing species featuring root traits
linked to rapid soil exploration and uptake of resources such as thin roots with a large
surface area and low tissue density [23,24]. Recently, however, gap sizes were reported
to affect the chemistry (in particular increasing N and reducing lignin concentrations)
rather than the biomass and morphology of the gap-facing fine roots of Fagus orientalis
Lipsky [22]. Above ground, increased N availability often significantly decreases LMA and
leaf density (LD) while the leaf thickness (LT) increases [26]. Besides effects on nutrient
availability, light availability may also have an indirect impact on fine-roots via modified
evapotranspiration rates under different microclimatic conditions [4,25].
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Subsequently, the degree of plasticity of leaf and fine-root morphology may vary
greatly between larger and smaller forest gaps. While the effects of the variable light avail-
abilities have been frequently examined above and below ground [11,27], the interrelations
between light and other resource (e.g., N) availabilities in the gaps make it challenging
to forecast which traits will respond to which resource [14,28]. In accordance with the
whole plant economic spectrum hypothesis, leaf and root traits develop in coordination.
For instance, Craine and Lee [29] reported that leaf N concentration and leaf tissue density
were closely related to root morphology. Similarly, Wahl and Ryser [30] reported that the
acquisitive strategy was directly linked to mutually low LMA, leaf, and root tissue densities
among grass species. In contrast, Comas et al. [31] found that the tree species’ acquisitive
strategy was linked to smaller root diameters and higher specific root lengths but not to
root tissue density. The given examples suggested that the drivers of leaf and root morpho-
logical trait variations might differ. The partially reported decoupling of leaf and root traits
might be due to differences in the plant growth form, affecting traits’ interrelation [32,33].
Kong et al. [34] and Reich [35] suggested that phylogeny played a vital part in the root trait
variation, while environmental factors might coin changes in leaf traits [36]. Thus, leaf and
root trait variations might be decoupled due to variations in above- and below-ground
environments [37,38]. While the prevailing uncertainties made it key to determine the
correlation of leaf and root traits for specific species and environmental conditions [38],
these data are currently lacking tree species of northeastern China and the greater region.

The goal of this study was thus to investigate the plasticity of biomass and morpholog-
ical traits of seedlings of two key angiosperm tree species of northeastern China in response
to light and nitrogen availabilities as prevailing in differently sized forest gaps. In particu-
lar, this study used a common garden experiment to vary light and nitrogen independently
to obtain insights into genetically based leaf and root trait differences and trait interrela-
tions. Our specific aims were to elucidate if forest gaps of different sizes (i.e., differing in
light availability and concurrent changes in N availability) significantly affected (1) the
establishment of seedlings (i.e., leaf and root morphological traits and allocation patterns)
and (2) the interrelationships between and within leaf and root morphological traits.

2. Materials and Methods
2.1. Research Site

This study was conducted at a plant nursery in Jiansanjiang, Heilongjiang province,
China (47◦15′21′ ′ N, 132◦37′35′ ′ E, 56 m above sea level). The experimental site belongs
to the temperate region with a monsoon climate. The mean annual temperature (monthly
values ranging from −20.4 ◦C in January to 21.6 ◦C July) is 2.5 ◦C, and the precipitation
is 566 mm a−1, with ~50% precipitation occurring from July to August. The growing
season is very short (~110–135 days). Soil type is chernozemic, with a pH (H2O) of 5.5–6.1,
total N content of 0.83–1.11 g kg−1, and NO3-N is 17.6–27.3 mg kg−1 (post-experimental)
and a highwater holding capacity. See Supplementary Table S1 for details of the soil
chemical characteristics.

