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Preface

The aim of this collection of papers is to present new research achievements in the field of forest

ecohydrology and the forest–water interaction to related researchers and practitioners. It consists

of 12 papers, referring to drought tolerance mechanisms, the hydrological properties of soil and

litter layers, variation in solar radiation within stands, snowpack isotopic composition in open and

forested areas, canopy transpiration and response to the main influencing factors, and water balance

components of typical forests at different regions with various climates. We hope that this book

can contribute to the theoretical development of forest ecohydrology and the innovative practice

of integrated forest–water management to enhance the balanced supply of hydrological and other

ecosystem services from forests.

Yanhui Wang, Karl-Heinz Feger, and Lulu Zhang
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Article

Integration of the Physiology, Transcriptome and Proteome
Reveals the Molecular Mechanism of Drought Tolerance in
Cupressus gigantea
Pei Lei 1,2,†, Zhi Liu 1,3,†, Jianxin Li 1, Guangze Jin 1, Liping Xu 1, Ximei Ji 1, Xiyang Zhao 2, Lei Tao 1 and

Fanjuan Meng 1,2,*

1 College of Life Science, Northeast Forestry University, Harbin 150040, China; lppaper@163.com (P.L.);
13313626779@163.com (Z.L.); 15776685360@163.com (J.L.); jiangyaxuan1206@163.com (G.J.);
18846831735@163.com (L.X.); 18800465846@163.com (X.J.); 18800465845@163.com (L.T.)

2 State Key Laboratory of Tree Genetics and Breeding, Northeast Forestry University, Harbin 150040, China;
zhaoxyphd@163.com

3 Zhongshan School of Medicine, Sun Yat-sen University, Guangzhou 510000, China
* Correspondence: mfjtougao@163.com; Tel.: +86-4-518-210-2170
† These authors contributed equally to this work.

Abstract: Drought stress can dramatically impair woody plant growth and restrict the geographical
distribution of many tree species. To better understand the dynamics between the response and mech-
anism of Cupressus gigantea to drought and post-drought recovery, a comparative analysis was per-
formed, relying on physiological measurements, RNA sequencing (RNA-Seq) and two-dimensional
gel electrophoresis (2-DE) proteins. In this study, the analyses revealed that photosynthesis was seri-
ously inhibited, while osmolyte contents, antioxidant enzyme activity and non-enzymatic antioxidant
contents were all increased under drought stress in seedlings. Re-watering led to a recovery in most
of the parameters analyzed, mainly the photosynthetic parameters and osmolyte contents. Transcrip-
tomic and proteomic profiling suggested that most of the differentially expressed genes (DEGs) and
differentially expressed proteins (DEPs) were specifically altered, and a few were consistently altered.
Drought induced a common reduction in the level of DEGs and DEPs associated with photosynthesis.
Notably, DEGs and DEPs involved in reactive oxygen species (ROS) scavenging, such as ascorbate
oxidase and superoxide dismutase (SOD), showed an inverse pattern under desiccation. This study
may improve our understanding of the underlying molecular mechanisms of drought resistance in
C. gigantea and paves the way for more detailed molecular analysis of the candidate genes.

Keywords: Cupressus gigantea; oxidative stress; antioxidant enzymes; gene expression; drought responses

1. Introduction

Environmental stresses are known to adversely affect plants’ growth and distribution [1].
Among these many adverse factors, drought is a serious detrimental environmental factor
constraining seed germination, plant growth and the economic value of crops [2]. However,
being sessile organisms, plants are unable to escape environmental stresses and thus have
evolved sophisticated strategies to acclimate to dehydration, including morphological,
anatomical, physiological and molecular adaptive strategies [3]. Accordingly, the initial
response of plants is closely related to the reduction in water evaporation, and consequent
reductions in photosynthesis, transpiration, stomatal closure and the accumulation of
osmolytes [4]. Of these, the decline in photosynthetic process under drought stress is
mainly attributed to stomatal closure, reductions in CO2 fixation and disturbances in photo-
synthetic electron transport (PET) [5]. PET is composed of multi-subunit protein complexes,
such as Photosystems I and II (PSI, PSII), the cytochrome b6/f complex (Cytb6/f) and
ATPase synthase, which absorb light energy and transduce solar energy into chemical

Forests 2022, 13, 401. https://doi.org/10.3390/f13030401 https://www.mdpi.com/journal/forests
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energy [6]. Among these, PSII functions as a water-plastoquinone oxidoreductase embed-
ded within the thylakoid membrane, which contains a series of peripheral light-harvesting
complexes (LHC), and is vital to the initiation of photosynthesis and electron transport [7].
The Cyt b6/f complex, a rate-limiting step in photosynthesis, is involved the linear electron
transport from PSII to PSI, giving rise to the production of ATP and NADPH [8]. Accumu-
lation of some osmolytes such as proline and soluble sugar can play a prominent roles in
preventing membrane disintegration and enzyme inactivation under water deficit [9].

When a reduction in water evaporation is insufficient to mitigate the stress stimulus,
plants mainly respond to dehydration by activating a defense system of enzymatic and
non-enzymatic antioxidants to cope with the overaccumulation of reactive oxygen species
(ROS) [10]. Superoxide dismutase (SOD) is the first line of plant ROS defense, catalyzing
the conversion of oxygen ions (O2

·−) to oxygen (O2) and hydrogen peroxide (H2O2),
which is then eliminated by the coordinated action of peroxidase (POD), catalase (CAT),
ascorbate peroxidase (APX) and the AsA-GSH cycle [11]. Additionally, some enzymes,
including APX, glutathione reductase (GR), dehydroascorbate reductase (DHAR) and
monodehydroascorbate reductase (MDHAR), maintain the balance of AsA-GSH [12]. In
addition, numerous drought-related transcripts and proteins are induced, which involve
signaling transduction, activation/regulation of transcription, antioxidant capacity and
ROS scavengers [13]. Thus, joint transcriptomic and proteomic profiling is considered to be
effective and acceptable for disentangling the sophisticated processes of plants’ responses
to water deficit at the molecular levels [14,15].

More recently, to understand such complex regulatory mechanisms, integrated multi-
omics approaches (e.g., transcriptomics, proteomics and metabonomics) have been applied
because multi-omics techniques offer powerful ways to reveal the relationships between
genotype and phenotype. For example, comparative proteomic and transcriptomic analyses
have provided insight into the formation mechanisms of seed size in castor bean [16].
Similarly, comparative transcriptomic and proteomic analyses were performed to determine
the effect of pigment content on drought resistance in a wheat mutant [17]. In maize, an
integrated transcriptomic, proteomic and metabolomic analysis found that its UV-B stress
response involves signal transduction and signal molecules [18]. Dry-farm plants are
promising candidates for studies on drought-related genes, proteins and metabolites [19].
While candidate genes and proteins have been discovered for wheat, rice, and soybean
under dehydration conditions, no such reports are yet available for C. gigantea [20–22].

Being a rare tree species that is remarkably drought-tolerant, Cupressus gigantea W.C.
Chen et L.K. Fu has high ecological and medicinal values due to its extensive use in
afforestation, traditional Tibetan medicine and the construction industry [23]. It was added
to the Red List of Threatened Species of the International Union for Conservation of Nature
(IUCN), given the slow natural regeneration of this species, the anthropogenic disturbances
it faces and its geographic isolation [24]. To date, studies on C. gigantea have mainly
focused on its genetic diversity and population structure [25], total protein extraction [26],
photosynthetic capacity [27], determination of the complete chloroplast genome [28] and
comprehensive transcriptome characterization [29]. Nevertheless, to our best knowledge,
no study has comprehensively investigated the molecular mechanisms enabling C. gigantea
to tolerate drought. Overall, the mining of genes and proteins related to drought is an
indispensable step towards deciphering the adaptive mechanisms of C. gigantea.

In this study, a cross-disciplinary approach combining classical physiological mea-
surements, RNA sequencing (RNA-Seq) and two-dimensional gel electrophoresis (2-DE)
was carried out to gain insight into the responses of C. gigantea to drought stress. This
study identified differentially expressed genes (DEGs) and differentially expressed pro-
teins (DEPs) linked to the tree’s drought stress responses, which are of great and timely
importance for understanding the mechanisms by which C. gigantea ameliorates the effects
of water deficit at the physiological and molecular levels.
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2. Materials and Methods

2.1. Plant Material and Drought Treatments

In this study, we selected C. gigantea from the Tibet Agriculture and Animal Husbandry
College (Linzhi, Tibet, China). Experiments were conducted at the Northeast Forestry Uni-
versity of (Harbin, Heilongjiang, China). Three-year-old seedlings were sown in plastic pots
(25 cm in diameter and 25 cm high) containing a 1:1 mix of perlite and soil. The soil was
humus soil, with a pH in H2O of 4.5–5.5, an organic matter content of 12.5 g/kg, and avail-
able nitrogen (N), phosphorous (P) and potassium (K) contents of 100, 40 and 90 mg/kg,
respectively. All seedlings were grown in a greenhouse at a temperature of 17 ◦C during the
night and 22 ◦C during the daytime with a relative humidity of 60% and a 12 h photoperiod.
Three-year-old seedlings were exposed to the drought treatment (DTs), in which irrigation
of the plants was suspended for 21 consecutive days (hereafter referred to as DT0, DT7,
DT14 and DT21). At the end of the stress treatment, the seedlings were re-watered over a
period of 7 days (hereafter referred to as RW). Well-watered control plant seedlings (CKs)
irrigated every 7 days served as the control group (hereafter referred to as CK0, CK7, CK14,
CK21 and CK28). Leaves were collected from DT and CK plants. Three biological replicates
were used for the total RNA and protein extractions, with another 5 biological replicates
measured for their photosynthesis and physiology parameters.

2.2. Physiological Measurements

To evaluate the physiological changes in C. gigantea under drought stress, the net pho-
tosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2 concentration (Ci) and
transpiration rate (Tr) of the leaves were measured using a Li-6400 portable photosynthesis
system (LI-COR Inc, Lincoln, NE, USA) at 9:00–11:00 a.m. The CO2 concentration, stimula-
tion light intensity, and gas flow rate were set as 450 μmol·mol−1, 1000 μmol·m−2·s−1 and
500 μmol·s−1, respectively. Five plants were chosen from the control and drought-stressed
groups, and each plant was measured 5 times.

2.3. Biochemical Analysis

The leaves were infiltrated with 0.1 mg/mL 3, 3′-diaminobenzidin (DAB) (Sigma,
USA) in 50 mM Tris-acetate buffer (pH 5.0) for H2O2 staining or with 0.1 mg/mL nitro
blue tetrazolium (NBT) (Sigma, USA) in 25 mM K-HEPES (pH 7.6) for superoxide staining,
according to the method described by Chen [30].

Proline from the leaves was extracted by the method described by Zhang [31]. The
leaves (0.3 g) were extracted in 4 mL of 1% sulfosalicylic acid. After centrifugation at
6000× g for 5 min, 1 mL of the supernatant was added to 1.5 mL of glacial acetic acid and
2 mL of a ninhydrin solution. The mixture was incubated at 100 ◦C for 30 min. After cooling,
the contents were separated with 2 mL toluene, and the optical density was measured at
520 nm.

The soluble sugars of the leaves were analyzed by the anthrone method as described
by Zhao [32]. Tissue oven-dried at 65 ◦C for 24 h (100 mg) was added to 10 mL of
80% ethanol and incubated in a thermostat water bath at 90 ◦C for 10 min, then the
supernatant was collected. The pellet was extracted again as described above, and the
supernatant was obtained and combined with the previous aliquot. After adding 3.5 mL
of anthrone reagent to 0.1 mL of the supernatant, the mixture was heated in a thermostat
water bath at 90 ◦C for 10 min. After the mixture had cooled to room temperature, the
absorbance was measured at 620 nm.

The SOD (EC 1.15.1.1) activity of the leaves was detected with NBT [33]. To measure
enzyme activity, leaves (0.3 g) were ground to a fine powder in liquid nitrogen and dissolved
in 4 mL of potassium phosphate buffer (PBS) (50 mM, pH = 7.8). The assay mixture
contained 50 mM PBS (pH = 7.8), 195 mM methionine, 0.3 mM ethylene diamine tetra-
acetic acid, 1.125 mM NBT, 70 μL of the extracting solution and 60 μM riboflavin. Enzyme
activity was detected at 560 nm by a spectrophotometer.

3
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POD (EC 1.11.1.7) and CAT (EC 1.11.1.6) activity was measured in leaves according to
the method of Kosar et al. [34]. The activity of POD was assayed in a mix containing 50 μL
of the extracting solution, 50 mM PBS, 14 μL guaiacol and 19 μL H2O2 (30%, v/v). Enzyme
activity was measured at 470 nm. The activity of CAT was assayed in a mix containing
0.2 mL of the extracting solution, 50 mM PBS (50 mM, pH = 7.8), 500 μL water and
10 mM H2O2, and the decrease in absorbance at 240 nm was monitored for 3 min.

The contents of ascorbate and glutathione were estimated in leaves according to
the protocol of Sun et al. [35]. The activity of ASA was assayed in a mix containing
0.1 mL of the extracting solution, 0.7 mL ddH2O, 10% TCA, 44% H3PO4, 4% 2,2′-dipyridyl
and 3% FeCl3, then the mixture was heated in a thermostat water bath at 37 ◦C for
60 min. After the mixture had cooled to room temperature, the absorbance was measured at
525 nm. The activity of ASA + DHA was assayed in a mix containing 0.1 mL of the extract-
ing solution, 0.5 mL ddH2O, 10 mM DTT, 10% TCA, 5% N-ethylmaleimide, 44% H3PO4,
4% 2,2′-dipyridyl and 3% FeCl3, then the mixture was heated in a thermostat water bath
at 37 ◦C for 60 min. After the mixture had cooled to room temperature, the absorbance
was measured at 525 nm. The activity of GSH was assayed in a mix containing 0.2 mL of
the extracting solution, 150 mM (pH = 7.4) NaH2PO4 and 0.6 mM DTNB, then the mixture
was heated in a thermostat water bath at 30 ◦C for 5 min. After the mixture had cooled to
room temperature, the absorbance was measured at 412 nm. The activity of GSH + GSSG
was assayed in a mix containing 0.2 mL of the extracting solution, 50 mM (pH = 7.4) PBS,
0.6 mM DTNB, 2 mM NADPH and 2 U GR, then the mixture was heated in a thermostat
water bath at 25 ◦C for 10 min. After the mixture had cooled to room temperature, the
absorbance was measured at 412 nm.

The activity of APX (EC 1.11.1.11), DHAR, GR and MDHAR was determined in leaves
as described previously [36]. To measure the enzyme activity, leaves (0.3 g) were ground to
a fine powder in liquid nitrogen and dissolved in 4 mL of a potassium phosphate buffer
(PBS) (50 mM, pH = 7.8). To measure APX, the extraction solution was added to a mix
containing 50 mM PBS (50 mM, pH = 7.8), 5 mM ASA and 20 mM H2O2, and the decrease
in absorbance at 290 nm was monitored for 3 min. To measure DHAR, the extraction
solution was added to a mix containing 50 mM PBS (50 mM, pH = 7.8), 0.5 mM DHA and
5 mM GSH, and the decrease in absorbance at 265 nm was monitored for 3 min. To measure
GR, the extraction solution was added to a mix containing 50 mM PBS (50 mM, pH = 7.8),
2 mM NaDPH and 10 mM GSSG, and the decrease in absorbance at 340 nm was monitored
for 3 min. To measure MDHAR, the extraction solution was added to a mix containing
50 mM PBS (pH = 7.8), 0.1 mM ASA and 0.55 U AAO, and the decrease in absorbance at
340 nm was monitored for 3 min.

2.4. Protein Preparation and Quantitative Proteome Analysis

In each sample, protein was extracted from the leaves using the TCA/acetone method [37].
Plant tissue (2 g) frozen by liquid nitrogen was ground into powder, then suspended in
4 mL of a cold extraction buffer (0.5 M Tris-HCl (SRL, India) pH = 7.5, 0.7 M sucrose
(Himedia, India)) for protein solubilization. Samples were incubated overnight at 4 ◦C,
after which an equal volume of phenol saturated with Tris-HCl (pH = 7.5) was added to
each sample. The homogenate was centrifuged (5000× g at 4 ◦C for 30 min) and the clear
white pellet was washed three times with ice-cold acetone (Himedia, Mumbai, India) at
−20 ◦C, followed by centrifugation at 5000× g for 5 min. The pellet was then freeze-dried
and stored at −80 ◦C. The protein powder was dissolved in a rehydration buffer (8 M urea
(Sigma, St. Louis, MO, USA), 2% (w/v) CHAPS (Sigma, St. Louis, MO, USA), 50 mM DTT
(Sigma, St. Louis, MO, USA), and 0.2% (v/v) Biolyte (Bio-Rad, Hercules, CA, USA)) for 1 h
at 37 ◦C. After centrifugation, the protein concentration of the supernatant was determined
by the Bradford assay (Bio-Rad, Hercules, CA, USA).

The 2-DE was carried out according to the methodology of Wang et al. [38]. First, the
immobilized pH gradient (IPG) strips [pH 4–7, 13 cm, (GE Healthcare, Chicago, IL, USA)]
were separated. Next, 1.5 mg of the protein sample was applied to each IPG strip and
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this was covered with 800 μL of mineral oil. The voltages used were as follows: 30 V for
13 h, 100 V for 1 h, 500 V for 1 h, 1000 V for 1 h and 3000 V for 1 h, and then 8000 V for
7 h. After focusing, the strips were equilibrated in Equilibration Buffer I (0.1 g DTT and
10 mL of a SDS balancing buffer) and in Equilibration Buffer II (0.15 g iodoacetamide (IAM)
(Sigma, St. Louis, MO, USA) and 10 mL of a SDS balancing buffer). After 15 min, the
strips were washed with a SDS balancing buffer. The equilibrated strips were analyzed by
12.5% sodium dodecyl sulfate–polyacrylamide gel electrophoresis. The electrophoresis
was run on Electrophoreses Power Supply EPS 601 (GE Healthcare, Chicago, IL, USA) at a
constant current of 2 W for 30 min and then modulated to 8 W. The gels were visualized
by staining them overnight with colloidal Coomassie brilliant blue R-250. Stained gels
were scanned on an Image Scanner II (GE Healthcare, Chicago, IL, USA), and the captured
images were analyzed in Melanie 7.0 software (GeneBio, Geneva, Switzerland). Three
independent replicated gels were analyzed and characterized. Protein spot detection was
based on a fold-change of ≥2 or ≤0.5, for which a threshold of p ≤ 0.05 was used to
distinguish the differentially expressed protein spots.

The protein spots were carefully excised from the gels. The gel spots were washed
twice for 20 min with deionized water, then incubated and dehydrated with acetonitrile
(ACN). Proteins were digested for 18 h at 37 ◦C in 10 μL of a trypsin solution (15 ng μL−1).
Next, the supernatants were collected, and the gel spots were extracted twice with a 50 μL
extraction buffer (50% ACN (Sigma, St. Louis, MO, USA) and 5% TFA) for 1 h at 37 ◦C. The
extractions and the trypsin supernatant of the gel spots were combined and then vacuum-
dried. The peptides’ mass spectra were detected via matrix-assisted laser desorption
ionization time-of-flight/time-of-flight (MALDI-TOF/TOF) (ABI 4700, AB Systems, CA,
USA) and the proteins were identified using the UniProt database (http://www.uniprot.org,
accessed on 22 February 2020). The gene ontology of identified proteins was determined
using the Blast2Go v2.3.6, with the Target P program used for their functional classification.

2.5. RNA-Seq Library Construction and Transcriptome Analysis

The RNA-Seq libraries’ preparation and their sequencing were carried out in leaves
by Novogene equipment (Beijing, China). Briefly, RNA degradation and contamination
were monitored on 1% agarose gels, RNA purity was checked using a NanoPhotometer®

spectrophotometer (Implen, Westlake Village, CA, USA) and RNA integrity was assessed
using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies,
Palo Alto, CA, USA), with 1 μg RNA per sample used as the input material for RNA sam-
ple preparation. The sequencing libraries were generated using the NEBNext® UltraTM
RNA Library Prep Kit for Illumina® (NEB, Ipswich, MA, USA), following the manufac-
turer’s recommendations, with unique index codes added to attribute the sequences to
each sample. The clustering of the index-coded samples was performed on a cBot Clus-
ter Generation System, using TruSeq PE Cluster Kit v3-cBot-HS (Illumina, San Diego,
CA, USA), according to the manufacturer’s instructions. After cluster generation, the
libraries of the preparations were sequenced on an Illumina NovaSeq platform, from which
150-bp paired-end reads were generated. Both the reference genome and the gene model
annotation files were downloaded from the genome website directly. Through use of Hisat2
v2.0.5 (Johns Hopkins University, Baltimore, MD, USA), the index of the reference genome
was built, and paired-end clean reads were aligned to it. The clean data were deposited
in NCBI Sequence Read Archive (SRA; https://www.ncbi.nlm.nih.gov/sra, accessed on
18 July 2021) under the accession number SRR15183944-SRR15183948.

Gene ontology (GO) enrichment analysis of the DEGs was implemented by the R
package ‘clusterProfiler’, which corrected any gene length bias. GO terms with a corrected
p-value of <0.05 were considered to be significantly enriched by the DEGs. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) is a database resource for understanding
the high-level functions and utilities of biological systems (http://www.genome.jp/kegg,
accessed on 22 March 2020). The clusterProfiler package in R was used to statistically test
for the enrichment of DEGs in the KEGG pathways.
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2.6. Quantitative Real-Time PCR (RT-PCR)

Total RNA was extracted by using the OmniPlant RNA Kit (DNase I) (Cowin Bio-
sciences, Beijin, China). A summary of the procedure is as follows: the samples were
individually milled in a mortar with liquid nitrogen and then incubated with 500 μL
of RLS Buffer. The samples were centrifuged at 12,000 rpm for 2 min at 4 ◦C, and a
half volume of absolute ethanol was added to the supernatant after centrifuging, then
52 μL RNase-Free Water, 8 μL 10 × Reaction Buffer and 20 μL DNase I was then added
to the spin column after incubating at room temperature for 15 min. The samples were
centrifuged at 12,000 rpm for 2 min at 4 ◦C, then the precipitates were washed in RNA Wash
Buffer II and dried. RNA was dissolved with RNase-Free Water, then 0.5 μg of total RNA
was used to synthesize the first-strand cDNA by using the ReverTra Ace® qPCR RT Master
Mix with the gDNA Remover (Toyobo, Osaka, Japan). Amplifications were performed on
a Roche 480 PCR System (Roche, Rotkreuz, Switzerland) with a THUNDERBIRD® qPCR
Mix (Toyobo, Osaka, Japan). The primer sequences used for the real-time qPCR are listed
in Table S7.

2.7. Statistical Analysis

The data were subject to analysis of variance (ANOVA) (p < 0.05). Multiple compar-
isons of the treatment effects were analyzed using the least significant difference (LSD).
All the tests were performed using SPSS 22.0 software (Windows, USA). All figures were
developed using GraphPad Prism 8.2 (GraphPad Software, CA, USA) and Adobe Illustrator
CC2018 (Adobe, CA, USA).

3. Results

3.1. Drought Stress Induced Growth and Physiological Changes in C. gigantea

To investigate the morphological and physiological response mechanisms of C. gigantea
under drought stress, 3-year-old seedlings were planted in the same environment and then
subjected to a drought treatment for 3 weeks, then re-watered for 1 week (Figure 1a).
At the onset of stress, no significant differences were observed in plant growth. After
21 days, seedlings in the drought treatment had leaves and stems that were badly curled
and wilted when compared with those of the control group. Interestingly, the drought-
stressed seedlings were able to largely restore their viability during the re-watering period.
Upon closer examination, the seedlings’ Pn, Gs, and Tr significantly decreased by 38.8%,
72.3% and 57.9%, respectively, whereas Ci gradually increased by 20.9% after completing
the drought treatment compared with the control (p < 0.05). Surprisingly, RW induced a
rapid recovery in C. gigantea, reaching parameters similar to those recorded in the control
group (Figure 1b–e), indicating that photosynthesis was inhibited by drought.

Physiological indexes such as histochemical staining, soluble sugar content, proline
content and antioxidant enzymes are commonly used to evaluate the stress resistance
capacity of plants in response to drought stress. Here, DAB and NBT histochemical staining
analyses were conducted to measure the H2O2 and O2

− contents. Under normal conditions,
there was no apparent difference between the treatment and control; however, during
prolonged drought stress, the DAB and NBT staining intensities of the treatment plants’
leaves were stronger than those of the control leaves (Figure 2a,b). Importantly, we found
that the proline and soluble sugar contents were higher in the seedlings under the drought
stress treatment than in the control (Figure 2c,d). Furthermore, sharp increases of 17.9%,
68.6% and 82.6%, respectively, were observed in SOD, POD and CAT activity (p < 0.05) after
21 days of the drought treatment (Figure 2e–g), indicating that C. gigantea promoted its
ROS scavenging by modulating the activity of key antioxidant enzymes, such as SOD, POD
and CAT. Similarly, non-enzymatic antioxidant contents, namely those of ascorbic acid
(ASA), dehydroascorbic acid (DHA), reduced glutathione (GSH) and oxidized glutathione
(GSSG), were starkly increased under the drought stress treatment relative to the control
seedlings (p < 0.05, Figure 2h–k). The antioxidant enzyme activities of APX, DHAR, GR
and MDHAR were further analyzed; this showed that they increased in content after
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the drought treatment (p < 0.05), and their accumulation was highest at 21 days of the
drought treatment (p < 0.05, Figure 2i–o). Subsequent to rehydration of the seedlings’,
the parameters of those in the treatment returned to similar levels to those of the control
group. Overall, these results revealed that seedlings of C. gigantea enhanced their drought
resistance by increasing their osmolyte content, activating the antioxidant system and
maintaining ROS homeostasis.

 
Figure 1. The effect of drought stress on the morphological and photosynthesis traits of C. gigantea.
(a) Photographs showing the phenotypes of the seedlings over time. (b–e) Line charts showing the
physiological changes corresponding to Pn, Gs, Tr, Ci, respectively. Values are the means ± SD (n = 5).
Columns headed by different letters denote means differing significantly from one another (p < 0.05).
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Figure 2. The effect of drought stress on the physiological indexes of C. gigantea. (a,b) Photographs
showing DAB and NBT histochemical staining of the seedlings over time. (c–o) Line charts showing
the physiological changes corresponding to soluble sugar, proline, superoxide dismutase (SOD),
peroxidase (POD), catalase (CAT), ascorbic acid (ASA), dehydroascorbic acid (DHA), reduced glu-
tathione (GSH), oxidized glutathione (GSSG), ascorbate peroxidase (APX), dehydroascorbate re-
ductase (DHAR), glutathione reductase (GR) and monodehydroascorbate reductase (MDHAR),
respectively. Values are the means ± SD (n = 3). Columns headed by different letters denote means
differing significantly from one another (p < 0.05).

3.2. Characterization and Functional Distribution of the C. gigantea Leaf Proteome

To identify the drought-induced proteins of C. gigantea, we performed a 2-DE analysis
coupled with MALDI-TOF/TOF at different time points (7, 14, 21, and 28 days) in seedlings
under drought stress. Total protein extracts were separated in all samples, with a pI range of
4–7 and a molecular mass range of 14.4–116 kDa. All these protein spots were localized and
detected on Coomassie brilliant blue-stained gels. Accordingly, 66 protein spots changed
significantly in abundance between the drought-stressed and control seedlings of C. gigantea
(Figure S1). Temporally, of these, 26 (7 days), 16 (14 days), 21 (21 days) and 3 (28 days)
protein spots were found to be altered by drought stress.

In total, 66 DEPs were identified in the control vs. treatment comparison: 61 (i.e.,
23 upregulated and 39 downregulated) in the 7DT vs. 7CK comparison, 62 (21 upregulated
and 41 downregulated) in the 14DT vs. 14CK comparison, 66 (36 upregulated and 30 down-
regulated) in the 21DT vs. 21CK comparison and 64 (29 upregulated and 35 downregulated)
in the 28RW vs. 28CK comparison (Figure 3a,b). In addition, there were four proteins
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(Spots 6, 10, 11 and 17) whose expression was significantly upregulated by drought, but
was upregulated/unchanged during the recovery period. Conversely, the expression of
two proteins (Spots 36 and 39) was upregulated/unchanged by drought yet downregulated
during the recovery phase of the seedlings (Figure S2).

 

Figure 3. Identification and functional classification analysis of the proteomics data from C. gigantea
seedlings. (a) Bar graph showing the upregulated and downregulated differentially expressed proteins
(DEPs) for each pairwise comparison. (b) Venn diagrams depicting the overlaps of upregulated and
downregulated differentially expressed proteins (DEPs) across four comparisons. The total number of
differentially expressed proteins (DEPs) is provided in parentheses. (c) Functional categorization of
the differentially expressed proteins (DEPs) identified in C. gigantea in response to drought.
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The experimental MW and pI values of the protein spots were then estimated and
compared with the theoretical counterparts of the corresponding proteins. As Table S1
shows, most of the experimental values matched up well with the theoretical ones, indicat-
ing unambiguous identifications. According to their biological function, these identified
proteins were classified into nine major groups: stress response (27.27%), photosynthesis
(16.67%), energy (9.09%), metabolism (12.12%), photosynthesis electron transfer (4.55%),
protein transport (3.03%), amino acid synthesis (10.61%), protein synthesis and processing
(12.12%), and unknown (4.55%) under the drought stress treatment (Figure 3c).

3.3. Characterization and Functional Distribution of C. gigantea’s Leaf Transcriptome

To further investigate the regulatory network of C. gigantea’s response to drought
stress, cDNA libraries were built using leaves from seedlings under the two treatments:
severe stress (21 days) and re-watering (28 days), and these were sequenced on an Illumina
NovaSeq platform (Illumina Inc, San Diego, CA, USA). High-quality reads of the treatment
and control samples were acquired after implementing data-cleaning procedures (Table S2).
The length distribution of the assembled transcripts of C. gigantea was obtained (Figure S3a).
To validate the accuracy and reproducibility of our RNA-Seq data, we selected 15 DEGs for
a follow-up qRT-PCR; their gene expression levels as inferred by RNA-Seq were strongly
correlated with those from the qRT-PCR (R2 = 0.92; Figure S3c).

Many DEGs were identified via two pairwise comparisons between the treatment
and control (i.e., 21DT vs. 21CK, and 28RW vs. 28CK). Under severe stress, 215 genes
were expressed differentially in 21DT vs. 21CK, including 36 upregulated genes and
84 downregulated genes, while 442 genes were expressed differentially under re-watering
in 28R vs. 28CK, including 250 upregulated and 97 downregulated genes (p < 0.05,
fold-change ≥ 2). Another 30 upregulated and 65 downregulated genes overlapped in the
pairwise comparisons between 21DT and 21CK, and between 28RW and 28CK (Table S3,
Figure S3b).

To illustrate the biological functions and pathways of the DEGs, GO annotation (at
p < 0.05) was performed to analyze the drought-responsive genes in C. gigantea (Table S4),
and 24 enriched GO terms were subsequently selected (Table S4, Figure 4). According to the
GO classification graphic, “GO:0050896: response to stimulus”, “GO:0016020: membrane”
and “GO:0003824: catalytic activity” were highly enriched during both severe drought
stress and re-watering of the seedlings, suggesting that the DEGs identified are likely
involved in the modulation of ROS scavenging. All DEGs were further examined for
KEGG pathway enrichment (Table S5, Figure 5). The top 30 enriched KEGG pathways of
DEGs between the 21DT and 21CK, and between the 28RW and 28CK groups are shown
in Figure 5a,b. The pathway of phototransduction, starch and sucrose metabolism, as
well as plant hormone signal transduction, were also significantly enriched for DEGs
between 21DT and 21CK, and between 28RW and 28CK. Accordingly, we performed a
careful manual annotation of our list of DEGs to identify candidate genes that were directly
involved in ROS scavenging and photosynthesis. Based on a combination of the GO and
KEGG pathway results, we identified 12 such candidate DEGs (Table S6). According to our
manual annotation, eight DEGs could be assigned generically to ROS scavenging, with
another four DEGs assigned to photosynthesis; this suggested that these 12 candidate DEGs
are probably key regulatory components of the drought stress response in C. gigantea.
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Figure 4. Differentially expressed genes (DEGs) identified by Gene Ontology (GO) classification in
C. gigantea.

 

Figure 5. Differentially expressed genes (DEGs) identified by Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis in C. gigantea. (a) Top 30 KEGG enrichment results in 21DT vs.
21CK. (b) Top 30 KEGG enrichment results in 28RW vs. 28CK.
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4. Discussion

Much accumulated empirical evidence has indicated that drought can alter cell mem-
brane fluidity, disrupt protein complexes and inhibit photosynthesis. Therefore, a compre-
hensive study that combined physiological measurements, RNA-Seq and 2-DE analysis was
conducted here to screen out some important candidate drought-induced changes in key
physiological parameters, DEGs and DEPs. Our results revealed that the transcriptional
regulation of proteins related to photosynthesis and the post-transcriptional regulation
of genes involved in ROS scavenging might be the reasons for drought resistance in
C. gigantea.

As it is an important secondary messenger, the rapid accumulation of ROS leads to
rapid stomatal closure to limit photosynthesis under conditions of water deficit [39]. A
recent study found that the Pn, Gs and Tr of rubber trees decreased significantly under
dehydration conditions [40]. In our study, similar results were detected in the drought-
stressed seedlings (Figure 1b–e). Additionally, how a plant responds to stress not only
entails changed photosynthesis but also the accumulation of osmolytes, such as soluble
sugars and proline, which reflect the degree of injury [41]. We found that the content of
soluble sugars and proline both enlarged as the drought stress continued (Figure 2c,d).
Similar findings were reported recently for Scutellaria baicalensis Georgi [42].

In the present study, histochemical staining by both DAB and NBT together revealed
a pronounced drought-induced accumulation of H2O2 and O2

·− in C. gigantea leaves
(Figure 2a,b). This result is consistent with earlier findings that drought promotes the
generation of ROS [43]. Moreover, we demonstrated that the drought-stressed seedlings
showed higher SOD, POD and CAT activity compared with the control group under
drought stress (Figure 2e–g). This is consistent with another analysis of antioxidant enzymes
in plants under drought conditions [44]. Similarly, drought stress significantly enhanced the
contents of AsA, DHA, GSH and GSSG during drought, and these antioxidant molecules
peaked under severe drought conditions (Figure 2h–o), which also is in line with prior
research [45]. Compared with the control group, the characteristic withered and curved
growth phenotype of the treatment seedlings suggested that C. gigantea likely relies on
limited photosynthesis, the accumulation of osmolytes and ROS scavenging strategy to
adapt to drought conditions.

Underlying many of these changes is the differential expression of genes in response
to drought stress. Thus, both RNA-Seq and 2-DE were used to further explore the critical
genes and pathways to obtain a better understanding of the molecular mechanisms under-
lying the response to drought. Here, we successfully quantified and compared 551 DEGs
and 66 DEPs in the leaves of C. gigantea seedlings under drought stress. However, only a
few genes were commonly regulated at the transcriptomic and proteomic levels, although
this is consistent with a previous study [46], whose data indicated that post-transcriptional
regulation plays a crucial role in the drought response of cassava plants. In the case of
C. gigantea, the categories of overlapping DEGs and DEPs were most related to photosyn-
thesis and ROS scavenging, suggesting their involvement in the drought response of this
tree species.

Photosynthesis the most fundamental and intricate physiological process in plants, and
it is highly susceptible to drought [47]. Consistent with previous studies of photosynthesis-
related genes’ responses to drought, we found that genes involved in the Cyt b6/f complex
and ATPase synthase were all downregulated after seedlings experienced the drought
treatment [48]. Similarly, we found that many DEPs associated with PSII, LHC and ATP
synthase were also downregulated, as inferred by the proteomic analysis (Figure S2).
Similar responses in maize plants were reported recently [49]. Taken together, our results
all implied that modulating PET is probably crucial to increasing the tolerance of C. gigantea
to drought.

The ROS scavenging system, an important defense mechanism against drought, main-
tains the cellular homeostasis of ROS. Overproduction of ROS during drought not only
affects the stress-related proteins but also modulates the transcription level of genes [50]. In
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the current work, four of these enzymes, including GST, SOD, APX and POD, were identi-
fied. Among these genes, the SOD gene was downregulated in C. gigantea seedlings under
drought stress. A significant reduction in the expression of the APX gene was obtained
under drought stress conditions. Notably, our proteomics data showed that the abundance
of APX, SOD [Cu-Zn], ASR and GST was also enhanced in seedlings of C. gigantea to cope
with the imposed drought stress. These results are consistent with the observed activities
of antioxidant enzymes. These proteins could also work together to maintain the dynamic
balance of ROS levels and thereby avoid the oxidative damage incurred by plants. This
type of coordination occurs in alkaligrass [51], rapeseed [52] and cassava [53], perhaps due
to the fact that enzyme activity is regulated by post-translational modifications [54]. Finally,
POD can also contribute to how plants respond to drought stress [5]. Nevertheless, in this
study, drought stress led to downregulation of POD at both the protein and gene levels, but,
interestingly, the activity of POD was significantly increased by drought stress. Evidently,
to explain the changes in enzyme activity and the expression of genes and proteins of
C. gigantea under drought stress more precisely, further in-depth research investigations
and analyses are still needed.

5. Conclusions

The main aim of this study was to expand our knowledge about the mechanism
underlying the impact of drought stress in seedlings of C. gigantea. An attempt was made
to identify the critical genes and pathways by comparing the findings from transcriptomic
and proteomic analytical methods. On the basis of results, here, we propose a schematic
diagram for the regulation of drought resistance in C. gigantea (Figure 6). When plants are
subjected to drought, ROS induces oxidative stress and activates the ROS scavenging sys-
tem. Simultaneously, oxidative stress impairs photosynthesis and inhibits PET, ultimately
inhibiting plant growth. Taken together, the omics data suggest that post-transcriptional
regulation of PET and ROS scavenging plays a crucial role in the drought response of
C. gigantea seedlings.

 

Figure 6. Schematic diagram of drought-induced changes in the physiological parameters, genes and
proteins in C. gigantea during stress and recovery.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/f13030401/s1. Figure S1: 2-DE gel images of the control and treatment seedlings under
drought extracted at different time points (7 d, 14 d, 21 d and recovery). The squares represent the
drought-responsive proteins identified by MS. Figure S2: Expression of DEPs in the control and drought
treatment at different time points (7 d, 14 d, 21 d and recovery). Figure S3: Characteristics of C. gigantea
unigenes. (a) Length frequency distribution of all unigenes. (b) Venn diagram showing the number
of DEGs. (c) Correlation analysis between the transcriptome results and the qRT-PCR results, and
validation of the RNA-Seq results by qRT-PCR. Table S1: The corresponding induction factor (percent
volume of the spot under stress conditions/percent volume of the spots under control conditions) of
drought-responsive proteins of seedlings. Table S2: Summary of unigenes identified in C. gigantea.
Table S3: Summary of DEGs identified in C. gigantea. FDR ≤ 0.001 log2 fold change ≤ −2 or ≥2.
Table S4: List of GO enrichment terms of DEGs in C. gigantea during drought stress. Table S5: KEGG
pathway enrichment analysis of DEGs in C. gigantea during drought stress. Table S6: DEGs and DEPs in-
volved in ROS scavenging and photosynthesis in C. giganteas during drought stress. Table S7: Primers of
the genes used for qRT-PCR and the expression correlation between the RNA-seq and
qRT-PCR analyses.
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Abstract: The water retention capacity of forest leaf litter was estimated through lysimeter measure-
ments under field conditions. Six lysimeters were placed in Pinus koraiensis and Quercus acutissima
forests and filled with the surrounding leaf litter to represent the effects of litter type on the water
retention capacity. Two years of measurements for rainfall and litter weight have been conducted in
all lysimeters at 30 min intervals. Field measurements showed that P. koraiensis litter stored more
water during rainfall periods than did Q. acutissima litter. As a result, immediately after the cessation
of rainfall, 1.82 mm and 3.00 mm of water were retained per unit mass of Q. acutissima and P. koraiensis
litter, respectively. Following rainfall, after the gravitational flow had entirely drained, the remaining
water adhered to the litter was estimated to be 1.66 ± 1.72 mm and 2.72 ± 2.82 mm per unit mass
per rainfall event for Q. acutissima and P. koraiensis litter, respectively. During the study period,
approximately 83.7% of incident rainfall drained into the uppermost soil layer below the Q. acutissima
litter, whereas 84.5% of rainfall percolated through the P. koraiensis litter. The moisture depletion
curves indicated that 50% of the water retained in the Q. acutissima and P. koraiensis litter was lost via
evaporation within 27 h and 90 h after the cessation of rainfall, respectively. This study demonstrated
the water retention storage of leaf litter and its contribution to the water balance over floor litter
according to litter and rainfall characteristics. The results also proved that lysimetry is a reliable
method to quantify the variation of litter moisture under natural conditions.