2.2. Experimental Design

Fraxinus mandshurica Rupr. (Manchurian ash; Fra) and Tilia amurensis Rupr. (Amur
lime; Til) are the major species of temperate forests in northeast China [39]. These species
feature a similar taxonomy, leaf habit, and ecology, as both species are deciduous and
broad-leaf angiosperms. Seeds of a local genotype (per species) were purchased from
the Baolongdian Forest Farm, Wuchang City, Heilongjiang Province. The seeds were
germinated on plots of 1 m2 in May 2018; species were planted on 12 plots each. One
month after germination, all plots were thinned to 50 seedlings per plot, and two levels of
light-exposure (L) and two levels of nitrogen fertilization (N) were applied in a full factorial
design. The differently treated plots were systematically distributed across the field site to
reduce potential confounding effects of small-scale heterogeneity in soil properties. The two
light levels were set as full light (100%; L+) and 20% light (L−)—using a knitted 80% cloth
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(Green-Tek®; BFG Supply, Burton, OH, USA) for shading. The shading effect was verified
using an AccuPAR LP-80 ceptometer (Decagon, Pullman, WA, USA). We acknowledge
that the shading nets exposed the plants to a relatively uniform irradiance, while natural
forest gaps possess a large diurnal variation in both light quality and irradiance [40]. The
two N fertilization levels were set as 0 g N m−2yr−1 (N−) and 10 g N m−2 yr−1 additional
N (N+). Ammonium nitrate (NH4NO3) was applied, dissolved in irrigation water, in
two split doses on the soil surface—50% in June and 50% in July [26]. The fertilization
level of N+ plots was set to correspond to the N deposition levels measured in the region,
i.e., ~28–100 kg N ha−1 yr−1 [41]; thus, the N+ treatment corresponded to 200%–400% of
regular N input. Soil analyses at the end of the experimental phase indicated that the N+
plots held significantly greater amounts of NO3 (Table 1; Supplementary Table S1). This
indicated that the fertilization induced an elevated plant NO3 availability on N+ plots,
despite a potential pre-experimental soil heterogeneity within the research site (data not
available) and a potentially modified microbial community affecting soil nutrient cycle.
See, e.g., Gorfer et al. [42] for small-scale soil heterogeneity effects on temperate forest soil
microbial communities. Thus, four treatments were realized on three plots each: L+N−
(full light, no additional N, Control), L+N+ (full light, additional N, ∼= large gap), L−N−
(shade/low light, no additional N, ∼= understorey), and L-N+ (shade/low light, additional
N; ∼= small gap).

Table 1. ANOVA results of tree species (sp.; Fraxinus mandshurica, Tilia amurensis), light availability (L; sun-exposed, shade),
nitrogen level (N; no additional N; 10 g N m−2 yr−1), and their significant interaction effects on soil properties, and leaf and
root biomass (allocation) traits of one-season-old seedlings of Fraxinus mandshurica and Tilia amurensis in northeast China.
Abbreviations: TN—total nitrogen; NO3—nitrate; pH—soil pH; PB—plant biomass; RB—root biomass; LB—leaf biomass;
RMF—root mass fraction; LMF—leaf mass fraction; SMF—stem mass fraction.

Source of
Variation df TN NO3 pH PB RB LB RMF LMF SMF

Species (Sp) 1 <0.001 0.045 <0.001 0.003 0.871 0.001 <0.001 0.265 <0.001
Light (L) 1 0.017 0.003 0.957 <0.001 0.081 <0.001 0.001 <0.001 <0.001

Nitrogen (N) 1 0.349 0.019 0.020 0.036 0.523 <0.001 0.201 0.015 0.620
Sp × L 1 0.661 0.969 0.291 0.456 0.842 0.953 0.759 <0.001 0.152
L × N 1 0.908 0.649 0.905 0.048 0.496 <0.001 0.285 0.032 0.604

p-values in bold indicate significant effects. Non-significant interaction effects are not displayed.

2.3. Seedling Biomass above and below Ground

To calculate the biomass allocation, ten seedlings of each species per plot were ran-
domly selected (excluding trees at plot edges) and excavated during the last week of
September 2018. Seedlings were carefully rinsed and individually separated into three
fractions: leaves (with petioles), stems, and roots. All the samples were oven-dried at 60 ◦C
(>72 h) and weighed (±0.0001 g). A hand shovel was used to excavate the root systems up
to a maximum soil depth of 50 cm, carefully sampling all the roots. Total plant biomass
(PB), leaf biomass (LB), root biomass (RB), leaf (LMF), stem (SMF), and root mass fractions
(RMF) were calculated as (relative) dry mass per individual [43].