Keywords: litter lysimeter; water retention capacity; litter drainage; Pinus koraiensis litter; Quercus
acutissima litter

1. Introduction

Forests occupy approximately 63% of the land area of the Republic of Korea. The
national forest restoration project led to an increase in the volume of forests from 7.3 m3/ha
in 1955 to 165.2 m3/ha in 2020 [1], thereby contributing to the development of a thick layer
of leaf litter on the forest floors. Fallen leaves resting on the underlying mineral soil are
the source of most plant nutrients and provide habitats for a great diversity of organisms.
Hydrologically, leaf litter on the forest floor acts as a porous interface between mineral soil
and ambient air and influences the processes of subsurface runoff, overland flow, and soil
erosion [2,3]. Leaf litter also influences the physical properties of soils, thereby increasing
the ability of water to infiltrate into the soil [2,4].

Rainfall partitioning occurring on the forest floor is a minor but fundamental com-
ponent of the water balance in forest watersheds [4]. A small amount of rainwater is
temporarily captured by the surface of leaf litter, and the retained water is lost via evapora-
tion within a few hours or days after the rainfall. When the amount of intercepted water
exceeds the threshold, known as the water retention capacity, water percolates into the
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soil along litter funnels under the influence of gravity [2,5]. These hydrological processes
repeatedly occur during successive rainfall events.

Leaf litter intercepts rainfall much in the same way as canopy interception. The
extent of rainfall retained in the litter layer is highly related to the litter’s ability of water
absorption. Where water retention storage is small, less water is available for evaporation,
but more water reaches the upper soil layer for runoff. Water retention capacity also plays
a major role in predicting the ignition and spread rate of forest fires [2–4].

The water retention capacity of litter differs among leaf types [6–8]. Owing to the
large size and curved shape of the leaves, broadleaf litter has an advantage in storing water
on the leaf surface during rainfall [9]. Conversely, the low porosity of the needle shape of
coniferous litter contributes to high water retention within the litter as a consequence of the
greater resistance of the packed litter to the percolation of water [10]. Considerably more
water is required to completely saturate thicker needle litter [11] before it moves into the
soil underneath.

Numerous attempts have been made to continuously measure the water retention
storage of floor litter over the past couple of decades. According to Helvey and Patric [11],
these methods may categorize into laboratory and field experiments. A detailed review of
measuring techniques can be found in Gerrits and Savenije [12].

Several laboratory experiments have been conducted to analyze the water dynamics
of leaf litter as it relates to retention and drainage capacity [9,10,13,14]. These experiments
have provided a reliable estimation; however, accuracy is limited by several factors. First,
the hydrologic response of leaf litter under simulated rainfall in a lab likely differs from
that under real incidents of rainfall. Further, inconsistencies in data from natural rainfall
events can be attributed to spatial and temporal variations, which would not occur in a lab
setting. In addition, the relatively short duration and high intensity of artificial rainfall in
laboratory studies cannot completely saturate the leaf accumulation, thereby leading to
low measurements of water retention capacity [10], which may be inaccurate.

To overcome some of the drawbacks of laboratory experiments, field lysimeters have
recently been employed in experimental forest hydrology. This device was designed to
measure the weight of the litter within a certain time interval. Schaap and Bouten [15]
developed a concrete lysimeter equipped with a load cell sensor. The present study is
based on a field experiment conducted by Gerrits et al. [16], similar to that of Schaap and
Bouten [15], to measure the weight of the litter layer. Lysimetric techniques are scalable
and suitable for directly quantifying the water budget of a forest floor through changes in
litter weight over the shortest intervals, but the challenges of using this tool include high
manufacturing and operational costs [17].

Forests can retain a significant amount of rainfall via foliage, branches, stems, and
leaf litter. Although the litter layer can store only a few millimeters of water, water
absorption and depletion processes of litter can result in a considerable reduction of rainfall
reaching to soil surface. However, the role of litter on rainfall interception and retention
remains unclear and may even be disregarded in many hydrological studies because it is
commonly considered a minor process and has practical difficulties in making accurate
measurements [8,13]. Therefore, an accurate understanding of how rainfall is partitioned
over the floor litter can provide a better perspective on rainfall interception and evaporation
processes.

The objectives of this study were to measure the water stored in the litter layer under
natural conditions and to examine the effects of litter type and rainfall amount on the
water balance of the litter layer. In this study, six lysimeters were placed in deciduous
and coniferous forests, and litter weight was measured during the experimental period.
The reliable estimation of water retention capacity can contribute to understanding the
hydrologic processes of the forest floor litter layer and can be utilized to predict fire ignition
potential based on fuel moisture variation.
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2. Materials and Methods

2.1. Study Area

This study was conducted between November 2015 and November 2017 in the Mt.
Taehwa University Forest (TUF) of Seoul National University, located approximately 30 km
southeast of the Seoul capital area (N37◦18′–20′, E127◦17′–20′) (Figure 1). The TUF en-
compasses a 796-ha mountain forest at a latitude ranging from 150 m to 644 m above
sea level. The climate of the TUF is characterized as temperate, with hot wet summers
and cold dry winters. The mean monthly temperature ranges from −3.3 ◦C in January
to 25.2 ◦C in August, according to the most recent 30-year data (1991–2020). The mean
annual precipitation is 1308 mm, most of which falls in the summer season between June
and September [18].

 

Figure 1. Locations of lysimeters in the Mt. Taehwa University Forest (TUF), Korea.

The TUF comprises 496 ha of natural deciduous forest and 300 ha of the coniferous
plantation, with the remaining being composed of mixed forest. The dominant tree species
in the deciduous forest include Quercus acutissima, Quercus variabilis, and Quercus mongolica,
and the plantation forest comprises Pinus koraiensis and Larix kaempferi. The bedrock
underneath the TUF is composed largely of weathered granite, and the soil texture is
primarily sandy loam according to USDA classification. There has been no record of fire in
the TUF over the last few decades. A detailed description of the TUF is provided by Im
et al. [19].

2.2. Data Collection

Field lysimeters were used to measure the amount of water retained in the litter layer
within each forest (Figure 2). The lysimeter comprises an aluminum container, a steel
frame, a load cell, and a data storage device. The square litter container has a surface
area of 1 m2 with a permeable wire mesh bottom that allows excess water to drain easily
into the underlying soil. Four load cells (BCL-5L, CAS, Korea) were embedded between
the container and the steel frame to measure the container weight at 1 min intervals. The
container weight, recorded in grams, was averaged over 30 measurements to calculate the
variation in litter weight every 30 min.

Each lysimeter was placed in a gap area where other species or understory vegetation
were completely absent and filled with the surrounding leaf litter. Three lysimeters, TBK1,
TBK2, and TBK3, were located in Q. acutissima forest, while three, TCK1, TCK2, and
TCK3, were placed in P. koraiensis plantation forest that was planted in 1964 (Figure 1). A
description of each forest is presented in Table 1. The broadleaf litter lysimeters were set up
in a 34-year-old Q. acutissima forest with an average tree diameter (n = 12) at breast height
(DBH) of 24.1 ± 8.5 cm (mean ± std. dev) and an average tree height of 13.6 ± 3.3 m. The
needle litter lysimeters were set up in a P. koraiensis plantation with an average DBH of
33.2 ± 4.5 cm and an average tree height of 18.4 ± 1.5 m.
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Figure 2. Litter lysimeter (a) and schematic diagram of the lysimeter (b).

Table 1. Tree and leaf litter characteristics.

Forest

Tree Sample (n = 12) Leaf Sample

Tree
Species

DBH
(cm)

Height
(m)

n
Length
(mm)

Width
(mm)

Dry
Weight
(kg/m2)

Deciduous Q. acutissima 24.1 ± 8.5 13.6 ± 3.3 67 155.1 ± 22.0 41.2 ± 7.5 0.09 ± 0.02
Coniferous P. koraiensis 33.2 ± 1.5 18.4 ± 1.5 600 84.9 ± 16.1 0.8 ± 0.1 0.18 ± 0.02

The physical characteristics of the leaf litter used in the lysimeter experiment are also
presented in Table 1. The uneven distribution of leaf size and shape can influence the
water retention capacity of the leaf litter [9,10]. Therefore, samples of litter in 10 locations
near each lysimeter were collected in a zipper storage bag and immediately moved to the
laboratory for analysis. Surface area parameters of the litter were extracted from scanned
image data using the LeafArea R package [20]. Litter samples were put into a drying oven
for 24 h to obtain the oven-dry weight. Similar to the characteristics of most Q. acutissima,
individual leaves in the deciduous samples tended to be broad and round-tooth shaped,
and they were, on average, 155.1 ± 22.0 mm long and 41.2 ± 7.5 mm wide at their widest
point. The leaves in the P. koraiensis litter samples had a noticeably needle-shaped surface,
with an average length of 84.9 ± 16.1 mm. The oven-dry weight of Q. acutissima litter was
lower than that of P. koreiensis litter.

Prior to weighing the lysimeters, all lysimeter containers were filled with fallen leaves,
which were obtained from random locations in the study area with as little disturbance to
their accumulation as possible. Litter load in each lysimeter approximately corresponded
to the litter accumulated on a 1 m × 1 m area adjacent to each lysimeter location. The
undecomposed litters were carefully collected on the ground surface, avoiding leaves with
obvious symptoms of pathogen or herbivore attack or with a decomposed entity. After
litter collection, decomposed organic matter and twigs were manually removed prior to
piling the litter in the lysimeter container.

The water retention capacity of leaf litter can be assessed per unit of dry weight. The
oven-drying method is the simplest and most commonly adopted technique for deter-
mining the oven-dried weight of the litter; however, as this direct measurement requires
destructive sampling, we decided not to utilize it in this study to maintain an intact litter
structure as much as possible. Alternatively, the dry weight of litter samples was indirectly
estimated by multiplying the air-dried litter weight by the ratio of the weights of air-dried
and oven-dried litter, which were obtained from the 10 litter samples collected near each
lysimeter. Table 2 shows the variation in litter weight within the forest, which may be
attributed to the varying thickness and consolidation of litter accumulation.
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Table 2. Characteristics of rainfall and leaf load at each lysimeter location.

Lysimeter

Litter Load (kg/m2) 1 Rainfall Data

Air-Dried Oven-Dried No. Event
Amount

(mm)
Duration

(h)
Intensity 2

(mm/h)

TBK1 1.42 1.26 99 9.19 ± 13.99 5.14 ± 5.46 3.54 ± 4.77
TBK2 0.62 0.55 70 9.68 ± 14.59 5.55 ± 5.64 3.55 ± 4.96
TBK3 1.52 1.36 85 11.76 ± 19.90 5.91 ± 6.07 4.17 ± 5.77

TCK1 0.94 0.58 91 13.06 ± 22.36 6.88 ± 7.72 3.70 ± 5.79
TCK2 0.75 0.46 80 11.57 ± 22.13 5.36 ± 5.58 4.22 ± 6.58
TCK3 1.40 0.86 87 12.55 ± 24.65 5.32 ± 6.02 4.49 ± 7.03

1 Weight of litter piled in the lysimeter container; 2 1-h maximum intensity for a rainfall event.

Gross rainfall was measured at KoFlux towers that were located in an open field
adjacent to each site (approximately 100 m from each site). The characteristics of the rainfall
events between November 2015 and November 2017 are presented in Table 2. Some of the
observations were missing values owing to equipment failures, power outages, or severe
weather conditions. Therefore, 99 rainfall events were selected for TBK1, 70 for TBK2,
and 85 for TBK3. In the coniferous forest, 91, 80, and 87 rainfall events were used for the
analyses of TCK1, TCK2, and TCK3, respectively. Evaporation was derived from the eddy
covariance flux measurements of the KoFlux towers. A more detailed explanation of the
eddy covariance method can be found in Kang et al. [21].

2.3. Estimation of Water Balance Parameters

To understand the hydrologic behavior of leaf litter, the water retention capacity and
free drainage were estimated from lysimeter measurements. The term retention capacity
refers to the ability of the leaf litter surface to store water and is expressed by the maximum
and minimum retention [9,10]. The maximum retention is the maximum volume of water
held on the litter during a rainfall event, and this value is obtained just before the rainfall
stops. The minimum retention is quantified as the amount of water stored in the leaf litter
after drainage (or gravitational flow) completely ceases. This value represents the inherent
ability of litter to retain water owing to surface tension and adhesive force [10,13].

The water retained in the litter layer was later depleted via evaporation after rainfall,
which was characterized by a litter moisture depletion curve [10]. The depletion curve
is the lower part of the falling limb of a litter moisture curve and provides the length of
time required to achieve a certain weight of litter moisture, assuming no further rainfall.
Litter moisture depletion is a drying process that can be expressed as a simple exponential
form [10,22],

St = Smxe−at = Smxkt (1)

where St is the retention storage at time t (mm), Smx is the maximum retention storage
after the cessation of rainfall (mm), t represents the elapsed time (h), and k is the depletion
constant (=e−a).

The depletion constant k represents the time-dependent decline of litter moisture and
determines the line of best fit through litter moisture measurements with time. The drying
of litter did not occur in a uniform manner across the experiments. Thus, a representative
k value for each litter type was obtained by averaging over all rainfall events.

As no drainage data were available in this study, drainage outflow from the litter layer
was indirectly determined from the difference in litter weight over a duration of 30 min.
During a rainfall event, evaporation typically occurs at a rate of 0.1 to 0.5 mm/h because the
ambient air near the litter surface is closely saturated [23,24]. Therefore, evaporation loss
can be disregarded in the calculation of free drainage during rainfall. During the rainfall
period, the free drainage for a duration of 30 min can be calculated as follows:

Dt = Rt − ΔSt, where ΔSt = St − St−1 (2)

21



Forests 2023, 14, 478

where Dt and Rt are the amounts of water in the litter drainage and rainfall at time t
(mm/30 min), respectively. ΔSt implies the change in litter moisture for a duration of 30 min.

When the rain ceases, the evaporation process gradually recovers. Therefore, drainage
can be estimated as follows:

Dt = ΔSt − Et, for ΔSt > Et (3)

Dt = 0, for ΔSt ≤ Et (4)

where Et is the amount of evaporative loss for a duration of 30 min (mm/30 min).

2.4. Statistical Analysis

Tests for normality must be checked before full statistical analysis can be conducted.
Because the data didn’t follow normal distribution due to high skewness and heteroge-
neous variance, differences among treatments were tested using the Kruskal–Wallis test.
Bonferroni correction was also applied to minimize the alpha inflation when assessing the
treatment effects. Two litter types were designed in this study to evaluate the effects of
litter and rainfall on the water retention capacity with three lysimeters. Differences were
considered statistically significant at p < 0.05. All statistical analyses were performed using
the R statistical package, version 4.2.0 (22 April 2022) [25].

3. Results

3.1. Water Retention Capacity of Leaf Litter

The water retention capacity of the leaf litter was estimated from the litter lysime-
ter measurements and is presented in Table 3. For the entire period of measurement
(Table 2), the maximum retention capacity (mean ± std. dev) of the Q. acutissima litter
(1.69 ± 1.28 mm for TBK1, 1.46 ± 1.33 mm for TBK2, and 1.67 ± 1.57 mm for TBK3) was
equivalent to 3.07 ± 2.23, 1.16 ± 1.06, and 1.23 ± 1.16 mm per unit litter mass (kg/m2), re-
spectively. The maximum retention capacity in the P. koraiensis litter (1.75 ± 1.79 mm
for TCK1, 1.90 ± 1.79 for TCK2, and 2.01 ± 1.99 mm for TCK3) was equivalent to
2.04 ± 2.08 mm, 4.13 ± 3.89 mm, and 3.46 ± 3.42 mm per unit litter mass (kg/m2), re-
spectively, which was higher than that of the Q. acutissima leaf litter. This demonstrated
that more rainfall was retained in needle litter than in broadleaf litter, regardless of rainfall
amount, and this result was consistent with the finding of Li et al. [10]. Maximal water
retention depends on the development of free drainage in the litter layer during rainfall
events [9]. Needle litter forms an extremely dense accumulation that obstructs the disper-
sion and percolation of rainfall. However, in broadleaf litter such as that of Q. acutissima,
biomat flow can be developed in the litter layer that allows water to move laterally and
vertically [26].

Table 3. Water retention in leaf litter per rainfall event.

Lysimeter
Maximum Retention

Storage (mm)
Minimum Retention

Storage (mm)

TBK1 1.69 ± 1.28 1.46 ± 1.21
TBK2 1.46 ± 1.33 1.35 ± 1.32
TBK3 1.67 ± 1.57 1.56 ± 1.47

TCK1 1.75 ± 1.79 1.58 ± 1.75
TCK2 1.90 ± 1.79 1.89 ± 1.74
TCK3 2.01 ± 1.99 1.97 ± 1.90

In contrast to the previous laboratory experiments, where gravitational water was
readily drained within a short period (approximately 30 min) after rainfall cessation [9,10],
this in situ study demonstrated that water continued to drain out of litter samples beyond
30 min after rainfall ended. Therefore, the lowest, nearly asymptotic water retention was
considered in this study as the minimum retention [10]. The minimum retention varied,
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ranging from 1.35 ± 1.32 mm (TBK2) to 1.56 ± 1.47 mm (TBK3) in broadleaf litter and
from 1.58 ± 1.75 mm (TCK1) to 1.97 ± 1.90 mm (TCK3) in needle litter. The average values
of minimum retention were 1.66 mm and 2.72 mm per unit mass for Q. acutissima and
P. koraiensis litters, respectively. No significant differences were observed in retention among
the groups with different litter weights (p = 0.1912); however, a statistically significant
difference was observed between litter types (p < 0.01).

According to previous studies [9,10], the water retention capacity of litter depends on
litter mass, regardless of its thickness. The relationship between retention and litter mass
is shown in Figure 3. The coefficients of determination for linear relationship were also
presented in Figure 3, implying a measure of how well linear regression represents the
measurements. As expected, both the maximum and minimum retention values increased
linearly as litter mass increased. The maximum retention value increased considerably in
the P. koraiensis litter, whereas it tended to change only slightly in the Q. acutissima litter.
As shown in Figure 3, all lysimeter measurements presented a linear relationship between
minimum retention and litter mass, with slope coefficients of 0.187 for Q. acutissima and
0.399 for P. koraiensis litter. This implies that a stronger adhesive force, which can resist the
vertical movement of pore water, exists among the elements of the needle litter compared
to that of the broadleaf litter. The difference in maximum water retention between litter
types was small because it is controlled by rainfall intensity. Unlike the maximum retention
values, the minimum retention values exhibited high variability between litter types. There
were significant differences in both maximum and minimum retention storages between
broadleaf and needle litters (p < 0.01).

Figure 3. Variation in water retention with litter amount.

As shown in Figure 4, the high variability in the minimum retention capacity within
litter type was likely due to natural variability in rainfall intensity and duration. The
minimum retention capacity as a percentage of rainfall could be as high as 80% during light
rainfalls (<10 mm), and it became no more than 20% in cases where rainfall amount was
>30 mm. The minimum retention capacity of broadleaf litter was higher than that of needle
litter for light rainfall events (<20 mm) but could be low for heavy rainfalls. Broadleaf litter
can easily capture water with large, curve-shaped surfaces when rainfall does not exceed
the storage capacity [9,10]. Compared to Q. acutissima litter, P. koraiensis litter formed a
relatively dense barrier layer owing to its smaller physical dimensions and lower porosity.
Thus, the strong adhesion and surface tension of water molecules in the P. koraiensis layer
caused a reduction in water movement through the litter layer for heavy rainfalls [10].
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Figure 4. Variation in minimum water retention with rainfall and the corresponding envelope curve.

The percentage of rainfall retained by litter decreased as rainfall amount increased. The
logarithmic relationship between retention capacity and rainfall for broadleaf (Equation (5))
and needle (Equation (6)) litter can be expressed as:

Log(Smn) = 3.461 − 0.043 Rtot (mm)
(

R2 = 0.600
)

(5)

and
Log(Smn) = 3.173 − 0.027 Rtot (mm)

(
R2 = 0.407

)
, (6)

respectively, where log(Smn) is the natural log of the minimum water retention (%) and Rtot
is the total amount of rainfall (mm). The derived relationships between water retention and
rainfall amount were statistically significant (p < 0.01) and had residual standard errors of
1.159 and 0.604 for the broadleaf and needle litters, respectively.

For heavy rainfall with a long duration, the retention capacity reaches the potential
value regardless of rainfall amount because the initial abstraction by litter is satisfied, and
litter can be completely saturated. Figure 4 shows the upper boundary of the minimum
retention value under natural conditions. The upper envelope curve (Figure 4) was fitted
using the Aston curve [25]. The potential values of minimum retention per unit mass
(kg/m2) can be expressed as follows,

Smn,p = 14.705
(

1 − e−0.081Rtot
)

for needle litter (7)

Smn,p = 8.226
(

1 − e−0.173Rtot
)

for broadleaf litter (8)

respectively, where Smn,p is the potential (maximum) values of minimum retention per unit
mass of litter (mm/kg/m2).

The minimum retention value increased exponentially with light rainfall but ap-
proached asymptotic boundaries when rainfall exceeded 30 mm. This phenomenon was
similar to the findings of Sato et al. [9], Li et al. [10], and others [27]. Light rainfall produced
greater retention potential in broadleaf litter than in needle litter. The influence of rainfall
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on retention capacity was not significant in heavy rainfall events, although the capacity
slightly increased as rainfall increased. Figure 4 indicates that the upper envelope for
minimum retention was 8.226 mm per unit mass for Q. acutissima litter and 14.705 mm for
P. koraiensis litter.

3.2. Litter Moisture Depletion Curve

In this study, a moisture depletion curve was plotted for each litter type. As shown in
Figure 5, a simple exponential relationship was observed in the water depletion curve of
the leaf litter, implying that average k values for broadleaf and needle litters were 0.975 and
0.991, respectively.

Figure 5. Depletion curve of litter moisture after the cessation of rainfall.

The litter drainage led to the decline in litter moisture content immediately after rain
stopped, and as time elapsed, water absorbed by the litter asymptotically approached the
minimum retention value of the litter. Figure 5 shows that half of the water retained in the
Q. acutissima litter was depleted within approximately 1.1 days (27 h) after the cessation
of rainfall. Over 3.8 days (90 h), the remaining moisture was slowly extracted from the
Q. acutissima litter layer, which then reached approximately 10% of its maximum retention
value. Water depletion in P. koraiensis litter followed a similar pattern to that in the broadleaf
litter, depleting 50% and 90% of its maximum retention value within 3.4 days (80 h) and
11.2 days (268 h), respectively.

3.3. Water Balance Analysis for Rainfall Periods

This study revealed an increase in litter weight due to water retention and a decrease
due to evaporation loss. The water balance for rainfall periods was analyzed, and the
total rainfall was partitioned into litter retention, evaporation loss, and free drainage, as
presented in Table 4. Because there were no significant differences among lysimeters within
litter type, the average values across three lysimeters within each litter type were calculated.
Regardless of rainfall amount, approximately 83.7% of incoming rainfall drained from
the Q. acutissima litter into the uppermost soil layer, whereas 84.5% of rainfall percolated
through the P. koraiensis litter.
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Table 4. Water balance analysis for rainfall periods.

Lysimeter
Rainfall Water Evaporation Litter

Amount (mm) 1 Retention (mm) Loss (mm) Drainage (mm)

TBK1 836.0 103.3 (12.4%) 2 51.9 (6.2%) 680.8 (81.4%)
TBK2 774.6 84.9 (11.0%) 33.5 (4.3%) 656.2 (84.7%)
TBK3 1023.3 103.2 (10.1%) 52.3 (5.1%) 867.8 (84.8%)

TCK1 1292.5 166.3 (12.9%) 25.5 (2.0%) 1100.7 (85.2%)
TCK2 809.8 120.8 (14.9%) 12.2 (1.5%) 676.8 (83.6%)
TCK2 1066.8 152.4 (14.3%) 14.4 (1.3%) 900.0 (84.4%)

1 Rainfall events used for lysimeter measurements are included; 2 Parentheses indicate the portion of rainfall
amount.

After litter drainage was complete, the remaining water retained in the litter layer was
available for evaporation or retention. Evaporation losses during the depletion periods
accounted for 5.2% of total rainfall in the broadleaf litter layer and 1.6% in the needle litter
layer. Naturally, some retained water was not entirely lost via evaporation and contributed
to the antecedent moisture of the litter for subsequent rainfall events. When lysimeter
measurements were considered, the portion of total rainfall retained within the litter layer
after the completion of litter drainage was 11.1% in the Q. acutissima litter and 14.0% in the
P. koraiensis litter.

This was attributable to the physical properties of the litter, as reported in previous
studies [10,28]. A horizontally oriented and densely compacted needle litter layer retains
more water than curved and loosely compacted broadleaf litter layer. However, a relatively
stronger adhesion and surface tension in needle litter can resist the evaporation of water
from the litter surface and consequently enhance litter drainage, compared to broadleaf
litter.

As shown in Figure 6, litter drainage varied with rainfall amount. For light rain-
fall of less than 10 mm, 25% and 32% of rainfall was intercepted or evaporated by the
Q. acutissima and P. koraiensis litters, respectively, resulting in a decrease in the amount
of rainfall reaching the mineral soil. The portion of rainfall that drained increased as the
rainfall increased. These findings correspond with those of previous studies [10,23].

Figure 6. Variation in litter drainage with rainfall.
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4. Discussion

The water balance of leaf litter was analyzed based on lysimeter measurements. In this
study, total rainfall was partitioned into three components: retention, evaporation loss, and
litter drainage. Water balance analysis revealed a proportionately greater amount of litter
drainage due to lower water retention of leaf litter. The water retention values observed
at the end of a rainfall period fell within the range of interception storage reported by Li
et al. [10]. The amount of water retained is dependent on the initial moisture content of
the litter prior to rainfall. Leaf litter that is very dry will retain a larger proportion of the
rainfall arriving on the litter layer, and that which is close to the saturation point will retain
very little additional moisture. The influence of antecedent moisture conditions on water
dynamics in the litter layer was not quantitatively considered in this study.

Water retention per unit mass of leaf litter has been reported by previous studies
based on laboratory experiments. Sato et al. [9] reported that the maximum water retention
levels of Lithocarpus edulis (broadleaf litter) and Cryptomeria japonica (needle litter) were
1.56 mm and 1.59 mm, respectively, and the minimum retention of L. edulis and C. japonica
were 1.53 mm and 0.81 mm, respectively. Li et al. [10] reported that the average maximum
retention of broadleaf litter ranged from 3.96–6.56 mm for Q. variabilis and 5.26–6.25 mm
for Q. acutissima; however, the values for needle litter ranged from 0.35–0.43 mm for Abies
holophylla and 1.65–2.47 mm for Pinus strobus. Putuhena and Cordery [13] reported that
the maximum and minimum water retention of pine litter was 1.25 mm and 0.97 mm,
respectively. Compared to previous results measured in laboratories, the water retention
values derived from the in situ lysimeter experiments in this study are within the same
order of magnitude but exhibit wide variation due to the high variability of natural rainfall.

According to the lysimeter measurements in this study, water retention capacity was
10%–15% of the rainfall for storm periods. Other studies also published the water retention
of gross rainfall or annual value for different litter types as follows: 8%–12% for mixed oak
stands in India [29], 8%–16% for Quercus petraea, 12.1% for Pinus patula, 8.5% for Eucalyptus
grandis, and 6.6% for Acacia mearnsii in South Africa [30]. Gerrits et al. [16] found litter
interception to be as high as 22% in a beech forest and 18% in needle leaf litter in a cedar
forest, while Helvey and Patric [11] found litter interception to be 15%–34% in a poplar
stand in the USA. Comparison of the current study with these past studies is limited due to
differences in climate conditions, tree species, litter mass, and methods of measurement.

Litter drainage was indirectly calculated as the difference between the amount of
rainfall and the amount of water retained in the leaf litter. This concept is valid only if the
evaporation loss is neglected for shorter durations. Even if this condition is not satisfied, it
leads to a small discrepancy in almost all instances because the evaporation rate is too small
to have a substantial impact on the drainage calculation for a very short period [24,31].

The gravimetric method is the most widely used technique for the moisture determi-
nation of litter [6,7], where litter samples are transported to the laboratory for experimental
measurements. Although this is a very simple and accurate method, it disturbs the samples
and requires 12–24 h to dry in an oven to weigh the litter sample under dry conditions.
Therefore, the gravimetric method is not applicable to continuously measure the water
partitioning in field conditions. A field lysimeter is the best solution to quantify litter inter-
ception and retention under natural conditions [12]. Because the experiment is executed
in the original environment, litter samples are less disturbed compared to the gravimetric
method.

Naturally, some biological and pathological changes could have occurred during the
measurement period [32,33]. Decomposition can modify the physical characteristics of leaf
litter, resulting in a change in its weight [34], which would influence the hydrologic pro-
cesses in the litter by reducing its water retention capacity and resisting water penetration
into the layer. In this study, litter decomposition was not considered because it was the
intent of the experiment to obtain moisture measurements from relatively undisturbed
litter samples. Litter-decomposing fungi are also known to have higher water resistance
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(hydrophobicity) due to fungal mycelia [33], although they have rarely been observed in
litter samples.

5. Conclusions

The water retention capacity of leaf litter was estimated from lysimeter measurements
taken over a duration of 30 min. Regardless of rainfall characteristics, needle litter had
a greater capacity to retain rainfall than broadleaf litter did. During the experiment,
approximately 1.66 ± 1.72 mm per rainfall event was stored per unit mass (kg/m2) of
broadleaf litter after rainfall, while 2.72 ± 2.82 mm of rainfall reaching needle litter was
retained per unit mass (kg/m2). Approximately 83.7% of incident rainfall drained into the
uppermost soil layer below the Q. acutissima litter, whereas 84.5% of rainfall percolated
through the P. koraiensis litter. The depletion curves indicated that the water retained in the
Q. acutissima litter was more easily lost via evaporation than the P. koraiensis litter.

The duration and intensity of rainfall are known to affect litter water retention capacity.
Most previous studies have been conducted under limited conditions, where the short
duration and/or high intensity of artificial rainfall might lead to an underestimation of
the retention capacity of litter, likely due to the litter accumulation not being thoroughly
wetted prior to the simulated rainfall. On the contrary, as this study was conducted under
natural rainfall conditions, it resulted in a higher variation in retention capacity, likely due
to the variation in rainfall. Practically, the upper envelope curves derived from lysimetry
experiments can provide the upper boundary of the retention capacity, reflecting the effect
of rainfall characteristics under natural conditions.

This lysimetry experiment has some limitations. First, evaporation from the litter layer
has not been measured but can be derived in this study. It would require intensive field
experiments where hydrological components such as rainfall, evaporation, percolation, and
drainage are measured simultaneously. Second, litter decomposition as a result of fungal
and soil faunal activity also occurs over time. Changes in the physical traits of leaf litter
can affect hydrological function; however, this phenomenon was not considered in the
current study. Therefore, long-term measurements are required to accurately understand
the hydrological role of leaf litter, considering spatial and temporal variations in production,
accumulation, and decomposition.

This study highlighted the litter retention and evaporation processes. However,
relatively little is known on water dynamics occurring on the forest floor. Biomat flow
likely follows preferential flow paths through the litter layer. Further research can be
directed to the clear understanding of how biomat flow influences the residence time of
water within the layer, time to litter saturation, and, in consequence, the water retention
capacity of litter.
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Abstract: The structure of forests in temperate climates has been changing to ensure the resilience
of trees. This change affects the local water balance. Knowledge of soil hydraulic properties (SHP)
is essential to assess the water cycle in ecosystems. There is little knowledge about the impact of
tree species on SHP and the water balance. Based on a compilation of 539 related studies we aimed
at identifying the effects of tree species and age on SHP in temperate climates. However, most
studies concentrated on soil biogeochemical properties, whereas only 256 studies focused on SHP.
The literature presents no standard methods for assessing SHP and there is no knowledge of their
variations in forests. We present a systematic overview of the current state of knowledge on variations
in SHP based on forest type in temperate climates. We identify the gaps and weaknesses in the
literature and the difficulties of evaluating the reviewed studies. More studies following standardised
methodologies are needed to create a robust database for each forest type and soil texture. It would
improve the assessment of the forest water balance through calibrated plot/site-scale process models.
Such a database does not yet exist, but it would greatly improve the management and development
of future forest ecosystems.

Keywords: soil hydraulic properties; saturated hydraulic conductivity; bulk density; temperate forests

1. Introduction

In recent decades, forest ecosystems have shown a decline in productivity, exhibiting
tree species with negative physiological processes undergoing high and abrupt mortality [1].
According to Allen et al. [2], the increasing tree death rate is caused by climate change
with concomitant drought and heat as the main factors compromising the prosperity of
the forests. The severity of droughts and the high stress in temperate forest ecosystems
create conditions favouring pests and pathogens [3], creating an environment of high risk,
especially in areas with low water availability [4].

In addition, future scenarios foresee increasing drought frequency, intensity, and
duration as well as additional impacts such as wildfires and severe storms, leading to
elevated tree mortality rates [1,2,4]. Long-term droughts, coupled with rapid tree decline,
represent considerable challenges to the management and policy-making communities.
In response to changing conditions, forests of the temperate zone are transforming, being
managed to withstand these adverse constraints.

In the past, monocultures of needle-leaved trees (i.e., of Norway spruce—Picea abies)
were widely used in Central Europe as a promising economic resource. However, in the
context of climate change, spruce monocultural stands have weakened and are rapidly
dying out. Therefore, current forest management considers the use of native broad-leaved
tree species as mitigation to endure drought stress and preserve the vitality of trees. As re-
ported by Pretzsch et al. [5], the process of transformation and adaptation from non-natural
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and widespread coniferous monocultures towards mixed forests including deciduous tree
species will be of great ecological interest considering different rates and species.

This strategy plays a key role in overcoming the current climatic conditions and in the
development of future forest ecosystems. The introduction of broad-leaved and hardwood
species in needle-leaved stands should be performed carefully as it changes several soil
properties (i.e., humus, litter deposition), likely affecting the soil hydraulic properties [6–8].
Therefore, the assessment of possible consequences on the water balance is essential for
efficient forest productivity [9].

The evaluation of the water balance of forest stands in terms of different species can be
achieved by using calibrated plot/site-scale process models such as LWF-Brook90 [10,11],
which depend on soil hydraulic properties (SHP). SHP are essential to assess the water
cycle in ecosystems. The evaluation of these parameters allows the description of several
hydrological processes within the soil profile, such as water infiltration, surface runoff and
water storage, the availability of water for root uptake, percolation, and the generation
of surface runoff as a function of the soil management practices [12,13]. Furthermore, the
soil hydraulic conductivity is particularly relevant since it allows the estimation of water
movement towards the root zone and the recharge of underground aquifers, as well as the
transport of minerals and nutrients into the deeper layers of the soil profile [14,15].

Some studies compare SHP between forested and non-forested sites, but only a few focus
on the different management practices within forest ecosystems. In contrast to other land
uses, studies reveal that forest soils usually show higher hydraulic conductivity [14,16,17],
improved water retention [17], decreased runoff and increased soil moisture [17,18], with
often lower density [19]. Moreover, the infiltration capacity and soil water retention in forested
soils control the formation of surface runoff acting as a natural flood regulator [16,20,21].
However, most studies addressing the variation in soil properties as a result of forest
management focus on aboveground characteristics including biomass [22–24], vegetation
traits [25–27], and soil biochemical properties [28–32].

Articles assessing SHP in temperate forests are extremely scarce and present a great
variety in findings. Differing values for soil bulk density, hydraulic conductivity, and
the accumulation of soil organic carbon in relation to forest type and tree age have been
observed [8,14,21,33–35]. In addition, the relief of the sites has a noticeable implication for
the assessment of the SHP. On steep slopes, needle-leaved forests have revealed enhanced
hydraulic conductivity in contrast to smoother surfaces [36]. However, under similar
conditions, broad-leaved forests create conditions less prone to surface runoff generation
compared to needle-leaved forests [34]. SHP may vary according to a vast combination of
soil texture, tree species, root distribution, and the inherent complexity of the interacting
site conditions, likely affecting the water dynamics in a catchment [6,16,33,37,38].

The objective of this study is to review the available literature on information for the
SHP of forested sites in temperate zones. Our aim is to evaluate and assess the impact of
tree species and age on soil hydraulic properties based on the reported values. We expect to
find differences in SHP in terms of broad-leaved and needle-leaved tree species as reported
by Archer et al. [14], Julich et al. [16], and Wahren et al. [17]. We hypothesize that in
needle-leaved stands (at least for comparable soil geological settings), the overall hydraulic
conductivity is lower, together with higher bulk density, compared to broad-leaved stands.

2. Materials and Methods

2.1. Nature and Classification of the Studies

For the review, a systematic search was conducted based on the PRISMA State-
ment [39]. The academic databases Scopus and Web of Science were used to search for
information, with the last search performed on 24 March 2022. This review targeted peer-
reviewed publications in English until the year 2021. Publications in other languages
were excluded as a thorough analysis requires an adequate understanding of the study
site descriptions.

32



Forests 2022, 13, 1850

Figure 1 shows the search steps we followed to create our database. Firstly, we
performed a broad search (“Search 1”, Figure 1), considering the terms “soil hydraulic prop-
erties” and “forests”, obtaining a total of 462 articles. The results were classified according
to “temperate forests” and “tropical forests (+others)”, with the latter group presenting the
highest number of studies regarding soil properties. In this step the articles that were not
related to the study of soil properties (i.e., soil fauna, soil fungi, root development), that
were not specifically carried out in forested areas, that did not specify the type of climate, or
articles where it was not clear, were excluded. Then, the focus of our study was specifically
directed to temperate forests as our first research revealed that the studies conducted on
these forests were deficient.

Figure 1. The flowchart on the left displays the steps performed in a first broad search, which shows
the current state of the literature in relation to the variation in soil hydraulic properties in different
climatic zones. The flow chart on the right illustrates the steps followed to filter the studies related to
soil hydraulic properties in temperate forests (the focus) and how the final database based on current
literature was compiled. The number of papers found (n) and the studies that were discarded at each
step along the literature review are included. (*) Some articles are repeated between the subdivisions.

After the first literature review, we carried out a complementary search using the
same academic databases to aim for studies addressing SHP in temperate forests, including
the words “hydraulic conductivity”, “water retention”, and “water content” to make
certain of covering relevant soil hydraulic properties (“Search 2”, Figure 1). For each of the
beforementioned words, different combinations of keywords such as “temperate forest”,
“temperate climate”, “coniferous”, “deciduous”, “stand”, “species”, “mixed forest(s)”, and
“forest conversion” were used.

Although we collected a total of 539 articles up to 2021, several of these studies referred
to the term “soil properties” in a general context. Therefore, 267 studies were discarded
before the assessment as they focused specifically on soil biogeochemical properties, traits,
and root water uptake, rather than on soil hydraulic properties. Moreover, some of those
studies were discarded since they concerned other land uses. After neglecting the studies
that were not within the scope of this review, the compilation consisted of 272 studies.
Since our analysis aimed at soil hydraulic properties obtained between 0 and 30 cm depth,
16 additional studies not reporting depth of measurement or performed at greater depths
were excluded from the database. In addition, studies that used units deviating from
the standard were discarded to avoid confusion and misinterpretation over converted
values. Once all these steps were completed, the final database was subdivided into those
articles containing studies related to soil bulk density, hydraulic conductivity, and soil
water content.
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To assess the effect of the different forest ecosystems on the soil properties, we defined
a classification for this study according to needle-leaved, broad-leaved, and mixed forests.
Within each forest group, we attempted to classify the studies in terms of site parameters
such as soil texture, organic matter concentration, tree age, and tree mixing rate (in the case
of mixed forests). Still, due to the limited information, we were able to classify the articles
only in terms of soil texture and tree age. The classification of soil texture was performed
based on fine for clay-dominated soils, medium for mostly loamy soils, and coarse for
mostly sandy soils. Given the range in ages of the trees in the reviewed studies, and for the
purpose of our study, we decided to group the values collected according to the following
criteria: young forest for trees < 50 years old, mature stand for those containing trees of
50–100 years old, and old forest for trees older than 100 years.

When evaluating the articles that assess soil water content, we observed that most of
the studies were concerned with variations in water content over a given period of time.
Such results are of interest for assessing temporal fluctuations in soil moisture content;
however, they are relative to seasonal and climatic factors. Therefore, we focused on
measurements of water holding capacity, as this property is relevant to assess the effect of
forest type. From the 92 articles collected that addressed water content, only 15 could be
used for our research.

In the case of saturated hydraulic conductivity, 3 out of 22 articles performed their
measurements under laboratory conditions, which were excluded since such measurements
likely neglect the site characteristics. Regarding the experiments performed in the field,
one article did not specify the measurement device, whereas 10 studies used permeameters
and nine used infiltrometers. Although both methods work under different techniques, we
considered all the 20 articles in our analysis. From these studies, we compiled a total of
145 values for analysis. Regarding soil bulk density, from a total of 56 studies, we collected
145 values to be further assessed.

2.2. Statistical Analysis

As most of the results came from diverse studies and were performed under specific
conditions, the collected data could not be assumed to be uniformly distributed. Even
when some of the reviewed papers presented comparable site parameters, they frequently
differed in other aspects, such as measurement approaches, devices, and sampling designs.
Therefore, the Kruskal–Wallis test was used to assess whether the data presented significant
differences between the forest types under the assumption that all data points were obtained
independently under the same experimental conditions.

3. Results

The compilation of studies was screened for values of SHP in terms of water holding
capacity, saturated hydraulic conductivity, and soil porosity. However, the available
information on the aforementioned parameters was limited. Thus, it was not possible to
add most of these hydraulic parameters to the analysis. Only for soil hydraulic conductivity
could sufficient information be extracted for further assessment. Since soil bulk density was
present in almost all the reviewed articles, it was included in the analysis, as it provides
relevant information regarding soil structure.

In order to appropriately compare each soil hydraulic property in terms of comparable
site parameters, we classified the data according to forest type (i.e., tree species and age
of the trees) and the soil texture where the parameters were measured. We found that not
all the collected articles reported these relevant parameters, hence several studies were
unsuitable for further analysis. As a result, we created two datasets containing all values
found in the pool of collected articles. Database A contains all results obtained for a soil
depth of 0–30 cm (independent of the site description) and database B contains the filtered
information of database A, comprising only those articles reporting forest type and soil
texture. Furthermore, all values were converted to the same units for further comparison.
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Table 1 presents the number of studies included in databases A and B, the latter
containing the results that are suitable to assess the collected bulk density and hydraulic
conductivity values. To visualize the information, the distribution was performed by forest
type, and each field was additionally sorted by soil texture and tree age. It can be seen that
most studies comprised information regarding bulk density and fewer studies measured
hydraulic conductivity. It is also evident that the majority of the studies were conducted in
needle-leaved and broad-leaved forests.

Table 1. Classification of values found in the reviewed literature filtered by forest type as main field
and further divisions by soil texture and tree age, which were defined by this study. The left side of
the table (a) corresponds to the hydraulic conductivity (K) and right side (b) refers to the soil bulk
density (BD). All values are measurements between 0 and 30 cm soil depth.

Needle-Leaved Forest

(a) K Young Mature Old Total (b) BD Young Mature Old Total

Coarse 10 1 0 11 Coarse 4 11 2 17
Medium 0 1 0 1 Medium 2 1 2 5

Fine 0 0 0 0 Fine 0 0 0 0
Total 10 2 0 12 Total 6 12 4 22

Broad-Leaved Forest

Coarse 0 6 9 15 Coarse 2 12 2 16
Medium 1 4 0 5 Medium 3 1 12 16

Fine 0 0 0 0 Fine 11 0 0 11
Total 1 10 9 20 Total 16 13 14 43

Mixed Forest

Coarse 0 12 2 14 Coarse 0 14 0 14
Medium 0 0 0 0 Medium 0 0 0 0

Fine 0 0 0 0 Fine 0 0 0 0
Total 0 12 2 14 Total 0 14 0 14

3.1. Soil Water Retention

Table 2 summarises the information regarding soil water retention characteristics
found in the screened articles. From 15 studies a total of 30 values were found, yet not
all studies referred to the same measurements of soil water holding capacity, resulting in
limited information for the individual soil water types. Field capacity (FC) ranged from
0.12 m3 m−3 for sandy soils up to 0.44 m3 m−3 for silty clay soils. Regarding plant available
water (PAW), only a little amount of information was available with values ranging from
0.02 to 0.33 m3 m−3. For water content at the permanent wilting point (PWP), values
between 0.05 and 0.20 m3 m−3 were reported.

3.2. Soil Bulk Density

Figure 2 compares the values for soil bulk density of the topsoil by using dataset
A, which contains all values found in the literature screening, and dataset B containing
those that were filtered regarding the available information on tree age and soil texture.
Dataset A comprised a total of 163 bulk density values, whereas dataset B was reduced to
79, excluding about 52% of the information. For dataset A, the highest and lowest means
were observed in the broad-leaved and needle-leaved forests, respectively, whereas dataset
B showed comparable mean values between forest types (Figure 2).
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Table 2. Detailed information on soil water holding capacity from the reviewed literature. In the
division Forest Type, the abbreviations Nee, Broa, and Mix stand for needle-leaved, broad-leaved,
and mixed forest type, respectively.

Author References
FC 1 PAW 2 PWP 3

Forest Type Soil Texture Class Tree Age
(m3 m−3)

Bittner et al. [40]
- - 0.06 Broa Silty clay Old
- - 0.06 Broa Silty clay Old
- - 0.09 Broa Silty clay Old

Grant et al. [41] 0.28 0.09 - Broa Silty Mature

Metzger et al. [42] 0.44 - - Broa Fine textured -
0.42 - - Broa Fine textured -

Baldocchi et al. [43] 0.16 - - Nee Sandy Old

Archer et al. [14]

- 0.290 - Nee Sandy Young
- 0.240 - Nee Sandy Mature
- 0.220 - Nee Sandy Old
- 0.180 - Nee Sandy Old

Dusek and Vogel [44] - - 0.20 Nee Sandy -
- - 0.20 Nee Sandy -

Tor-Ngern et al. [9] 0.15 - - Nee Sandy Young
0.15 - 0.05 Nee Sandy Mature

Almahayni and
Houska [45] 0.12 0.02 - Nee Sandy -

Duarte et al. [46] 0.30 - 0.14 Nee - Old

Kirchen et al. [47]

0.40 - 0.18 Broa Fine textured Young
0.40 - 0.28 Broa Fine textured Young
0.31 - 0.15 Broa Fine textured Young
0.34 - 0.17 Broa Fine textured Young

Leuschner [48]
- 0.32 0.13 Broa Sandy -
- 0.14 0.13 Nee - Young

Curiel Yuste et al. [49] 0.12 - - Mix Sandy -

Julich et al. [16]
0.43 0.29 0.14 Broa Silty Young
0.40 0.29 0.11 Broa Silty Old
0.40 0.30 0.10 Nee Silty Mature

Wahren et al. [17] - 0.22 - Mix Sandy loam Mature

Schwärzel et al. [50]
- 0.27 - Broa Silty Mature
- 0.33 - Nee Silty Old

1 Soil water at field capacity. 2 Soil plant available water. 3 Soil water at permanent wilting point.

Table 3 shows the number of studies and descriptive statistics of bulk density for
datasets A and B. The p-values suggest that in dataset A there is an effect of forest type on
the soil bulk density (p-values < 0.05); however, the p-values in dataset B show no effect
of forest type on this soil property. The comparison with mixed forest is not adequate in
both cases since the number of studies on this forest type is not sufficient in contrast to the
others (Table 3).
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Figure 2. Descriptive statistics of top mineral soil bulk density by forest type considering the two
data sets: dataset A containing all values found and dataset B filtered values based on available
information on tree age and the soil particle size. All values refer to the topsoil (0–30 cm depth). Black
dots represent the outliers.

Table 3. Summary of statistics for soil bulk density and saturated hydraulic conductivity sorted
according to forest type. Dataset A contains all results found in the screened articles; dataset B
considers only those values reported with additional information on soil particle size and tree age.
All values refer to the topsoil (0–30 cm depth). G Mean refers to the geometric mean. (*) indicates the
group of forest with significantly different BD values.

Bulk Density (g cm−3)

Forest Type n Mean Min Max p-Value

A Needle-leaved 45 0.89 0.11 1.53 0.0098 (*)
Broad-leaved 83 1.09 0.50 1.71 0.2396

Mixed 17 1.02 0.44 1.51 0.4682

B Needle-leaved 19 1.12 0.60 1.53 0.5807
Broad-leaved 40 1.10 0.57 1.48 0.3541

Mixed 11 1.20 1.02 1.51 0.1241

Hydraulic Conductivity (cm d−1)

Forest Type n G. Mean Min Max p-Value

A Needle-leaved 20 132 6 1200 0.9806
Broad-leaved 23 160 12 1400 0.4261

Mixed 16 224 27 1201 0.3460

B Needle-leaved 12 116 17 538 0.9379
Broad-leaved 20 127 12 1096 0.1498

Mixed 14 239 27 1201 0.1415

Figure 3 and Table 4 provide the descriptive statistics of dataset B regarding the bulk
density of the topsoil. Most of the reviewed studies with information regarding tree age
were conducted on broad-leaved forests, whereas for mixed forests only a few studies
were carried out. Values for bulk density do not follow any trend (in terms of forest
type or tree age) and reveal that mature and young stands are the dominant stages in the
reviewed studies.
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Figure 3. Descriptive statistics of the top mineral soil bulk density in relation to the tree age and
forest type for dataset B. Scattered points represent the individual values classified by the different
forest stages. Values correspond to the 0–30 cm soil depth. Grey points indicate the outliers.

Table 4. Summary of reported values on topsoil bulk density and hydraulic conductivity for the
different forest types, data are subdivided based on the information on tree age: young (Y) less than
50 years, mature (M) 50 to 100 years, and old (O) more than 100 years.

Bulk Density (g cm−3) Needle-Leaved Broad-Leaved Mixed

Tree age Y M O Y M O Y M O
mean values 0.92 1.18 0.74 0.98 1.11 0.85 - 1.16 0.52

n 10 11 7 28 21 5 - 12 2
max 1.46 1.53 1.05 1.48 1.40 1.48 - 1.51 0.60
min 0.14 0.82 0.11 0.60 0.70 0.50 - 0.64 0.44

Hydraulic Conductivity (cm d−1) Needle-Leaved Broad-Leaved Mixed

Tree age Y M O Y M O Y M O
mean values 140 409 306 692 171 233 - 483 352

n 13 2 2 2 9 10 - 12 2
max 538 468 538 1096 312 751 - 1201 418
min 6 349 75 288 35 12 - 27 286

The topsoil bulk density for needle-leaved and broad-leaved forests presented the
highest values in the mature stage; however, comparison with mixed forests was not
possible since values for the young stage were not found. Most values for the old stages
under needle-leaved and broad-leaved forests were lower in contrast to the other stages.

Figure 4 and Table 5 describe the reported values for bulk density in relation to soil
texture and forest type. Most of the screened studies with information on soil texture were
conducted in broad-leaved forests, whereas only a few were conducted in mixed stands.
The distribution of values reveals no apparent relationship between bulk density and soil
texture for the different forest types. Figure 4 also shows that very few reported values
correspond to the Oh-horizon in contrast to those measured in the first 30 cm of soil.
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Figure 4. Descriptive statistics of the top mineral soil bulk density for dataset B in terms of forest type
and soil texture: fine (clay-dominated), medium (mostly loamy), and coarse (mostly sandy). Scattered
points represent the individual values between 0 and 30 cm soil depth, including the Oh-horizon.
Grey points indicate the outliers.

Table 5. Topsoil bulk density and hydraulic conductivity values in terms of forest type, filtered by
soil texture. Letters C, M, and F stand for soils with coarse (mostly sandy), medium (mostly loamy),
and fine (clay-dominated) soil texture, respectively, between 0 and 30 cm soil depth. In the case of
bulk density, the letter Oh represents the values for the Oh-horizon.

Bulk Density (g cm−3) Needle-Leaved Broad-Leaved Mixed

Soil texture C M F Oh C M F Oh C M F Oh
mean values 1.04 1.09 1.01 0.29 1.08 1.20 1.00 0.57 1.18 - 0.80 0.42

n 22 7 4 3 16 28 17 3 12 - 2 3
max 1.46 1.53 1.25 0.38 1.40 1.71 1.30 0.81 1.51 - 1.10 0.45
min 0.44 0.60 0.70 0.21 0.57 0.78 0.59 0.35 0.90 - 0.50 0.36

Hydraulic Conductivity (cm d−1) Needle-Leaved Broad-Leaved Mixed

Soil texture C M F Oh C M F Oh C M F Oh
mean values 204 261 875 - 242 286 1225 - 464 320 64 -

n 13 2 2 - 17 5 2 - 14 1 1 -
max 567 468 1200 - 751 1096 1400 - 1201 - - -
min 17 53 550 - 35 12 1050 - 27 - - -

For needle-leaved and broad-leaved forests, the highest mean values for bulk density
were observed in forest stands with a loam-dominated soil texture, whereas the lowest
were found in sites with a fine soil texture. Overall bulk density in the Oh-horizon were in
the order: broad-leaved > mixed > needle-leaved, with a limited number of values reported
in the screened articles (Table 5). Moreover, it was often difficult to identify whether the
soil density values corresponded to the mineral layer or the organic layer. Therefore, it is
possible that there is a bias in the values reported in our study due to a lack of detail in
terms of the depth of measurements.
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3.3. Soil Saturated Hydraulic Conductivity

Figure 5 and Tables 3–5 summarise all the information regarding the topsoil saturated
hydraulic conductivity obtained from the reviewed articles. Analogous to the bulk density,
dataset A comprises 59 values, while dataset B contains 46 values. Between the two datasets,
no change in the mean values in terms of forest type was noticeable: mixed > broad-leaved
> needle-leaved (Table 3, Figure 5). Furthermore, no statistical effect of forest type on the
soil hydraulic conductivity of the topsoil was observed (p-values > 0.05, Table 3).

Figure 5. Descriptive statistics of topsoil hydraulic conductivity in terms of forest type considering
two datasets: dataset A containing all values found and dataset B containing filtered values based on
available information on tree age and soil particle size. All values refer to the topsoil (0–30 cm depth).
Black dots represent the outliers.

For needle-leaved forests, most studies concentrated on the young stage, whereas
the old stages of broad-leaved forests dominated the screened studies (Table 4, Figure 6).
For mixed forests, there were no data on hydraulic conductivity at the young stage, while
most studies occurred in the stands of the mature age (Figure 6). In the case of needle-
leaved forests, the order of the mean values of hydraulic conductivity recorded was:
mature > old > young, differing from that under broad-leaved forests: young > old > mature.
However, the number of studies in the mature and old stages of needle-leaved forests was
extremely low and therefore did not allow any statistical comparison.

Figure 7 and Table 5 describe the statistical distribution for dataset B with regard to
the saturated hydraulic conductivity in relation to forest type and soil texture. Most of the
reviewed studies with information on soil texture were conducted in broad-leaved forests
and study sites were dominated by a coarse soil texture.

Under needle-leaved and broad-leaved forests, the order of magnitude of hydraulic
conductivity was comparable between the coarse and medium soil textures, whereas soil
dominated by fine texture presented higher values (Table 5). It has to be noted that the
number of studies carried out in all forest types with regard to hydraulic conductivity in
stands with fine-textured soils was very low.
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Figure 6. Descriptive statistics of top mineral soil hydraulic conductivity for dataset B in relation to
tree age and forest type. Scattered points represent the individual values classified by the different
forest stages considered in this study. Values correspond to the 0–30 cm soil depth. Grey points
represent the outliers.

Figure 7. Descriptive statistics for dataset B top mineral soil hydraulic conductivity in terms of forest
type and soil texture: fine (clay-dominated), medium (mostly loamy), and coarse (mostly sandy).
Grey points represent the outliers.

4. Discussion

Our literature review revealed that with respect to water retention characteristics
of soils under forests, only limited information is available, with fewer than 20 studies
reporting values (Table 2). Thus, the reported information does not allow any conclusion
on the influence of tree species and age on water retention characteristics (which are part of
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SHP) for different site conditions (i.e., soil texture, tree species). Moreover, the reported
studies differ in the applied methodology and experimental design, which allows only
limited comparability among the studies. Dedicated studies such as Wahren et al. [17]
and Julich et al. [16] indicate that for sites influenced by stagnant soil water conditions,
differences in SHP for stands of different tree types and age can be expected. However,
the transferability of those findings needs to be tested by more experiments on sites with
different site conditions.

With respect to bulk density as an important indicator of soil structure, more informa-
tion in the screened literature is available (Tables 1 and 3–5). Bulk density varies together
with the changes in forest structure. Bakhshandeh-Navroud et al. [51] observed a soil bulk
density of 1.33 g cm−3 in a broad-leaved monoculture, whereas a higher value was observed
when eight different broad-leaved tree species were mixed (1.48 g cm−3). Jost et al. [37]
found a higher soil bulk density in a broad-leaved forest in contrast to a needle-leaved forest
(1.13 vs. 0.97 g cm−3). Błońska et al. [33] observed higher values in a broad-leaved forest
(range: 0.35–0.81 g cm−3) compared to needle-leaved stands (range: 0.21–0.28 g cm−3),
and in a mixed forest (0.36 g cm−3); however, it has to be considered that in this study, the
organic layer instead of the top mineral layer was sampled. This emphasizes the need for a
clear description of the sampled depth and horizon. Moragues-Saitua et al. [52] reported a
higher bulk density under needle-leaved forests (1.06 g cm−3) and in broad-leaved forests
(0.67 g cm−3) in contrast to the beforementioned studies. The results of the presented
literature review suggest an effect of forest type (tree species) on soil bulk density (Table 3a,
p-value < 0.05). Moreover, it is not only soil texture that has been described in the liter-
ature as a factor that might explain variations in soil bulk density but tree age as well.
Polláková et al. [53] observed that bulk density was higher (1.15 and 1.01 g cm−3) in mature
needle-leaved forests with comparable characteristics (110 years old, sandy soil), in contrast
to old forests. Furthermore, they noticed that bulk density was higher in a silty soil young
forest (50 years old, 1.31 g cm−3). Rosenkranz et al. [54] reported that a 100-year-old mature
needle-leaved forest presented a soil bulk density of 0.82 g cm−3, but when mixed with a
three-year-old broad-leaved tree species, it was reduced to 0.64 g cm−3. Baldocchi et al. [43]
found that soil bulk density was 1.05 g cm−3 in a 250-year-old needle-leaved forest with
sandy soil, while Link et al. [55] reported lower values (0.8 g cm−3) in an older forest
(450 years old) containing needle-leaved tree species. Frêne et al. [29] observed a higher
bulk density in a 110-year-old needle-leaved forest in contrast to an old (350/400 years old)
mixed forest (0.77 vs. 0.44 g cm−3, respectively); however, information on soil texture was
not provided.

Regarding soil hydraulic conductivity, our literature review suggests that there is no
apparent effect of forest type on soil hydraulic conductivity (Table 3). However, there are
studies concluding that this parameter not only varies in terms of tree species, but also
that site characteristics play a relevant role. Bauwe et al. [22] reported lower infiltration
capacity under needle-leaved stands (349 cm d−1) in contrast to broad-leaved forests (both
with mature tree stands). Bens et al. [21] observed the highest hydraulic conductivity
in mixed forests (76-year-old pine with 34-year-old beech) with 1045 cm d−1, whereas
needle-leaved and broad-leaved forests presented 57% and 38% lower infiltration rates,
respectively. Similarly, Wahl et al. [7,8] reported the highest infiltration rates in mixed
forests and the lowest in needle-leaved forests, both presenting comparable sandy soil.
Julich et al. [16] reported a higher amount of well-connected macropores for a 170-year-old
broad-leaved forest, and higher infiltration capacities, in contrast to a young 25-year-
old needle-leaved forest, probably influenced by their deep-developed rooting system.
Moreover, Frey et al. [56] found higher hydraulic conductivity in a mixed forest with loamy
soil (320 cm d−1) in contrast to a mixed forest with loamy soil but containing a much higher
clay content (63 cm d−1).

As reported by these authors, soil hydraulic conductivity is sensitive to other soil
properties; still, many authors describe this parameter under varying conditions. For
instance, Archer et al. [20] considered a wide range of parameters to assess the water
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infiltration rates such as the soil particle size, tree ages, and measurements at different
depths. However, results were not able to be derived on the influence of such parameters
since all forests differed in age and soil texture. They considered two mature stages
(160/180 years old) and one old (500 years old) stage with broad-leaved stands and a young
stage (~50 years old) with needle-leaved tree species. The sites differed in soil texture. In
young needle-leaved forests the range was 82–101 cm d−1 (mean 90.9 cm d−1), in mature
broad-leaved sites the ranges were 12–17 cm d−1 (mean 14.3 cm d−1) and 245–312 cm d−1

(mean 280.2 cm d−1), and the range in the old broad-leaved site was 235–288 cm d−1 (mean:
258.3 cm d−1). Similarly, Bens et al. [21] and Wahl et al. [7,8] reported higher values (648,
458, and 751 cm d−1, respectively, by author) in broad-leaved forests in contrast to needle-
leaved stands (451, 251, and 538 cm d−1, respectively, by author). However, the study
considered a young (<40 years old) needle-leaved and a mature (91 years old) broad-leaved
forest, which also differed in terms of soil texture.

5. Conclusions

The various soils under forests present an extensive assortment of site conditions:
i.e., soil texture, porosity, biotic activity (in particular that of the meso- and macrofauna),
amount and vertical distribution of soil organic matter, and tree species and ages, among
many others. Nevertheless, in our literature review we found considerable limitations
in assessing the effect of forest type on soil hydraulic properties, which led us to the
following conclusions:

• We found hardly any articles addressing SHP and describing an appropriate number
of site parameters simultaneously in the reviewed studies, which made it difficult to
determine the impact of forest type and age on soil hydraulic properties.

• The main purpose of many of the screened articles was not specifically to assess the
SHP, which were measured as additional information; possibly one of the reasons why
many parameters of interest for our analysis were poorly detailed.

• The great variability in results in the reviewed studies underlines the belief that SHP
can be sensitive to a wide range of site parameters. Due to an incomplete description
of the study site’s conditions and differences in methodologies applied for each author
(different measuring devices, diversity of sampling design, and inappropriate compar-
isons), there is not enough evidence to draw sophisticated conclusions in terms of the
influence of specific forest characteristics (type and age) on SHP.

• Due to the large gap of knowledge in the literature and the abovementioned arguments,
we were neither able to accept nor reject our hypothesis.

We suggest that the effect of forest type on soil water dynamics should be assessed
based on studies with comparable site parameters to avoid overlooking the high sensitivity
of SHP. For this reason, a much higher number of systematic studies following standardised
methods is clearly needed. Such studies should include a minimum of information on
tree age, mixture rate, depth of measurement, and soil texture in order to make future
studies comparable and to create an understanding of the influence of forest type and forest
structure on SHP under different site conditions.
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Abstract: Litter and soil play an important role in influencing hydrological processes and the global
water cycle. Artificial afforestation, as a part of vegetation restoration, was constructed in the gully
erosion areas of latosol with the objective to prevent erosion. Variations in the hydrological properties
in soils that have undergone vegetation restoration from gully erosion are not well understood. In
this study, we examine the variations in the litter thickness and mass, soil structure and porosity,
and hydrological properties of four forest types (eucalyptus–grass forest, bamboo–grass forest,
acacia–grass forest, and shrub–grass forest). The results show that the total litter thickness varied from
1.71 to 3.74 cm and was highest in the acacia–grass forest. The total litter mass for the acacia–grass
forest, 3.49 ± 0.06 t·ha−1, was significantly higher than that for the other forest types. The mass
of the undecomposed litter (UL) layer was significantly lower than that of the semi-decomposed
litter (SL). (2) The maximum water-retention capacity (Wmax) and effective water-retention capacity
(Weff) of the SL layer were greater than those of the UL layer. The Wmax and Weff for the acacia–grass
forest were markedly larger than those of the eucalyptus–grass, bamboo–grass, and shrub–grass
forests. The water absorption rates of the SL and UL layers were highest during the onset of the
immersion experiment, declined exponentially with time, and declined rapidly in the first 2 h. (4) The
soil bulk density ranged from 1.46 g·cm−3 to 1.54 g·cm−3, and the total porosity ranged from 32.06%
to 37.13%. The soil bulk density increased with the increasing soil depth, while the total porosity
decreased gradually. The soil water-holding capacity of the soil layer of 0–60 cm in the acacia–grass
forest (301.76 t·ha−1) was greater than that of the other forest types. A comprehensive evaluation of
the water conservation capacity by the entropy weight method showed that the water conservation
capacity was greatest in the acacia–grass forest. The higher water-holding capacity of the acacia–grass
forest may be more effective in enhancing rainfall interception, minimizing splash erosion, and
decreasing surface runoff. Here, the results indicate that acacia–grass forest restoration can mitigate
soil erosion by favoring soil and water conservation, improving the environment in the gully erosion
area of latosol.

Keywords: vegetation restoration; hydrological properties; litter layer; soil layer; latosol region

1. Introduction

Soil erosion can have significant influences on ecosystem function and services, and it
is thus a serious threat to sustainable global development [1,2]. Consequences from soil
erosion can lead to soil fertility degradation, water eutrophication, riverbed aggradation,
vegetation degradation, and the acceleration of ecosystem dysfunction [3–5]. The red
soils in southern China are ranked second, after the Loess Plateau, in soil erosion severity.
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These severely degraded soils [6,7] are mainly distributed in the Jiangxi, Fujian, Hunan,
Guangdong, and Hainan provinces [2,3,8] and have been encountering soil and water
loss since the 1950s [8]. The red soil region accounts for 22% of China’s total land area
but makes up more than 50% of the nation’s total soil loss [9]. This area is regarded as a
dominant factor of ecosystem degradation in southern China and has received increasing
attention from the government [2]. Vegetation restoration plays a key role in water and soil
conservation [10–14], and increases in vegetation cover have been shown as an effective
measure to reduce soil erosion [15]. Over the past few decades, vegetation restoration
through the State Key Forestry Ecological Projects has been carried out in the red soil region
of southern China. These efforts are recognized as the main measure for controlling soil
and water loss, greatly improving the regional environment [16–19].

Gully erosion in the red soil region is generally formed through a combination of water
and gravity effects [2,20]. The rainfall in this region is particularly heavy and concentrated,
generating high-intensity rainfall events [2,15]. More and more studies are showing that
gully erosion has a strong influence on soil quality [21–23]. Reports have demonstrated
that gully erosion affected 1220 km2 in the red soil region from 1950 to 2005, leading to
the loss of more than 60 Mt of soil [15], which is now effectively controlled by vegetation
restoration [15,23]. The success of vegetation restoration to control gully erosion is reliant
on the location and climate of the red soil region. This area is located in the subtropical
and tropical monsoon region, which has abundant rainfall, high temperatures, and high
productivity potential and could be more favorable to vegetation growth [15]. Vegetation
restoration plays a key role in mitigating soil erosion through a supply of improved
hydrological regulation services.

The vegetation in soil-eroded areas influences the hydrologic processes and is critical
for the terrestrial ecosystem water cycle [24,25]. The forest canopy, litter layer, and mineral
soil layer of the root zone are regarded as the first, second, and third functioning layers reg-
ulating the hydrological behaviors in forest ecosystems [26–30]. These layers are often used
to scientifically assess the water conservation function of forest ecosystems [31,32]. Several
studies have reported a significant benefit of water conservation from the litter and soil lay-
ers when a thicker litter layer and more porous soil exist in forest ecosystems [10,30,33–36].
However, the hydrological properties and water conservation function of the litter and soil
layer of plantations in the gully erosion area of latosol in tropical zones have not been well
studied. The service of the water conservation of forest ecosystems that have undergone
optimal vegetation restoration for controlling gully erosion should be further investigated.

Forest litter and soil layers are important ecosystem components for regulating hydro-
logical processes [30,33,37–40]. The litter layer acts as a sponge to intercept rainfall, relieving
rainfall splash, and delaying or reducing surface runoff by infiltrating it into soils [35,41–43].
The forest ecosystem water budget is intensely affected by this process [4,34,35]. Conse-
quently, the litter layer thickness and mass, soil structure and porosity, and water-holding
capacity depend on forest vegetation [10,33,37,44,45]. Previous studies have investigated
the effects of soil erosion on broad-leaved forests, which form a broad canopy and enhance
the interception capacity of rainfall [28,37,46,47]. The broad-leaved forest ecosystem is
highly conducive to water conservation [27,42,48]. An Acacia mangium plantation in the
eroded area of latosol was found to generally favor the water-holding capacity in the litter
layer [41]. However, the differences in the hydrological properties of broad-leaved forests
in the gully erosion areas of latosol’s tropical zones are not well understood.

Eroded latosol areas in Danzhou County, Hainan Province are a consequence of exten-
sive deforestation in the 1960s to 1980s, which made vegetation scarce, thus loosening the
soil and intensifying erosion during the rainy season [41,49]. Starting in 2000, vegetation
restoration was conducted by planting soil- and water-conservation tree species, such as
Acacia mangium and Eucalyptus robusta. Water and soil loss have been effectively controlled.
However, barren soil in the gully erosion region that underwent restoration was more
challenging than expected. In 2012, vegetation restoration was initiated in the gully erosion
areas. Four vegetative restoration types were used: eucalyptus–grass forest, bamboo–grass
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forest, acacia–grass forest, and shrub–grass forest. As a result, gully erosion was effectively
controlled and the regional environment was improved. However, the hydrological proper-
ties of the litter and soil layers in these forests are not well understood. In this study, the
four forest types in the gully erosion area of latosol in the Mahuangling Watershed were
investigated. We quantified the litter thickness and mass, the soil structure and porosity,
and the hydrological properties. The aim of this study was to illuminate the effects of
vegetation restoration on water conservation from the litter and soil layers to provide a
theoretical and practical basis for vegetation restoration in the areas of latosol gully erosion.

2. Materials and Methods

2.1. Study Sites

This study was conducted in the Mahuangling Watershed at the Mahuangling Soil and
Water Conservation Monitoring Station (19◦41′~19◦47′ N, 109◦24′~109◦30′ E) (Figure 1),
located in Danzhou City, Hainan Province, China. The region has a tropical monsoon
climate, with a mean annual temperature of 23.5 ◦C. The mean annual precipitation is
approximately 1815 mm, with about 80%~85% occurring from May to October. The soils
are typical latosol soils that originated from granitic parent materials. Due to vegetation
over-harvesting and deforestation from the 1960s to 1980s, soil erosion intensified in the
already eroded area of latosol. In the 2000s, as a part of the State Key Forestry Ecological
Projects, vegetation restoration was conducted within the gully erosion area, specifically
consisting of eucalyptus–grass forest (E. robusta and P. distichum), bamboo–grass forest
(Bambusa oldhamii and P. distichum), acacia–grass forest (A. mangium and P. distichum), and
shrub–grass forest (Melastoma candidum, U. lobata, and P. distichum). These restoration efforts
have proven to be successful in controlling soil and water loss, greatly improving the local
environment. Moreover, this study site is now primarily covered by plantation forests. The
understory consists of species of Urena lobata, Melastoma malabathricum, Chromolaena odorata,
Lantana camara, Digitaria sanguinalis, and Paspalum distichum, and the forest coverage is
more than 75% [41].

 

Figure 1. The locations of the sampling sites at the Mahuangling Soil and Water Conservation
Monitoring Station.

2.2. Litter and Soil Samples Collection

In mid-January 2021, field sampling from the four forest types was conducted. Three
10 m × 40 m plots were established within each forest type, located in areas away from
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the road and relatively free from human disturbance. Each plot was selected following the
methodology for field long-term observation of forest ecosystem, the National Standards
of the People’s Republic of China (GB/T 33027-2016). At each plot, we measured the tree
height, the trunk diameter at breast height (1.3 m), and the canopy density. The basic
information of the sampling plots is summarized in Table 1.

Table 1. The basic characteristics of the sampling plots.

Forest Type
Dominant

Tree Species

Stand
Age

(Years)

Average Tree
Height (m)

Average
Diameter at Breast

Height (cm)

Tree
Density

(Trees·ha−1)

Canopy
Density

Slope
Gradient

(◦)

Eucalyptus–grass E. robusta 10 10.95 ± 2.15 10.10 ± 1.31 2500 0.53 2~5

Bamboo–grass Bambusa
oldhamii 10 3.52 ± 0.71 6.90 ± 0.32 2500 0.42 2~5

Acacia–grass A. mangium 10 8.51 ± 1.13 8.70 ± 0.52 2500 0.75 2~5

Shrub–grass Melastoma
candidum 10 1.52 ± 0.25 1.70 ± 0.21 � 2500 0.35 2~5

Note: Data are presented as mean ± S.D. �: Ground diameter of shrub.

Within each forest type, we randomly selected five 0.5 m × 0.5 m quadrats for litter
sampling. Intact litter layers were collected, and the semi-decomposed litter (SL layer) and
undecomposed litter (UL layer) were graded and bagged separately following the method
described in the National Standards. A total of 120 litter bags (2 litter layers × 5 random
quadrats × 3 plots × 4 species) were collected. Around each quadrat, we randomly selected
four points to measure the average thickness of the SL and UL layers representing that
quadrat. The thickness of the total litter layer, as well as its SL and UL layer components,
was recorded. The soil samples were collected at depths of 0 to 10 cm, 10 to 20 cm, 20
to 40 cm, and 40 to 60 cm soil layers from soil profiles using the cutting ring (100 cm3)
method. Three soil profiles were randomly selected for each standard sample plot and soil
was extracted from each layer with two cutting rings. A total of 288 soil samples (4 forest
types × 3 plots × 3 soil profiles × 4 soil layers × 2 cutting rings) were collected.

2.3. Laboratory Analyses

The mass of fresh litter was determined after the litter samples were brought back to
the laboratory, and the litter was left to air-dry in the lab. The amount of litter mass (m0) was
determined by oven-drying samples at 75 ◦C [5]. The water-holding capacity of the litter
was evaluated via the indoor water soaking method [28,37], where the litter was soaked in
water for a predetermined time (0.25, 0.5, 1, 2, 4, 6, 8, 12, or 24 h). The percentage of water
held in the litter samples after soaking was calculated as the water absorption rate. The
amount and the percentage of water-holding during a 24 h soaking period were considered
the maximum water-holding capacity of the litter (Rm) and calculated as follows [28,37]:

Ri = (mi − m0)/m0 × 100 (1)

where Ri is the water-holding capacity of the litter at the immersion time i (i = 0.25, 0.5, 1, 2,
4, 6, 8, 12, or 24 h), m0 is the dry litter mass, and mi is the litter mass at the immersion time i
after free drainage.

R0 = (mf − m0)/m0 × 100 (2)

Here, R0 is the water-holding capacity of the litter under ambient conditions (%), m0 is
the dry litter mass, and mf is the fresh litter mass.

Rm = (m24 − m0)/m0 × 100 (3)

Here, Rm is the maximum water-holding capacity of the litter (%), m0 is the dry litter
mass, and m24 is the litter mass soaked for 24 h after free drainage. The Rm was defined as
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the maximum levels of the respective parameters relative to the amount and the percentage
of water-holding during a 24 h soaking period [28,37].

The litter effective water-retention capacity and maximum water-retention capacity
were calculated as follows [28,37,47]:

Weff = (0.85Rm − R0)M (4)

Wmax = (Rm − R0)M (5)

where Weff and Wmax are the effective water-retention capacity (t·ha−1) and maximum
water-retention capacity (t·ha−1), respectively; M is the unit litter mass (t·ha−1).

Soil samples were brought back to the laboratory to determine physical properties
of the soil. The oven-drying method was used to determine the soil water content. The
cutting ring method was used to determine the soil bulk density, capillary porosity, and
total porosity [30,50,51]. The oil water-holding capacity in different vegetation restoration
types was calculated using the following equation:

S = 10,000 × hp (6)

where S is the water-holding capacity (t·ha−1), h is the depth of soil layer (m), and p is the
non-capillary porosity (%).

2.4. Comprehensive Evaluation of Water Conservation Capacity

To compare the hydrological properties of the different forest types more intuitively,
we quantified the factors of the hydrological properties of the soil layer and litter layer
using the entropy weight method (EWM). This was calculated under a standard system,
and then we comprehensively evaluated the water conservation capacity. Based on the
EWM, the calculation procedures were conducted via the following steps [30,33,52]:

Step 1. Construct decision matrix.
The set of evaluation indicators and objects are defined as I = (I1, I2, I3,···, In), and

O = (O1, O2, O3,···, Om), respectively. The evaluation state value of each object set Oi
against the indicator set Ii is expressed as xij (i = 1,2,···, m; j = 1,2,···, n). Thus, the decision
matrix X of original data can be expressed as

X =

⎛
⎜⎝

x11 · · · x1n
...

. . .
...

xm1 · · · xmn

⎞
⎟⎠ (7)

Step 2. Raw data standardization.
The original data matrix was normalized. For the indicator, the larger the value,

the better:

rij =
xij − min

(
xij

)
max

(
xij

)− min
(
xij

) (8)

By contrast, the smaller the value, the better:

rij =
max

(
xij

)− xij

max
(
xij

)− min
(
xij

) (9)

where rij is the normalized value of xij. xij is the value of the j-th indicator on the
i-th object. Max(xij) and min(xij) are the maximum and minimum values of the j-th
indicator, respectively.

Step 3. Calculate the feature weight.
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The feature weight of the j-th indicator of the i-th object is pij, defined as

pij =
rij

∑m
i=1 rij

(10)

where pij is the feature weight of the j-th indicator of the i-th object.
Step 4. Calculate the entropy:

ej = − 1
ln m ∑m

i=1 pij ln pij (11)

where pij = 0, pij ln pij is defined as 0. ej is the entropy of the j-th indicator of the i-th object.
Step 5. Calculate the weight parameters.
As a result, the weight parameters are calculated as follows:

Wi =
1 − ej

n − ∑n
j=1 ej

(12)

where Wi is the weight parameters of the j-th indicator of the i-th object.
Step 6. Calculate the water conservation capacity.
The water conservation capacity was calculated as follows [30,33]:

WCCI = ∑m
I=1 Wi rij (13)

where WCCI is the water conservation capacity index.

2.5. Statistical Analysis

The differences in the hydrological properties of the litter layer and soil layer were
analyzed using a one-way analysis of variance (ANOVA). The least significant differences
(LSD) were determined for multiple comparisons. The significance level was set at p < 0.05.
The above analyses were completed with SPSS v. 18.0 (SPSS Inc., Chicago, IL, USA). Origin
2021 software (Origin, Origin Lab, Farmington, ME, USA) was used to plot the figures.

3. Results

3.1. Litter Thickness and Mass

Significant differences in the total litter thickness among the different forest types
(p < 0.001) were found and are shown in Table 2. The litter thickness of the UL layer and SL
layer differed significantly among the four forest types (p < 0.05), and these differences were
dependent on the forest types (p < 0.001). The total litter thickness was the greatest in the
acacia–grass forest (3.74 ± 0.38 cm), followed by the bamboo–grass forest (3.54 ± 0.31 cm),
eucalyptus–grass forest (2.19 ± 0.09 cm), and shrub–grass forest (1.71 ± 0.10 cm). The
same pattern was found for the SL layer thickness (Figure 2a). The bamboo–grass forest
had the greatest SL thickness, followed by the eucalyptus–grass forest, acacia–grass forest,
and shrub–grass forest. The thickness of the SL layers in the bamboo–grass forest and
acacia–grass forest was larger than the thickness of their UL layers, but the SL layers of the
eucalyptus–grass forest and shrub–grass forest were lower than the thickness of their UL
layers (p < 0.05).
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Table 2. The effects on the litter thickness, mass, total litter thickness, and total litter mass by tree
species and litter layer (SL and UL) based on the analysis by F-statistics from factorial ANOVA.
df: degrees of freedom; SS: sum of squares; MS: mean square; ***: p < 0.001.

Variable Factor df SS MS F p

Litter thickness tree 3 112 17.48 5.83 68.36 <0.001 ***
layer 1 112 1.80 1.80 21.15 <0.001 ***

tree × layer 3 112 15.94 5.31 62.33 <0.001 ***

Litter mass tree 3 112 9.20 3.07 21.35 <0.001 ***
layer 1 112 29.88 29.88 208.11 <0.001 ***

tree × layer 3 112 0.87 0.29 2.01 0.117

Total thickness tree 3 56 44.88 14.96 233.34 <0.001 ***
Total mass tree 3 56 18.42 6.14 26.27 <0.001 ***

Figure 2. Variations in litter thickness (a) and litter mass (b) in the undecomposed litter (UL) layer and
semi-decomposed litter (SL) layer of the forest type of eucalyptus–grass, bamboo–grass, acacia–grass,
and shrub–grass. The different lowercase letters in each category indicate a significant difference
among forest types.

Significant differences were observed in the litter mass among the different forest
types and litter layers (p < 0.001) (Table 2). The acacia–grass forest had the highest total
litter mass (3.49 ± 0.66 t·ha−1), which was significantly higher than the eucalyptus–grass
forest (2.58 ± 0.60 t·ha−1), shrub–grass forest (2.18 ± 0.35 t·ha−1), and bamboo–grass
forest (2.10 ± 0.13 t·ha−1) (p < 0.001) (Figure 2b). The litter mass of the SL layer was
larger than the UL layer in all four forest types (p < 0.05) (Figure 2b). The litter mass
of the SL layer was 2.26 ± 0.46 t·ha−1 for the acacia–grass forest, which was higher
than the masses of the shrub–grass forest (1.69 ± 0.41 t·ha−1), eucalyptus–grass forest
(1.65 ± 0.36 t·ha−1), and bamboo–grass (1.56 ± 0.14 t·ha−1) (p < 0.001). There were signifi-
cant differences in the mass of the UL layer, which decreased in the order of acacia–grass >
eucalyptus–grass > bamboo–grass > shrub–grass (p < 0.001). The SL litter mass accounted
for 64.97% ± 9.53% of the total litter mass in the eucalyptus–grass forest, 74.42% ± 3.61% in
the bamboo–grass forest, 66.38% ± 14.18% in the acacia–grass forest, and 76.77% ± 8.07%
in the shrub–grass forest.
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3.2. Rm, Weff, and Wmax

The Rm in the SL layer was 292.88% ± 30.24% for the bamboo–grass forest and was not
significantly different from the eucalyptus–grass forest (289.17% ± 33.21%). However, both
were significantly greater than the acacia–grass forest (223.88% ± 37.78%) and shrub–grass
forest (231.84% ± 38.20%) (p < 0.05) (Figure 3a). The Rm of the UL layer ranged from
232.94% ± 22.57% to 250.22% ± 20.05%, and no significant difference was found between
the eucalyptus–grass forest and the bamboo–grass forest or between the acacia–grass
forest and the shrub–grass forest (p > 0.05). The Rm of the bamboo–grass forest was
262.91% ± 21.46%, which is roughly equivalent to that of the eucalyptus–grass forest
(261.51% ± 23.13%); both stands were significantly higher than those of the shrub-grass
forest (241.03% ± 22.94%) and acacia-grass forest (232.95% ± 22.77%) (p < 0.05). The
Rm of the SL layer was larger than that of the UL layer in the bamboo–grass forest and
eucalyptus–grass forest, but the opposite trend was observed for the acacia–grass forest
and shrub–grass forest.