2.4. Leaf Morphology

The leaf samples for morphological traits were collected on the same day before
harvesting from randomly selected seedlings situated at the center of each plot (n = 12)
in late September 2018. Five fully mature leaves per individual were harvested for both
species at the sun-exposed canopy, put in plastic bags, transported to the lab, and stored
cold (2 ◦C). In the lab, all the samples were imaged and scanned (grey-scale, 600 dpi;
Epson-Expression 10,000XL, Epson, Japan). The average leaf area (LA; cm2) was calculated,
measured as the total leaf area, using the software Motic Image Advanced v.3.2 (Motic
Corp., Zhejiang, China), divided by the number of leaves per seedling. Leaf thickness
(LT; cm) was measured using multiple 8-µm-thick cross-sections and the same software.
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The leaf volume (LV; cm3) was derived by immersing fresh leaves in a beaker with water,
placed on a balance—using Archimedes’ principle [44]. Next, all samples were oven-dried
at 65 ◦C (>48 h) and weighed (±0.0001 g) separately to measure the dry mass (g). The
leaf mass per area (LMA; g cm−2) was determined by dividing each leaf’s dry mass by its
leaf area [45]; leaf density (LD) was determined by dividing dry mass by LV (LDDM/LV;
g cm−3) [46].

2.5. Root Morphology

Immediately after the biomass harvest, roots for morphological analyses were carefully
collected from five 10 cm × 10 cm wide, 50 cm deep (0–50 cm) soil monoliths per plot [47].
The root samples were thoroughly shaken to remove soil particles, rinsed with tap water,
and placed in plastic bags (4 ◦C). In the laboratory, root samples were soaked in water and
carefully cleaned with brushes; dead roots were discarded. Subsequently, 10–15 intact fine
root (diameter ≤ 2 mm) samples per plant were imaged separately (grey-scale, 600 dpi;
Epson-Expression 10,000XL with transparency unit, Epson, Japan). Root morphological
parameters, including the mean diameter (RD; µm), total surface area, volume, and root
length (RL; cm plant−1), were determined per species and treatment (WinRhizo 2004 b,
Regent Instruments Inc., Québec, Canada). Subsequently, root samples were dried (65 ◦C,
72 h) and weighed (±0.0001 g). The specific root length (m g−1; SRL), specific root area
(m2 g−1; SRA), and tissue density (g cm−3; TD) were calculated by dividing the root length,
area, or 1/volume, respectively, by the respective dry mass.

2.6. Soil Sampling and Chemical Analysis

At the time of harvest, soil samples were randomly taken from 0–50 cm soil depth per
species and per treatment. All the soil samples were placed in plastic bags and transported
(cooled) to the laboratory for chemical analysis. In the lab, soil samples were passed
through a 2-mm sieve, and all fine root segments were removed by hand. Soil nitrate (NO3)
concentrations were determined with a continuous flow injection autoanalyzer (AA 3 HR,
Seal Analytical Darmstadt, Germany). Total nitrogen (TN) concentrations were determined
using an elemental analyzer (Vario Macro, Elementar Co., Germany), and the soil pH (H2O)
was measured with a pH meter (MT-5000, Shanghai, China). See Supplementary Table S1
for details on the soil characteristics.

2.7. Statistics

All statistical analyses were performed in the program R v. 3.6.1 [48]. Normality
was checked with the Shapiro–Wilk and Durbin–Watson tests. Subsequently, a three-way
ANOVA was applied to study the effects of species, light levels, N fertilization levels, and
their interaction on biomass and morphological traits above and below ground; ANOVAs
were subsequently repeated, omitting non-significant interaction effects. A post-hoc Tukey
HSD test was used to test for differences between treatments within species. Redundancy
analysis (RDA), a form of asymmetric canonical analysis with a multivariate regression
prior to a principal component analysis [49,50] widely used by ecologists, was applied
to relate the variations in the biomass allocation, leaf and root traits to the determined
environmental factors. RDA analysis was performed with the vegan package in R [51].
Pearson’s correlation coefficients were calculated to explore the interrelationships between
and within the leaf and root traits and above-ground biomass separately, between N− and
N+ under full light (L+) and low light (L−) conditions. Pearson’s correlation analysis was
calculated using the corrplot package in R [52]. If not noted otherwise, data are displayed
as mean ± standard error (SE), and a significance level of 0.05 is reported. Sigma Plot
v. 12.5 (Systat Software Inc., San Jose, CA, USA) was used for creating bar charts.
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3. Results
3.1. Seedling Biomass above and below Ground