Figure 3. Variations in the Rm (a), Wmax (b), and Weff (c) in the undecomposed litter (UL) layer and
semi-decomposed litter (SL) layer of the forest types of eucalyptus–grass, bamboo–grass, acacia–grass,
and shrub–grass. The different lowercase letters in each category indicate a significant difference
among the forest types.

The Wmax differed significantly among the forest types (p < 0.05). The Wmax of the
acacia–grass forest was 7.20± 1.04 t·ha−1, significantly greater than that of the eucalyptus–grass
forest (6.11 ± 1.71 t·ha−1), and higher than those of the bamboo–grass forest
(5.42 ± 0.56 t·ha−1) and shrub-grass forest (4.14 ± 1.46 t·ha−1) (p < 0.05) (Figure 3b). The
Wmax of the SL layer was 4.65 ± 1.15 t·ha−1 for the acacia–grass forest, 4.24 ± 0.59 t·ha−1

for the bamboo–grass forest, and 4.10 ± 1.24 t·ha−1 for the eucalyptus–grass forest and
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was not observed to be significantly different. However, for all these vegetation restoration
types, they were significantly larger than that for the shrub-grass forest (3.40 ± 1.52 t·ha−1)
(p < 0.05). Moreover, the Wmax of the UL layer decreased in the following order: acacia–grass
forest > eucalyptus–grass forest > bamboo–grass forest > shrub–grass forest (p < 0.05), rang-
ing from 0.74 ± 0.37 t·ha−1 to 2.65 ± 1.62 t·ha−1. The Wmax of the SL layer was larger than
the Wmax of the UL layer in the four forest types (p < 0.05).

The Weff was similar to the Wmax. The Weff significantly differed among the four forest
types (p < 0.05). The Weff of the acacia–grass forest was 6.00 ± 1.21 t·ha−1, which was
higher than the 5.07 ± 1.10 t·ha−1 of the eucalyptus–grass forest, the 4.55 ± 0.47 t·ha−1

of the bamboo–grass forest, and the 3.36 ± 1.30 t·ha−1 of the shrub–grass forest (p < 0.05)
(Figure 3c). The acacia–grass forest had the greatest interception capacity (note that 1 mm of
precipitation is equivalent to 1 t·ha−1), which was equal to a 6.00 mm depth equivalent of
rainfall, with 5.07 mm in the eucalyptus–grass forest, 4.55 mm in the bamboo–grass forest,
and 3.36 mm in the shrub–grass forest. The SL layer Weff did not differ significantly among
the acacia–grass forest (3.80 ± 0.98 t·ha−1), eucalyptus–grass forest (3.38 ± 1.06 t·ha−1),
and bamboo–grass forest (3.55 ± 0.50 t·ha−1) (p > 0.05), but all were significantly higher
than the 2.80 ± 1.33 t·ha−1 observed for the shrub–grass forest (p < 0.05). The UL layer
Weff significantly decreased in the following order: acacia–grass forest > eucalyptus–grass
> bamboo–grass forest > shrub–grass forest (p < 0.05) and ranged from 0.55 ± 0.32 t·ha−1

to 2.20 ± 1.38 t·ha−1. The SL layer Weff was greater than the UL layer Weff among the four
forest types (p < 0.05).

3.3. Variations in Water-Holding Capacity of Litter

The water-holding capacity varied among the forest types. The water-holding ra-
tio increased with increasing immersion time. The water-holding ratio of the SL layer
litter was relatively higher than that of the UL layer at the same immersion time. Af-
ter 0.25 h of water immersion, the water-holding ratio of the UL and SL layers reached
0.94 ± 0.40 and 2.62 ± 0.84 t·ha−1, respectively, for the eucalyptus–grass forest, 0.80 ± 0.16
and 2.66 ± 0.51 t·ha−1 for the bamboo–grass forest, 1.26 ± 0.67 and 2.69 ± 0.77 t·ha−1 for
the acacia–grass forest, and 0.54 ± 0.16 and 2.17 ± 0.77 t·ha−1 for the shrub–grass forest
(Figure 4). The water-holding ratio slowly increased after two hours of water immersion
and the UL and SL layers in the acacia–grass forest were higher than those in the other
forest types (Figure 4). A logarithmic relationship was fitted between the water-holding
ratio and the immersion times for both litter types of all four forest types.

3.4. Variations in Litter Water Absorption Rate

The water absorption rate was greatest at the beginning of the experiment and de-
clined rapidly in the first 2 h. The water absorption rate of the SL layer was larger than
the UL layer at the same immersion time, and the rate slowed until 12 h (Figure 5). With
similar immersion times, a significant difference was observed in the water absorption rates
among the forest types. The water absorption rate of the acacia–grass forest was larger
than those of the eucalyptus–grass forest, bamboo–grass forest, and shrub–grass forest.
After the first hour, the water absorption rates of the SL layer were 3.42 ± 0.55 t·ha−1·h−1,
3.55 ± 0.17 t·ha−1·h−1, 3.50 ± 0.98 t·ha−1·h−1, and 2.79 ± 0.25 t·ha−1·h−1 for the
eucalyptus–grass, bamboo–grass, acacia–grass, and shrub–grass forests, respectively
(Figure 5b,d,f,h). Additionally, the water absorption rates of the UL layer were 1.34 ± 0.83
t·ha−1·h−1, 1.02 ± 0.51 t·ha−1·h−1, 1.83 ± 0.65 t·ha−1·h−1, and 0.78 ± 0.25 t·ha−1·h−1 for
the eucalyptus–grass, bamboo–grass, acacia–grass, and shrub–grass forests, respectively
(Figure 5a,c,e,g). An exponential relationship was observed between the water absorption
rate and the immersion time in both types of litter in the four forest types.
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Figure 4. Logarithmic relationship between the water-holding ratio and immersion time of (a) un-
decomposed litter (UL) layer and (b) semi-decomposed litter (SL) layer of eucalyptus–grass,
bamboo–grass, acacia–grass, and shrub–grass.

3.5. Variations in Soil Water-Holding Capacity

The soil bulk density increased with the soil depth in all forest types. The total poros-
ity of the soil gradually decreased with increasing soil depth in all stands. No significant
differences were observed for the soil bulk density or total porosity among the forest
types (p > 0.05) (Table 3). At the 0 to 60 cm soil layer, the eucalyptus–grass forest had
the highest soil bulk density (1.54 ± 0.08 g·cm−3), followed by the shrub–grass forest,
bamboo–grass forest, and acacia–grass forest (1.46 ± 0.05 g·cm−3) (Table 3). The soil poros-
ity did not significantly differ among the forest types. The non-capillary porosity was
(5.13 ± 0.60)%, (4.36 ± 0.27)%, (3.99 ± 0.59)%, and (3.95 ± 0.99)% for the acacia–grass for-
est, eucalyptus–grass forest, shrub–grass forest, and bamboo–grass forest, respectively. The
capillary porosity was (32.00 ± 1.15)%, (30.87 ± 5.21)%, (29.04 ± 4.66)%, and (28.06 ± 1.00)%
for the acacia–grass forest, bamboo–grass forest, eucalyptus–grass forest, and shrub–grass for-
est, respectively. The total soil porosity was (37.13 ± 1.51)%, (34.82 ± 5.94)%, (33.41 ± 4.79)%,
and (32.06 ± 1.35)% for the acacia–grass forest, bamboo–grass forest, eucalyptus–grass
forest, and shrub–grass forest, respectively(Table 3). Additionally, at the 0 to 60 cm soil layer
depth, the soil water-holding capacity was highest in the acacia–grass forest (301.76 t·ha−1),
followed by the eucalyptus–grass forest (263.53 t·ha−1) and then the shrub–grass forest
(233.58 t·ha−1), and the bamboo–grass forest had the lowest value (220.78 t·ha−1) (Table 3).
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Figure 5. Exponential relationship between the water absorption rate and immersion time of the
undecomposed litter (UL) layer for (a) eucalyptus–grass, (c) bamboo–grass, (e) acacia–grass, and
(g) shrub–grass, and semi-decomposed litter (SL) layer for (b) eucalyptus–grass, (d) bamboo–grass,
(f) acacia–grass, and (h) shrub–grass.

3.6. Comprehensive Evaluation of Water Conservation Capacity

The water conservation capacities of the four forest types were evaluated via EWM.
The indexes of the litter layer (litter thickness, litter mass, Rm, Weff, and Wmax) and soil layer
(bulk density, capillary porosity, non-capillary porosity, total porosity, soil water-holding
capacity) were selected based on the principles of scientific hierarchy. The weighted value
of each index was calculated, and they ranged from 0.0770 to 0.1579 (Table 4).
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Table 3. Soil water-holding capacity in different forest types. The different lowercase letters in each
category indicate a significant difference among the forest types.

Forest Type
Soil Depth

(cm)

Bulk
Density
(g·cm−3)

Non-Capillary
Porosity

(%)

Capillary
Porosity

(%)

Total
Porosity

(%)

Soil Water-Holding
Capacity
(t·ha−1)

0 to 10 1.43 ± 0.08 a 4.40 ± 2.10 a 32.26 ± 2.65 a 36.66 ± 1.91 a 44.00 ± 5.82 b
10 to 20 1.53 ± 0.03 a 4.17 ± 2.36 a 31.32 ± 1.72 a 35.48 ± 0.98 a 41.70 ± 13.78 b

Eucalyptus–grass 20 to 40 1.59 ± 0.06 a 4.74 ± 1.38 a 30.46 ± 3.12 a 35.19 ± 2.83 a 94.80 ± 11.92 a
40 to 60 1.60 ± 0.08 a 4.15 ± 0.58 a 22.14 ± 10.18 a 26.29 ± 9.74 b 83.03 ± 11.28 a

0 to 10 1.45 ± 0.12 a 5.16 ± 0.52 a 34.33 ± 2.54 a 39.48 ± 2.74 a 51.60 ± 30.05 b
10 to 20 1.50 ± 0.02 a 4.37 ± 2.52 a 34.15 ± 1.94 a 38.52 ± 2.00 a 43.77 ± 7.13 b

Bamboo–grass 20 to 40 1.51 ± 0.09 a 3.11 ± 0.71 a 31.75 ± 0.74 a 34.85 ± 0.29 a 62.21 ± 10.37 a
40 to 60 1.45 ± 0.09 a 3.16 ± 3.01 a 23.26 ± 3.64 b 26.42 ± 4.30 b 63.20 ± 10.4 a

0 to 10 1.41 ± 0.10 a 5.96 ± 3.55 a 33.12 ± 0.53 a 39.07 ± 3.75 a 59.61 ± 10.64 c
10 to 20 1.44 ± 0.06 a 4.95 ± 1.51 a 32.46 ± 4.24 a 37.40 ± 3.05 a 49.51 ± 9.17 c

Acacia–grass 20 to 40 1.54 ± 0.04 a 4.54 ± 0.92 a 32.00 ± 1.84 a 36.54 ± 2.04 a 90.81 ± 10.16 b
40 to 60 1.46 ± 0.13 a 5.09 ± 1.06 a 30.41 ± 3.12 a 35.50 ± 3.02 a 101.83 ± 11.07 a

0 to 10 1.44 ± 0.12 a 4.81 ± 3.55 a 28.74 ± 1.78 a 33.54 ± 5.11 a 48.11 ± 11.01 b
10 to 20 1.47 ± 0.05 a 3.80 ± 1.51 a 29.06 ± 5.02 a 32.85 ± 4.01 a 38.03 ± 9.17 b

Shrub–grass 20 to 40 1.56 ± 0.04 a 3.98 ± 1.10 a 26.93 ± 1.78 a 30.91 ± 1.56 a 79.63 ± 10.16 a
40 to 60 1.50 ± 0.14 a 3.39 ± 0.92 a 27.53 ± 1.53 a 30.93 ± 0.67 a 67.81 ± 11.07 a

Table 4. Weighted values of water conservation capacity indexes in different forest types.

Grade I Index Weight Serial No. Grade II Index Weight

X1 Litter thickness 0.0936
X2 Litter mass 0.1467

Litter layer 0.4826 X3 Rm 0.0903
X4 Weff 0.0770
X5 Wmax 0.0751

X6 Bulk density 0.0678
X7 Non-capillary porosity 0.1579

Soil layer 0.5174 X8 Capillary porosity 0.0913
X9 Total porosity 0.0918

X10 Soil water-holding capacity 0.1085

The comprehensive evaluation value of the water conservation capacity of each forest
type was calculated by combining the weight and the normalized index of each index.
The WCCI was significantly the highest in the acacia–grass forest (0.5257), followed by
the eucalyptus–grass forest (0.2310), bamboo–grass forest (0.1941), and shrub–grass forest,
which had the lowest water conservation capacity (0.0492) (Table 5).

Table 5. Comprehensive evaluation of water conservation capacity in different forest types.

Forest Type
Water Conservation Capacity Comprehensive

Evaluation Value
Rank

Litter Layer Soil Layer

Eucalyptus–grass 0.1218 0.1092 0.2310 2
Bamboo–grass 0.0938 0.1003 0.1941 3
Acacia–grass 0.2061 0.3197 0.5257 1
Shrub–grass 0.0352 0.0140 0.0492 4

4. Discussion

Broad-leaved trees as the dominant species in forest ecosystems significantly increase
the interception capacity of rainfall [40]. A thick litter layer may be conducive to water
retention in shallow soil [10,28,34], which is due to a reduction in evaporation from the
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surface soil [26,27]. The total litter thickness varied from 1.71 to 3.74 cm in this study and
was the highest in the acacia–grass forest, suggesting that acacia–grass forest greatly reduces
evaporation compared to other forests. This result may be attributed to the A. mangium
tree having a larger leaf area. The lengths and widths of the leaves in the four forests
are different; the leaves of A. mangium are 10.0–25.0 cm long and 5.0–10.0 mm wide, the
leaves of B. oldhamii are 12.0–30.0 cm long and 2.5–5.0 mm wide, the leaves of E. robusta
are 8.0–17.0 cm long and 2.5–6.0 mm wide, and the leaves of B. oldhamii are 4.0–10.0 cm
long and 3.5–8.0 mm wide. The litter thickness of the SL layer of the acacia–grass and
bamboo–grass forests was higher than the thickness of the UL, but the eucalyptus–grass and
shrub–grass forests demonstrated the opposite. This suggests that the litter of H. brasiliensis,
M. candidum, and U. lobata decomposes more easily than that of A. mangium and B. oldhamii
under field conditions. Previous studies have reported a decreased thickness of the SL litter
when compared to the UL litter in broad-leaved forests [37,41]. Additionally, significant
differences in the litter mass among the forest types and litter layers were found, and
it was exceptionally larger in the acacia–grass forest. This indicates that acacia–grass
forest is conducive to rainfall interception. The litter mass in the SL layer accounted for
64.97%~76.77% of the total litter mass, which was greater than the UL layer, and aligns
with the previous reports [28,37,47]. However, more rainfall interception by acacia–grass
litter may evaporate back into the atmosphere [40,42,53]. Therefore, long-term monitoring
is needed to determine the net effect of the litter on the forest’s surface water flux.

The Rm defines the effectiveness per unit of mass litter in retaining water [28,32,47]. For-
est ecosystems differ in terms of their water-holding capacity due to the variations in their lit-
ter coverage and litter decomposition rates [10,36,53,54]. In this study, the eucalyptus–grass
and bamboo–grass stands demonstrated a higher Rm than the acacia–grass and shrub–grass
stands. This difference in hydrological properties could be explained by the differences
in the physical and chemical properties of the litter composition, such as the leaves, dead
branches, and seeds. Moreover, this difference could be explained by the litter defoliation
period since the litter components of acacia–grass and shrub–grass have thicker cuticles
than eucalyptus–grass and bamboo–grass. In addition, we found that the Rm of the SL
layer in the eucalyptus–grass and bamboo–grass forest was larger than that of the UL layer.
The opposite was true in the acacia–grass and shrub–grass forests. Our results show that
eucalyptus–grass and bamboo–grass had a higher degree of fragmentation and fewer dead
branches in general [27,47]. These results align with Li et al. [37] in 2015 and Chen et al. [28]
in 2018. Further investigations focusing on litter decomposition rates and processes are
needed to better understand the differences among different vegetation types.

Wmax is a measure of rainfall absorption and, thus, a decrease in runoff [37], which is
dependent on the litter water content under ambient conditions, the litter mass, and the
nature of rainfall [42,55]. Our study shows that the Wmax of the acacia–grass forest was
greater than those of the other forest types. These results could be explained by the larger
litter mass of the acacia–grass forest being more effective than the other forest types. This is
consistent with the previous studies that have shown that the Wmax depends on the litter
storage [28,34,36]. Dong et al. [56] reported that the Wmax of A. mangium was larger than that
of E. robusta. Additionally, we found that the Wmax of the SL layer was greater than the UL
due to a larger litter mass and a more effective SL layer. Zhou et al. [47] and Chen et al. [28]
have reported a higher water-retention capacity of the SL litter layer compared to the UL
litter layer. In contrast, Li et al. [37] reported that the maximum water-retention capacity of
the SL litter layer was lower than that of the UL litter layer. A comprehensive investigation
into the litter characteristics across different forest ecosystems in different climate regions
is needed.

The Weff defines the effective interception of precipitation by litter, which is an im-
portant hydrological property that can be used to consistently evaluate the potential to
absorb rainfall and reduce surface runoff [31,37,53]. The Weff is also affected by the water
content of litter, litter storage, and the nature of rainfall [27,40,45]. In this study, we found
that the litter layer can theoretically intercept up to 6.00 mm of rainfall in the acacia–grass
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forest, 5.07 mm in the eucalyptus–grass forest, 4.55 mm in the bamboo–grass forest, and
3.36 mm in the shrub–grass forest. The results suggest that the acacia–grass forest had
a higher capacity to minimize splash erosion and decrease runoff and had the greatest
water-retention capacity, making it more effective at rainfall interception [26,29,57]. This
is likely overestimated due to the large intact leaves of the litter layer [37]. Nevertheless,
whether the Weff could be reached in situ during rainfall is unknown [28]. Therefore, the
measured litter water content in situ should be further investigated to provide a more
realistic evaluation of rainfall interception by litter.

The rapid water absorption rates of the SL land UL layers at the beginning of the
experiment slowed down until 12 h and then were nearly unchanged. These results are
likely explained by the drier litter having a lower matrix water potential in the first two
hours after onset and becoming moist after 12 h. Previous studies have found the same
trend in the litter water-holding ratio [28,30,33,56,57]. Additionally, the water-holding ratio
of the SL layer was relatively larger than that of the UL layer. This may be attributed to the
SL layer having a greater degree of fragmentation [10,37,53].

The soil layer of the forest ecosystem is a key component for water conservation. The
water-holding capacity of the soil layer directly affects the surface runoff, soil subsurface
flow, and groundwater recharge [30,37,44,56]. Variation in the hydro-physical properties of
the soil layers indicates a likely dependence on the soil structure and pore space size [29].
In this study, our results show that the soil bulk density ranged from 1.46 g·cm−3 to
1.54 g·cm−3, and the total porosity ranged from 32.06% to 37.13%. The soil bulk density
increased with increasing soil depth, while the total porosity gradually decreased. The
results are consistent with the previous research [30,33,37]. Lower soil bulk density was
associated with greater soil porosity and was responsible for increasing the water-holding
capacity in the acacia–grass forest (301.76 t·ha−1). This was 1.37, 1.29, and 1.14-fold higher
than that of the bamboo–grass, shrub–grass, and eucalyptus–grass forests, respectively.
The higher soil total porosity in the acacia–grass forest may be attributed to the larger
litter storage on the forest floor, which led to soil structural changes [17,56], improving
the soil structure and porosity [30,33]. Further studies are needed to focus on the soil
chemical properties for a better understanding of the hydrological properties of the soil
layers, specifically, the soil organic matter, soil enzyme activities, and microbe communities
among the different forest types.

We observed that the water storage capacity of the soil layer was larger than the litter
layer, which is consistent with Bai et al. [30] in 2021 and Cheng et al. [33] in 2021. The
WCCI was highest in the acacia–grass forest compared to the other forest types. From the
perspective of the water conservation ecological service after vegetation restoration, our
results suggest that the acacia–grass forest had a dense litter layer suitable for intercepting
rainfall, reducing runoff, and buffering the impact of rainfall. Consequently, this improves
the soil structure and size of the pore spaces in the soil layer, creating suitable conditions
for infiltration and water holding in the soil, and thus reducing the loss of surface wa-
ter [30,33,37,56]. Therefore, the vegetation restoration type of acacia–grass can improve
the hydrological effects in the gully erosion area of latosol. In our study, we conducted
experiments only under laboratory conditions. Further research should consider the climate
and environmental factors affecting the hydrological properties of the litter and soil layer
by way of in situ and long-term location investigation.

5. Conclusions

In the gully erosion area of latosol in the Mahuangling Watershed of Hainan province
in China, we studied the hydrologic properties of the litter and soil layers in four restored
plantation types. It was found that the litter thickness and litter mass in the acacia–grass
forest were higher than those of the other forests. The effective water-retention capacity
of the UL layer was relatively larger than that of the SL layer, especially in the acacia–
grass forest, and is likely more effective for intercepting rainfall and reducing surface
runoff. Lower soil bulk density was associated with greater porosity in the acacia–grass
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forest, which increases the soil water-holding capacity, thus reducing the loss of surface
water. The comprehensive evaluation value of the water conservation capacity shows that
the water storage capacity of the soil layer was larger than the litter layer. The WCCI in
the acacia–grass forest was greater than in the other vegetation restoration types. This
indicates that acacia–grass forest generally has favorable hydrological properties and
plays an important role in water conservation during vegetation restoration. We suggest
acacia–grass forest for restoration to mitigate soil erosion and improve hydrological effects
in the gully erosion area of latosol in the future.
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Abstract: Solar radiation is a key factor influencing the photosynthesis and transpiration of trees.
In mountainous regions, solar radiation income exhibits strong spatial heterogeneity due to topo-
graphical variations and the structural complexity of the forest. However, how the solar radiation
income of individual trees in different social positions varies with slope position remains unclear.
In this study, the daily solar radiation of the horizontal ground (Rh), different slope positions (i.e.,
at different locations on a hillslope, Rs) and individual trees with different social positions in the
forest (Ri) were monitored from May to October in 2020 and 2021. The daily solar radiation income
of a single hillslope (Rf) was applied to quantify the Rs response to the slope and aspect (i.e., slope
effect) and the shade from the opposite mountain (i.e., shaded terrain effect). Our results showed
that the Rf was 27.8% lower than Rh due to the slope effect of the sample slope. In the different
slope positions, 2.7%–46.9% of solar radiation was lost due to the shaded terrain effect. A stronger
limitation of Rs by the shaded terrain effect was detected on the bottom slope compared to that of
the upper slope. The better the social position of an individual tree (i.e., tree dominance (Dom) and
the distance between trees (D)), the more solar radiation it received, ranging from 22.4 to 95.3%. The
dominant factor contributing to changes in Ri was slope position followed by D and Dom and, finally,
Rh. These results provide an important basis for understanding the role of topography and tree social
positions in solar radiation income in mountainous regions. Forest management measures should be
varied with slope positions in mountainous regions, and forest density (i.e., distance between trees)
should be considered as a key factor to optimize the forest functions.

Keywords: solar radiation; individual trees; topography; social position

1. Introduction

Solar radiation is one of the main environmental signals affecting plant biology, con-
trolling multiple physiological responses [1,2], such as photosynthesis, transpiration and
morphogenesis [3,4], with consequences for tree growth [5–8], which in turn can have an
impact on forest productivity [9]. Solar radiation income often shows a high degree of spa-
tial heterogeneity as a result of complex topographical variations and the spatial structure
of trees [7,10–14], especially in mountain forests [15,16]. The accurate assessment of the
effect of topography and the vertical and lateral position of trees in the forest (i.e., the niche
of a tree in a forest is called social position in plant ecology) [17] on solar radiation income is
essential for the measurement of solar radiation in mountain forests. Topography variations
(such as slope gradient and aspect and the shadows cast by the surrounding topography)
have a direct effect on solar radiation income [10,18–21]. At present, many studies of solar
radiation in mountainous regions often focus on the difference in solar radiation income on
various hillslopes [11,12,22]. For example, in the Northern Hemisphere, south-facing slopes
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generally receive a greater amount of solar radiation [23]. Other studies have focused on
topographic shading effects [24,25]. The shaded terrain effect by topography leads to a
significant reduction in solar radiation income on hillslopes [16]. However, few studies
have considered the differences in solar radiation income at different slope positions on
hillslopes and whether the shaded terrain effect is consistent at different slope positions.

The solar radiation income of individual trees within forests on hillslopes is also
affected by the tree’s spatial structure (i.e., the spatial structure of the tree in both the
vertical and horizontal orientation). The essence of the social position of individual trees can
describe the spatial information of trees well, which is influenced by different environmental
conditions for each tree (i.e., the relative size and distance between the reference tree and
its neighbors) and, hence, individuals generate specific social position features [26,27].
The social position of trees determines the living space and available water and radiation
resources. Trees with a dominant social position have a vast living space and plenty of
water and radiation resources, causing less competition [17]. The degree of dominance and
forest density can be used as a proxy indicator [9,28]. Some studies have suggested that the
degree of tree dominance affects its ability to receive solar radiation [29], and dominant
trees in a stand receive a greater amount of solar radiation [6,30]. Furthermore, decreasing
the forest density increases the fraction of the absorbed solar radiation of trees [28,31,32].
However, in many studies, trees were simply divided into different dominance groups
based on their relative height or diameter at breast height (DBH) in the forest [7,33–35],
without considering the shading effects of the surrounding adjacent trees. Assessments of
forest density also did not take into account the effect of the social position of individual
trees on solar radiation income.

Forests are mainly located in mountainous regions [36]. The rugged mountainous
terrain creates a major obstacle to forest management because of the difficult physical
approach by men and machines [12,37]. Therefore, it is difficult to accurately quantify
the effects of solar radiation income on mountain forests. In addition, forest management
is currently focused on the stand scale, i.e., only the stand density is considered without
considering the differences in the social location of trees, resulting in the forest management
being invalid or only slightly valid [7,38].

To gain a deeper understanding of the effect of topography and social position on
the solar radiation income of individual trees, we hypothesize that: (1) solar radiation
income is similar at different slope positions; (2) solar radiation income is greater under a
more dominant social position. Hence, we aimed to assess the effects of topography and
social position on the solar radiation income in a mountainous region, which can help us
understand the character of the solar radiation income of trees, so as to make targeted plans
for forest management in mountainous regions.

2. Materials and Methods

2.1. Study Site

The study site was located in the small watershed of Xiangshuihe (XSH), Southern
Liupan Mountains (106◦12′–106◦16′ E, 35◦27′–35◦33′ N) in Ningxia, Northwest China
(Figure 1a). XSH has an elevation range of 2010 to 2942 m and a semi-humid climate, with
a mean annual air temperature of 5.8 ◦C and an annual precipitation of 550.8 mm (1981 to
2010); 70% of precipitation occurs in the growing season from May to October. The soil is
dominated by gray cinnamon with a sandy loam texture. XSH is a forested watershed with
a forest cover of 82.4%, of which plantations account for 24.4%.

The plantations of larch (Larix principis-rupprechtti) are the main components of the
plantations in XSH, accounting for 23.6% of the XSH area. Larix principis–rupprechtii is
the main tree species used in afforestation in North and Northwest China. Such larch
plantations play a very important role in producing timber and ecological services (e.g.,
soil protection, hydrological regulation and water supply) [39,40]. In larch plantations, the
understory shrubs were scattered, covering only approximately 5% of the area. Herbs cover
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approximately 40% of this area, with the dominant species being Pteridium aquilinum and
Carex hancokiana.

 
Figure 1. Information about the locations of the study sample plots and sample trees. (a) Location of
the Xiangshuihe (XSH) study watershed in NW China. (b) The location of plots (US, MS, DS and BS
represent the upper, middle, down and bottom slope) along slope positions on the sample hillslope.
(c) The detailed terrain of the study slope and opposite slope. (d) The valley cross-section.

2.2. Study Slope and Plots
2.2.1. Study Slope

We selected a representative southeastern slope completely covered by an even-aged
pure plantation of Larix principis-rupprechtti. The slope had a horizontal length of 425.1 m
(corresponding to a slope length of 460.5 m), with a slope gradient of 22.6◦ and an elevation
range of 2271 to 2480 m. The opposite mountain was the northwest slope with a horizontal
length of 1052 m, a slope gradient of 23.5◦ and an elevation range of 2270 to 2731 m. The
horizontal distance between the bottom slope of the opposite mountain and the bottom
slope of the sample slope was 82 m (Figure 1b–d).

2.2.2. Study Plots

In 2020, four plots were selected at different slope positions on the sample slope,
vertically ranging from 2273 to 2471 m a.s.l. The upper slope (US), middle slope (MS),
down slope (DS) and bottom slope (BS) were selected with elevations of 2471 m, 2397 m,
2293 m and 2273 m, respectively (Figure 1). These elevation points contain the whole range
of the hillslope and the solar radiation received through these elevations can represent the
difference amounts of solar radiation received on the whole slope. Also, since the shading
of the opposite mountain was more obvious nearer to the bottom of the slope, measurement
points were set up on both the down slope and bottom slope. The location information of
the Larix principis-ruprechtii plantation plots on the study slope were shown in Table 1. The
stand characters of each plot were shown in Table 2.
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Table 1. The location information of Larix principis-ruprechtii plantation plots on the study slope.

Plot Positions Elevation (m)
Slope

Gradient (◦)
Elevation

Difference (ΔH)
Horizontal

Distance (Δd)

Upper slope (US) 2471 26.3 259 1501
Middle slope (MS) 2397 26.8 333 1339
Down slope (DS) 2293 29.0 437 1092
Bottom slope (BS) 2273 34.9 457 1050

The ΔH represents the elevation difference between the sample point and the opposite mountain top; the Δd
represents the horizontal distance between the sample point and the opposite mountain top.

Table 2. The stand characteristics of Larix principis-ruprechtii plantation plots on the study slope.

Plot Positions
Stand Density
(Trees ha−1)

Mean Diameter at
Breast Height (cm)

Mean Tree
Height (m)

Mean Canopy
Diameter (m)

Upper slope (US) 856 21.83 19.4 4.5
Middle slope (MS) 844 22.29 20.0 3.7
Down slope (DS) 742 20.63 19.2 4.5
Bottom slope (BS) 711 21.40 19.5 4.4

2.3. Social Position of Trees in the Forest

The social position of trees can represent the trees’ vertical and lateral position in the
forest. The trees in the forest were divided into four social position levels according to tree
dominance (Dom) and distance between trees (D), as shown by Equations (1) and (2).

Dom =
Hi − H

H
(1)

where Hi (m) is the height of the sample tree i and H (m) is the average height of all the
nearest neighbor trees around the sample tree [17]. The Dom represents the degree of
dominance in the vertical direction of the sample tree from neighboring trees.

The distance among trees (D) is defined as the average horizontal distance between
the sample tree and its neighboring trees, using Equation (2):

Di =
1
n

n

∑
j=1

Dij (2)

where Dij (m) represents the horizontal distance between the sample tree i and the neighbor
tree j. The Di represents the degree of superiority or inferiority in the horizontal direction
of the sample tree from neighboring trees.

In order to better describe the differences in the social position of trees within the
forest, the sample plots at the down slope (DS) were used as an example to illustrate the
characteristics of the social position of trees. There were 91 trees in the down slope plot,
with a mean tree height (H) of 19.2 m, a mean diameter at breast height (DBH) of 20.63 cm
and a mean crown diameter of 4.5 m (Table 2). All trees in the plot were divided into four
social position levels according to tree dominance (Dom) and the distance between trees
(Di). The vertical structure characteristics of the four social position levels are shown in
Table 3.
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Table 3. The vertical structure characteristics of Larix principis-rupprechtii plantation plot in the down
slope (DS) (means ± standard deviations).

Tree Social
Position Levels

Number of
Trees

Mean Diameter at
Breast Height (cm)

Mean Tree
Height (m)

Mean Canopy
Diameter (m)

Dominant 8 25.30 ± 1.7 21.8 ± 1.8 4.9 ± 0.5
Codominant 40 21.19 ± 2.2 19.8 ± 1.4 4.6 ± 0.4
Intermediate 31 19.16 ± 1.9 18.6 ± 1.7 4.3 ± 0.6
Suppressed 12 15.40 ± 2.5 17.1 ± 2.3 3.6 ± 0.5

2.4. Sample Tree Selection from the down Slope Plot (DS)

In the down slope plot (DS), one to two representative trees from each social position
level were selected as sample trees using a stratified random sampling method (i.e., sample
trees that can represent the average of this level). Therefore, we selected a total of seven
sample trees, and the DBH varied in the range of 15.50 to 25.92 cm, the tree height ranged
from 17.2 to 21.8 m and the canopy diameter ranged from 3.5 to 5.2 m (shown in Table 4).

Table 4. The characteristics of seven sample trees in the down slope plot (DS).

Tree Social
Position Levels

Tree No.
Dom
Value

D
Value (m)

Diameter at Breast
Height (cm)

Tree
Height (m)

Canopy
Diameter (m)

Dominant
29 0.12 4.8 25.92 21.8 5.2
57 0.11 4.5 24.34 21.5 4.8

Codominant
61 0.01 3.9 21.50 19.8 4.4
69 0.00 3.3 21.11 19.6 4.6

Intermediate
43 −0.04 3.0 19.53 18.5 4.2
44 −0.04 2.9 18.82 18.4 4.0

Suppressed 81 −0.21 2.2 15.50 17.2 3.5

2.5. Solar Radiation Measurement
2.5.1. Solar Radiation Data Conversion

The standard for measuring solar radiation utilizes the units of watts per meter squared
(W m−2). However, pyranometers are both costly and limited in their ability to measure
the solar radiation of individual trees in the slope field. With a lower cost, smaller size and
more flexible installation, light meters measure luminous flux per unit area (illuminance),
utilizing the units of lumens per meter squared or lux (lx). An effective conversion factor
between watts per meter squared and lux would enable the use of light meters to evaluate
the differences in the solar radiation in individual tree levels. Additionally, surveys of
the literature have found no definitive and readily available “rule of thumb” conversion
standard between solar radiation and illuminance data.

In this study, we converted the illuminance data (lx) into solar radiation data (W m−2)
using Equation (3) (Figure 2). This equation was established based on data recorded from
a pyranometer in an automatic weather station (Weatherhawk 232; WeatherHawk Inc.,
Logan, UT, USA) and a light meter (HOBO MX2202; Onset Computer Corp., Bourne, MA,
USA). An automatic weather station and a light meter were installed at the same position
(i.e., 1.3 m above the ground and the distance between them was 1.0 m) on open and flat
horizontal ground approximately 100 m from the sample slope. The data concerning total
solar radiation arriving on horizontal ground were collected every 5 min by an automatic
weather station (Weatherhawk 232; WeatherHawk Inc., Logan, UT, USA) from May to
October in 2020. Radiation data were collected every 5 min by a light meter (HOBO
MX2202; Onset Computer Corp., Bourne, MA, USA) from May to October in 2020.

y = 0.009x − 1.360 (3)

where y (W m−2) represents the solar radiation and x represents the illuminance (lx).
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Figure 2. Relationship between solar radiation and illuminance data.

2.5.2. Solar Radiation of Individual Trees

The daily solar radiation income of individual trees (Ri, MJ m−2 day−1) was measured
with a light meter (HOBO MX2202; Onset Computer Corp., Bourne, MA, USA), which was
installed at the top of the canopy of each of the seven sample trees. The sensor height of
the sample trees is shown in the “Tree Height” column in Table 4. The data concerning the
radiation arriving at the top of the canopy were collected every 5 min by the light meter
(HOBO MX2202; Onset Computer Corp., Bourne, MA, USA) from July to October 2020 and
May to October 2021.

2.5.3. Solar Radiation over the Forest Canopy

The daily solar radiation income over the forest canopy (i.e., outside the forest) on the
sample hillslope (Rs, MJ m−2 day−1) was measured in each of the four slope plots (i.e., US,
MS, DS and BS) with four light meter loggers (HOBO MX2202; Onset Computer Corp.,
Bourne, MA, USA) at a height of 1.3 m above the ground. The data concerning the radiation
arriving at different slope positions were collected every 5 min by the light meter (HOBO
MX2202; Onset Computer Corp., Bourne, MA, USA) from July to October 2020.

2.5.4. Solar Radiation at the Horizontal Ground Measurement

The daily solar radiation income of the horizontal ground (Rh, MJ m−2 day−1) was
measured using the pyranometer of an automatic weather station (WeatherHawk 232,
WeatherHawk Inc., USA), installed on open and flat horizontal ground approximately
100 m from the sample slope and at a height of 1.3 m above the ground [41]. The data
concerning the total solar radiation arriving on horizontal ground were collected every
5 min by an automatic weather station (Weatherhawk 232; WeatherHawk Inc., Logan, UT,
USA) from May to October in 2020 and 2021.

2.6. The Calculation of Solar Radiation on a Single Hillslope

The daily solar radiation income of the single hillslope (Rf) was introduced as a refer-
ence parameter (that is, the solar radiation of the slope is not affected by the surrounding
mountains) and was calculated using the Fu (1958) model [10,42] as follows:

R f = (μ sin δ + ϑ cos δ cos ω − sin β sin α cos δ sin ω)Rh (4)

μ = sin ϕ cos α + cos ϕ sin α cos β
ϑ = cos α cos ϕ − sin ϕ sin α cos β

(5)

where Rf (MJ m−2 day−1) represents the daily solar radiation income of the single hillslope,
β (◦) represents the slope direction (expressed as the azimuth clockwise from north to east)
and the slope gradient α (◦); δ (◦) is the declination; ω (◦) is the hour angle; and ϕ (◦) is
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the latitude of the measurement point. The u and v are the composite parameters of the
slope gradient α (◦), the slope direction β (◦) and the latitude of the measurement point ϕ
(◦) using Equation (5).

2.7. Relative Contribution of ΔH/Δd, R, Dom and D to Solar Radiation Received by an
Individual Tree

The relative independent contributions of ΔH/Δd (the ratio of the height difference
to the horizontal distance between the sample point and the top of the opposite moun-
tain, i.e., different slope positions, Δ represents the difference value), Rh, Dom and D to
Ri were quantified using the coupled Ri model, and this model was constructed in the
Results Section 3.4. The method for determining the relative contribution of each factor
to Ri involved a comparison of the difference in the response variable (Ri in this study)
between the simulation with only one varying factor (e.g., ΔH/Δd, Rh, Dom and D) and the
reference Ri.

The relative independent contributions of ΔH/Δd, Rh, Dom and D to Ri were calculated
using Equations (6) and (7) [39]:

Ck =
ΔRi(k)

Ri(re f erence)
× 100 (6)

ΔRi(k) = Ri(k)− Ri(re f erence) (7)

where Ck (%) is the independent contribution rate of each factor k (ΔH/Δd, Rh, Dom and D)
to the solar radiation of individual trees (Ri) compared to reference Ri. The reference Ri in
this study was calculated using the developed Ri model and the value of ΔH/Δd (0.0, i.e.,
the sample point has no shaded terrain effect), the long-term means of the Rh (9.32 MJ m−2

day−1, 2013–2021) and the means of Dom (0.001) and D (2.01 m) from all the sample trees
(835 trees) on the hillslope. This reference Ri value could represent the long-term mean
environmental conditions and social position in this study hillslope. Ri (k) was calculated
by inputting the measured value of factor k and the reference values of other factors into
the Ri model.

2.8. Statistical Analysis

To clarify how Ri responds to each single factor (Dom and D) and the appropriate
function type between Ri and Dom and D, the upper boundary line method [43], which can
present the real relation between Ri and a single factor by eliminating the interferences of
other factors, was used to determine the Ri–Dom and Ri–D relation. The upper boundary
line was widely used in the establishment of compound models with independent factors
as indicators [39].

Statistics were analyzed by the Statistical Product and Service Solutions (SPSS), version
19.0 (IBM Inc., Chicago, IL, USA) and presented as the mean ± standard deviation (SD).
The differences in the solar radiation income at the varying slope positions and social
positions was analyzed by one-way analysis of variance (ANOVA) with a significance level
of p < 0.05, and the letters a and b indicate significant differences [41]. The performance of
the model was assessed using the coefficient of determination (R2) [39].

3. Results

3.1. Variation of Solar Radiation at Different Slope Positions

The mean daily solar radiation income at different slope positions (Rs, slope gradient
of 27.8◦, slope aspect of 135◦) was less than that of the horizontal ground (Rh) (Figure 3).
The mean Rs at the upper slope (US) and the middle slope (MS) was slightly lower than
the Rh (7.03 MJ m−2 day−1) by 1.20 MJ m−2 day−1 and 1.60 MJ m−2 day−1, respectively.
However, Rs was even lower on the down slope (DS) and the bottom slope (BS), accounting
for only 49.9% and 46.9% of Rh.
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Figure 3. The differences in solar radiation income at various slope positions. (Rh represents the daily
solar radiation income of horizontal ground; US represents the upper slope; MS represents the middle
slope; DS represents the down slope; BS represents the bottom slope). 1.5 times IQR (interquartile
range) was used to determine the anomalous values. Groups marked by different letters significantly
differ from each other (i.e., a is significantly greater than b) (p ≤ 0.05).

Daily solar radiation income of the single hillslope (Rf) was significantly lower than
the Rh, accounting for 72.2% of the Rh (Figure 4a). In addition, the Rs was always less than
the Rf at the four slope positions by 2.7%–46.9%. The response trend of the Rs to the Rf
could be expressed by a saturated logarithmic function, and the threshold of Rs decreased
gradually with decreasing slope position (Figure 4b). When Rf was 8.46 MJ m−2 day−1,
the difference in solar radiation income between US and MS was not significant, and the
corresponding thresholds were 8.23 MJ m−2 day−1 and 8.10 MJ m−2 day−1, respectively.
However, the difference in Rs was more pronounced at the DS and BS than at the US, and
the corresponding threshold was 5.58 MJ m−2 day−1 and 4.49 MJ m−2 day−1, respectively.

Figure 4. Effect of topographic change on solar radiation income on the hillslope. (a) The relationship
between Rf and Rh. Rh represents the daily solar radiation income of the horizontal ground; Rf

represents the daily solar radiation income of the single hillslope. (b) The relationship between Rs

and Rf in different slope positions. Rs represents the daily solar radiation income outside the forest
on the sample slope. The solid black line in (b) represents Rf = Ri. (c) The relationship between
slope position and shade terrain effect. (Rf—Rs) represents the shaded terrain effect of the opposite
mountain; ΔH/Δd represents the ratio of the height difference to the horizontal distance between
the sample point and the top of the opposite mountain (i.e., the variation of the slope position), the
ΔH value represents the elevation difference between the sample point and the opposite mountain
top; the Δd value represents the horizontal distance between the sample point and the opposite
mountain top; upper slope (US), middle slope (MS), down slope (DS) and bottom slope (BS). The
(ΔH/Δd < 0.26) was the threshold indicating that the sample point has no shaded terrain effect, that
is, Rf—Rs < 0.5 MJ m−2 day−1.
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The response trend of Rf—Rs to ΔH/Δd (i.e., the ratio of the height difference to the
horizontal distance between the sample point and the top of the opposite mountain) could
be expressed by a power function, and Rf—Rs first increased slowly with increasing ΔH/Δd
until 0.26 and then increased rapidly (Figure 4c). This indicated that the sample plot was
not affected by the shaded terrain effect of the opposite mountain if the Rf—Rs was less
than 0.5 MJ m−2 day−1. In addition, the slope effect was always greater than the shaded
terrain effect at MS and US, while the shaded terrain effect was more important than the
slope effect at DS and BS (Figure 5).

Figure 5. Comparison of the slope effect and the shaded terrain effect at different slope positions.
Rslope represents the slope effect (i.e., Rh—Rf).

3.2. Effect of Tree Social Position on Its Solar Radiation

The better the social position of an individual tree, the more solar radiation (Ri)
it received (Figure 6). Ri at the dominant level was the largest, followed by Ri at the
codominant level and intermediate level and, finally, the suppressed level. The mean Ri of
the dominant level (4.82 MJ m−2 day−1) was 1.1 times, 2.0 times and 2.4 times more than
the codominant level, the intermediate level and the suppressed level, respectively.

Figure 6. The differences in the solar radiation income of individual trees among social position
levels in the down slope plot. Groups marked by different letters significantly differ from each other
(i.e., a is significantly greater than b) (p ≤ 0.05).
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The Ri increased linearly with increasing daily solar radiation income from clearings
outside of the forest on the sample slope (Rs) for the four social position levels, ranging
from 22.4% to 95.3% (Figure 7a). The relationship between Ri at the dominant level and
Rs was more sensitive than that of any other level. For example, the highest coefficient
of determination (R2) of the dominant levels was 0.978, which was 1.0, 1.1 and 1.5 times
higher than the codominant, intermediate and suppressed levels, respectively. The UBLs
in Figure 7b show that Ri gradually increased with the increasing dominance of trees
(Dom) following a linear function, namely, Ri = e × Dom + f. Ri first increased rapidly with
increasing distance between the trees (D) until 4.5 m and then gradually stabilized around
the maximum value as D continued to increase (Figure 7c). The relation between Ri and D
could be expressed by a saturated logarithmic function, namely, Ri = g × ln(D) + h.

 

Figure 7. Effect of social positions on the solar radiation income of individual trees. (a) Response of Ri

to Rs. (Ri represents the daily solar radiation income of individual trees; Rs represents the daily solar
radiation income outside the forest of the sample slope). (b) Response of Ri to Dom (Dom represents
the social position levels of the sample trees). (c) Response of Ri to D. (D represents the mean distance
between the sample tree and neighboring trees). The upper boundary line (UBL) method [44] was
used to determine the response function types of Ri to Dom and D.

3.3. The Construction of the Tree Solar Radiation Model and Its Validation

To understand the effect of topography and social position on the solar radiation
income of individual trees (Ri), we built a solar radiation model of individual trees, which
combined with the results of Sections 3.1 and 3.2. The Ri model was given as follows:

Ri = Rh × f (topography)× f (social position) (8)

where Ri (MJ m−2 day−1) represents the daily solar radiation income on the sample tree i,
Rh (MJ m−2 day−1) represents the daily solar radiation income of the horizontal ground,
and f (topography) and f (social position) are the response functions of Ri to topography
and social position factors, respectively. The response function of Ri to topography was
obtained by the mathematical substitution method. The response functions of Ri to social
position (i.e., dominance and distance) were obtained by concatenated multiplication since
the solar radiation of individual trees showed a positive correlation with both dominance
and the distance between trees (Figure 7b,c).

In addition, combining the methods in Section 2.6, the Ri model can be estimated by
Equation (9):

Ri = (a ×
(
(μ sin δ + ϑ cos δ cos ω − sin β sin α cos δ sin ω)Rh − b ×

(
ΔH
Δd

)c)
+ d)× (e × Dom + f )× (g × ln(D) + h) (9)

where Ri (MJ m−2 day−1) represents the daily solar radiation income of individual trees, β (◦)
represents the slope direction (expressed as the azimuth clockwise from north to east) and the
slope gradient α (◦); δ (◦) is the declination; w (◦) is the hour angle; and ψ (◦) is the latitude of the
measurement point. u and v are the composite parameters of the slope gradient α (◦), the slope
direction β (◦) and the latitude of the measurement point ψ (◦) using Equation (5). Rh represents
the daily solar radiation income of the horizontal ground, ΔH/Δd represents the ratio of the height
difference to the horizontal distance between the sample point and the top of the opposite mountain,
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Dom represents the social position levels of the sample trees, D represents the mean distance between
the sample tree and neighboring trees and the a, b, c, d, e, f, g and h values represent the model
parameters that need to be determined by the solar radiation data.

All parameters of the Ri model were newly fitted using observed data on the sample slope
(slope 27.8◦, aspect 135◦) from July to October 2020, and the Ri model was further validated using the
observed data from May to October 2021, Figure 8. The results indicated that the Ri model could still
accurately estimate the varying Ri with a high R2 value (0.83, n = 657). The simulated mean value
(4.13 MJ m−2 day−1) was 16.3% greater than the observed mean value (3.55 MJ m−2 day−1). The Ri
model of the sample slope was as follows:

Ri = (0.296 ×
(

0.722Rh − 107.617
(

ΔH
Δd

)3.963
)
+ 0.950)× (2.132Dom + 2.032)× (0.989 ln(D)− 0.426) R2 = 0.83 (10)

Figure 8. Comparison of the observed and simulated Ri values based on Equations (10)–(12) under
the different weather conditions. (a) Comparison of the observed and simulated Ri values for all
days. (b) Comparison of the observed and simulated Ri values for rain free days. (b) Comparison of
the observed and simulated Ri values for all days. (c) Comparison of the observed and simulated Ri

values for rainy days.

In addition, the Ri model accuracy of rain-free days was 0.01 greater than that of the weather-
independent model (Figure 8a), with R2 = 0.84, and the accuracy of the Ri model fit was low for rainy
days with R2 = 0.61.

Ri = (2.067 ×
(

0.722Rh − 107.617
(

ΔH
Δd

)3.963
)
− 1.909)× (3.786Dom + 2.667)× (0.789 ln(D)− 0.593) R2 = 0.84 (11)

Ri = (0.760 ×
(

0.722Rh − 107.617
(

ΔH
Δd

)3.963
)
+ 0.314)× (4.414Dom + 0.825)× (1.078 ln(D) + 4.582) R2 = 0.61 (12)

3.4. Independent Contributions of ΔH/Δd, Rh, Dom and D to Ri

The relatively independent contribution of ΔH/Δd, Rh, Dom and D to Ri compared to the
long-term mean of reference Ri is shown in Figure 9. The ΔH/Δd, Rh and Dom exerted slight negative
effects on Ri, with contribution rates of −18.4%, −4.5% and −6.9%, respectively, while D had an
obviously positive effect on Ri, with a contribution rate of 16.0%. This indicated that variations in
slope position had a greater effect on Ri than social position and Rh (i.e., weather variations), and the
dominant social position factor affecting the change in Ri was D.
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Figure 9. Relative contribution rate of Rh, Dom and D to the daily solar radiation income of individual
trees (Ri) compared to a reference Ri. The reference Ri was modeled by Equation (10) with the
long-term means of Rh, the ΔH/Δd value of 0 (Figure 5c) and the mean Dom and D of the 835 sample
trees on the hillslope. (ΔH/Δd represents the ratio of the height difference to the horizontal distance
between the sample point and the top of the opposite mountain (i.e., the variation of slope position);
Rh represents the daily solar radiation income of the horizontal ground; Dom represents the social
position levels of sample trees; D represents the mean distance between trees and neighboring trees).

The response of Ri to D exhibited the same trend at different slope positions and different Dom
levels, and an obviously higher rate of increase occurred under higher Dom levels (Figure 10). For
example, given the ΔH/Δd value of 0.1 and Dom value of 0.3, the effect of D on Ri only gradually
decreased when D was greater than 6.0 m, while given the ΔH/Δd value of 0.1 and Dom value of
−0.3, Ri stabilized when D was greater than 3.0 m.

Figure 10. Variation in the simulated Ri with Rh at different Dom and slope position levels by the Ri

model (Equation (10)). The value of Rh of 9.32 MJ m−2 day−1 used the long-term mean values from
2013 to 2021. ΔH/Δd represents the ratio of the height difference to the horizontal distance between
the sample point and the top of the opposite mountain. ΔH/Δd = 0.26 was the threshold indicating
that the sample point had no shaded terrain effect (Figure 4c).
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There was a significant difference in the effect of D on Ri under different slope positions (i.e.,
different ΔH/Δd values) (Figure 10). The difference in Ri at different Dom levels gradually decreased
as ΔH/Δd values increased, especially after ΔH/Δd > 0.26. For example, given the ΔH/Δd value
of 0.1 and Dom value of 0.3, the Ri was above the multi-year means (9.32 MJ m−2 day−1) if the D
values were higher than 4.0 m. However, given the ΔH/Δd value of 0.45, the Ri was always less
than 9.32 MJ m−2 day−1 regardless of the value of Dom. This indicated that the higher the ΔH/Δd
value (i.e., the lower the slope position), the weaker the effect of the social position of trees (both Dom
and D).

4. Discussion

4.1. The Role of Topography on Solar Radiation: Slope Effect and Shaded Terrain Effect
In this study, the solar radiation income on the sample slope (slope 27.8◦, aspect 135◦) was lower

than that of the horizontal ground (Figure 3). Similar results were obtained in earlier studies [45,46].
This was mainly because of the slope effect (i.e., slope and aspect) and the shaded terrain effect caused
by the opposite mountain [25,47]. Since the slope effect of solar radiation income was the same on
a hillslope [42,48], the difference in solar radiation income at different slope positions was mainly
caused by different shaded terrain effects. Therefore, we rejected the first hypothesis that the solar
radiation income was similar at different slope positions.

The difference in the shaded terrain effect was due to the different blocking effects of topographic
features (that is, the distance and elevation difference from the sample slope) [21,49,50]. Our research
showed that the shaded terrain effect did not limit solar radiation income on the slope when above
the middle slope (i.e., the ratio of the elevation difference to the distance between the sample point
and the top of the opposite mountain was satisfied (ΔH/Δd) < 0.26) (Figure 4). This was mainly
because the solar radiation income above the mid-slope was not affected by mountain shading due to
the difference in height at US and MS, with the opposite mountain being reduced and the distance
between the opposite mountain being increased. This was consistent with the result indicating that
the forest above the middle slope was not affected by shaded terrain [37].

4.2. The Distance among Trees Was the Dominant Factor for Tree Solar Radiation
The social position of trees (including dominance of trees and distance between trees) was

unique for each tree in the forest [14]. Our results suggested that the higher the social position of the
individual tree, the more solar radiation it received (Figure 6). This result was completely consistent
with our second hypothesis. This was primarily because the trees located in the dominant canopy,
which were less shaded by neighboring trees because of a relatively higher tree height [51], could
receive more solar radiation [6,7]. Solar radiation income increased as the distance between trees
increased (Figure 7), which was consistent with the result indicating that an increase in the distance
between trees resulted in greater intakes of solar radiation [52].

However, the contribution of the distance between trees to Ri was more important than that
of dominance (Figure 9) because the vertical shading effect among trees weakened as the distance
between trees increased [53]. Moreover, the solar radiation income of individual trees increased
slowly when the distance between trees was above 4.5 m (Figure 7c), indicating that these trees
obtained sufficient solar radiation and the distance between trees was no longer a key factor limiting
solar radiation income. This was consistent with the finding that competition among neighbors
within 5 m reduced the growth rate due to limited light resources [7,54].

4.3. Applications of the Newly Developed Ri Model
The Ri model developed in this study exhibited a satisfactory performance in estimating the

daily solar radiation income of individual trees. The simulated value was 16.3% higher than the
observed value since the impacts of leaf variation on solar radiation income were not considered [44].
When simulating only rainy days, the model accuracy was lower at R2 = 0.60 (Figure 8c). This
was mostly because on rainy days, cloud cover and ground humidity (changing albedo) in turn
affected solar radiation income [55,56]. The developed Ri model couples the effects of topography
(including latitude, longitude, elevation, slope and aspect) and the social position of trees (both
horizontal distance and vertical dominance), which can easily be obtained in different mountain
regions. Foresters could choose suitable measurements according to their actual conditions. For
example, horizontal ground solar radiation data can be obtained from ground weather stations,
topographic data can be obtained from remote sensing monitoring and the social position of trees can
be obtained through field surveys [57].
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The Ri model can be used to explain tree growth and thereby regulate forest productivity. For
example, a study on this sample slope showed that the cumulative seasonal growth of the down
slope plot (1.08 mm) was significantly less than that of the upper slope plot (1.54 mm) because
high solar radiation facilitates photosynthesis of organic matter for tree growth and increases air
temperature [58]. In addition, on this sample slope, previous transpiration studies focused on the
stand scale because of the lack of environmental characteristics of individual trees [37,59,60]. The
Ri model in this study accurately predicted the solar radiation received by individual trees, which
can be beneficial in explaining the differences in the transpiration of trees. In summary, a series of
mountain forest management plans (e.g., thinning) can be made based on the topographic conditions
and social position of trees using the developed Ri model to improve the forest structure and alleviate
the adverse effects of shade on the solar radiation income of trees.

4.4. Implications for Mountain Forest Management
The solar radiation income of individual trees in forests depended on topographic and social

positions. Therefore, different management measures should be adopted for trees at different slope
positions and different social positions to promote the receipt of more solar radiation. Our research
suggests that the social position of trees (especially the distance between trees) has relevance for
mountain forest management.

Different forest management measures should be implemented at different slope positions.
When ΔH/Δd > 0.26, the solar radiation income of these slope positions was significantly affected by
the shaded terrain effect of the opposite mountain; therefore, the forest density should be reduced by
increasing the distance between trees so that residual dominant trees can obtain more solar radiation
during the hours of sunshine. For example, given a ΔH/Δd of 0.40 and a Dom of 0.3, the trees can
receive a maximum Ri (8.79 MJ m−2 day−1) at a distance between trees of 10.0 m (Figure 10).

However, when ΔH/Δd < 0.26, the shaded terrain effect was almost negligible for the forest, and
the shading of adjacent trees was the main factor affecting the solar radiation income of individual
trees. The proportion of trees with different social positions can be adjusted by implementing thinning
to reduce the light competition among trees. For example, given a ΔH/Δd of 0.10, the daily Ri will
be above 9.32 MJ m−2 day−1 when the Dom values are 0.2 and 0.3 with D values of 6.5 m and 4.0 m,
respectively (Figure 10).

4.5. Limitations of This Study
The Ri model established in this study can calculate the solar radiation income of trees at any

location on the slope. However, due to the experimental conditions, this study only monitored the
actual solar radiation income of trees on a sample down slope, so the differences in the solar radiation
income of trees in different slope positions could not be verified. Therefore, the reliability of the
model estimation will be improved when the model parameters are fitted using the data from more
mountainous regions [61].

5. Conclusions

This study focused on the effects of topography and social position on the solar radiation income
of individual trees. The slope effect resulted in lower solar radiation income on the hillslope, which
was 27.8% lower than that of the horizontal ground. In the different slope positions, 2.7% to 46.9% of
solar radiation was lost due to the shaded terrain effect. Solar radiation income above the middle
slope was basically unaffected by the shading of the opposite mountain. The more dominant the tree’s
social position, the more solar radiation it received, ranging from 22.4% to 95.3%. The dominant factor
contributing to the changes in Ri was the distance between trees, and Ri was basically stable when
the distance between trees was greater than 4.5 m. The Ri model covered the effect of topography
and the social position of individual trees, which explained 83.0% of the observed Ri variation.

These results advanced our understanding of the role of topography and tree social positions of
solar radiation income in mountainous regions. Therefore, different forest management strategies
should be developed at different slope positions, and the distance between trees should be selected as
the main management measure to facilitate the precise adjustment of stand structure design, ensuring
that residual trees receive more solar radiation.
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Abstract: The stable water isotopes in snow (primarily 18O and 2H) are widely used for tracing
hydrological and ecological processes. However, isotopic signatures of snow can be significantly
modified by topography and land cover. This study assesses spatial and temporal variability of
the bulk snowpack isotopic composition (δ18O, δ2H, d-excess) between forested (pine and birch)
and open areas in the West Siberian forest steppes. Isotopic samples were collected over the peak
snow accumulation in 2017–2019. The snow isotopic composition within forested areas differed
from open steppes, mainly in reducing d-excess (1.6‰ on average). We did not find a significant
effect of canopy interception on snow enrichment in heavier isotopes. Snowpack in the pine forests
was even lighter by 3.6‰ for δ2H compared to open areas, probably, due to low energy inputs and
interception capacity. Additionally, snow depth significantly influenced the isotopic composition
spatial variability. As snow depth increased, δ18O and δ2H values decreased due to conservation
within the snowpack and less influence of sublimation and moisture exchange with the soil. However,
this pattern was only evident in winters with below-average snow depth. Therefore, taking into
account snow depth spatial and seasonal variability is advisable when applying the isotopic methods.

Keywords: river basin; forest; grassland; interception; wind redistribution; stable water isotopes

1. Introduction

Snow accumulation, storage, and melting dynamics affect multiple hydrological,
ecological, and social processes in mountainous and high-latitude environments [1,2].
Tracking changes in snowpack accumulation and melt rates is challenging because the
driving factors operate at multiple spatial and temporal scales [3–5]. Stable water isotopic
composition of snow (primarily δ2H and δ18O) has become a valuable tool for investigating
various snow hydrological and ecohydrological processes [6]. Implementations include
snow contribution to groundwater recharge [7,8], streamflow generation during rain-
on-snow events [9,10], exploring vegetation water sources [11–14], etc. However, the
application of isotopic methods is complicated by snow evolution processes that alter the
isotopic signal [15–17].

Snow mass and energy balance is altered by complex processes such as sublimation,
wind redistribution, forest canopy interception, melting, and metamorphism [18]. Since
snow contains liquid, solid, and vapor phases, most of these processes are accompanied by
phase transitions, changing the stable water isotopic composition [6,19,20]. The intensity
of snow hydrological processes varies in space. Spatial factors affecting snow isotopic
composition have included altitude [21–23], aspect [15,24], snow depth [21], and canopy
interception [25–27]. Most of these factors affect snow sublimation fluxes, which leads to
enrichment in heavier isotopes of the remaining snow cover [16,22,28,29].

Forest canopy interception affects the snow isotopic composition by increasing the
sublimation of intercepted snow and making throughfall isotopically heavier [6]. The under-
canopy snowpack in the north-western US was up to one-fourth smaller and isotopically
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heavier by roughly 2‰ in δ18O compared with the snowpack in the clear-cut area [26].
Studies in Switzerland showed that the isotope ratios were higher in the snowpack under
forest canopy than in open grasslands (by 13.4 ‰ in δ2H and 2.3 ‰ in δ18O) [27]. However,
a five-year study in the southwestern US has shown a much more significant influence of
snowfall isotopic input and aspect on δ18O than canopy density [28]. Additionally, several
mechanisms of changes in the snow isotopic composition in complex landscapes remain
poorly understood, such as the effect of wind redistribution [6].

Most of the works cited above were performed in mountain forests in relatively humid
regions of Europe and North America. Over Siberia, studies have shown that the variability
of the contribution of many precipitation sources to the snow results in large isotopic
variability [30,31]. At the same time, more detailed catchment-scale studies investigating
changes in snow isotopic composition have not been conducted either in the boreal forest
area or in the forest steppe.

Snow in continental semi-arid regions is the major water source for ground and soil
water recharge and streamflow generation [32]. Considering the significant differences in
the snow isotopic signal compared with rainfall, implementation of the isotopic methods for
tracing streamflow formation, groundwater recharge, and plant water use seems promising
in these regions. However, the mechanisms of the snowpack isotopic composition spatial
variability and post-depositional fractionation remain poorly understood. In this work, we
focused on changes in the stable water isotopic composition of snow (δ18O, δ2H, d-excess)
between open and forested areas during peak snow accumulation over three years (March
2017–2019). The studies were conducted in the Kasmala River basin located in the forest
steppe ecoregion in the south of Western Siberia. The basin structure consists of extensive
arable lands, Scots pine forests, and small patches of deciduous forests. Basin landscape
composition allowed us to study changes in the snow isotopic composition in open and
forested areas and to evaluate factors influencing isotopic ratios considering the differences
in topography and seasonal climate.

2. Materials and Methods

2.1. Study Area

We carried out the study in the 1768.7 km2 Kasmala river basin (53◦4’ N, 82◦20’ E) in
the south of the West Siberian Plain (Figure 1). The Kasmala basin is a snow-dominated
watershed in the headwaters of the Ob River.

The study area belongs to the West Siberian forest steppe ecoregion [33]. This region
is also part of the West-Siberian grain belt, an important agricultural region in southern
Siberia. The dominant land cover type is arable land (59.7%). A unique characteristic of
this part of the West Siberian Plain is the long strips of Scotch pine (Pinus sylvestris L.)
forests [34–36]. This forest type (covers about 12%) is characterized by dense pine stands
(canopy density 60–80 %) with a small proportion of mixed deciduous vegetation. The
average diameter at breast height is about 25–30 cm, and tree height is between 20–25 m.
The forests occupy the sandy massifs within the extended ancient flow depressions. Upland
slopes oriented towards the depressions have small slope angles (1–3◦) covered by arable
land and steppe patches. Another type of forest presented here is the small patches of birch
(Betula pendula Roth) and aspen (Populus tremula L.) stands (5.9%). The basin is naturally
divided into three main parts: the northern (NP) and southern (SP) open steppe areas
with deciduous forest patches and the central part, occupied mainly by pine forest (CP).
Additionally, in the study, we considered arable land/open steppes, deciduous forests, and
pine forests as three major land cover types.
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Figure 1. The Kasmala basin in the south of Western Siberia with sampling locations and land cover
composition. NP—northern part, CP—central part, SP—southern part.

Continental climate with strong seasonality in the study region varies from sub-humid
in the northeast to semi-arid (steppe) in the southwest. The area has cold winters and hot
summers with a mean annual temperature (1966–2020) of 2.4 ◦C at the Barnaul weather
station (53 km to the nearest transect) [37]. The average annual precipitation is 427 mm.
The mean winter (November-March) precipitation is about 125 mm. Wind drift is the most
crucial factor in snow redistribution. The average daily wind speed in November-March is
2.7 m/s [37].

2.2. Sampling and Laboratory Analysis

We conducted three field campaigns around 10–15 March, 2017–2019 during the peak
snow accumulation. Sampling was performed along eight transects that varied in length
from 500 m to 2 km. The distance between measurements was 200 m in open areas and 100
m in forested areas. NP and SP included three transects each, and CP included two transects
(Figure 1). Each transect differed in terrain characteristics (ruggedness, slopes, and aspects)
and land cover composition (open areas, deciduous, and coniferous forests). GPS location of
each sampling point was recorded. During the field campaign, the bulk snowpack samples
were collected at each location using a 60 cm snow coring sampler VS-43. The samples
were weighed to obtain bulk density and calculate snow water equivalent (SWE). Then, the
entire samples were immediately placed into sealable high-density polyethylene bags to
prevent further evaporation and fractionation effects. The snow depth was measured at
the same points using a special snow ruler. If the snow depth was higher than 60 cm, the
snow was measured successively from deeper layers. A total of 192 samples were taken
over three sampling years.

Snow samples were brought to the laboratory in sealed bags on the day of sampling
and melted at room temperature. Once the samples completely melted, they were filtered
through 0.45-μm filters (Minisart NML Plus) into 2-mL glass vials. The isotopic composition
(δ18O, δ2H) of all samples was analyzed through laser spectroscopy (PICARRO L2130-i
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(WS-CRDS). The measurement uncertainties were ±0.4‰ for δ18O and ±0.1‰ for δ2H.
Water samples were calibrated against the international standards (V-SMOW, GRESP).

2.3. Data Processing and Analysis

We analyzed spatial and temporal variations in the bulk snowpack isotopic com-
position. In exploring interannual differences, we considered variations in temperature,
precipitation, and snow accumulation relative to the interannual means from the Barnaul
weather station [37]. The station is the closest to the study area (53 km to the nearest
transect) and has the most consistent series of observations.

The δ18O and δ2H mean values among basin parts, land cover types, and sampling
years were tested using non-parametric Kruskal–Wallis H test. Additionally, Wilcoxon
test with the Bonferroni correction was applied to evaluate the differences between the
group levels.

For assessing the site-specific covariation of hydrogen and oxygen stable isotope ratios,
we created δ2H vs. δ18O plots (similar to local meteoric water lines) for the basin parts
(NP, CP, and SP). Additionally, the second-order isotopic parameter deuterium excess
was computed (d-excess = δ2H – 8 ×δ18O) [38]. D-excess helps distinguish equilibrium
and nonequilibrium processes through the differences from the global meteoric water line
(GMWL; δ2H = δ18O + 10) [39]. Values less than 10‰ often indicate kinetic fractionation
due to evaporation or sublimation [6].

In order to assess the interactions between isotopic composition, topography, and
land cover, we created a set of multiple regression (MLR) models. Stepwise regression
analysis was performed separately for δ18O and δ2H as dependent variables. However,
the relationships behaved similarly, and we used δ2H for further analysis due to a smaller
measurement error. All variables were first tested for normality of distribution, multi-
collinearity, and the presence of outliers. We also calculated Z-scores for the predictors
and response variables of the final models. The selection of variables for each model
was performed automatically by stepwise backward elimination according to the Akaike
information criterion (AIC). Finally, each final model was checked for residual distribution
and homoscedasticity.

Input variables were chosen based on their potential effect on the isotopic composition
of a bulk snowpack. Snow depth and SWE were used as indicators of wind redistribution
since wind is the main factor of depth and SWE spatial heterogeneity on the plains (no
elevation gradient). Given that depth and SWE are correlated, they were included in the
regression separately. The snow energy balance and, therefore, the processes of sublimation
and melt depend on the local topography. The slope, aspect, general curvature, and
Topographic Ruggedness Index (TRI) were calculated using the SRTM digital elevation
model (DEM) [40]. The aspect was transformed with the cosine function, resulting in a
value of −1 for north- and 1 for south-facing points. We used the land cover map based
on the Landsat satellite images to calculate the forest ratio in the 200 m surrounding the
sample points. This metric was chosen because forests in the study area affect snowpack
accumulation not only via canopy interception but also through the obstruction of wind
redistribution. The obstruction factor appears mainly in the deciduous forest patches within
the steppes.

Statistical analysis was performed in R (http://www.r-project.org, accessed on 27
March 2021). Topographic variables were calculated using QGIS (www.qgis.org, accessed
on 2 June 2021).

3. Results

3.1. Interannual Differences

Most seasonal climate parameters were close to average during winter seasons 2016/
2017–2018/2019, excluding snow conditions. Mean winter temperatures did not differ
much from the long-term mean (Table 1). Daily temperatures above 0 ◦C) were uncom-
mon (for example, in December 2018). However, very low temperatures occurred more
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frequently, such as in November 2016, January 2018, and February 2019 (Figure 2). Wind
speeds in 2016/2017 were close to the mean (2.3 m/s), 2017/2018 and 2018/2019 had lower
average wind speeds (1.7–1.8 m/s).

Table 1. Winter summary statistics with standard deviations at Barnaul weather station calculated
from daily data [37].

Winter Season Mean Temperature (◦C) Mean Wind Speed (m/s) Peak Snow Depth (cm)

2016/2017 −10.5 ± 7.8 2.3 ± 1.5 73 ± 22
2017/2018 −11.9 ± 8.8 1.7 ± 1.6 25 ± 6
2018/2019 −11.8 ± 9.4 1.9 ± 1.4 41 ± 10

Period of record
(1966–2020) mean −11.5 ± 4.7 2.7 ± 0.3 30 ± 13

Figure 2. Barnaul weather station air temperature, wind speed, snow depth for the studied winter
seasons as well as the station period of record (1966–2020).

The strongest differences were observed in snow cover dynamics. The maximum
snow depth values were above average in 2016/2017 (73 cm) and extremely below average
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in 2017/2018 (25 cm). March 2018 had the lowest snow depth during the station period
of record. Depth and SWE values also varied on our transects during the study period.
The most considerable difference occurred between 2016/2017 and 2017/2018, when depth
and SWE were 57 % and 70 % lower, respectively (Table 2). Therefore, the studied winter
seasons had significantly different snow mass conditions but were relatively similar in
other seasonal climate parameters.

Table 2. Means and standard deviations of the bulk snowpacks SWE, depth, and isotopic composition,
averaged over 2017–2019 and northern (NP), central (CP), and southern (SP) parts.

Sampling Year Basin Part Depth (cm) SWE (mm) δ18O (‰) δ2H (‰) d-Excess (‰)

2017
NP 71.4 ± 22.1 196.6 ± 80.6 −19.8 ± 0.7 −151.2 ± 5.5 7.3 ± 1.7
CP 69.5 ± 13.6 169.7 ± 28.6 −20.3 ± 0.5 −156.7 ± 3.1 5.8 ± 1.9
SP 80.4 ± 17.3 212.2 ± 49.4 −20.2 ± 0.6 −154.6 ± 4.0 7.2 ± 1.9

2018
NP 27.8 ± 11.5 59.8 ± 40.9 −19.5 ± 1.3 −148.3 ± 9.3 7.4 ± 2.3
CP 27.8 ± 8.9 41.6 ± 12.3 −20.1 ± 1 −154.9 ± 6.3 5.6 ± 2.4
SP 36.8 ± 10 67.1 ± 19.9 −20 ± 1.1 −152.6 ± 7.3 7.6 ± 2.2

2019
NP 44.1 ± 8.7 103.6 ± 21.4 −19.4 ± 0.8 −148.1 ± 5.6 7.3 ± 1.0
CP 40.8 ± 10 91.7 ± 46.7 −19.7 ± 0.7 −151.9 ± 4.7 5.6 ± 1.6
SP 56.6 ± 11.1 108.7 ± 29 −19.7 ± 0.8 −150.6 ± 5.7 7 ± 1.8

According to Kruskal–Wallis test results (Table 3), differences in mean isotopic compo-
sition between sampling years were significant. The median levels varied only around 1‰
in δ18O and 4‰ in δ2H during sampling years.

Table 3. Kruskal–Wallis test results for snow isotopic composition (δ18O, δ2H, d-excess) among land
cover types, basin parts, and sampling years.

Factors Df H-Value p-Value

δ18O
Sampling year 2 14.00 <0.001

Basin part 2 9.74 0.008
Land cover 2 7.13 0.029

δ2H
Sampling year 2 15.54 <0.001

Basin part 2 18.2 <0.001
Land cover 2 15.79 <0.001

d-excess
Sampling year 2 3.08 0.21

Basin part 2 23.03 <0.001
Land cover 2 19.38 <0.001

Variability within each sampling year was substantially higher (Figure 3). The isotopic
variation had the highest rates in 2018 when the snowpack was extremely shallow. The
range reached 6.3‰ in δ18O and 42.6‰ in δ2H. In 2017, the range was approximately half
and amounted to 3.2‰ and 26.0‰ in δ18O and δ2H, respectively. The standard deviations
(Table 2) of each sampling year also demonstrate differences in variability.

Differences in mean isotopic composition among the northern (NP), central (CP), and
southern (SP) parts of the basin were also significant considering the whole study period
(Table 3). Firstly, significant differences may indicate expected differences in the drivers
of snow isotopic composition: primarily wind redistribution in open areas and canopy
interception in forests. Looking at each year separately, the forested and open parts of the
basin differed significantly only in δ2H (Figure 3). Additionally, Wilcoxon test showed
(p-value < 0.05) that δ18O and δ2H varied significantly between NP and CP-SP.
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Figure 3. Temporal variability of the isotopic composition (δ2H and δ18O) of bulk snowpack over the
basin parts (NP, CP, SP) with results of Kruskal–Wallis tests within sampling years. Violin and Tukey
outlier box plots show the median value (horizontal line within the box), the 1st and 3rd quartile
(ends of the box), minimum/maximum values (whiskers) and distribution.

Differences among land cover types were significant for δ2H and d-excess mean values
(Table 3). As in the case of the basin parts, δ2H and d-excess varied significantly between
open steppes, deciduous forests, and pine forests (Wilcoxon test p-value < 0.05). Pine forests
and deciduous forests were not statistically different.

During the entire study period, the snowpack isotopic composition was slightly
heavier within the open parts compared with the forested. The δ18O and δ2H values in
CP were on average lower than in open NP and SP, but only by 0.2 and 3.6‰, respectively.
We expected higher δ18O and δ2H values in the forested part due to canopy interception.
However, no direct effect was observed.

3.2. Oxygen and Hydrogen Ratios

Figure 4 gives an overview on δ2H vs. δ18O relationships among the sampling years
and basin parts. All samples lay lower than the GMWL, indicating the influence of nonequi-
librium processes (Figure 4). In all equations, slopes were far below 8, and intercept values
did not exceed 10, corresponding to the similar parameters of GMWL.

Slope and intercept values of δ2H vs. δ18O regressions showed clear spatial patterns.
In the open SP and NP slopes ranged from 7.90 to 6.12. The slope values were significantly
lower in the forested part (5.58 to 6.38). Furthermore, the CP intercepts also reached very
low values (up to –43.3). This aspect indicated significantly higher sublimation rates and
other nonequilibrium processes in the forested part.

Slopes changed little over time, especially depending on the amount of snow each
winter season. Only the intercept values changed significantly (by more than 10–20) within
the open and forest parts. On the one hand, this may indicate the constancy of fractionation
processes on-ground (stable slope), and on the other hand, the influence of snow formation
conditions during each winter season (unstable intercept).
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Figure 4. δ2H vs. δ18O plot over the basin parts (NP, CP, SP) and sampling years, including their
regression lines (blue), global meteoric water line (gray), and snow depth gradient.

D-excess values also showed spatial patterns, remaining relatively stable interannually
(Figure 5). CP’s mean d-excess values (Table 2) were 1.6 ‰ lower than open SP and NP.
Moreover, the d-excess fell below 10 (d-excess of GMWL) in all parts of the Kasmala basin.
According to the Kruskal–Wallis test (Table 3), mean differences were significant across
the basin parts during the study period. The major differences occurred between CP and
NP/SP (Wilcoxon test p-value < 0.001). The contrast again referred to the high intensity of
nonequilibrium processes in the forested part of the basin, which, however, did not lead to
direct enrichment in heavier isotopes of the forest snowpack.
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Figure 5. D-excess values over the basin parts (NP, CP, SP) and sampling years. Individual samples
are shown using dots. Tukey outlier box plots show the median value (horizontal line within the
box), the 1st and 3rd quartile (ends of the box), and the minimum/maximum values (whiskers).

3.3. Influence of Topography and Land Cover Factors

Only snow depth and TRI had a relatively stable effect on δ2H. The influence was
evident in two of the three years. The other predictors had no significant influence, except
for a feeble impact of Aspect in 2017 (Table 4).

Table 4. Adjusted R2, slopes, and intercepts for computed regression equations describing H2 vs.
land cover and topography predictors relationships (ns = predictor variable not selected).

Variables 2017 2018 2019

Snow Depth ns −0.608 *** −0.224 *
SWE ns ns ns
TRI −0.445 *** ns −0.358 ***

General Curvature ns ns ns
Forest ratio ns ns ns

Slope ns ns ns
Aspect (Cos) −0.196 * ns ns

Intercept 0.019 0.025 0.013
R2a 0.239 *** 0.325 *** 0.164 **

* p < 0.1; ** p < 0.05; *** p < 0.01.

The effect of snow depth was closely related to the snow amount over the sampling
years. The influence of depth was not significant in 2017 (high snow). However, in 2018
(shallow snow), the influence of depth became considerable and described almost 32%
of the variability. The slope was negative, which means that δ2H values decrease with
increasing snow depth. In moderate snow 2019, the influence of depth became weaker. The
linear influence of snow depth is evident in the plot of partial residuals (Figure 6).
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Figure 6. Partial residuals of each predictor for the sampling years selected by the stepwise multiple
regression. The dashed lines represent linear relationships.

The TRI effect was most likely related to the wind redistribution of snow from uplands
to small valleys. Higher TRI values mean higher ruggedness of the terrain. In the study
area, higher TRI values typically belong to river valleys. The coefficients were also negative,
indicating a decrease in δ2H values as we moved toward the valleys. TRI was a significant
predictor in 2017 and 2019. These winters had above-average snow depths and quite a high
wind intensity, especially in 2017.

SWE, as well as forest ratio, did not show any significant effect on the isotopic com-
position. SWE was included in the models instead of snow depth, but it was significant
only in 2018, and the influence was weaker (adjusted R2 was about 0.15). A similar SWE
value can be formed by increasing both depth and density, which are controlled by distinct
processes from the isotopic composition perspective. The forest ratio also did not play
a significant role. We attribute this effect to fundamentally different processes occurring
in coniferous (canopy interception) and deciduous forests (obstacle of wind transport).
However, the sampling points in these areas may have similar forest ratio values.

The d-excess also showed strong correlations with snow depth and SWE, confirm-
ing the isotopic composition-depth patterns (Figure 7). Snow depth and d-excess were
positively correlated (Table 5) in 2019 (moderate snow) and 2018 (shallow snow). This
relationship weakened in the high snow winter season (2017). The relationship was most
stable in moderate 2019, while in 2018 several points deviated from the general tendency.
We suppose the deviations were related to some local features of snow stratigraphy that
attenuate fractionation despite shallow snow. In contrast to H2, d-excess showed significant
correlations with SWE as well (Table 5). However, the strongest relationship was observed
in 2019, when the SWE values largely corresponded to the distribution of snow depth. This
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similarity was largely responsible for the significance of this relationship. In other sampling
years, the linear influence of SWE on d-excess was not evident, despite the significance of
the relationship (with the presence of outliers and heteroscedasticity).

Figure 7. Relationship of the d-excess and snow depth, SWE over the sampling years and basin parts
(NP, CP, SP).

Table 5. Adjusted R2, slopes and intercepts for computed regression equations describing d-excess
vs. snow depth and SWE relationships (ns = predictor variable not selected).

Sampling Year Estimate Snow Depth SWE

2017

Slope ns 0.3803 ***
Intercept ns 1.313 × 10−16

R2a ns 0.13 ***
Observations 60 60

2018

Slope 0.3124 ** 0.2509 *
Intercept −4.238 × 10−16 −3.239 × 10−16

R2a 0.08 ** 0.05 *
Observations 60 60

2019

Slope 0.4891 *** 0.3737***
Intercept 2.908 × 10−16 3.214 × 10−16

R2a 0.23 *** 0.13 ***
Observations 60 60

* p < 0.1; ** p < 0.05; *** p < 0.01.

4. Discussion

The snow isotopic composition showed differences between open and forested areas,
mainly in reducing d-excess and the slope of δ2H vs. δ18O regressions. The main predictor
connected with snow enrichment in heavier isotopes was snow depth. The effect was
especially evident in winter seasons with shallow snowpack.

The slope and intercept of δ2H vs. δ18O regressions corresponded to the values typical
for the continental climate [41]. Additionally, the slope and intercept values agreed well
with data previously obtained for the same region [31]. Negative intercept values and their
high variability are typical for regions with a cold continental climate due to significant
differences in the mechanisms of precipitation formation [41]. Under these conditions, the
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consistently low slope values and low d-excess values in the forest part most likely indicate
the influence of sublimation.