At the time of harvest, the total plant biomass differed by species with higher biomasses
in Tilia amurensis and was significantly modified by light and partially by the N fertilization
level; N fertilization had no effect under low light conditions. The biomass allocation to
leaves (LMF) increased while the biomass allocation to roots (RMF) decreased significantly
in both species under full light and additional N (L+N+) with generally significantly greater
RMF and reduced LMF under L− (Figure 1, Table 1). In both species, plants accumulated
significantly less biomass (i.e., both leaf and root biomass) under low light (L−) relative to
sun-exposed plots (L+). Biomass increased significantly with fertilization in L+N+ plots
only (Table 1, Figure S1A–C).
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Figure 1. Relative biomass allocation; root mass fraction (RMF; brown bars), stem mass fraction
(SMF; olive bars), and leaf mass fraction (LMF; green bars) of one-year-old seedlings of Fraxinus
mandshurica and Tilia amurensis at two levels of light (L+, L−) and two levels of N fertilization (N−,
N+) in northeast China. Treatments: L+N− (full light, no additional N), L+N+ (full light, additional
N), L−N− (shade, no additional N), and L−N+ (shade, additional N; mean; SE = 0.01–0.02, not
displayed). See Table 1 for ANOVA results.

3.2. Leaf Morphology

The studied morphological leaf traits differed in value per species but were similarly
and significantly modified by light levels and partially N levels in both species (Figure 2;
Table 2). Leaf area and thickness significantly decreased under L− relative to L+ while
increasing significantly with additional N availability (N+) in L+ plots only (Figure 2A,B;
Table 2). Leaf mass per area (LMA) and leaf density (LDDM/LV) were significantly greater
under L− compared to L+ and decreased significantly under L+N+ compared to L+N−
(Figure 2B,D; Table 2). Light and N availability had a significant interaction effect on
LDDM/LV (L−).
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lower-case letters (Tukey’s HSD test; p < 0.05; mean ± SE).

Table 2. ANOVA on tree species, light and N levels, and their interaction effects on leaf (top) and root (bottom) morphological
traits of one-season-old seedlings of Fraxinus mandshurica, and Tilia amurensis. Light levels are full light and shade (20%
light), and two levels of nitrogen (N; i.e., control and 10 g N m−2 yr−1 additional N) in northeast China. Abbreviations:
LT—leaf thickness; LMA—leaf mass per area; LDDM/LV—leaf density; SRA—specific root area; SRL—specific root length;
and TD—root tissue density (see text for details).

Source of
Variation df Leaf Area LT LMA LDDM/LV

Species (Sp) 1 <0.001 <0.001 <0.001 0.034
Light (L) 1 <0.001 0.008 <0.001 <0.001

Nitrogen (N) 1 0.121 0.281 0.316 0.064
Sp × L 1 0.020 0.485 0.230 0.334
L × N 1 0.105 0.567 0.314 0.013

Root length Root diameter SRA SRL TD

Species (Sp) 1 <0.001 0.428 <0.001 <0.001 <0.001
Light (L) 1 <0.001 0.077 <0.001 <0.001 0.003

Nitrogen (N) 1 0.138 0.099 0.091 0.069 0.226
L × N 1 0.044 0.101 0.070 0.080 0.112

p-values in bold indicate significant effects. Non-significant interaction effects are not displayed.
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3.3. Root Length, and Morphology of Fine Roots

Root length and morphological root traits varied significantly by species, light, and
N levels (Table 2, Figure 3). Root length and root diameter were significantly lower
under low light (L−) relative to L+ (sun-exposed) conditions, while both traits were
significantly affected by N+ under L+ only (Figure 3A,B; Table 2). Specific root area (SRA)
and specific root length (SRL) were significantly lower under L− compared to L+ and
increased significantly under additional N availability in L+ only (Figure 3C,D; Table 2).
However, root tissue density (TD) was significantly greater under shaded conditions
compared to L+, while being significantly less under L+N+ (Figure 3E; Table 2).
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Figure 3. (A) Root length (cm); (B) root diameter (µm); (C) specific root area (SRA, m2 g−1); (D)
specific root length (SRL, m g−1); and (E) root tissue density (g cm−3) of fine roots of one-season-old
seedlings of Fraxinus mandshurica (Fra) and Tilia amurensis (Til) at two levels of light (L+, L−) and two
levels of nitrogen (N−, N+). Treatments: L+N− (full light, no additional N; light red bars), L+N+
(full light, additional N; dark red bars), L−N− (shade, no additional N; light blue bars), and L−N+
(shade, additional N; dark blue bars) in northeast China. Within species, significant differences
between treatments are indicated by different lower-case letters (Tukey’s HSD post hoc; p < 0.05;
mean ± SE).