The effect of canopy interception on the isotopic composition was observed not in
the direct enrichment in heavier isotopes but through a decrease in d-excess. This pattern
slightly differs from the existing studies in which the enrichment in heavier isotopes was
correlated with increasing canopy density [26,27]. However, a recent study has shown that
canopy density may not have a statistically significant influence on the spatial variability of
δ18O [28]. Forest d-excess may be lower than in open areas (in [27], d-excess was not given
but could be calculated from the average δ2H and δ18O values) or almost independent
of canopy density [26]. We suppose that the lack of direct enrichment occurred due to
the lower interception capacity of pine forests and low energy inputs for sublimation.
Compared to fir and spruce forests, snow interception, and sublimation losses in pine
forests may be up to 10% lower [42], despite the slightly longer deposition of snow on the
canopy [43]. The work [27] noted slightly smaller interception effects on isotope ratios at
the high-elevation transect, which the authors attributed to lower energy inputs. In the
cold continental climate of southern Siberia, this factor may also limit sublimation.

The influence of snow depth on the isotopic composition was the most critical factor
of both spatial and temporal variability. Previously, it has been shown that the upper
and lower layers of snow are sensible to the changes in the isotopic composition due to
the influence of melting, sublimation, and moisture exchange with the soil [6,20,28,44,45].
Vapor flux from the lower snow layers to the upper ones (due to the thermal gradient)
usually does not significantly change the isotopic composition since all changes occur
within the snowpack. These processes contribute to the homogenization of the isotopic
composition between the individual layers during the winter [31,46]. In shallow snow
conditions, bulk snowpack isotopic composition is much more sensitive since the upper
and lower layers constitute a significant part of the snowpack. In the areas with increased
snow accumulation (high snow depth), the fraction of “stable” snow within the snowpack
is higher. Such snowpacks tend to be isotopically lighter. In moderate snow winter seasons,
the isotopic composition-depth relationship weakens, but it is still recognizable through the
d-excess decrease. In high snow winters, the correlation with snow depth almost disappears
because a large amount of snow accumulates in the entire basin. The relationship between
the isotopic composition and snow depth was earlier observed in alpine conditions [21].
The study [7] previously expected that samples with lower SWE should have been more
strongly affected by melt or sublimation and, as a result, become isotopically heavier.
However, they did not find a relationship between isotopic composition and SWE in the
Canadian prairies. In our work, SWE also did not correlate with the isotopic composition.
We argue that snow depth is a more significant factor since both higher density (due to
wind exposure or sublimation) and higher snow depth (in a sheltered location) can produce
the same SWE value. In terms of isotopic fractionation, these processes may result in
different δ18O and δ2H ratios, which explains the lack of correlations.

The obtained results suggest that considering spatial variability and inter-annual dif-
ferences in snow depth is necessary when planning observation strategies involving snow
sampling for isotopic composition analysis. Additionally, spatial coverage is important
because snowpack isotopic signatures exhibit a high spatial variability over a small scale
(<100 m), limiting the usefulness of point samples to estimate an average isotopic composi-
tion of snow over a large area [7]. However, our findings also have limitations since we
only estimated bulk snowpack isotopic composition, which implies some uncertainty in
its evolution. To better understand the mechanisms of isotopic signal transformation, a
joint analysis of the isotopic composition of snowpack, primary snowfall, and throughfall
during the winter is preferable in further studies.

5. Conclusions

In the West Siberian forest steppe, the expected direct enrichment of forest snowpack
in heavier isotopes was not observed. However, we found lower d-excess values and δ2H
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vs. δ18O regressions slopes less than those of GMWL in forested areas compared to open,
which may indicate the influence of sublimation. Additionally, isotope ratios between
open and forested areas maintained in both shallow and high snow winters. We found out
that snow depth is the most critical spatial factor influencing the isotopic composition of
snow. As snow depth increased, the δ18O and δ2H values of the entire snowpack decreased
due to conservation within the snowpack and less influence of sublimation and moisture
exchange with the soil. However, this pattern was only evident in winter seasons with
below-average snow depth. In above-average snow winter seasons, significant amounts
of snow accumulated at most of the sampling sites, which smoothed out the isotopic
differences and contributed to the preservation of the δ18O and δ2H ratios within the
snowpack.
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34. Rudaya, N.; Krivonogov, S.; Słowiński, M.; Cao, X.; Zhilich, S. Postglacial History of the Steppe Altai: Climate, Fire and Plant
Diversity. Quat. Sci. Rev. 2020, 249, 106616. [CrossRef]

35. Atlas of the Altai Region; Main Administration of Geodesy and Cartography USSR: Moscow/Barnaul, Russia, 1978.
36. Zanin, G. Geomorphology of the Altai Region. In Natural Zoning of the Altai Region; USSR Academy of Sciences: Moscow, Russia,

1958; pp. 62–98.
37. RIHMI–WDC Official Website. Available online: http://www.meteo.ru (accessed on 28 August 2021).
38. Dansgaard, W. Stable Isotopes in Precipitation. Tellus 1964, 16, 436–468. [CrossRef]
39. Craig, H. Isotopic Variations in Meteoric Waters. Science 1961, 133, 1702–1703. [CrossRef] [PubMed]
40. Paiva, R.; O’Loughlin, F. Bare-Earth SRTM. Available online: https://data.bris.ac.uk/data/dataset/10tv0p32gizt01nh9edcjzd6wa

(accessed on 12 August 2020). [CrossRef]
41. Putman, A.L.; Fiorella, R.P.; Bowen, G.J.; Cai, Z. A Global Perspective on Local Meteoric Water Lines: Meta-Analytic Insight Into

Fundamental Controls and Practical Constraints. Water Resour. Res. 2019, 55, 6896–6910. [CrossRef]

96



Forests 2023, 14, 160

42. Pomeroy, J.W.; Parviainen, J.; Hedstrom, N.; Gray, D.M. Coupled Modelling of Forest Snow Interception and Sublimation. Hydrol.
Process. 1998, 12, 2317–2337. [CrossRef]

43. MacKay, M.D.; Bartlett, P.A. Estimating Canopy Snow Unloading Timescales from Daily Observations of Albedo and Precipitation.
Geophys. Res. Lett. 2006, 33. [CrossRef]

44. Sturm, M.; Benson, C.S. Vapor Transport, Grain Growth and Depth-Hoar Development in the Subarctic Snow. J. Glaciol. 1997, 43,
42–59. [CrossRef]

45. Ala-Aho, P.; Welker, J.M.; Bailey, H.; Pedersen, S.H.; Kopec, B.; Klein, E.; Mellat, M.; Mustonen, K.R.; Noor, K.; Marttila, H. Arctic
Snow Isotope Hydrology: A Comparative Snow-Water Vapor Study. Atmosphere 2021, 12, 150. [CrossRef]

46. Evans, S.L.; Flores, A.N.; Heilig, A.; Kohn, M.J.; Marshall, H.P.; McNamara, J.P. Isotopic Evidence for Lateral Flow and Diffusive
Transport, but Not Sublimation, in a Sloped Seasonal Snowpack, Idaho, USA. Geophys. Res. Lett. 2016, 43, 3298–3306. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

97





Citation: Xu, Z.; Man, X.; Cai, T.;

Shang, Y. How Potential

Evapotranspiration Regulates the

Response of Canopy Transpiration to

Soil Moisture and Leaf Area Index of

the Boreal Larch Forest in China.

Forests 2022, 13, 571. https://

doi.org/10.3390/f13040571

Academic Editors: Yanhui Wang,

Karl-Heinz Feger and Lulu Zhang

Received: 5 March 2022

Accepted: 31 March 2022

Published: 4 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

How Potential Evapotranspiration Regulates the Response of
Canopy Transpiration to Soil Moisture and Leaf Area Index of
the Boreal Larch Forest in China

Zhipeng Xu 1,2, Xiuling Man 1,2, Tijiu Cai 1,2,* and Youxian Shang 1,2

1 School of Forestry, Northeast Forestry University, Harbin 150040, China; xuzhipeng34@163.com (Z.X.);
xiuling.man@nefu.edu.cn (X.M.); shangyouxian2022@163.com (Y.S.)

2 Key Laboratory of Sustainable Forest Ecosystem Management-Ministry of Education, Northeast Forestry
University, Harbin 150040, China

* Correspondence: caitijiu1963@163.com; Tel.: +86-150-4585-3579

Abstract: Transpiration is a critical component of the hydrological cycle in the terrestrial forest ecosys-
tem. However, how potential evapotranspiration regulates the response of canopy transpiration
to soil moisture and leaf area index of the boreal larch forest in China has rarely been evaluated.
The present study was conducted in the larch (Larix gmelinii (Rupr.) Rupr.) forest, which is a typical
boreal forest in China. The canopy transpiration was measured using sap flow techniques from May
to September in 2021 and simultaneously observing the meteorological variables, leaf area index
(LAI) and soil moisture (SWC). The results showed that there were significant differences in canopy
transpiration of Larix gmelinii among the months. The correlation and regression analysis indicated
that canopy transpiration was mainly influenced by potential evapotranspiration (PET), while the
effect of soil moisture on canopy transpiration was lowest compared with other environmental factors.
Furthermore, our results revealed that the effect of PET on canopy transpiration was not regulated by
soil moisture when soil moisture exceeded 0.2 cm3 cm−3. More importantly, under the condition of
sufficient soil moisture, it was demonstrated that the response of canopy transpiration to leaf area
index was limited when PET exceeded 9 mm/day. These results provide valuable implications for
supporting forest management and water resource utilization in the boreal forest ecosystem under
the context of global warming.

Keywords: sap flow; boreal forests; atmospheric evaporative; growth index; soil moisture

1. Introduction

The terrestrial forest ecosystem provides a vital link to control the water exchange
between land surface and atmosphere as well as to sequester the carbon by photosynthesis.
In particular, boreal forest biomes cover approximately 11% of the area on the Earth’s
surface [1], which plays an important role in maintaining the stability of the terrestrial
forest ecosystem. Thus, the interest in the functions and role of the boreal forest ecosystem
in water resources is increasing, especially for the transpiration across the globe [2–5].

Canopy transpiration is a crucial process of forest hydrological cycling, which couples
the soil moisture and atmosphere interactions [6–9]. The results at a global scale showed
that canopy transpiration accounts for about 39% of precipitation and more than 60% of
evapotranspiration [10,11]. In past decades, due to the frangibility and sensitivity of the
boreal forest ecosystem to climatic change [2], canopy transpiration has been increasingly
influenced by global climate warming and extreme weather events [12]. With the signif-
icant progress of afforestation projects in China, such as the Natural Forest Protection
Project, the boreal forest coverage in China has been greatly improved, which has greatly
affected the hydrological cycle of the forest ecosystem [5,13]. Thus, determining the canopy
transpiration dynamics of boreal forest in a changing environment is greatly important for
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better understanding the plant survival strategies and the impact of vegetation on related
eco-hydrological processes.

Numerous studies analyze the response of canopy transpiration to environmental
factors including air temperature, vapor pressure deficit, soil moisture, precipitation,
etc. [14–17]. For example, Zhang et al. [18] concluded that increasing vapor pressure
deficit promotes canopy transpiration until a certain threshold, while Han et al. [19] found
the precipitation has a negative effect on canopy transpiration. However, most often, case
studies have only paid attention to the single impact of meteorological factors on canopy
transpiration [17,20,21]. We know that environmental factors occur concurrently under
natural conditions and that canopy transpiration is affected by the interaction effects of
environmental factors. However, the response mechanism of canopy transpiration to the
interaction of environmental factors in the boreal forest of China is not clear.

Canopy transpiration is affected by many environmental factors, which can be divided
into three aspects including atmospheric evaporative demand, such as potential evapotran-
spiration [9,22], soil water supply (such as soil moisture) and vegetation phenophase, such
as leaf expanding or defoliation [9,23]. In previous work, some studies reported the effects
of potential evapotranspiration and soil moisture on transpiration [9,21,22]. For instance,
Wan et al. [24] found that soil moisture limits the response of transpiration to potential
evapotranspiration. However, numerous studies only consider the atmospheric evapora-
tive demand and water supply and ignore the change in vegetation phenophase during
the growing season. Vegetation phenology reflects the dynamic of vegetation growth via
leaf area variations and consequently affects the canopy transpiration [23]. Thus, analyzing
how potential evapotranspiration mediates the influence of soil water supply and leaf
area variation on canopy transpiration is of great significance in the boreal forest regions
of China.

The native larch (Larix gmelinii (Rupr.) Rupr.) forest represents the typical zonal
vegetation and prominent community of boreal forest ecosystems in northeast China,
which is the southern margin of the Siberian zone and one of the largest boreal forests
underlying wide permafrost in the world [25,26]. In the present study, a consecutive
measurement of sap flow from May to September in 2021 in the natural forest of Larix
gmelinii was performed: (1) to investigate the dynamics of canopy transpiration of Larix
gmelinii forest in the growing season at different timescales, (2) to clarify the relationships
between canopy transpiration and environmental factors, (3) to identify the role of soil
moisture in canopy transpiration of Larix gmelinii forest, and (4) to reveal how potential
evapotranspiration mediates the influence of leaf area variation on canopy transpiration
of Larix gmelinii forest. These can be exploited to improve forest-water management and
ecologically sustainable development, as well as to predict the effect of climate change on
vegetation growth in the future.

2. Materials and Methods

2.1. Study Site

The present study was performed in the Mohe Forest Ecosystem Research station
(MFERs, 53◦27′59′′ N, 122◦20′06′′ E), and the native forest is dominated by the Larix gmelinii,
which represents the principal community of boreal forest ecosystems in China (Figure 1).
The study site has a typical cold temperate continental monsoon climate with mean annual
precipitation and temperature being 460.8 mm and −5.5 ◦C, respectively, from 1959 to 2017.
The distribution of intra-annual precipitation was uneven and accounted for approximately
70% of the precipitation that occurred during the growing season. The soil in the study area
is the Gleyic Cambisols (https://www.fao.org/soils-portal/soil-survey/soil-maps-and-
databases/, accessed on 2 January 2022), and its thickness varies between 20–50 cm [27].
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Figure 1. (a) The region north of 40◦ N (Globcover2009: http://due.esrin.esa.int/page_globcover.php,
accessed on 2 January 2022). (b) The DEM of study site; (c) Sample plot. Note that the CBE/SDF, CBDF,
OBDF/W, CNEF and OND/EF are closed to open (>15%) broadleaved evergreen or semi-deciduous
forest (>5 m), closed (>40%) broadleaved deciduous forest (>5 m), open (15–40%) broadleaved
deciduous forest/woodland (>5 m), closed (>40%) needleleaf evergreen forest (>5 m) and open
(15–40%) needleleaf deciduous or evergreen forest (>5 m), respectively.

2.2. Forest Structure Characteristics

The field experiment was conducted in the natural forest of Larix gmelinii from May
to October in 2021. A sample plot with 20 × 20 m was established and the stand density
was 1250 trees per hectare. Meanwhile, the forest structure characteristics were measured,
which include mean diameter at breast height (DBH), tree height, tree age and total sap-
wood area (SA) of sample plot, which were 13.1 ± 6.74 cm, 17.35 ± 2.56 m, 75–90 years
and 2950.53 cm2 (Table 1), respectively. The main understory of the experiment plot is
mainly dominated by Dahurian rhododendron (Rhododendron dauricum), which covered
approximately 70% of the area in the study sample plot.

Table 1. Detailed information of forest structure in the Larix gmelinii forest.

Forest Structure Characteristics

Plot area
(m2)

Stand density
(tree/ha)

Tree age
(year)

Mean DBH
(cm)

Total SA
(cm2)

Mean height
(m)

Mean LAI
(m2 m−2)

400 1250 75–90 13.1 ± 6.74 2950.53 17.35 ± 7.56 1.96 ± 0.36

The leaf area index (LAI, m2 m−2) is an important indicator of vegetation canopy struc-
ture to characterize the growing status and water use of forests [8,9]. In the present study,
the LAI of the experiment stand was measured every 5–7 days on sunny days from May
to September in 2021 using Plant Canopy Analyzer (LAI-2200, Li-Cor, Lincoln, NE, USA).
For each measurement, 25–30 points within the sample plot were selected and we obtained
the mean LAI. Subsequently, the functional relationship between LAI and the measurement
date (day of the year, DOY) was established. As shown in Figure 2, the coefficient of de-
termination (R2) reached 0.938 (LAI = −0.0002 × DOY2 + 0.0811 × DOY−5.8637, p < 0.01,
and consequently the daily LAI value was derived from interpolation using this functional
relationship [9].
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Figure 2. Plot showing the (a) LAI variations in the study period; (b) frequency distribution of the
DBH in study sample plot.

2.3. Sap Flow Measurement, Sapwood Area Determination and Estimation of Canopy Transpiration

In the present study, the nine sample trees were selected for sap flow measurement
from 1 May to 30 September in 2021 (Table 2). We adopted the Granier’s thermal dissipation
probes [28] to monitor the sap flow density (Js, g cm–2 s−1). Each thermal dissipation probe
sensor was inserted into the trunk at a height of 1.3 m above the ground and minimizes the
effect of radiation on sap flow [28]. The data were saved at 30 min intervals using a CR1000
datalogger (Campbell Scientific, Logan, UT, USA). The sap flow density (Js, g cm–2 s−1) can
be expressed as follows:

Js = 0.0119 × (
ΔTmax − ΔT

ΔT
)1.231 (1)

where Js is sap flow density; ΔTmax is the maximum ΔT between sensors at nighttime,
for which the sap flow density is close to zero. ΔT is the temperature difference between
the two thermal dissipation probes [21,29].

Table 2. Detailed information of sample trees for sap flow measurement.

NO. DBH (cm) SA (cm2) Tree Height (m)

1 23.7 143.12 19.24
2 23.2 137.89 17.90
3 20.1 107.35 17.33
4 15.1 65.17 15.37
5 12.1 44.28 14.43
6 11.5 40.51 13.50
7 9.2 27.45 11.25
8 9.0 26.41 10.99
9 8.1 21.98 10.38

The 25 trees around the sample plot were selected to estimate the relationship between
the DBH and SA using an exponential regression. Firstly, the DBH of each tree was
measured using a digital caliper. Then, the sapwood thickness of each tree was determined
through distinguishing from the heartwood using the color change method [21,30]. Finally,
the relationship between DBH and SA can be expressed as follows:

SA = a × DBHb (2)

where SA and DBH are sapwood area and diameter at breast height, respectively, a and b
are parameters.
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The canopy transpiration was estimated from sap flow density. Daily canopy tran-
spiration per unit ground area (EC, mm/d) and canopy transpiration per unit leaf area
(EL, mm/d) can be calculated [21,31–33] as Equations (3) and (4):

Ec = Jsa × SAcum

AS
(3)

EL =
Ec

LAI
(4)

where Jsa is the average sap flow density of all sample trees, SAcum is the cumulative
sapwood area of the sample plot and As is the sample plot area (Table 1). LAI is the leaf
area index (Figure 2a). Meanwhile, the day-time Ec and night-time Ec were determined by
the local time of sunrise (at 6:00) and sunset (at 18:00), respectively.

2.4. Canopy Conductance Estimation

Canopy conductance (GL, mmol m−2 s−1) was estimated from EL using a simplified
inverted Penman–Monteith equation [21] can be expressed as follows:

GL =
KGEL

VPD
(5)

KG = 115.8 ± 0.4236 × Ta (6)

where, VPD is the vapor pressure deficit (KPa); Ta is the air temperature (◦C); KG is the
conductance coefficient (kPa m3 kg−1). Furthermore, the data were excluded on rainy days
and when VPD < 0.4 kPa to minimize relative errors [17,21,22]

2.5. Meteorological Variables Measurements

In the present study, the meteorological variables were measured by the Gradient
meteorological observation system installed on a 36 m tower, including the air tem-
perature (Ta, ◦C), relative humidity (RH, %), wind speed (Ws, m s−1). Precipitation
(P, mm) was measured at the 23 m height of the tower. Photosynthetically active radiation
(PAR, mol m−2 d−1) and net radiation (Rn, W m−2) was measured by an automatic weather
station located in open areas neighboring the study plot. Soil moisture was measured at
5, 10, 20 and 40 cm soil depth using CS650 probes (Campbell Scientific, Logan, UT, USA)
in the study plot, respectively. The profile soil moisture (SWC), which refers to the soil
moisture covering the depth range between 0–40 cm, was expressed as Equation (5) [34].
All the data were saved at 30 min intervals using a CR3000 datalogger (Campbell Scientific,
Logan, UT, USA). Meanwhile, the vapor pressure deficit (VPD, KPa) was calculated using
the air temperature and relative humidity [35].

SWC =
θ1 × L1 + ∑4

i = 2
θi − 1 + θi

2 × Li

L
(7)

where SWC is the mean of SWC at depths of 0–40 cm. θi at Li (i = 1, 2, 3, and 4) represents
the soil moisture contents at depths of 5, 10, 20, and 40 cm, and L denotes the observation
depth of the soil profile (40 cm).

VPD = 0.611 × (1 − RH) × exp(
17.502 × Ta
Ta + 240. 97

) (8)

where VPD represents the vapor pressure deficit (KPa), and RH and Ta are air temperature
(Ta, ◦C) and relative humidity (RH, %), respectively.
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The FAO Penman–Monteith equation was used to estimate the potential evapotranspi-
ration (PET) during the study period [36,37]:

PET =
0. 408 Δ(Rn − G) + γ × ( 900

Ta + 273
) × U2 − (es − ea)

Δ + γ × (1 + 0.34 × U2)
(9)

where Δ is the slope of the vapor press curve ((kPa ◦C−1), Rn is the net daily radiation
(W m−2), G is the soil heat flux into the ground (MJ m−2), γ is the psychrometric constant
(kPa ◦C−1), es is the saturation vapor pressure (kPa), ea is the actual vapor pressure (kPa), U2
is the mean wind speed (m s−1) at 2 m height, and Ta is the air temperature at a 2 m height.
The detailed calculation procedure of each parameter can be found in McMahon et al. [37].

2.6. Statistical Analysis of Data

To analyze the role of soil moisture in the response of canopy transpiration to atmo-
spheric evaporative demand, canopy transpiration per unit leaf area (EL) was selected to
minimize the effect of vegetation growth in the growing season.

The relationship between canopy transpiration and environmental factors was de-
tected by Person correlation coefficient and linear or nonlinear regression. All statistical anal-
yses were performed using IBM SPSS 24.0 statistics software (SPSS Inc., Chicago, IL, USA)
and figures were prepared with Origin Pro 2021 software (Origin Lab Inc., Northampton,
MA, USA). All statistical analyses were at the 0.05 significance level.

3. Results

3.1. Relationship between SA and DBH

In the present study, 25 trees of different DBH around the sample plot were selected to
establish the relationship between SA and DBH using an exponential regression. As shown
in Figure 3, the coefficient of determination (R2) reached 0.96 (SA = 0.5708 × DBH1.7452,
p < 0.01), which demonstrated that the SA was significantly related to DBH. According
to the exponential regression, the total SA of the study plot was obtained, which was
2950.53 cm2.

Figure 3. Plot showing the relationship between SA and DBH of the Larix gmelinii forest.

3.2. Atmospheric, Soil Moisture and Growth Index

It can be seen from Figure 4 that the daily Ws varied between zero and 0.65 m/s
(Figure 4a). The mean daily VPD was 0.39 KPa during the study period (Figure 4b).
The daily mean RH and Ta were 77.51% (Figure 4c) and 14.51 ◦C (Figure 4d), with a range
of 34.08% to 99.90% and 2.60 ◦C to 24.04 ◦C, respectively. Meanwhile, the mean daily PAR
and Rn were 342 μmol m−2 s−1 and 103.4 W m−2 in the growing season ranging from
51.6 to 646.5 μmol m−2 s−1 (Figure 4e) and 16.6 to 189.6 W m−2 (Figure 4h), respectively.
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A similar trend was found in PET (Figure 4g), which ranged from 0.3 to 11.9 mm, with mean
daily PET being 4.7 mm. As shown in Figure 4f, the SWC in the early stage of the study
period was increased due to the soil thawing processes, and subsequently, the change in
SWC was significantly related to the precipitation event. The cumulative P (Pcum) from
May to September was 557.9 mm (Figure 4j), of which the monthly precipitation was
unevenly distributed and the highest monthly precipitation was 131.7 mm, occurring in
June (Figure 4i).

Figure 4. Plots displaying the changes in environmental factors during growing season.

3.3. Seasonal Variation in Canopy Transpiration
3.3.1. Daily Dynamics of Ec and EL

Figure 5 exhibits the canopy transpiration dynamics that shows that the changing
trend in the daily Ec, daily EL and day-time Ec was similar, which increased gradually
from May to July, and then decreased from August to September, while the variations in
night-time Ec was relatively stable in the study period as compared with others. The range
of daily Ec in the study period was 0.04 to 1.25 mm, with a mean value of 0.60 mm. For the
daily EL, the mean value was 0.29 mm, with a range of 0.02 to 0.58 mm. In addition, the
mean values of day-time and night-time Ec were 0.52 and 0.08 mm, with the maximum
values reaching 1.12 and 0.19 mm occurring in August and September, respectively, while
the minimum values of day-time and night-time Ec both reached 0.01 mm, which was
found in September.

Figure 5. Plot showing the daily dynamics of transpiration in growing season. DOY refers to day of
the year.
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3.3.2. Monthly Ec Dynamics

As shown in Figure 6a, the mean daily Ec, day-time Ec and night-time Ec in June, July
and August were significantly higher (p < 0.01) than for May and September. However, no
statistically significant (p > 0.05) difference was found between May and September. Fur-
thermore, monthly Ec, day-time Ec and night-time Ec show a single peak trend (Figure 6b).
The highest monthly Ec and day-time Ec occurred in July, while the highest night-time
Ec was found in June. Aside from that, Figure 6c shows that the percentage of monthly
Ec, day-time Ec and night-time Ec to P is about 7.37% to 22.49%, 6.30% to 19.60% and
1.06% to 2.90%, respectively. In addition, the total Ec, day-time Ec and night-time Ec were
92.04, 80.20 and 11.84 mm, accounting for 16.50%, 14.38%, and 2.12% of P in the growing
season, respectively.

Figure 6. Plot showing the monthly dynamics of Ec in growing season. (a) mean daily Ec; (b) monthly
Ec; (c) Percentage of P.

3.4. Relationship between Canopy Transpiration and Environmental Factors
3.4.1. Correlation Analysis

To reveal the relationship between canopy transpiration and environmental factors,
Pearson correlation analysis was used. At a monthly scale, the atmospheric evaporative
demand indices including VPD, PET, PAR and Rn were significantly positively correlated
with Ec in each month (Table 3); however, the RH was negatively related to Ec. For the
SWC and LAI, the significant correlation with Ec was only observed in the early and later
stages of the growing season. For the whole study period, the correlation between PET and
Ec was highest than that for the SWC and LAI (Table 3).

Table 3. Correlation coefficients between environmental factors and canopy transpiration.

Period VPD PET PAR Ws Ta RH Rn SWC LAI

May 0.60 ** 0.81 ** 0.64 ** 0.78 ** 0.83 ** −0.44 * 0.66 ** 0.66 ** 0.72 **
June 0.85 ** 0.91 ** 0.89 ** 0.49 ** 0.82 ** −0.81 ** 0.86 ** 0.25 0.40 *
July 0.88 ** 0.83 ** 0.91 ** 0.71 ** 0.33 −0.90 ** 0.88 ** −0.14 −0.03

August 0.74 ** 0.84 ** 0.85 ** 0.30 0.40 * −0.62 ** 0.85 ** −0.06 0.02
September 0.46 * 0.94 ** 0.75 ** 0.54 ** 0.74 ** −0.02 0.85 ** −0.31 0.67 **

Whole period 0.66 ** 0.86 ** 0.58 ** 0.74 ** 0.78 ** −0.27 ** 0.76 ** 0.43 ** 0.67 **

Note: * and ** means significance level at the 0.05 and 0.01, respectively.

3.4.2. Regression Analysis

To better understand the effects of environmental factors on Ec, the atmospheric
evaporative demand indices (PET, VPD, PAR, RH, Ta, Rn and Ws), water supply indicator
(SWC) and vegetation growth index (LAI) were selected. For atmospheric evaporative
demand indices, Figure 7 shows that the PET impact on Ec was greater than that for the
other atmospheric evaporative indices (VPD, PAR, RH, Ta, Rn and Ws), which explained
71% of the variation in Ec. Furthermore, the Ec increased with increased LAI (Figure 7i)
and explained 46% of the variation in Ec during the study period. For the water supply
indicator (Figure 7h), however, the SWC only explained 19% of the Ec change, which was
lower than for the atmospheric evaporative demand indices and vegetation growth index.
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Figure 7. Plot exhibiting the function relationships between environmental factors and Ec in the
growing season. (a) VPD; (b) PET; (c) PAR; (d) Ws; (e) Ta; (f) RH; (g) Rn; (h) SWC; (i) LAI.

3.5. Relaotionship between Canopy Conductance and Vapor Pressure Deficit

The relationship between GL and VPD was estimated using the linear logarith-
mic function. As shown in Figure 8, the coefficient of determination (R2) reached 0.54
(GL = −55.15 × ln (VPD) + 61.21, p < 0.01), which demonstrated that the GL significantly
decreased with an increasing VPD during the study period. In other words, the VPD
explained 54% of the GL change.

Figure 8. Plot exhibiting the relationship between VPD and canopy conductance. Note that the data
were excluded on rainy days and when VPD < 0.4 kPa.
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3.6. The Interaction Effects of SWC, LAI and PET on Canopy Transpiration
3.6.1. Responses of Canopy Transpiration to PET under Varying SWC

Through the analysis of Section 3.4, the PET as a compound index can effectively
characterize the atmospheric evaporative demand rather than a single climate variable. We
used the exponential function to fit the relationship between PET and EL in varying SWC.
The R2 of each regression was higher than for the 0.51 (Table 4), which reflected that the
results were reliable. Meanwhile, Figure 9a exhibits that the response of EL to PET was
similar and mainly restricted by PET when SWC was more than 0.2 cm3 cm−3. To test this,
we also investigated the relationships between the EL and SWC (more than 0.2 cm3 cm −3)
at varied PET levels (Figure 9b and Table 5). Our results indicated that the EL was not
affected by the SWC at different PET levels when SWC was greater than 0.2 cm3 cm−3

(Figure 9b) and the R2 of each regression was lower than that the 0.085 (Table 5). These
results demonstrated that the PET is the dominant factor controlling the change of canopy
transpiration when SWC is more than 0.2 cm3 cm−3.

Table 4. The response of Ec to PET under varying SWC.

Level Regression R2 Sig.

SWC < 0.2 EL = 0.06 × (1-e−1.57 × PET) 0.51 p < 0.01
0.2 ≤ SWC < 0.3 EL = 0.64 × (1-e−0.16 × PET) 0.69 p < 0.01
0.3 ≤ SWC < 0.4 EL = 0.59 × (1-e−0.16 × PET) 0.83 p < 0.01

SWC ≥ 0.4 EL = 0.59 × (1-e−0.19 × PET) 0.81 p < 0.01

Figure 9. Plot showing the role of SWC in response of canopy transpiration to PET in the study
period. (a) PET; (b) SWC.

Table 5. The response of Ec to PET under varying SWC.

Level Regression R2 Sig.

PET < 3 EL = 0.10 × SWC + 0.10 0.003 p > 0.05
3 ≤ PET < 6 EL = 0.18 × SWC + 0.27 0.019 p > 0.05
6 ≤ PET < 9 EL = 0.22 × SWC + 0.36 0.085 p > 0.05

PET ≥ 9 EL = 0.15 × SWC + 0.44 0.051 p > 0.05

3.6.2. PET Mediates the Response of Canopy Transpiration to LAI

According to the results of Section 3.6.1, the SWC had no significant effects on the Ec
when SWC was more than 0.2 cm3cm−3. Thus, providing an excellent opportunity to assess
how the PET regulates the response of Ec to LAI under the elimination of the effect of soil
moisture is crucial. Figure 10a and Table 6 show that the significant linear relationship
between Ec and LAI was observed (p < 0.05) when PET < 9 mm/day, for which Ec increases
when LAI increases. However, when PET > 9 mm/day, there was no statistically significant
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relationship between Ec and LAI (p > 0.05). Moreover, as shown in Figure 10b and Table 7,
when PET > 9 mm/day, the Ec did not increase, but showed a slightly decreasing trend
with the increase in PET (p > 0.05). These results demonstrated that the PET limits the effect
of LAI on Ec when PET > 9mm/day.

Figure 10. Plot showing the role of PET in response of canopy transpiration to LAI in study period.
(a) LAI; (b) PET.

Table 6. The response of Ec to LAI at varied PET levels.

Level Regression R2 Sig.

PET < 2 EC = 0.14 × LAI − 0.13 0.19 p < 0.05
2 ≤ PET < 4 EC = 0.40 × LAI − 0.30 0.23 p < 0.01
4 ≤ PET < 6 EC = 0.41 × LAI − 0.12 0.34 p < 0.01
6 ≤ PET < 9 EC = 0.25 × LAI + 0.40 0.18 p < 0.05

PET ≥ 9 EC = 0.21 × LAI + 0.64 0.11 p > 0.05

Table 7. The response of Ec to PET.

Level Regression R2 Sig.

PET < 9 EC = 0.13 × PET + 0.05 0.71 p < 0.01
PET ≥ 9 EC = −0.01 × PET + 1.23 0.01 p > 0.05

4. Discussion

Canopy transpiration is one of the crucial methods of water consumption in the forest
ecosystem, which affects the forest hydrological processes [19,38]. Knowledge of canopy
transpiration is greatly important for the forest–water relationship under the background
of carbon neutrality. In the present study, the daily mean Ec was 0.60 mm/day accounting
for 16.50% of P during the measurement period, which was in a reasonable range compared
with previous studies [9,17,19,21]. For instance, Wang et al. [9] reported that the mean
daily canopy transpiration of Larch was 0.70 mm/day, ranging from 0.02 to 1.55 mm in
the growing season of 2018. However, we also found that the canopy transpiration of the
present study was lower than the same tree species in the previous study [26]. The difference
in Ec may be caused by forest structure and climate condition of the measurement period. In
the present study, the stand density was 1250 trees ha−1, which was significantly lower than
that for the 2350 trees ha−1 of Liu et al. [26]. Wang et al. [4] demonstrated that the thinning
significantly reduced daily transpiration at a stand scale. Moreover, the precipitation in
the study period was greatly higher than the mean annual precipitation from 1957 to 2017.
Wullschleger and Hanson [39] indicated that excessive precipitation limited the level of
transpiration. These reasons largely account for the lower daily canopy transpiration in the
present study.
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During the growing season, there were significant monthly dynamics in canopy tran-
spiration. The higher canopy transpirations were found in June, July and August, which is
consistent with other studies [19,38,40]. However, previous studies also suggested that the
canopy transpiration of Mongolian pine trees in May was higher than the other months at-
tributed to the high-growth period [41]. It is maybe closely related to the monthly dynamic
of vegetation growth and climate conditions. It can be seen from Figure 4 that the LAI and
Ta in June, July and August were significantly higher than that of May and September in
the present study, which leads to the higher canopy transpiration. Additionally, although
the VPD and PAR in August were similar to May and September, the LAI and Ta were
higher and subsequently promote canopy transpiration.

In addition, the results of correlation and regression analysis showed a significant
relationship between Ec and environmental factors (Table 3 and Figure 7), which was con-
sistent with the previous studies [42–45]. For instance, the relationship between Ec and PET
has exhibited the exponential threshold function (Figure 7) and indicated that Ec increases
rapidly with the increasing of PET and then tended to be saturation when PET continued to
increase. Wieser et al. [42] suggested that the canopy stomatal conductance decreased with
the increase in VPD. As shown in Figure 8, our study also demonstrated that the canopy con-
ductance (GL) significantly decreased with the increase in VPD. Another possible reason is
that the stomata need to be closed through the plant self-protection mechanism to maintain
canopy transpiration to avoid excessive water consumption at higher atmospheric evap-
orative demand [42,46,47]. Furthermore, in the present study, PET as a compound index
is the major driver of transpiration rather than a single environmental variable. Similarly,
Song et al. [21] reported that the effects of PET on transpiration in three forest management
areas of NE China were stronger than those of the other environmental variables. It is
revealed that the compound index characterizing the atmospheric evaporative demand
can better explain the change in transpiration. However, we found that the effect of soil
moisture on the Ec of the Larix gmelinii forest was lowest compared with other environment
variables. Similar results were observed in the semiarid region and boreal forest [3,21,48,49].
On the contrary, some studies revealed that canopy transpiration is significantly influenced
by soil moisture [50]. These different results may be closely attributed to the different tree
species, root distribution and climate conditions. Chu et al. [51] reported that the root of
Larix gmelinii forest was mainly distributed in topsoil [52] combined with the excessive
precipitation in the study period, which led to sufficient soil moisture in topsoil to maintain
water consumption of canopy transpiration and consequently the soil moisture was not the
main limiting environmental factor of canopy transpiration of Larix gmelinii forest.

Generally, canopy transpiration is influenced by the interaction effects of multiple
environmental variables under natural conditions [53]. In the present study, when soil
moisture was more than 0.2 cm3cm−3 (accounting for 94.77% (145 days) of the whole study
period (153 days)), we found that the effect of PET on canopy transpiration was not limited
by soil moisture. It is indicated that the water supply can meet the water consumption of
canopy transpiration of Larix gmelinii in the current soil moisture conditions. In addition,
when PET was higher than the threshold value (PET > 9 mm/day), the response of canopy
transpiration to LAI will be limited. For example, Song et al. [45] reported that the soil
moisture limits the response of transpiration to atmospheric water demand in seasonal
drought, while the effect was not significant in the well-water soil moisture conditions of
subtropical coniferous. Some similar results were also observed in Clausnitzer et al. [33] and
Zha et al. [54]. Numerous studies have indicated that the limitations of soil moisture on the
response of canopy transpiration to atmospheric evaporative demand will occur in drought
conditions [45,54,55]. When the soil moisture supply is insufficient or in high atmospheric
evaporation demand, the leaf stomata and leaf water content of plants was closed and
declined to prevent excessive water consumption [56–58], which is consistent with the
results in Figure 8. On the other hand, it is well known that the most important water source
of the forest ecosystem is from precipitation input. However, for the above-mentioned
result that total canopy transpiration only accounts for 16.50% of P during the measurement
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period, this indicates that the water input though excessive precipitation can effectively
increase soil moisture to maintain canopy transpiration in the present study. Moreover,
the age of Larix gmelinii in the study sample plot ranged from 75 to 90 years, which means it
is a relatively mature stand [59]. Bretfeld et al. [60] reported that transpiration is more likely
to be limited by soil moisture in young forests than that of old forests due to plant root
volume difference. Altogether, Larix gmelinii forest adjust its water consumption through
canopy transpiration by responding to changes in the external environment.

5. Conclusions

The present study was performed to evaluate the effects of soil moisture, poten-
tial evapotranspiration and leaf area index on the canopy transpiration of a boreal larch
(Larix gmelinii) forest in China. Results showed that the average canopy transpiration was
0.60 mm/day during the study period and exhibited significant monthly change. The dom-
inant driving force of canopy transpiration is potential evapotranspiration, while the effect
of soil moisture on canopy transpiration was weakest compared with other environmental
factors. Meanwhile, canopy transpiration was not limited by soil moisture when soil mois-
ture exceeded 0.2 cm3cm−3. Furthermore, under the condition of sufficient soil moisture,
the response of canopy transpiration to the changes in leaf area index can be limited by
potential evapotranspiration when potential evapotranspiration exceeded 9 mm/day. Thus,
we conclude that the ecological benefits such as carbon sequestration and water resource
consumption of Larix gmelinii forest could be largely decided by future climate warming.
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Abstract: Constructing protective forests to control water and soil erosion is an effective measure to
address land degradation in the Bashang Plateau of North China, but forest dieback has occurred
frequently due to severe water deficits in recent decades. However, transpiration dynamics and
their biophysical control factors under various soil water contents for different forest functional
types are still unknown. Here, canopy transpiration and stomatal conductance of a 38-year-old
Ulmus pumila L. and a 20-year-old Caragana korshinskii Kom. were quantified using the sap flow
method, while simultaneously monitoring the meteorological and soil water content. The results
showed that canopy transpiration averaged 0.55 ± 0.34 mm d−1 and 0.66 ± 0.32 mm d−1 for
U. pumila, and was 0.74 ± 0.26 mm d−1 and 0.77 ± 0.24 mm d−1 for C. korshinskii in 2020 and 2021,
respectively. The sensitivity of canopy transpiration to vapor pressure deficit (VPD) decreased as
soil water stress increased for both species, indicating that the transpiration process is significantly
affected by soil drought. Additionally, canopy stomatal conductance averaged 1.03 ± 0.91 mm s−1

and 1.34 ± 1.22 mm s−1 for U. pumila, and was 1.46 ± 0.90 mm s−1 and 1.51 ± 1.06 mm s−1 for
C. korshinskii in 2020 and 2021, respectively. The low values of the decoupling coefficient (Ω) showed
that canopy and atmosphere were well coupled for both species. Stomatal sensitivity to VPD
decreased with decreasing soil water content, indicating that both U. pumila and C. korshinskii
maintained a water-saving strategy under the stressed water conditions. Our results enable better
understanding of transpiration dynamics and water-use strategies of different forest functional types
in the Bashang Plateau, which will provide important insights for planted forests management and
ecosystem stability under future climate changes.

Keywords: Bashang Plateau; transpiration; canopy stomatal conductance; soil water; afforestation

1. Introduction

Afforestation is an important ecological measure for restoring fragile and degraded
land. China has the largest afforested area in the world, with the area of planted forests
accounting for about 23% of the global plantation area [1]. The area of planted forests

Forests 2022, 13, 1081. https://doi.org/10.3390/f13071081 https://www.mdpi.com/journal/forests
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in China now stands at about 69.33 × 106 ha. Planted forests can effectively contribute
to improving the functions of water and soil conservation, sand-fixing, carbon storage,
and adjusting the microclimate of weak ecological environment systems [2,3]. However,
under the influence of global climate change-induced drought and human activities, these
planted forests, especially in arid and semiarid regions, have suffered severe canopy dieback
and mortality approximately 30–35 years after planting [4,5]. Immense afforestation may
consume too much water and cause a severe water deficit, and, compared with native
plantation species, introduced plantation species cause a greater reduction in soil water
availability, negatively impacting ecosystem services and functions [6,7]. Transpiration and
related water-use strategies are fundamental to understanding the physiological processes
of plantations and play a vital role in their survival and growth, especially in semiarid
and arid regions, where water availability is greatly affected by the increased frequency
and intensity of droughts [8,9]. However, previous studies have shown that the effects
of excessive water loss caused by transpiration and its environmental driving factors
differ significantly, resulting in different growth performances among different functional
types [10–12]. Therefore, it is imperative to understand the transpiration processes and
dynamics of planted tree and shrub species and how these processes change from their
normal functions.

Transpiration, the plant process in which water is consumed from the soil and released
into the atmosphere, is an important parameter in understanding forest hydrological pro-
cesses and further determining the forest water balance [13,14]. The accurate quantification
of forest transpiration is essential for tree physiology and ecohydrology [15,16]. Based on
their advantages of simple operation, relatively low cost, fewer limitations in environmental
conditions, and increasingly robust features, sap flow measurements have been considered
the most practical method to estimate tree transpiration at both the individual and stand
scales [17,18]. Environmental factors, including solar radiation, air temperature, wind
speed, vapor pressure deficit (VPD), and soil water content, have significant impacts on the
transpiration process. These abiotic factors can be divided into two aspects: evaporative
demand (potential evapotranspiration, PET) and water supply [19]. In semiarid and arid
regions, soil water availability is a critical factor for plantation growth and vegetation pro-
ductivity due to its influence on plant transpiration [20]. Previous studies showed that soil
water stress in plantations occurs when relative extractable water content (REW) is below
a threshold of 0.4 [21,22]. A linear or nonlinear relationship, including exponential and
polynomial functions, was found between transpiration and evaporative demand when
REW > 0.4, whereas, when REW < 0.4, increased soil water stress influenced transpiration,
which was expressed following exponential and polynomial functions for evaporative
demand for different planted forests [23]. Moreover, transpiration is regulated via canopy
stomatal conductance (Gc) in response to variations in VPD and soil water content. High
VPD causes a decrease in canopy stomatal conductance. In order to prevent irreversible
damage to tree hydraulic traits, transpiration then gradually increases nonlinearly with
increasing VPD, and is maintained or decreases when the canopy stomata begin to close.
However, different specific nonlinear functions, such as exponential functions [24], logarith-
mic functions, and polynomial functions [25], have been reported for different plantation
types in different artificial ecosystems. Additionally, reduced soil water availability may
decrease hydraulic conductance from soil to leaves, causing canopy stomatal closure to
avoid embolism and hydraulic failure, and thereby reducing tree transpiration. Denham
et al. quantified the collaborative influence of soil water content and VPD along a hydro-
climatological gradient, and indicated that a more sensitive relationship between canopy
stomatal conductance and soil water content was found in dry than in wet sites [26]. Most
climate models predict that soil droughts will be more frequent and more severe in semiarid
and arid regions [27]. However, few studies have explored the impact of environmental
factors on transpiration and Gc under different soil water availability conditions, and in-
fluenced by climate change-induced drought. Moreover, it is also unclear whether these
relationships exhibit interspecific differences among different forest functional types.
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The Bashang Plateau is one of the most vulnerable and sensitive portions of northern
China, and is a major source of dust and sand storms that affect Beijing and its surrounding
areas. Land degradation and desertification are the most serious environmental problems in
this area. A series of afforestation projects have been implemented by China’s government
during the past four decades, e.g., the Grain-for-Green Program, the Three-North Shel-
terbelt Program, and the Beijing-Tianjin Sand Source Restoration Project, to address land
degradation and improve the regional ecological environment [28,29]. Many fast-growing
and stress-tolerant species, such as Populus simonii Carr, Pinus sylvestris var. mongolica Litv,
Ulmus pumila L, and Caragana korshinskii Kom were planted to improve vegetation cover
and control wind and sand erosion. The degree of desertification on the Bashang Plateau
has improved significantly during the past four decades. However, these plantations have
frequently suffered canopy dieback and mortality in recent years. The main reason for this
is related to water deficiency, which affected plantations’ transpiration dynamics and water-
use strategies. U. pumila is a major native tree species and C. korshinskii is an introduced
shrub species. Nevertheless, the transpiration processes of the two functional types are still
not fully understood, and the biophysical control factors of transpiration under various soil
water availability conditions are still unknown. The objectives of this study were to explore:
(1) canopy transpiration and stomatal conductance processes during the growing season
for U. pumila (native species) and C. korshinskii (introduced species); and (2) the biophysical
mechanisms of canopy transpiration control under different soil water content conditions.
The results can provide a deep understanding of the water-use dynamics of planted tree
and shrub species, and thus provide scientific guidance for afforestation species selection
and optimal allocation.

2. Materials and Methods

2.1. Site Description

Our study was conducted in the Kangbao pasture region, Kangbao County, Zhangji-
akou City, Hebei Province, China (Figure 1). This area is located in the temperate climate
zone. The average annual air temperature is about 2.3 ◦C, and the average annual precipi-
tation is 330 mm, with over 85% falling between May and September. The mean annual
potential evapotranspiration is 880 mm and the mean wind speed is 3.15 m s−1. The major
soil type is chestnut soil. The main growing season runs from May to September. The
dominant tree species here are U. pumila, P. simonii, and Pinus sylvestris var. mongolica
Litv, and the dominant shrub species are C. korshinskii, Hippophae rhamnoides Linn, and
Armeniaca sibirica (L.) Lam.

This experiment was conducted in stands of U. pumila (114◦47′ E, 42◦06′ N, altitude
1325 m) and C. korshinskii (114◦48′ E, 42◦07′ N, altitude 1305 m) in 2020 and 2021. The
two sites were approximately 3.0 km apart. A plot having an area of 20 by 20 m was set
up in each of the U. pumila and C. korshinskii stands. The U. pumila were about 38 years
old and the C. korshinskii were about 20 years old. The corresponding maximum leaf area
indexes (LAI) were 0.31 and 0.43 m2 m−2, respectively. The mean diameter at breast height
(DBH, 1.3 m) of U. pumila was 16.60 cm and the mean stem basal diameter (SBD, 10–15 cm
above the ground) of C. korshinskii was 2.38 cm. The physical characteristics of the soil
differed between the U. pumila and C. korshinskii stands. The soil particle size distribution
was 39.64% sand (0.05–2 mm), 50.85% silt (0.002–0.05 mm), and 9.69% clay (<0.002 mm) in
the U. pumila stand, and 52.89% sand, 39.25% silt, and 7.86% clay in the C. korshinskii stand.
The soil organic matter (SOM) in the U. pumila stand at the 0–100 cm depth was 1.34%, and
that of the C. korshinskii stand was 0.85% (Table 1).
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Figure 1. Geographical research sites in this study, namely, the (a) U. pumila site and (b) C. korshinskii
site on the Bashang Plateau.

Table 1. Detailed information about vegetation characteristics and soil properties of U. pumila and
C. korshinskii stands.

Species

Vegetation Characteristics Soil Properties (%)

Age DBH/SBD
(cm)

SA
(cm2)

LAI
(m2 m−2)

Soil Particle-Size Distributions
SOM

Sand Silt Clay

U. pumila 38 16.60 120.63 0.31 39.46 50.85 9.69 1.34
C. korshinskii 20 2.38 2.65 0.43 52.89 39.25 7.86 0.85

Note: DBH = diameter at breast height; SBD = stem basal diameter; SA = sapwood area; LAI = leaf area index;
SOM = soil organic matter.

2.2. Measurement of Sap Flux Density and Estimation of Canopy Transpiration

Measurements of sap flow were carried out using Granier-type thermal dissipation
probes (TDPs) between 1 May and 30 September in 2020 and 2021 [30]. The sensors
consisted of a pair of probes having a 20 mm length and 2 mm diameter, each of which
had a cooper constant thermocouple. Based on the distributions of DBH and SBD, six
sampled trees in the U. pumila stand and six sampled stems in the C. korshinskii stand were
selected for sap flux measurements. The probes were inserted into the north-facing side of
the truck (stem) at a height of 1.3 m (sampled U. pumila) and 15 cm (sampled C. korshinskii)
above ground level to minimize exposure to the sun. In order to protect the probes against
physical damage, solar radiation, temperature fluctuations, and rain, they were mounted
in waterproof silicone and covered with an aluminum cover. The temperature differences
between heated and reference probes were recorded on a data logger at 10 min intervals
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(CR1000, Campbell Scientific Inc., Logan, UT, USA). The sap flux density (Fd) was estimated
using the standard calibration for the TDP method:

Fd = 0.714 ×
(

ΔTmax − ΔT
ΔT

)1.231
(1)

where Fd (mL cm−2 min−1) is the sap flux density, ΔT (◦C) is the temperature difference
between the two probes at any given time, and ΔTmax (◦C) is the maximum temperature
difference between sensors when the sap flux density is close to zero. Due to the fact
that we only used one pair of probes per sample tree, azimuthal and radial variations in
sap flux within trees were ignored In calculating canopy transpiration per area of ground
(Ec, mm h−1); we multiplied the mean Fd for each sample tree (Fd-avg) by the total sapwood
area of the study plot per unit area of ground:

Ec = Fd−avg × Asi
Ag

× 600 (2)

where Fd-avg is the average sap flux density of sampled trees (or shrubs), Ag is the ground
surface area of the studied plots (400 m2), and Asi is the total sapwood area in the studied
plot. In order to measure the sapwood area of U. pumila, the staining method was applied
to 19 trees both inside and outside the plot. Exponential growth function relationships
between sapwood and DBH (As = 27.10 × e0.09DBH , n = 19, R2 = 0.83) were established.
Furthermore, we used the stem basal cross-sectional area as the scalar to estimate the Ec
and stand transpiration for the C. korshinskii stand. The total sapwood area in the plot was
6016.04 cm2 and 6877.70 cm2 for the U. pumila and C. korshinskii stands, respectively.

2.3. Meteorological Data and Soil Water Measurement

Precipitation (P, mm), air temperature (Ta, ◦C), relative humidity (RH, %), wind speed
(u2, m s−1), and photosynthetically active radiation (PAR, μmol m−2 s−1) were measured
continuously with an Onset HOBO U21 automatic weather station (Onset Computer Corp.,
Bourne, MA, USA) located in the open areas neighboring the U. pumila plantation stand. Air
temperature and relative humidity were measured at a height of 1.5 m, and precipitation,
wind speed, and photosynthetically active radiation were measured at a height of 2.0 m
(Figure 1). These variables were recorded every 10 min as averages using data loggers of
the CR1000 series (Campbell Scientific, Logan, UT, USA). VPD (kPa) was derived from air
temperature and the relative humidity:

VPD = 0.611 × exp
(

17.502Ta

Ta + 240.97

)
× (1 − RH) (3)

The soil volumetric water content (θ, %) was continuously monitored at a single
location in U. pumila and C. korshinskii stands with an EC–5TE sensor (Decagon, Inc.
Pullman, WA, USA). Both EC–5TE sensors were installed at depths of 0–10 cm, 10–20 cm,
20–40 cm, 40–60 cm, and 60–100 cm below the ground surface. Measurements were taken
every 10 s, and the 30 min averages were recorded by CR1000 data loggers (Campbell
Scientific, Logan, UT, USA). The soil water content values used in the paper were averaged
for the depths of 0–100 cm for each plot. Relative extractable soil water (REW) was
calculated using averaged θ across 0–100 cm:

REW =
θ − θmin

θmax − θmin
(4)

where θmin and θmax are the minimum and maximum daily average soil water content,
respectively, during May–September in 2020 and 2021.
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To account for climate impacts on stand canopy transpiration, daily potential evapo-
transpiration (PET, mm d−1) was calculated by the Penman–Monteith equation based on
FAO–56 [31]:

PET =
0.408Δ(Rn − G) + γ(900/(Ta + 273))u2VPD

Δ + γ(1 + 0.34u2)
(5)

where Rn is the net radiation (MJ m−2 d−1), G is the soil heat flux density (G ≈ 0 for daily
scale), γ is the psychrometric constant (kPa ◦C−1), and Δ is the slope of the vapor pressure
curve (kPa ◦C−1).

2.4. Canopy Conductance and Decoupling Coefficient

Gc (mm s−1) was calculated by multiplying the conductance coefficient (KG) by Ec and
dividing the result by VPD [32]:

Gc =
KG × Ec

VPD
(6)

where KG is the conductance coefficient as a function of air temperature (115.8 + 0.4236 Ta,
kPa m3 kg−1), which accounts for the temperature effect on the psychometric constant, the
latent heat of vaporization, and the specific heat and density of air.

We estimated the decoupling coefficient (0 < Ω < 1) as a means of quantifying the de-
gree of coupling between the canopy and atmosphere. Canopies are aerodynamically well
coupled to the atmosphere when Ω approaches 0, and canopy transpiration is determined
primarily by stomatal opening. As Ω approaches 1, stomatal control on canopy transpira-
tion becomes weaker, and canopy transpiration is more influenced by solar radiation. The
Ω was estimated as follow [33]:

Ω =
1

1 + [γ/(Δ + γ)](ga/Gc)
(7)

where ga is the aerodynamic conductance (m s−1), calculated as follows:

ga =
1 + 0.54Uz

[ln (z − d)/z0]
2 (8)

where Uz is the wind speed above the canopy (m s−1), which is derived from the measured
wind speed at a 2.0 m height (u2). z is usually equal to the canopy height (m), z0 is the
roughness height (usually 0.1 * H, where H is the canopy height) and d is the displacement
height (0.75 * H).

2.5. Data Analysis

In the present study, significant differences in daily Ec, Gc, and Ω between the two
growing seasons and the two planted forests were tested using two-way repeated measures
ANOVA. The differences in the micrometeorological variables during the two growing
seasons of 2020 and 2021 were testing using a paired samples t-test. Then, the relationships
between PAR, VPD, and Ec were mainly analyzed using an exponential threshold function
after partitioning the data into two classes (stressed water conditions: REW < 0.40 and
non-stressed water conditions: REW > 0.40), as follows:

Ec = a
(

1 − e−bx
)

(9)

where a and b are the fitting parameters, and x is the corresponding meteorological variable.
The response of Gc to VPD was quantified using a linear logarithmic function [34]:

Gc = −m ln VPD + Gre f (10)

where m is the canopy conductance’s sensitivity to VPD and Gref is the reference canopy
conductance when VPD = 1 kPa. An upper boundary line was derived based on the data of
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Ec at least one standard deviation greater than the mean Ec of each VPD (0.5 kPa) interval,
from which the parameters of m and Gref were determined.

All statistical analyses were performed using the SPSS 21 software program (SPSS Inc.,
Chicago, IL, USA) and all the figures were created using Sigmaplot 11.0 software (Hearne
Scientific Software Plc, Melbourne, Australia).

3. Results

3.1. Environmental Variables

During the growing season (May–September), the total precipitation was 256 and
283 mm in 2020 and 2021, respectively (Figure 2), accounting for 88.90% and 98.31% of the
long-term average precipitation (288 mm, 1980–2020). The photosynthetically active radia-
tion was 402.47 ± 124.65 μmol m−2 s−1 and 442.56 ± 126.41 μmol m−2 s−1, whereas PET
averaged 3.65 ± 1.36 mm d−1 and 3.72 ± 1.30 mm d−1 during the growing season in 2020
and 2021, respectively (Figure 2a). During both growing seasons, daily air temperatures
displayed marked seasonal variations, with a range of 5.1 to 22.6 ◦C and 1.5 to 23.1 ◦C,
and mean values of 15.14 ± 3.88 ◦C and 15.02 ± 4.28 ◦C, in 2020 and 2021, respectively
(Figure 2b). The average VPD was 0.63 ± 0.35 kPa and 0.61 ± 0.32 kPa, whereas u2 was
3.11 ± 1.56 m s−1 and 3.31 ± 1.77 m s−1 in 2020 and 2021, respectively (Figure 2c). The
mean soil water content at the 0–100 cm soil layer was 8.03% for U. pumila and 5.09% for
C. korshinskii in 2020, and 10.42% for U. pumila and 5.33% for C. korshinskii in 2021. The soil
water content in the 0–40 cm layer increased quickly after precipitation events, whereas
that of the 40–100 cm layer was stable during the growing season. In the vertical profile, the
soil water content in the 40–100 cm layer was lower than that in other profiles in U. pumila,
whereas the lowest soil water content occurred at 20–40 cm in C. korshinskii (Figure 3).

3.2. Canopy Transpiration per Unit Ground Area

During the measurement period, Ec for the U. pumila stand ranged from 0.08 to
1.77 mm d−1, with a mean value of 0.55 ± 0.34 mm d−1 in 2020; whereas, in 2021, Ec ranged
from 0.08 to 2.57 mm d−1, with a mean value of 0.66 ± 0.32 mm d−1. For C. korshinskii,
Ec ranged from 0.10 to 1.41 mm d−1 and from 0.21 to 1.30 mm d−1, with mean values of
0.74 ± 0.26 mm d−1 and 0.77 ± 0.24 mm d−1 in 2020 and 2021, respectively (Figure 4a,c).
The accumulated Ec over the entire growing season was 83.72 and 113.65 mm for U. pumila
in 2020 and 2021, respectively, accounting for 32.70% and 40.14% of the precipitation over
the same period. The accumulated Ec was 101.29 and 117.77 mm for the C. korshinskii stand
in 2020 and 2021, respectively, accounting for 39.57% and 41.60% of the precipitation over
the same period (Figure 4b,d).

3.3. Response of Canopy Transpiration to Environmental Variables

Statistical analysis indicated that the positive effect of environmental variables on Ec
had a ranking of θ > Ta > PAR > u2 > VPD > PET in 2020 and PAR > u2 > θ > Ta > P > PET
in 2021 for U. pumila. The positive effect of environmental variables on Ec had a ranking
of PAR > θ > u2 > Ta > VPD > P in 2020 and P > θ > Ta > VPD > PAR > u2 > PET in 2021
for C. korshinskii (Table 2). This suggests that PAR, θ, and VPD were major determinants of
transpiration for both U. pumila and C. korshinskii.

The Ec responded to REW following a quadratic polynomial function for U. pumila
both in 2020 and 2021 (Figure 5a,b). Ec reached the maximum values when REW = 0.4–0.5
in 2020 and REW = 0.4 in 2021. The Ec responded to REW following a saturated exponential
function for C. korshinskii both in 2020 and 2021 (Figure 5c,d). Ec rapidly increased with
rising REW when REW < 0.4, Ec then increased slowly when REW > 0.4, and, finally, Ec
tended to be saturated at 1.31 and 1.14 mm when REW was close to 1 in 2020 and 2021,
respectively. Additionally, the response of Ec to PAR and VPD was affected by different soil
water conditions. The Ec increased with an increasing PAR and VPD for U. pumila under
REW < 0.40, while it tended to be saturated when VPD reached 2.0 kPa (Figure 6a,b). PAR
and VPD explained 28% and 22% of the variation in Ec for U. pumila under REW < 0.40,
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respectively, whereas Ec maintained a high value and stability when REW > 0.4. The Ec
increased significantly with an increasing PAR and VPD for C. korshinskii under different
soil water conditions (Figure 6c,d). The Ec exhibited an exponentially saturating response to
VPD and tended to level off at 1.5 kPa under REW < 0.4, and there was no obvious threshold
value of Ec under REW > 0.4. VPD explained 16% and 81% of the variation in Ec for C.
korshinskii under REW < 0.40 and REW > 0.4, respectively, whereas PAR explained 23% and
52% of the variation in Ec for C. korshinskii under REW < 0.40 and REW > 0.4, respectively.

 
Figure 2. Daily variations in (a) photosynthetically active radiation (PAR) and daily potential evapo-
transpiration (PET), (b) temperature (Ta) and relative humidity (RH), (c) wind speed (u2) and vapor
pressure deficit (VPD).
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Figure 3. Daily precipitation and volumetric soil water content (0–100 cm) from May 1 to September
30 in (a) U. pumila and (b) C. korshinskii.

Figure 4. Variations in daily canopy transpiration of per ground area (Ec, a,c), and monthly transpira-
tion (b,d) for U. pumila and C. korshinskii.

Table 2. Correlation coefficients between canopy transpiration (Ec) and environmental factors for
U. pumila and C. korshinskii in 2020 and 2021.

PAR Ta RH VPD u2 p PET θ

U. pumila Ec (2020) 0.522 ** 0.615 ** - 0.366 ** −0.404 * - 0.277 ** 0.691 **
Ec (2021) 0.513 ** 0.369 ** - - −0.508 ** −0.253 ** 0.176 * 0.502 **

C. korshinskii
Ec (2020) 0.475 ** 0.362 ** - 0.354 ** −0.462 ** −0.262 ** - 0.474 **
Ec (2021) 0.349 ** 0.402 ** - 0.389 ** −0.330 ** −0.497 ** 0.185 * 0.444 **

Note: PAR = photosynthetically active radiation; Ta = air temperature; RH = relative humidity; VPD = vapor
pressure deficit; u2 = wind speed; P = precipitation; PET = daily potential evapotranspiration; θ = soil water
content. ** indicates p < 0.01, * indicates p < 0.05.
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Figure 5. Response of canopy transpiration per ground area to the relative extractable soil water and
boundary line analysis for U. pumila and C. korshinskii in 2020 (a,c) and 2021 (b,d).

Figure 6. Relationships between canopy transpiration per ground area and daily environmental vari-
ables for U. pumila and C. korshinskii under stressed (REW < 0.40) and non-stressed (REW > 0.4)
conditions across the measurement periods of 2020: (a,c) photosynthetically active radiation;
(b,d) vapor pressure deficit.

3.4. Response of Canopy Stomatal Conductance to VPD

The Gc showed similar seasonal variations for U. pumila and C. korshinskii during
2020 and 2021. The maximum monthly Gc of U. pumila was 1.98 ± 1.07 mm s−1 and
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2.02 ± 1.42 mm s−1 in July during 2020 and 2021, respectively. However, in both years, the
Gc of C. korshinskii was significantly higher in July–September than in May–June (F = 15.517,
p < 0.001 in 2020 and F = 11.477, p < 0.001 in 2021) (Figure 7). The Gc significantly decreased
with an increase in VPD for both afforestation species (Figure 8). VPD explained 15%
and 41% of total variation in Gc for U. pumila in 2020 and 2021, respectively (Figure 8a,b),
and 45% and 51% of total variation in Gc for C. korshinskii in 2020 and 2021, respectively
(Figure 8c,d). In addition, m had a significantly higher effect in 2021 than in 2020 for
U. pumila (3.01 > 2.50) and C. korshinskii (2.83 > 1.96) after applying boundary line analysis,
whereas no significant difference in the reference canopy stomatal conductance (Gref) was
observed for the two planted species. Moreover, the higher Gc of U. pumila and C. korshinskii
when REW > 0.4 than when REW < 0.4 (U. pumila: 2.46 > 0.78, F = 26.383, p < 0.001 in 2020;
C. korshinskii: 2.02 > 1.36, F = 14.359, p < 0.001 in 2021) indicates the significant effect of
soil water content on canopy stomatal conductance. m was also higher under REW > 0.4
conditions than under REW < 0.4 conditions for both of the planted species (U. pumila:
3.30 > 0.87 in 2020 and 3.59 > 2.98 in 2021; C. korshinskii: 2.26 > 1.97 in 2020 and 3.70 > 2.08
in 2021) (Figure 8e–h).

Throughout the measurement period, the daily Ω of U. pumila ranged from 0.0001
to 0.0112, with mean values of 0.0015 ± 0.0014 and 0.0020 ± 0.0019 in 2020 and 2021,
respectively (Figure 7). The daily Ω of C. korshinskii ranged from 0.0003 to 0.0145, with
mean values of 0.0024 ± 0.0016 and 0.0024 ± 0.0018 in 2020 and 2021, respectively. No
differences were found for the value of Ω between 2020 and 2021 for both U. pumila
(F = 5.896, p = 0.016) and C. korshinskii (F = 0.021, p = 0.884).

Figure 7. Seasonal variations in daily mean canopy conductance per ground area (Gc) and mean
decoupling coefficient (Ω) for U. pumila and C. korshinskii during the growing season of 2020 (a,c) and
2021 (b,d); monthly Gc and Ω for U. pumila and C. korshinskii of 2020 (e,g) and 2021 (f,h).
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Figure 8. Relationships between canopy conductance per ground area and daily vapor pressure
deficit in the measurement periods (black line) and boundary line analysis (red line) for U. pumila
and C. korshinskii in 2020 (a,c) and 2021 (b,d); boundary line analysis under stressed (REW < 0.4) and
non-stressed (REW > 0.4) conditions for U. pumila and C. korshinskii in 2020 (e,g) and 2021 (f,h).

4. Discussion

4.1. Canopy Transpiration of U. pumila and C. korshinskii

The Ec of the U. pumila stand in this study was 0.55 and 0.66 mm d−1, which is similar to
the values reported for Mongolian pine planted in the southeastern Keerqin Sandy Land [35]
and half-mature Mongolian pine planted in the Rare Psammophytes Protection Botanical
Base [36], but significantly lower than those of Chinese pine (0.7 mm d−1), Mongolian pine
(1.1 mm d−1), and Populus × xiaozhuanica plantations (1.2–1.5 mm d−1) planted in the
Keerqin Sandy Land [16]; Populus simonii (175.2 kg d−1) planted on the Loess Plateau [37];
and Populus euphratica Oliv. planted in the lower reaches of the Heihe River Basin [38].
The Ec of the C. korshinskii stand in this study was 0.74 and 0.77 mm d−1 in the two
seasons, respectively. These values are lower than those for the same species planted
in the Loess Plateau under different precipitation regions [37,39]. Compared with other
major planted shrubs, a similar range of transpiration was reported for a Vitex negundo L.
plantation (107.21 mm cumulative in the growing season), but a higher transpiration of
Hippophae rhamnoides L. was found in the Loess Plateau (122.33–180.28 mm cumulative
in the growing season) [11]. This may be related to the higher evaporative demand in
drier and colder regions and the lower soil water availability in the Bashang Plateau. The
mean annual precipitation in our study site was 100–150 mm lower than that for planted
forests in the Keerqin Sandy Land and the Loess Plateau. In addition, a relatively lower soil
water content may also increase the hydraulic resistance of the soil–root system, preventing
water movement between soil and plant leaves, which ultimately decreases plantations’
transpiration rate [40]. Finally, short heights and small sapwood areas, resulting from
severe canopy dieback and planted forest degradation, were found for the U. pumila stand
in this study (Table 2), and canopy transpiration was thus exhibited at a lower level.

Ec responded to REW as a saturated exponential function for C. korshinskii in this study
(Figure 5c,d), which was in agreement with results reported for broadleaved and coniferous
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trees under different climates [41], a larch plantation in the semiarid Northwest China [42],
a black locust plantation [43], and C. korshinskii [44] on the Loess Plateau. However, the
REW threshold in this study is similar to or relatively higher than those in the studies
reported above. Li et al. indicated that the REW threshold is generally higher under dry
conditions than under wet conditions [23]. Averaged soil water content of the C. korshinskii
stand was 5.09% in 2020 and 5.33% in 2021, which was lower than those in the plantations
reported above (Figure 3b). Ec presented a polynomial pattern in REW for U. pumila in
this study (Figure 5a,b), which was consistent with that in Haloxylon ammodendron and
Calligonum mongolicum in Northwest China [45]. The reason that Ec was lower during
the higher REW period is linked to the much lower VPD and Ta when compared to the
dry period (Figures 2 and 6b). The daily Ec of both the U. pumila and C. korshinskii stands
increased with increasing PAR and VPD, and Ec tended to be saturated at high VPD values.
These results are similar to those reported for poplar trees [16], Mongolian pine [46], and
other planted species [12]. In both plantations, however, the VPD threshold decreased as
soil water content decreased, ranging from non-stressed to water stressed. An obvious
VPD threshold was observed at approximately 2.0 kPa for the U. pumila stand and 1.5 kPa
for the C. korshinskii stand when REW < 0.4. Liu et al. indicated that the utilization of
surface soil water gradually increased with the increase in the degree of degradation of
the agroforestry shelterbelts [47]. We then concluded that the U. pumila and C. korshinskii
stands primarily obtained water from the shallow and middle soil layers because of the
root distribution pattern and the degree of canopy dieback. As soil water decreased,
the increasing whole-tree hydraulic resistance triggered canopy stomatal closure, and
hence limited the response of transpiration to major environmental variables. In addition,
the Ω values (Figure 6) were also lower than those reported for mature Mongolian pine
(0.041), half-mature Mongolian pine (0.15), and young Mongolian pine (0.18) [36], and
Schima superba (0.22) [48]. The smaller LAI of the U. pumila (0.31) and C. korshinskii (0.43)
plantations in this study, compared to that of the Mongolian pine (0.96–1.54) in the Horqin
desert and the Mu Us desert, indicates that decreasing the canopy resistance resulted
in strong canopy–atmosphere coupling. Therefore, under high VPD conditions, canopy
stomata must be closed to prevent water potential from dropping below the threshold and
thus inhibiting tree transpiration. Moreover, a relatively lower VPD threshold under water
stress was observed for both C. korshinskii (1.5 kPa) and U. pumila (2.0 kPa), indicating that
the transpiration process of the two species was affected significantly by soil drought [49].
Planted species usually have a shallower fine root distribution and lower stem and leaf
hydraulic conductivity [38,50]. As concluded above, the transpiration process and water-
use strategy of U. pumila and C. korshinskii were revealed in the Bashang Plateau, and
further research on the water-use pattern of typical planted forests should be undertaken
in the future. However, in the present study, we did not investigate seasonal variations
in LAI and its effects on canopy transpiration during the growing season for U. pumila
and C. korshinskii. Additional studies on canopy transpiration and stomatal conductance
combined with different plantation ages and densities would provide further insights into
the ecohydrological processes and afforestation management on the Bashang Plateau.

4.2. Canopy Stomatal Conductance of U. pumila and C. korshinskii

The Gc values were significantly higher under non-stressed conditions than under
stressed conditions for both plantations, indicating the strong limitations of soil water on
canopy stomatal conductance. In addition, the significantly nonlinear negative relationship
between Gc and VPD in both the U. pumila and C. korshinskii plantations suggested that
stronger stomatal regulation of canopy transpiration responded to higher VPD. Stomatal
closure thus played an important role in maintaining water status to avoid a catastrophic
loss of xylem function [51]. This drought adaptation mechanism can be characterized as a
water-saving strategy, consistent with those reported for P. sylvestris plantations [36,52,53].

We also found that the parameters of m and Gref for the U. pumila plantation were
higher than those for the C. korshinskii plantation (Figure 8). This was contrary to the
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findings of Song et al. [46], who observed that, in comparison with Mongolian pine (an
introduced species), Chinese pine (a native species) had relatively higher values of m and
Gref. We further suggest that m and Gref for both the U. pumila and C. korshinskii plantations
were higher under REW > 0.4 than under REW < 0.4 (Figure 8e–h), indicating that the
sensitivity of canopy stomatal conductance to VPD decreased with soil drought; this was
consistent with the findings of Novick et al. [54], Jiao et al. [19] on the Loess Plateau, and
Song et al. [35] in the Horqin desert. Soil drought can negatively affect the hydraulic
conductance of soil-to-plant leaf transporting paths and decrease m values, thus limiting
the transpiration rate. Grossiord et al. indicated that reduced soil water availability negated
the benefits of stomatal and hydraulic adjustments and resulted in reduced transpiration in
juniper [55]. Similar results were found for grapevines, both in pot grown and field-grown
experiments [56]. Therefore, further decreasing hydraulic conductance to prevent xylem
cavitation as soil water stress increases results in a less sensitive response of Gc to VPD.
This may be one of the important reasons why planted forests are vulnerable to dieback
and degradation. Further research on the hydraulic traits of typical planted forests should
be undertaken in the future.

5. Conclusions

In the present study, canopy transpiration and stomatal conductance were estimated
for an U. pumila and a C. korshinskii stand. During the growing season, canopy transpiration
was 83.72 and 113.65 mm in 2020 and 2021, respectively, for the U. pumila stand, and 101.29
and 117.77 mm in 2020 and 2021, respectively, for the C. korshinskii stand. Transpiration of
U. pumila and C. korshinskii were better correlated to soil water content, photosynthetically
active radiation, and VPD. Both planted species showed reduced VPD sensitivity of canopy
transpiration as soil water decreased, indicating the transpiration process was affected
significantly by soil drought. The VPD threshold was 1.50 and 2.0 kPa for U. pumila and
C. korshinskii, respectively. Furthermore, the transpiration of both planted species was
mainly regulated by stomatal opening due to low values of the decoupling coefficients
(0.0015 and 0.0020 for U. pumila; 0.0024 for C. korshinskii). Both U. pumila and C. korshinskii
gradually displayed a reduced canopy stomatal conductance with increasing VPD, but
decreasing stomatal sensitivity to VPD in response to soil drought was also observed. Based
on the results above, we conclude that both U. pumila and C. korshinskii plantations exhib-
ited water-saving strategies under a cold and arid environment on the Bashang Plateau.
These findings provide a deeper understanding of transpiration dynamics of different
forest functional types on the Bashang Plateau, which may be applied for afforestation
management in semiarid regions.
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Abstract: How much transpiration water consumption varies between eucalyptus species is unknown,
making the suitability of a particular eucalyptus species for large-scale planting in a given area, or
whether interspecific differences need to be taken into account for eucalyptus water consumption
estimates, uncertain. Here, Eucalyptus camaldulensis Dehnh. (Ec), Eucalyptus pellita F. v. Muell. (Ep),
the most resistant species, and Eucalyptus urophylla S.T. Blake × Eucalyptus grandis Hill ex Maiden
(Eug), the most widely planted species, were monitored for sap flow. Their stand transpiration was
also estimated and its relationship to various influencing factors analyzed for the same stand age and
site, and predictive models for daily transpiration (T) developed. The results showed that the T of all
eucalyptus species was jointly influenced by meteorological factors, soil water content (SWC), and
leaf area index (LAI), with great variation in the T response to each influencing factor among species.
Accordingly, we developed species-specific transpiration prediction models that could adequately
explain the changed T of each species (R2-values: 0.863–0.911). There were significant differences in
the stand daily mean sap flow density (JC) and transpiration among the three species. Although Ec
had a significantly lower JC than Ep, it was significantly higher than Eug on all timescales, where
the mean annual JC of Ep (0.11 cm min−1) was 1.4 and 2.6 times that of Ec (0.08 cm min−1) and Eug
(0.042 cm min−1), respectively. Transpiration of Eug was significantly less than Ep, but significantly
greater than Ec on all timescales, where the annual transpiration of Ep (743.41 mm) was 2.4 and
1.5 times that of Ec (311.52 mm) and Eug (493.58 mm), respectively. These results suggest that
interspecific differences cannot be ignored when estimating transpiration rates in Chinese eucalyptus
plantations, whose amount of water use should be considered when choosing the most optimal
species to plant regionally.

Keywords: eucalyptus species; influencing factors; sap flow density; transpiration model;
water consumption

1. Introduction

Eucalyptus is among the world’s most important tree species cultivated for timber,
and over the last 20 years, its plantations in China have expanded to 5.6 million hectares
due to its rapid growth performance, high wood yield and strong economic value [1].
However, there is widespread debate and concern in the public sphere and industry
regarding the large-scale planting of eucalyptus because of its impact on the regional
water cycle and groundwater [2–4]. Previous studies had proposed that the higher water
consumption by eucalyptus would result in lower water yield in the watershed and the
depletion of groundwater resources [5–8], while others argued that the water used by
eucalypt plantations does not severely deplete the local water supply [9,10]. Such ongoing
disputes have severely restricted the sustainable development of the eucalyptus industry
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in some parts of southern China. Therefore, it is imperative that the water use dynamics of
eucalyptus be studied using rigorous science.

Transpiration by trees is the most important hydrological process in forest ecosystems
and a major cause of water loss from forest ecosystems [11,12]. Therefore, accurate esti-
mation of the transpiration of eucalyptus plantations is crucial for resolving the current
debate about their impact on regional water resources [11,13]. Many studies done in China
have estimated transpiration for eucalypts, but most of those focused on the main cultivar,
Eucalyptus urophylla S.T. Blake × Eucalyptus grandis Hill ex Maiden (Eug) [3,14] or Eucalyptus
urophylla S.T. Blake [15], leaving other eucalypt species understudied. With the expansion
of eucalyptus plantations in China, the problems of instability and weak disease/pest
resistance of monocultures have become increasingly prominent, hence, the diversification
of eucalyptus species and popularization of highly resistant species has begun in China [16].
Nevertheless, the differences in transpiration between Eucalyptus species remain unclear.
Only by clarifying these differences can we increase the accuracy of estimating regional
water consumption by eucalyptus and accordingly assess the suitability of various species
for planting.

Tree species identity largely determines the hydraulic structural properties, growth
characteristics, leaf longevity, leaf area index, and sapwood area of a stand [17]. Specifically,
a tree’s hydraulic structure influences water transport, beginning with root uptake and
ending with water dissipation at its crown foliage [18]. The sapwood area determines the
potential area of water conduction in the trunk [19], while leaf area index directly deter-
mines the transpiration capacity of a tree stand’s canopy [12,20]. Therefore, transpiration
by forests tends to considerably vary depending on the tree species.

Because the estimation of transpiration and water consumption in forests on a large
spatial scale often involves numerous complex tree species, it is meaningful to explore the
differences in transpiration water consumption characteristics among different tree species
to increase the accuracy of forest transpiration estimation and refine water use estimation
models. In addition, the transpiration of trees is closely related to many environmental
factors such as atmospheric temperature, relative humidity, wind speed, vapor pressure
deficit, solar radiation, and soil moisture [21–23], as well as canopy structural characteristics
such as leaf area index (LAI), as demonstrated by many studies [20,24–27]. Differences
among tree species in the biological characteristics can also lead to large differences in the
magnitude of their transpiration response to changes in various factors that influence it [28].
In the context of global climate change, it is also essential to clarify the relationship between
transpiration and influencing factors across tree species and to predict future changes in
their water use via modeling.

Eucalyptus camaldulensis Dehnh (Ec), a perennial single-stemmed tree which can reach
heights of 20 to 30 m, has a vigorously growing, deep, and extensive root system which
reaches depths of at least 10–30 m with lateral or fan roots and sinker roots extending
from the lateral roots, as well as vertical tap roots [29], which makes it highly drought-
and wind-tolerant [30]. Eucalyptus pellita F. v. Muell. (Ep) is a well-formed medium-size-
to-tall tree species that can reach 40 m or more in height and 1 m in diameter, with the
advantages of rapid growth and high resistance to pests and diseases [31,32]. Because of
their robust resistance to various factors, both eucalyptus species are increasingly favored
for commercial planting in China, and the plantation area dedicated to them is gradually
expanding. However, the transpiration and water consumption characteristics of Ec and
Ep are not yet known in China, which generates considerable uncertainty regarding their
suitability for planting on a large scale and their effect on water security. Therefore, here,
we studied the sap flow characteristics of Ec and Ep of the same stand age, under the
same site conditions, to estimate their stand-level transpiration as well as analyzing the
relationship between their stand transpiration and various influencing factors; for this,
Eug, the species with the largest planted area, served as the control. Our study had three
objectives: (1) to define the differences in transpiration and sap flow characteristics among
the three eucalyptus species; (2) to determine how climatic variables differ in their effects
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on transpiration by the three species and to develop transpiration prediction models for
each; and (3) to test whether it is necessary for regional eucalyptus transpiration estimates
to take into account differences in transpiration characteristics between species when
choosing what to plant. The results are expected to provide a timely reference for later
assessment of the impact that changes to the planting structure of eucalyptus will have
on regional water resources, the selection of tree species for regional eucalyptus planting
plans, and the refinement of models for estimating how much water is consumed by
eucalyptus transpiration.