3.4. Correlation of Leaf and Root Functional Traits with Environmental Parameters

The redundancy analysis (RDA) illustrated the trait responses to the environmental
factors related to light and N availability and correlations among traits (Figure 4). The
first and second axes of RDA accounted for 17.9% (light) and 14.0% (nitrogen) of the total
variations, respectively. Light availability had strong positive effects on LMF, RD, LB, and
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PB, while a strong negative effect on LD and TD was noticed. N availability was strongly
positively related to RB, LT, SRA, SRL, and RL. According to RDA, up to 31.9% of the total
variations in leaf and root traits and above-ground biomass were explained by given light
and N levels (Figure 4).
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Figure 4. Redundancy analysis (RDA) of leaf and root morphological and biomass traits of one-
season-old seedlings of Fraxinus mandshurica (Fra) and Tilia amurensis (Til) with light availability and
soil characteristics (0–50 cm) related to nitrogen availability in northeast China. Seedlings were grown
at two levels of light (L+, L−) and two levels of nitrogen (N−, N+). Abbreviations: LA—leaf area;
LT—leaf thickness; LMA—leaf mass per area; LD—leaf density; RB—root biomass; RL—root length;
RD—root diameter; SRA—specific root area; SRL—specific root length; TD—root tissue density;
PB—plant biomass; RB—root biomass; LB—leaf biomass; RMF—root mass fraction; SMF—stem mass
fraction; LMF—leaf mass fraction; RB—root biomass; LB—leaf biomass; RMF—root mass fraction;
SMF—stem mass fraction; LMF—leaf mass fraction; NO3—nitrate; TN—total nitrogen; pH—soil pH;
L—light.

3.5. Interrelation of Leaf and Root Functional Traits

Looking at the trait interrelations between N− (Figure 5A) and N+ (Figure 5B) under
full light (L+) separately, the leaf area (LA) was significantly and positively correlated to
LB under L+N− and significantly negatively correlated to SMF at L+N+ plots. LT and
LMA were significantly positively correlated to SRL after N addition (Figure 5A,B). LD was
significantly negatively correlated to LMF under L+N−while being significantly positively
correlated to SRL under L+N+. SRL was significantly correlated to RMF under L+N+ only.
RB and LB were significantly negatively correlated to LMF under L+N− only (Figure 5A).



Forests 2021, 12, 596 10 of 17

Forests 2021, 12, x FOR PEER REVIEW 10 of 17 
 

 

Overall, the significant positive correlations between LT or LMA with RL, SRA, and 
root TD remained very stable across the treatments. Similar, RL remained correlated with 
SRL/SRA, and SMF was always found to be negatively correlated to LT and LMA, and 
RL, SRA, and RMF. 

 
Figure 5. (A) Pearson’s correlation under L+N– (full light, no additional N); (B) L+N+ (full light, additional N); (C) L–N– 
(low light, no additional N); (D) and L–N+ (low light, additional N) of the leaf and root traits and above-ground biomass 
of one-season-old seedlings of Fraxinus mandshurica and Tilia amurensis in northeast China. Significant (p < 0.05) negative 
(red color) or positive (blue color) correlations between leaf and root traits and biomass (allocation) are identified by color 
(−1.0 to +1.0); non-significant correlations are omitted. Abbreviations: LA—leaf area; LT—leaf thickness; LMA—leaf mass 
per area; LD—leaf density; RD—root length; RL—root length; SRL—specific root length; SRA—specific root area; TD—
root tissue density; PB—plant biomass; RB—root biomass; LB—leaf biomass; RMF—root mass fraction; LMF—leaf mass 
fraction; SMF—stem mass fraction. 

4. Discussion 
Natural gaps in overstorey canopies result in environmental changes for the under-

storey beyond effected by light and nitrogen availability. In particular, the understorey 
microclimate above and below ground is largely controlled by species-specific character-
istics and the spatial structure and temporal dynamics (phenology) of overstorey canopies 
[20,21,53]. Light irradiance and quality in forest gaps often follow strong diurnal patterns 
[40], and vegetation dynamics in natural gaps are also strongly shaped by biotic interac-
tion between a range of co-occurring vegetation components and plant-animal interac-
tions, including herbivory [54]. Besides the soil moisture aspect, which was reduced in 

Figure 5. (A) Pearson’s correlation under L+N− (full light, no additional N); (B) L+N+ (full light, additional N); (C) L−N−
(low light, no additional N); (D) and L−N+ (low light, additional N) of the leaf and root traits and above-ground biomass
of one-season-old seedlings of Fraxinus mandshurica and Tilia amurensis in northeast China. Significant (p < 0.05) negative
(red color) or positive (blue color) correlations between leaf and root traits and biomass (allocation) are identified by color
(−1.0 to +1.0); non-significant correlations are omitted. Abbreviations: LA—leaf area; LT—leaf thickness; LMA—leaf mass
per area; LD—leaf density; RD—root length; RL—root length; SRL—specific root length; SRA—specific root area; TD—root
tissue density; PB—plant biomass; RB—root biomass; LB—leaf biomass; RMF—root mass fraction; LMF—leaf mass fraction;
SMF—stem mass fraction.

Under low light conditions (Figure 5C,D), the leaf area (LA) was significantly posi-
tively correlated to RD at L−N− and PB at L+N+ plots, respectively. LMA and LT were
significantly positively correlated to TD under L−N−. LT was significantly negatively cor-
related to LB and RD to TD at L−N+ plots only. LD was significantly positively correlated
to RD and LB under L−N−. RL and SRA were both significantly and positively correlated
to TD at L−N−, while significantly negatively correlated to LB at L−N+ plots. RL was
significantly and positively correlated to LD under L−N−. PB was significantly positively
correlated to RB under L−N−, while RB was significantly and negatively correlated to
LMF under L−N+ (Figure 5C,D). Notably, LMF was not correlated to any other traits under
L− conditions, while RMF was positively related to several traits of both leaves and roots.

Overall, the significant positive correlations between LT or LMA with RL, SRA, and
root TD remained very stable across the treatments. Similar, RL remained correlated with
SRL/SRA, and SMF was always found to be negatively correlated to LT and LMA, and RL,
SRA, and RMF.
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4. Discussion

Natural gaps in overstorey canopies result in environmental changes for the un-
derstorey beyond effected by light and nitrogen availability. In particular, the under-
storey microclimate above and below ground is largely controlled by species-specific
characteristics and the spatial structure and temporal dynamics (phenology) of overstorey
canopies [20,21,53]. Light irradiance and quality in forest gaps often follow strong diurnal
patterns [40], and vegetation dynamics in natural gaps are also strongly shaped by biotic
interaction between a range of co-occurring vegetation components and plant-animal
interactions, including herbivory [54]. Besides the soil moisture aspect, which was reduced
in our experiment by regular irrigation, the applied treatments thus cover only part of the
naturally induced environmental effects of the gaps. Simultaneously, the applied experi-
mental set-up likely induced effects beyond the targeted effects. This was substantiated by
the RDA, where the first two axes (related to light and nutrient-related soil parameters)
accounted only for about 32% of the overall trait variability (Figure 4). Consequently, it was
important to recognize that the effects discussed in the following sections might partially
be induced by environmental changes indirectly related to the applied experimental set-up
(i.e., shading nets and N fertilizer). In particular, however, these effects were difficult to
pinpoint as, for example, mixed results existed on the effects of shading nets on wind, air
humidity, (soil) temperature and moisture, etc. [55,56]. Even more, the potential effects
of N fertilization on the decomposition processes, e.g., via modified soil microbial com-
munities/activities [57] and/or root exudation patterns [58], and thus, the availability of
other nutrients to plants could not be quantified during this experiment—hampering the
development of a comprehensive mechanistic understanding.

4.1. Effects of Shade and N Availability on Leaf Traits

The significant variations in the leaf structure and morphology reflect the organ’s
phenotypic plasticity [59]. Therefore, leaf traits are often used to indicate plant adaptation
mechanisms and acclimation potential [59,60]. Excessive irradiance has a detrimental
impact on the photosynthetic rate; thus plants, including temperate tree species, often
produce smaller and thicker leaves with a higher LMA within large forest gaps [38,59,60].
Vice versa, a decreasing LMA is a frequent phenotypic response of seedlings growing
in small, less irradiated forest gaps [61]. While LT was in accordance with previously,
results were indeed the highest under the L+ conditions of our experiment. In contrast,
however, both species’ leaf area was greater and LMA was lower under L+ conditions.
These contrasting findings were related to the very low leaf densities discovered, which
enabled both species to develop more and larger-sized leaves despite an increased leaf
thickness. Previously, some studies indicated that LMA was either equally dependent on
the variation of LT and LD [62], was strongly reliant on LT [26,45], or linked to LT and
leaf volume per area (LVA) [63,64]. Our results indicated that the variation in LMA across
the studied species depended strongly on LD, supporting the former findings. Despite
the contrast to many previous studies, the results of Saldaña-Acosta et al. [13] and others
illustrated that light effects on SLA/LMA were highly species-specific. As the least mean,
the leaf area was in both species also observed under low light conditions; the greater
LMA under L− could be interpreted as an indicator of shade intolerance [59]. Our findings
also aligned with the C gain hypothesis indicating the least leaf area was observed in
shade-intolerant seedlings [59,65]. This implied that both studied species possessed a
strategy that did not aim to maximize C assimilation under low light conditions but to
invest the available C in stem and root growth—as indicated by the lower LMFs compared
to L+. This strategy might allow for rapidly increasing growth rates when more light
becomes available [14,66]. A pronounced C limitation under L− might thus explain the
lack of leaf trait acclimation (besides LMF) to nitrogen addition. Under L+ conditions,
our results were partially in line with previous studies reporting a significantly decreased
LMA [26] but contrasted others which reported an increase in the leaf area and/or no
significant change in LMA [63,67] under increased N fertilization. However, plant traits
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in general, and leaf traits in specific, were known to change largely during ontogeny [66].
Thus, it was likely that, besides species-specific effects, plastic responses to light observed
in older ontogenetical growth stages (with leaf turnover) were different from those in
one-season-old seedlings featuring all initial leaves.

4.2. Effects of Shade and N Availability on Fine Root Traits

Soil N availability has been identified as a major factor affecting fine root architecture
and morphology in temperate forests [68–70]. Hence, our results could partially confirm
previous findings reporting that, for example, the root tissue density of fine roots signifi-
cantly decreased with increasing N availability [71,72]. While some studies reported that
both SRA and SRL were unaffected by severely increased N deposition levels [73], our
results under L+ were congruent to previous studies reporting that SRA and SRL were
positively related to N availability [25,74]. While root branching orders were not assessed
by our study, earlier reports primarily related this finding to the increased number and
length of higher-order lateral roots, which increased the length: mass ratios [25] of the
fine root system. Our data indeed pointed towards a more coarse fine root system with
greater mean root diameters under L+N+; however, the driver of the increased SRA/SRL
under L+N+ were likely the significantly decreased tissue densities in both species. Eis-
senstat [75] suggested earlier that roots with a more rapid expansion rate hold a greater
SRL [76,77]. In our data, indeed, the realized root length (Figure 3A) and root biomass
(Supplementary Figure S1B) across treatments and species were highly correlated to the
SRL (Supplementary Figure S2).

Light availability was previously found to significantly affect plants’ N-acquisition
strategy [25,78]. Similar to the leaf traits discussed above we speculated that both species
pursued a resource efficient strategy below ground under low light and C-limited con-
ditions. This was particular indicated by the increase in the root tissue density and,
subsequently, decreased SRL under low light—both traits are often associated with an
increased root longevity and decreased respiration rates [79]. The thinner roots under
L− were in line with the idea that species with thinner roots often have the capacity of
faster resource acquisitions [80,81]. However, as SRL and other root traits did not vary
significantly with N fertilization levels under L−, we could only speculate that either
physiological adaptations of the N uptake efficiency took place [78], or that L− might have
decreased the N demand due to overall lower plant growth rates [74]. As the region was
affected by substantial N deposition rates [41], we tend towards the later—rendering soil N
at low growth rates non-limiting under either fertilization level. In addition, plant internal
constrains (i.e., C availability) may have limited the morphological adaptation potential.
Related to the natural system in northeast China, we speculated that large gaps, with an
increasing N availability towards the gap center, will thus likely harbor plant individuals
of both species with gradually changing root trait values, while smaller gaps might feature
seedlings with more similar root traits irrespective of N availability. Further studies in
situ covering a wider set of environmental parameters are required to further refine our
mechanistic understanding of plastic adaptations of root traits in relation to whole plant C,
nutrient, and water budgets.

4.3. Interrelations of Leaf and Root Traits under Different Light Levels and N Availability

Plant strategies resulted in suites of correlated traits that arose due to resource ac-
quisition’s functional consequences; they could be best explained from a whole-plant
perspective [82,83]. Trait correlations could be either trading-off (e.g., root TD negatively
correlated to SRL) or reinforcing one another (e.g., RFM positively affecting root length;
Figure 5). The range of trade-offs and synergies among traits [79] suggested that plant
internal, metabolic (including current resource availability), or genetic (evolutionary) con-
straints were likely to limit the number of possible acclimations or adaptations. According
to the prediction of the life history theory [84], for example, leaf density should be positively
correlated to root tissue density. However, Wright et al. [85] and others reported that leaf
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and root tissue densities could also be negatively related to each other. As networks of
trait correlations are often very complex, particularly when addressing traits above and
below ground [38], we examined here the correlations among leaf and root traits of two
angiosperm temperate species’ seedlings in northeast China under different simulated
forest gap conditions—ranging from rather C-restrained conditions (i.e., shade) of small
forest gaps to N-limitations under full sunlight (as in larger forest gaps).

Contrasting and complex correlation patterns were observed in the presented data set,
looking at trait correlations both within (as discussed above) and across organs and in rela-
tion to the whole plant biomass allocation patterns (Figure 5). Root (TD) and leaf density
(LD), following up the example given above, possessed a significant positive correlation
only under L−N− conditions, while no correlations were found within the other three
treatments. Across the larger environmental gradient, however, both traits were (slightly
but significantly) negatively correlated (Figure 4, Supplementary Figure S2), similar to
Wright et al. [85]. In contrast, convergent traits such as LMA (g m−2) and SRA (cm2 g−1)
remained significantly positively correlated within and across treatments (Figure 5, Sup-
plementary Figure S2) indicating an intrinsic trade-off between the resource allocation
into either more efficient (in terms of biomass/C spent per surface area build) absorbing
surfaces of leaves or roots, respectively. As leaf mass per area is commonly used to indicate
nutrients and water retention in plants [86], the greater LMA is indicative of a more conser-
vative resource-use strategy. This fit well with its persistent positive correlation to RMF,
indicating the tight covariation of above- and below-ground traits according to the limiting
resource—ranging from coarser leaves and larger biomass allocation to roots under low
light to larger leaves and fewer roots under full sunlight, irrespective of N fertilization. This
finding was in line with previous data, where plants with a lower LMA also had lower stem
density, a lower allocation to roots, higher root N concentrations, and a higher nutrient
uptake rate per unit root mass [87,88]. We can only speculate that the short vegetation
period of northeast China might facilitate a tighter coupling of traits decisive for the plants’
C budgets compared to those traits showing a greater adaptation potential to variable N
availability. In any case, analyzing statistical correlations between the traits can be valuable
and informative, but correlation does not mean causation. However, we need more insight
into the interdependence of the traits optimized by plants to succeed in a given environ-
ment. The presented data illustrated at least that the network of trait-trait relationships is
very complex and, while some trait correlations were more persistent across the studied
environments, others seemed to depend largely on the environment or environmental
gradient addressed and might be less conserved. In sum, the presented correlations were
another step on the journey towards a whole-plant economic spectrum [87], considering
the combined effects of C, nutrient, and water budgets as well as temperature to explain
the growth and phenotypes of plants.

5. Conclusions

There were consistent covariations in leaf and root traits under contrasting light
and nitrogen availability. Yet, the pattern of covariations differed between light and N
availability. This should be a note of caution about the generality of trait interrelation,
which needs to be explored across contrasting environmental gradients. The finding that
the biomass (allocations) was linearly linked to leaf traits rather than root traits, though
with caveats, was encouraging, and further research that develops this potential is warrant.
We observed that the light and N availability altered the interrelations between biomass
allocation patterns and the leaf and root traits, indicating shade intolerance in both species.
This study suggested that the variations in leaf and root traits across species were equally
affected by low-light conditions. We also observed that the species with a thicker root
diameter possessed the least LMA. However, they further confirmed that the below-ground
growth remained the same at both N availabilities under low-light conditions suggesting
that plants with a lower nutrient status responded more strongly to N availability than
plants with higher nutrient status.
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