2. Materials and Methods

2.1. Experimental Site and Plantation

This study was conducted at the Eucalyptus Plantation Ecosystem Research Station
(latitude 21◦16′ N, longitude 110◦05′ E), located in Zhanjiang City, Guangdong Province,
China, lying at an elevation of 80–220 m a.s.l. (Figure 1), and which has a typical mar-
itime monsoon climate. The average annual temperature and precipitation at this site
is, respectively, 23.1 ◦C and 1319.5 mm (23.6 ◦C and 1462.3 mm for the monitoring year)
(Figure 1). The extreme minimum temperature was 1.4 ◦C, which occurred in January,
while the extreme maximum temperature was 38.1 ◦C, which occurred in July. In addition,
precipitation is highly concentrated between May and October (the rainy season), which
accounts for 77%–85% of the annual precipitation [33]. The soil here is classified as Rhodi-
Udic Ferralosols according to the World Reference Base for Soil Resources [34], having been
developed from weathered deposits of basalt, and it is acidic (average pH of 4.9 at a depth
of 0–80 cm).

 

Figure 1. Location of the study area, topography, and mean monthly temperature and precipitation
during the monitoring period.
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The selected plantations of three eucalyptus species (Ep, Ec, and Eug) were all planted
in 2008. Given the small distance (<1 km) between the three plantations, there is little
difference in the meteorological conditions among them. Three experimental plots with
an area of 20 m × 20 m were established in the center of each plantation for sap flow
measurements. The trees in the plots were all numbered, and the height and the diameter at
breast height (DBH) of each were measured. All three plantations had a flat topography. The
details of the three experimental plantations of eucalyptus species are presented in Table 1.

Table 1. Summary of the stand characteristics of the three experimental plantations of eucalyptus species.

Index Ep Ec Eug

Age (year) 12 12 12
Mean DBH (cm) 22.93 ± 1.78 a 19.01 ± 1.65 b 23.52 ± 1.19 a
Mean height (m) 21.67 ± 1.99 b 19.77 ± 0.93 b 27.1 ± 0.32 a

Stand LAI 2.43 ± 0.13 a 1.87 ± 0.05 c 2.08 ± 0.05 b
Stem density (plants/ha) 950 1050 1175

Mean sapwood area (cm2/plant) 134.31 ± 18.15 b 70.78 ± 7.85 c 189.88 ± 12.02 a
Stand sapwood area (m2/ha) 12.34 7.18 21.49

Note: Some values in this table are expressed as the mean ± standard error. Ep, Ec, and Eug represent the
eucalyptus species of E. pellita, E. camaldulensis, and E. urophylla × E. grandis, respectively. Different lowercase
letters indicate significant differences among eucalyptus species (p < 0.05). LAI: leaf area index.

2.2. Measurement of Environmental Factor Parameters

Meteorological parameters: The meteorological parameters were continuously mea-
sured in an open area near the experimental plantations. The air temperature (Ta, ◦C) and
relative humidity (RH, %) were quantified using a thermo recorder (HMP155A, Vaisala,
Helsinki, Finland); the solar radiation (Rs, W m−2) was measured by a photon sensor
(LI-200R, LICOR, Lincoln, NE, USA); the precipitation (P, mm) was recorded with a tilting
rain gauge (TE525MM, Campbell, Logan, UT, USA); and the wind speed (WS, m s−1) was
measured with an anemometer (ATMOS 22, Decagon, Pullman, WA, USA). All measure-
ments were recorded every minute, and the 10-min average value for each variable was
stored in a data logger (CR3000, Campbell, USA). The vapor pressure deficit (VPD, kPa)
was calculated from Ta and RH according to the following equation [35]:

VPD = 0.611 × e
17.502×Ta
(Ta+240.97) × (1 − RH) (1)

Soil water content (SWC): The SWC was measured using six soil moisture sensors
(CS616, Campbell, USA) buried at soil depths of 10, 20, 40, 60, 80, and 100 cm near the
sample trees in each stand. The measured SWC data included the soil volumetric water
content (cm3 cm−3) and was recorded every 30 min by a data logger (CR1000, Campbell)
that was synchronized with the monitoring of the trees’ sap flow rate, as described below.

2.3. Leaf Area Index (LAI) Measurement

The LAI was measured using a digital plant canopy analysis system (HemiView;
Delta-T, Cambridge, UK). On a single day per week, more than 20 points were randomly
selected in each experimental plantation to obtain an image of the upper canopy. Images
were obtained using a camera with a fish-eye lens at sunset on a sunny day to minimize
LAI measurement errors caused by strong light. Then, HemiView software, supported by
the digital plant canopy analysis system, was used to analyze the forest canopy images and
estimate the LAI at each location. Finally, the LAI for the three plantations was estimated
for each day using an interpolation method.

2.4. Sap Flow Measurements

Based on the investigation of each tree in the experimental plots, 18 healthy trees
representing the DBH size classes in each test plantation were chosen for the sap flow
density measurements using thermal dissipation probes (SF-G, Ecomatik, Munich, Bavaria,
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Germany), carried out from January to December 2020. Each set of probes consisted of
two sensors (S0: the heated probe, S1: the reference probe) that were 23 mm in length
and 2 mm in diameter. Each thermal dissipation probe was inserted into the active xylem
at breast height (1.3 m) on the north side of the trunk and covered with radiation-proof
aluminum foil to not only avoid incurring direct solar radiation and physical damage,
but also to reduce the effects of ambient temperature fluctuation and precipitation. The
S0-S1 connection provided the temperature differences (ΔT), these recorded every 30 s and
averaged over 30 min by the data logger (CR1000, Campbell). The recorded ΔT was then
converted into sap flow density (Js) based on the calibration equation of Granier [36]:

Js =0.714 ×
(

ΔTmax − ΔT
ΔT

) 1.231
(2)

where Js denotes the sap flow density (cm min−1), ΔTmax denotes the value of ΔT when
the sap flow is nil or close to zero. However, because the sap flow density cannot reach
zero every day, we recorded the maximum daily ΔT over 7–10 days (ΔTmax) to avoid
underestimation [37].

2.5. Sapwood Area Determination

Under the assumption that the stem cross-sections were circular, individual values of
sapwood area (SA, cm2) were calculated by measuring DBH, sapwood thickness, and bark
thickness. To avoid damaging the sampled trees used for sap flow measurements, 18 non-
monitored trees with different DBH classes outside the experimental plots were selected in
each eucalyptus species plantation and felled, in order to obtain the cross-sectional at breast
height. We identified the boundary between sapwood and heartwood by their visible wood
color difference. Following Vertessy et al. [38], we used an allometric equation to relate SA
to DBH:

SA = a × DBHb, (3)

where SA denotes the sapwood area (cm2), and a and b indicate the estimated
equation parameters.

2.6. Estimation Methods for Individual Tree and Stand-Level Transpiration

Assuming a consistent sap flow rate throughout the sapwood, the individual tree
transpiration Ei (g day−1) was estimated as the product of sap flow density and the sapwood
area, according to this published empirical calibration equation [36]:

Ei = Jd × SA × 60 × 24, (4)

where Ei denotes the individual tree transpiration (g day−1), and Jd denotes the mean daily
sap flow density of a monitored tree (cm min−1).

The daily transpiration (T, mm day−1) was calculated from individual trees to the
stand level using the following equation [12]:

T = JC × ∑ SA
S × 1000

× 60 × 24 (5)

where T denotes the stand-level daily transpiration (mm day−1), ∑ SA (cm2) denotes the
sum of the sapwood area of all trees in a given experimental plot, S (m2) denotes the
ground area of an experimental plot, and JC (cm min−1) denotes the stand daily mean
sap flow density (the sapwood area-weighted average of Jd for each DBH class). JC was
calculated as:

JC =
∑n

i Jdi × SAi

∑ SA
(6)
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where Jdi is the average Jd of the ith DBH class, SAi is the total sapwood area of the sample
trees of the ith DBH class in a given experimental plot, and ∑ SA (cm2) denotes the sum of
the sapwood area of all trees in an experimental plot.

2.7. Data Analysis and Statistics

One-way analysis of variance (ANOVA) followed by Tukey’s honestly significant
difference (HSD) test was used to examine the differences in JC and T in different months or
seasons among eucalyptus species. Regression analysis was used to examine the response
of T to different environmental parameters and LAI, and the correspondence between
the measured and predicted T values. Using regression, a power function curve was
fitted to quantify the relationship between SA and DBH. Stepwise regression analysis was
performed with 5% and 10% confidence levels as the threshold values for selection and
rejection, respectively, to develop a multivariate linear model of T and f (X) (the relationship
between the influencing factor and T is expressed by f (X)). The R v3.6.1 software platform
(R Development Core Team 2019) was used to perform all statistical analyses and to draw
the figures.

3. Results

3.1. Stands Structure and the Relationship between Sapwood Area and DBH

Despite the similarity in age and stand conditions of the three eucalyptus species,
there were differences in the structural characteristics (Table 1). The DBH of Ep varied
from 15.5 to 29.7 cm, whose mean value of 22.93 cm was similar to that of Eug (23.52 cm)
(p > 0.05), but both were significantly greater than that of Ec (19.1 cm) (p < 0.05). The LAI
of Eug stands (2.08) was significantly higher than that of Ec (1.87), but significantly lower
than that of Ep (2.43). On average, Eug (27.1 m) was significantly taller than the other two
eucalyptus species, whereas Ep and Ec were similar in height (Table 1).

The SA of each eucalyptus species was described well by a power function of DBH
(Figure 2). Accordingly, the mean SA of Ep trees was 134.31 cm2, which was significantly
greater than that of Ec (70.78 cm2), but significantly less than that of Eug (189.88 cm2)
(Table 1). The total SA of the three plantations was 12.34 m2 ha−1 (Ep), 7.18 m2 ha−1 (Ec),
and 21.49 m2 ha−1 (Eug) (Table 1).

Figure 2. Variation in sapwood area as a function of individual trees’ DBH of three eucalyp-
tus species. Ep, Ec, and Eug represent the eucalyptus species of E. pellita, E. camaldulensis and
E. urophylla × E. grandis, respectively. The shaded bands denote the 95% confidence intervals.

3.2. Characteristics of Sap Flow Density of the Three Eucalyptus Species

There are many similarities in the sap flow density characteristics of the three eucalyp-
tus species. In both dry and wet seasons, all species showed a typical single-peaked curve
during sunny days. The times when the sap flow started to increase, reached its peak, and
began to decrease remained consistent for the three species (Figure 3). The Jc of the three
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species followed the same seasonal pattern: undergoing a gradual increase from January to
May, with high values maintained in May, June, and July, and then declining from August
to December (Figure 4B). The mean Jc was significantly higher in the wet season than in the
dry season for all three eucalyptus species. In addition, the CV (coefficient of variation) of
Jc for three eucalyptus species was similar throughout the year, at approximately 40%.

Figure 3. Diurnal variation of sap flow density in the three eucalyptus species plantations on sunny
days during typical months for the (A) dry and (B) wet season. Ep, Ec, and Eug represent the
eucalyptus species of E. pellita, E. camaldulensis, and E. urophylla × E. grandis, respectively.

However, many differences in sap flow density were evident between the three eu-
calyptus species. The daily peaks differed considerably on sunny days, with the highest
daily peak found for Ep, followed by Ec, and least for Eug (Figure 3). The Jc over the
entire year ranged from 0.0027 cm min−1 to 0.1937 cm min−1 for Ep, 0.0118 cm min−1 to
0.1394 cm min−1 for Ec, and 0.0049 cm min−1 to 0.0866 cm min−1 for Eug (Figure 4A).
The annual mean Jc of Ec (0.080 cm min−1) was significantly lower than that of Ep
(0.11 cm min−1), but significantly greater than that of Eug (0.042 cm min−1) (Figure 4E). The
same hierarchical pattern of mean Jc values for the three eucalyptus species was likewise
observed in the dry (Figure 4C) and wet seasons (Figure 4D).

3.3. The Water Use Characteristics of the Three Species of Eucalyptus Stands

The total transpiration during the monitoring period was 743.41 mm for Ep, 311.52 mm
for Ec, and 493.58 mm for Eug; these, respectively, amounting to 50.8%, 21.3%, and 33.8% of
the annual precipitation. Throughout the year, the mean T for Eug reached 1.35 mm day−1,
which was significantly greater than Ec (0.85 mm day−1) but significantly less than Ep
(2.03 mm day−1). This pattern also applied to the mean monthly transpiration and the
mean T for all months, as well as for the dry and wet seasons except for April, August,
and October, when no significant differences were found between the mean T of Eug and
Ec (Table 2).
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Figure 4. Panels (A,B) show the (A) variation of JC and the (B) monthly mean for JC in three eucalyptus
species’ plantations during the monitoring period. Panels (C−E) indicate the mean JC of each species
during the (C) dry season, (D) wet season, and (E) throughout the year. Error bars indicate the stan-
dard error. Different lowercase letters indicate significant differences (p < 0.05). Ep, Ec, and Eug rep-
resent the eucalyptus species of E. pellita, E. camaldulensis, and E. urophylla × E. grandis, respectively.

The T and monthly cumulative T for the three eucalyptus species’ plantations all
followed the same seasonal pattern of gradual increases from January to May, with large
values in May, June, and July, before decreasing again from August to December (Table 2).
The total transpiration during the wet season (from May to October) was 456.52 mm for Ep,
192.00 mm for Ec, and 298.20 mm for Eug, which collectively accounted for approximately
60% of their total annual transpiration and 37.5%, 15.8%, and 24.5% of simultaneous
precipitation, respectively. However, the total T of each species during the dry season
accounted for 117.7% (Ep), 49.1% (Ec), and 80.1% (Eug) of the simultaneous precipitation.

3.4. Factors Influencing Transpiration by the Three Eucalyptus Species

To elucidate the relationship between T and meteorological parameters, the effects of
Rs, VPD, Ta, RH, and WS on T of the three eucalyptus species were analyzed (Figure 5).
This analysis revealed that the T of all species significantly increased as a convex parabolic
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function of Rs (R2 = 0.862 for Ep, 0.808 for Ec, and 0.764 for Eug, all p < 0.001) (Figure 5A)
and VPD (R2 = 0.674 for Ep, R2 = 0.751 for Ec, and 0.639 for Eug, all p < 0.001) (Figure 5B),
but significantly increased as a concave parabolic function of Ta (R2 = 0.546 for Ep, 0.392
for Ec, and 0.461 for Eug, all p < 0.001) (Figure 5C). Additionally, the T of each species
was significantly related to RH in a convex parabolic function that first increased and then
decreased at a threshold value of 70% (R2 = 0.392 for Ep, 0.407 for Ec, and 0.325 for Eug, all
p < 0.001) (Figure 5D). The T showed a significant negative linear relationship with WS for
each species (R2 = 0.138 for Ep, 0.079 for Ec, and 0.089 for Eug, all p < 0.001) (Figure 5E).
Among the five meteorological parameters, Rs best explained the variation in T of each
eucalyptus species, which indicates its dominant control over transpiration in eucalyptus
plantations in the study area.

Table 2. Summary of stand-level canopy transpiration values for the three eucalyptus species
plantations at different time scales.

Time Scale

Species Ep Ec Eug

Precipitation
(mm)

Monthly
Water Use

(mm)

Daily Mean
Water Use

(mm/d)

Monthly
Water Use

(mm)

Daily Mean
Water Use

(mm/d)

Monthly
Water Use

(mm)

Daily Mean
Water Use

(mm/d)

Jan 47.85 1.54 ± 0.07 cd/A 16.09 0.52 ± 0.03 d/C 35.73 1.15 ± 0.07 bc/B 27.6
Feb 48.97 1.69 ± 0.08 cd/A 18.84 0.65 ± 0.05 d/C 30.14 1.04 ± 0.06 bc/B 48.9
Mar 49.37 1.59 ± 0.11 cd/A 18.90 0.61 ± 0.05 d/C 32.81 1.06 ± 0.08 bc/B 46.6
Apr 45.63 1.52 ± 0.16 cd/A 21.13 0.70 ± 0.06 cd/B 31.41 1.05 ± 0.10 bc/B 112.3
May 85.00 2.74 ± 0.09 a/A 33.59 1.08 ± 0.04 ab/C 66.24 2.14 ± 0.07 a/B 58.8
Jun 84.76 2.83 ± 0.11 a/A 32.42 1.08 ± 0.04 ab/C 58.18 1.94 ± 0.09 a/B 121.6
Jul 91.92 2.97 ± 0.06 a/A 38.55 1.24 ± 0.03 a/C 56.29 1.82 ± 0.04 a/B 121.3

Aug 68.08 2.20 ± 0.18 b/A 28.66 0.92 ± 0.07 bc/B 40.57 1.31 ± 0.10 b/B 282.8
Sep 66.67 2.22 ± 0.11 b/A 27.85 0.93 ± 0.05 b/C 38.43 1.28 ± 0.07 b/B 373.3
Oct 60.09 1.94 ± 0.12 bc/A 30.93 1.00 ± 0.06 b/B 38.49 1.24 ± 0.08 b/B 260.7
Nov 55.26 1.84 ± 0.06 bc/A 26.78 0.89 ± 0.03 bc/C 38.23 1.27 ± 0.05 b/B 6.9
Dec 39.81 1.28 ± 0.08 d/A 17.78 0.57 ± 0.04 d/C 27.06 0.87 ± 0.05 c/B 1.5

Monthly mean 61.95 A —— 25.96 C —— 41.13 B —— 121.86
Annual total 743.41 2.03 ± 0.04 A 311.52 0.85 ± 0.02 C 493.58 1.35 ± 0.03 B 1462.3

Dry season total 286.89 1.58 ± 0.04 A 119.52 0.66 ± 0.02 C 195.38 1.07 ± 0.03 B 243.8
Wet season total 456.52 2.48 ± 0.05 A 192.00 1.04 ± 0.02 C 298.20 1.62 ± 0.04 B 1218.5

Note: Some values in this table are the mean ± standard error. Ep, Ec, and Eug represent the eucalyptus species of
E. pellita, E. camaldulensis, and E. urophylla × E. grandis, respectively. Different lowercase letters indicate significant
differences between different months for each eucalyptus species (p < 0.05). Different capital letters indicate
significant differences among eucalyptus species within the same month or season or year (p < 0.05).

The relationships between T and SWC are also presented in Figure 5F, which shows
that the T of the three eucalyptus species plantations was highly dispersed for any given
SWC due to the strong influence of other factors. However, when the SWC fell below a
certain threshold value (19.3% for Ep, 17.5% for Ec, and 18.6% for Eug), the upper boundary
lines indicate a significant non-linear increase of T with rising SWC, which can be well
characterized by a saturated exponential equation (R2 = 0.963 for Ep, 0.951 for Ec, and 0.970
for Eug, p < 0.001). Once the respective thresholds were exceeded, there was no longer a
clear relationship between SWC and T.

The T and LAI data for the three eucalyptus species are plotted in Figure 6. Evidently,
for any given LAI, the T of the three plantations showed a high degree of dispersion due
to the strong influence of other factors. However, all species showed a clear Gompertz
model curve for the upper boundary of T associated with LAI (R2 = 0.941 for Ep, 0.961 for
Ec, and 0.948 for Eug, all p < 0.001), which represents the relationship between T and LAI
when no other factors are limiting (Figure 6). These curves show that there was an initial
non-linear increase in the T of all three species with an increasing LAI that finally stabilized
after reaching their respective potential maximum; this suggested an LAI threshold exists
for each eucalyptus species, beyond which LAI will no longer act as a limiting factor for
their T.
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Figure 5. The relationships between the daily stand transpiration (T, mm day−1) and six environmen-
tal factors: (A) solar radiation (Rs, W m−2), (B) vapor pressure deficit (VPD, kPa), (C) air temperature
(Ta, ◦C), (D) air relative humidity (RH, %), (E) wind speed (WS, m s−1), and (F) soil moisture content
(SWC, %) during the experimental periods. Ep, Ec, and Eug represent the eucalyptus species of
E. pellita, E. camaldulensis, and E. urophylla × E. grandis, respectively.
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Figure 6. Response of the daily stand transpiration (T, mm day−1) to the variation in canopy LAI for
the three eucalyptus species (the red solid line is the upper boundary line). Ep, Ec, and Eug represent
the eucalyptus species of E. pellita, E. camaldulensis, and E. urophylla × E. grandis, respectively.

3.5. Model to Estimate the Daily T of Each Eucalyptus Species

Our results showed that, for all three species, their T was influenced by the combination
of Rs, VPD, Ta, RH, WS, SWC, and LAI. We established a relationship equation with T for
each influence factor separately. Considering the interaction between many influencing
factors and to further reveal their combined effect on T of the three stands, a stepwise
regression model based on 10 months of data (one month of data from each of the dry
and wet seasons was retained for model validation) was used to derive a multivariate
relationship between T and f (Rs), f (VPD), f (Ta), f (RH), f (WS), f (SWC), and f (LAI). A final
integrated model for predicting T for each eucalyptus species was constructed (Table 3).

The summed T for the omitted two months (set aside for validation) calculated using
the predictive model was 82.13 mm for Eug, 124.30 mm for Ep, and 48.04 mm for Ec, which
was 106.78%, 95.15%, and 96.50% of their actual measured values, respectively. The Nash
and Sutcliffe coefficient was 0.897 for Eug, 0.938 for Ep, and 0.912 for Ec. Further, the slopes
of the linear fit between the measured and predicted sets of values are 0.901 for Eug, 0.939
for Ep, and 0.915 for Ec, respectively, with corresponding R2 values of 0.917, 0.951, and
0.945, respectively (Figure 7), indicating excellent agreement between these two sets of
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values. These results thus provide ample evidence that respective predictive models built
for the T of the three eucalyptus species are accurate.

Table 3. The integrated model for predicting daily stand transpiration (T) of three eucalyptus species.

Eucalyptus
Species

Predictive Model of T R2 n Sig.

Ep T = −1.9 × 10−5Rs2 + 0.0153Rs + 2.05 × 10−3Ta2 − 0.0586Ta − 8.57 × 10−4RH2 + 0.119
RH + 1.03× 107exp(−SWC/0.9655) + 0.161exp(−exp(−4.35(LAI − 2.044))) − 3.515

0.911 305 0.000

Ec T = −9.19 × 10−6Rs2 + 5.91 × 10−3Rs − 0.224VPD2 + 0.78VPD − 6.22 × 10−4Ta2 + 0.016
Ta + 1.97× 109exp(−SWC/0.6893) + 0.514 exp(−exp(−7.45(LAI − 1.575))) − 0.568

0.872 305 0.000

Eug T = −1.01 × 10−5Rs2 + 7.76 × 10−3Rs − 0.202VPD2 + 0.97VPD + 5.85 ×
108exp(−SWC/0.7999) + 0.822exp(−exp(−0.858(LAI − 1.561))) − 0.541

0.863 305 0.000

Note: Ep, Ec, and Eug represent the eucalyptus species of E. pellita, E. camaldulensis, and E. urophylla × E. grandis,
respectively. T: daily stand transpiration (mm day−1), Rs: solar radiation (W m−2), Ta: air temperature (◦C), RH:
relative humidity (%), VPD: vapor pressure deficit (kPa), SWC: soil water content (%), LAI: leaf area index, n: data
for the multiple linear regression model, Sig.: significance of the data.

Figure 7. The predicted T (mm d−1) plotted against the corresponding observed T (mm d−1) for
the three eucalyptus species. Note: The dotted line denotes the 1:1 relationship, and the solid line
indicates the actual relationship between the predicted and observed values. Ep, Ec, and Eug represent
the eucalyptus species of E. pellita, E. camaldulensis, and E. urophylla × E. grandis, respectively.
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4. Discussion

4.1. Sap Flow Density and Water Use of the Three Eucalyptus Species

The sap flow is a key indicator of a tree’s water use characteristics and the water
transport mechanism [39,40]. Previous studies have reported that sap flow density is not
only controlled by environmental factors [25,41,42], but is also closely related to the trees’
physiological structure as well as stand characteristics [11,43]. Here, the sap flow density of
three eucalyptus species’ plantations showed a similar daily and seasonal variation pattern
due to the same environmental conditions (Figures 3 and 4). Nevertheless, pronounced
differences in sap flow density among the three eucalyptus species were also evident.

The peak daily sap flow and the mean sap flow density of Ec on all time scales were
significantly greater than Eug, but significantly less than Ep (Figures 3 and 4). These differ-
ences were mainly caused by differing biological characteristics and stand structure among
the three eucalyptus species. Applying a previous empirical formula [36], it was clear that
sap flow density is proportional to canopy transpiration and inversely proportional to the
area of trunk water transport. Being affected by LAI, the T of Ep was the greatest in this
study, followed by Eug, and least for Ec (Table 2). However, Eug possesses the largest
sapwood area and DBH, and its trunk harbors the largest water conduction area. These
factors, coupled to its maximum height, results in the longest water transport path and
the greatest resistance to the upward movement of water due to friction and gravity [44],
but vice versa for Ec, resulting in a starkly lower sap flow density for Eug than Ec. Hence,
due to the combined effects of LAI, DBH, tree height, and SA, the sap flow density of the
eucalyptus species was ranked thus: Ep > Ec > Eug.

In addition, our results uncovered considerable differences in the transpiration char-
acteristics of the three eucalyptus species. The annual transpiration of Ep was 743.41 mm,
which was 2.4 and 1.5 times higher than that of Ec (311.52 mm) and Eug (493.58 mm), respec-
tively. These were all within the range of other records for Eucalyptus plantations [3,45–47].
The same species pattern was also observed for T accumulation by month and during the
dry and rainy seasons. The average daily transpiration on all time scales examined had
this pattern of variation: the mean daily transpiration of Eug exceeded that of Ec, but less
than that of Ep (Table 2). Although the research consensus to date is that the magnitude
of tree transpiration is influenced by a combination of species [44,48,49], stand structural
characteristics [12,48,50,51], and environmental factors [12,25,42,52], the differences in tran-
spiration between the three eucalyptus species in this study mainly arose from differences
in species and tree stand structural characteristics because their close proximity precluded
any effects of meteorological conditions.

Many previous studies have reported positive relationships of tree growth charac-
teristics (e.g., height, DBH, SA and above-ground biomass) and transpiration [11,43,50].
However, the transpiration of the three eucalyptus species in this study was not consistent
with their DBH, tree height, or SA, perhaps because the conclusions drawn in previous stud-
ies were for the same species; that is, the pattern may not be consistent between species due
to differences in their physiological characteristics. Work by Hatton et al. [53] confirmed
that leaf water efficiency differed negligibly between various eucalyptus species in four
disparate environments: tropical woodlands with distinct wet and dry seasons, forests with
a Mediterranean climate, a woodland system with an even distribution of precipitation
throughout the year, and a woodland growing on a saline gradient. This finding, combined
with the fact that the magnitude of LAI of the three eucalyptus species’ plantations we
studied remained consistent with the magnitude of measured transpiration, suggests that
LAI may be the determining factor in the production of transpiration differences between
the three eucalyptus species plantations.

From the previous analysis, it is clear that the differences in transpiration between
eucalyptus species measured under the same climatic and stand conditions in this study
are considerable, and such differences are mainly due to the species characteristics and
the differences in stand structure under its influence. As such, it is necessary for regional
eucalyptus transpiration estimates to take into account differences in transpiration charac-
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teristics between species. The annual transpiration of each eucalyptus species also differed
significantly from that of other local species such as Cunninghamia lanceolate (Lamb.) Hook.
(20 years old, 552.1 mm) [11], Pinus elliottii Engelm × Pinus caribaea Morelet (10 years old,
483.24 mm) [54] and Acacia mangium Willd. (19 years old, 244.5 mm) [55]; indeed, even
the annual transpiration of Ep was much greater than theirs. Therefore, planting different
tree species will have different effects on the water cycle processes in the planting area.
Moreover, in this study, although the annual transpiration of Ep, Ec, and Eug amounted
to only 50.8%, 21.3%, and 33.8% of the annual precipitation, respectively, the percentage
increased to 117.7% (Ep), 49.1% (Ec), and 80.1% (Eug) in the dry season. This implies that
Ep plantations will consume large amounts of soil water or groundwater to meet their
evaporative demands during the dry season, which cannot be adequately supplemented
by precipitation. This lower input of water than output during the dry season can place a
large hydrological burden in the planting area. However, this hydrological burden will be
attenuated in the Eug plantation, or even not occur in the Ec plantation. There are some
limitations in this paper, including that we only measured the transpiration, not the total
evapotranspiration, in plantations of three Eucalyptus species, which would reduce our
ability to assess the impact of tree species selection on regional water resources. However,
it is still possible to conclude from our results that it is necessary to take into account
the differences in transpiration characteristics between species when selecting planting
species. Of course, further studies on the total evapotranspiration of the three Eucalyptus
species are needed to more completely assess the impact of species selection on regional
water resources.

4.2. Factors Influencing Water Use by the Three Eucalyptus Species

Tree transpiration consists of a set of complex physiological responses to environ-
mental change [56]. Therefore, the transpiration of a tree stand is mainly affected by
meteorological factors [57,58] and available water [59]. In this study, the T of all three
eucalyptus species clearly increased with an increasing Rs or VPD, but leveled off after
reaching a certain threshold (Figure 5A,B). The threshold control of T by Rs and VPD has
been observed in many studies [57,60,61] because the response of plant stomata to Rs and
VPD is often the result of a trade-off between maximizing photosynthesis and minimizing
transpiration [52,55]. As Rs and VPD exceed the thresholds, plants will prevent excessive
water loss by closing their stomata. In addition, these threshold values can vary with
time, environmental conditions, and tree species identity. For example, the thresholds for
T corresponding to VPD and Rs in a coniferous forest in the Lesser Himalaya of Central
Nepal were 0.4 kPa and 200 W m−2 [57], respectively, whereas in a Robinia pseudocacia L.
plantation on the semi-arid Loess Plateau of China, they were 1.5 kPa and 250 W m−2,
respectively [62]. Ma et al. [41] found the threshold for sap flow corresponding to VPD in a
Robinia pseudocacia L. forest on the Loess Plateau of China to be 1.9 kPa in 2015, but this
value decreased to 1.6 kPa in 2016. Here, the calculated thresholds for Rs differed among
the three eucalyptus species, being 403 W m−2 for Ep, 321 W m−2 for Ec, and 382 W m−2

for Eug, whose corresponding thresholds for VPD were 1.77 kPa for Ep, 1.73 kPa for Ec,
and 2.40 kPa for Eug.

For the three eucalyptus species, their T increased markedly with a rising Ta, a result
consistent with findings of O’Brien et al. [63] and Han et al. [25]. We also found that the
relationship between T and RH for each species differed from many other studies that
reported a significant negative linear relationship between T and RH [11]. We found that
below a certain threshold of RH (i.e., 69.7% for Ep and 66.4% for Ec and Eug), the T of
the three species increased with an increasing RH, while above the threshold, it decreased
instead. This result may be explained by the fact that RH below the threshold value
principally occurs essentially during the dry season, when higher RH may represent an
increased environmental water supply, which would promote transpiration. Furthermore,
the T of the three eucalyptus species also showed a significant linear decrease with an
increasing wind speed (Figure 5E), consistent with the findings of Asbjornsen et al. [64],
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but contrary to those of O’Brien et al. [63] and Han et al. [25]. Still, some studies have
argued that WS has little effect upon T. There is no consensus as to how wind speed affects
transpiration, although there are reports of stomatal closure in direct response to high wind
speeds [65–67], as well as reports of wind speed contributing to transpiration in accordance
with stomatal and boundary layer theory [68–70].

In addition to meteorological factors, soil moisture availability also has a pivotal influ-
ence on tree transpiration. Soil water deficits tend to reduce leaf water potential, which
reduces stomatal conductance and ultimately limits transpiration by trees [59,71]. There-
fore, the more severe the soil water deficit is, the greater the limiting effect on transpiration.
Previous studies have found that tree transpiration increased non-linearly with more soil
moisture under conditions of soil moisture deficit [12,72,73], as also found in our study.
Initially, the T of the three eucalyptus species increased rapidly and almost linearly at
first, with increasing soil moisture, and then became progressively flatter until a threshold
value was reached (Figure 5F). Once that threshold is exceeded (indicating an adequate soil
moisture supply), soil moisture is no longer a limiting factor, at which point there is no clear
relationship between SWC and T; this finding was also consistent with that of many stud-
ies [12,74]. Additionally, there is considerable variation in plant–soil moisture thresholds,
depending on tree species, soil type, and climatic conditions. For example, Ungar et al. [75]
obtained a value of 15% for the SWC threshold of an Aleppo pine (Pinus halepensis Mill)
stand in Israel. In the semi-arid areas of the Liupan Mountains, the SWC thresholds were
19% and 28% for 28- and 33-year-old pure larch (Larix principis-rupprechtii Mayr) plantations,
respectively [12,74]. The soil moisture thresholds for the three Eucalyptus species in our
study also differed, at 19.3% for Ep, 18.6% for Eug, and 17.5% for Ec, likely due to their
biological characteristics. These thresholds are consistent with the drought-tolerant nature
of Ec.

The transpiration of forest stands is also closely related to their LAI, as confirmed
by numerous studies [12,20,76,77]. Canopy LAI directly influences the water-conveying
capacity of the forest and determines its transpiration potential [12], and therefore, forest
transpiration tends to be positively correlated with LAI in the absence of other limiting
factors [20]. For example, Forrester et al. [78] found that the transpiration of a Eucalyptus
nitens (H. Deane & Maiden) Maiden plantation increased with a higher LAI in the range of
1.0 to 6.0. However, forest transpiration of the forest does not increase indefinitely with an
increasing LAI, but rather, there is a threshold beyond which transpiration can no longer
increase [12]. For example, Di et al. [79] found a sigmoidal function relationship between
transpiration and LAI in Populus tomentosa Carr, and that transpiration no longer increased
with increasing LAI after the threshold of 1.6. Similar findings were also found in studies
by Wang et al. [12] and Bucci et al. [80]. This is probably due to the fact that when LAI
reaches a certain value, the branches and leaves inside and outside the canopy will shade
each other, and the radiation received by the total canopy foliage will not increase further.
Similar to the results above, the T and LAI of the three eucalyptus species in this study
were well described by the Gompertz model curve (Figure 6). This suggests the T of each
species was strongly influenced by LAI that had a species-specific threshold value, beyond
which LAI would no longer be a factor influencing their transpiration.

4.3. Daily Stand Transpiration (T) Predictive Models for the Three Eucalyptus Species

Although the stand-level transpiration can be measured in several ways, it is not
practical to do so in every stand, nor is it plausible to predict future changes in transpiration
for a particular stand [81]. To overcome this problem, the development of transpiration
predictive models has become essential [82,83]. From the analysis reported here, it is
clear that stand transpiration is usually influenced by a combination of the meteorological
factors, SWC and LAI, in tandem; hence, a highly accurate model for predicting stand
transpiration depends on at least three prevailing factors: soil moisture, canopy structure,
and meteorology [12,20,84]. Many studies introduced such models for various tree species,
but most only consider one or two of those key factors. For example, Han et al. [25]
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developed a transpiration model for a Larix principis-rupprechtii Mayr plantation using only
meteorological factors and SWC. Similarly, Jiao et al. [83] also developed a transpiration
model for a Robinia pseudocacia L. plantation using only PET (potential evapotranspiration)
and SWC. Neither of them considered the possible effect of LAI, which led to an inability
to accurately predict transpiration when large changes in LAI occurred. Di et al. [79] built
empirical models for predicting transpiration using LAI or LAI-coupled soil temperature
for Populus tomentosa Carr plantations during periods of water abundance, but did so
without taking into account the effect of soil moisture deficit. Thus, their models are no
longer be applicable when soil moisture becomes a limiting factor. Many similar simplified
models, which do not couple all the major influences (i.e., meteorological factors, SWC, and
LAI), cannot be widely applied in the context of global climate change and under conditions
where human management disturbances are changing the structure of forest stands.

In this study, the effects of the meteorological factors SWC and LAI on transpiration
were fully considered, and models were accordingly developed to predict the transpiration
of the three eucalyptus species. These models accurately predicted the daily transpiration
of each species, with a predictive power of 91.1%, 87.2%, and 86.3% for Ep, Ec, and Eug,
respectively (Table 3). These models could be used to reliably predict the transpiration
following changes in canopy structure induced by forest growth and stand management
practices, as well as the effects of future global climate change on stand transpiration,
being more accurate with a wider range of potential applications than existing models
that rely on only one or two of the three predominant factors [12,25]. Nonetheless, there
are some limitations to our modeling, as it is based on data from only one test site, and
the species-specific models still require optimization and enhancement with data from a
wider range of areas and environments, which in turn will increase the reliability of their
estimates and applicable areas [20,85]. Therefore, more research is needed to refine and
improve the application of our models.

5. Conclusions

In plantations of eucalyptus in southern China, we found that the transpiration of all
three species was influenced by a combination of the meteorological factors, SWC and LAI,
and that how much T responded to each influencing factor differed among the three species.
To understand and predict the variation in transpiration of the three eucalyptus species,
we integrated meteorological factors, LAI and SWC to develop species-specific models
for predicting their T, which explained 86.3%–91.1% of the highly dispersed variation in
their daily transpiration. In addition, when controlled by the same environmental factors,
all three eucalyptus species exhibited the same seasonal pattern of variation in sap flow
density and transpiration. However, there were also significant differences in sap flow
density and transpiration among the three eucalyptus species due to differences in their
physiology and stand structural characteristics. We determined that the annual transpira-
tion of Ep (743.41 mm) was 2.4 and 1.5 times higher than that of Ec (311.52 mm) and Eug
(493.58 mm), respectively, while the mean annual sap flow density of Ec (0.08 cm min−1)
was significantly lower than that of Ep (0.11 cm min−1), but significantly greater than that
of Eug (0.042 cm min−1). Furthermore, although the percentage of annual transpiration to
precipitation was small for all three eucalyptus species, it increased to 117.7% (Ep), 49.1%
(Ec), and 80.1% (Eug) during the dry season, with Ep imposing the highest hydrological
burden on the planted area during the dry season, followed by Eug, and Ec the least. The
results of this study can assist in the prediction of eucalyptus trees’ transpiration, while the
findings also imply that it is necessary to consider interspecific differences when estimating
transpiration in Chinese eucalyptus plantations, and that evaluation of the impact of water
use on regional water resources is necessary to select the most optimal regional eucalypt
plantation species.
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Abstract: Forests in water source areas are important factors for water supply security, soil, and water
conservation, and their water consumption from transpiration is strongly affected by site conditions,
including the slope aspect. However, the lack of research on how the slope aspect interferes with the
response of stand transpiration to drought has hindered researchers from developing climate-resilient
forest–water coordinated, sustainable development plans for different stand conditions. This study was
conducted on Quercus wutaishansea forests in the southern part of Liupan Mountain in northwest China,
and two sample plots were built on sunny and shady slopes. The responses of stand transpiration
to various soil moisture and meteorological conditions on different slope orientations were analyzed.
The results showed better-growing stands on shady slopes transpired more and consumed more soil
moisture than those on sunny slopes. The soil moisture on shady slopes decreased rapidly below
the threshold level during the drought, leading to a limitation of stand transpiration; however, its
transpiration recovered rapidly after the drought. In contrast, stand transpiration on sunny slopes was
not affected by this drought and maintained its pre-drought rate. Our results suggested that stands
with higher water demand on shady slopes were more susceptible to drought when it occurred. This
indicated that in the case of frequent droughts, the vegetation should be managed according to the
vegetation-carrying capacities resulting from different site conditions.

Keywords: Quercus wutaishansea; transpiration; slope aspect; drought; relative extractable water

1. Introduction

Plant transpiration accounts for over 60% of evapotranspiration (ET), and it is an
essential component of hydrological cycles [1–4]. It has been found to be strongly affected
by increasing frequency of drought in the whole world [5–10]. The security level of the
water supply in water source areas was also seriously threatened, especially for water-
limited areas such as northwest China [11,12]. Therefore, it is essential to study the effect of
drought on water consumption by stand transpiration to develop a reasonable integrated
forest water management plan and to cope with climate change, especially in forested
water source areas.

The studies on slope aspect changing drought effects on stand transpiration are scarce,
although research focusing on the role of drought in stand transpiration is increasing [11,13,14].
It has been found that shaded and downslope slopes with sufficient soil moisture could enhance
the resistance of trees to drought [15,16], and this effect would be further changed by tree size,
i.e., the large trees would transpire more when faced with to drought [17,18]. Slope aspect also
changes the site conditions and the soil moisture content [19,20]. Thus, slope aspect would
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indirectly affect the transpiration water consumption of forest stands [11,15,20,21]. However,
most previous research has focused on shady slopes where trees are widely distributed and on
stands with different slope positions. There is a lack of studies on the different responses of
stand transpiration to drought between shady and sunny slopes.

Forest stands with different growth characteristics are severely threatened by drought [15,
20,22–24], such as Quercus wutaishansea forests in the Liupan Mountains of northwestern China.
In recent decades, the transpiration of Quercus wutaishansea trees in northwest China has
been severely limited by the increased frequency of droughts [7,25]. Dominant trees under
the same stand conditions are more susceptible to soil moisture deficits [17,18,26]. As an
essential factor for stand growth, available soil moisture is essential for stand transpiration
amounts [15,27], and, as a result, the trees grow better on shady slopes due to more
available soil moisture [20]. However, increasing drought would lead to a decrease in
the available soil moisture. This would lead to severe impacts on stands with high water
requirements. Therefore, we hypothesized that the better-growing stands on shady slopes
are more sensitive to drought than those on sunny slopes.

In this study, we analyzed how the slope aspect affected the transpiration of Quercus
wutaishansea forest under drought conditions. The stand transpiration during the same
drought period were compared among slopes and among different drought periods on
the slope. The effects of slope, available soil moisture, and meteorological conditions on
stand transpiration are furtherly partitioned. These results would help us understand
the response mechanisms of the transpiration of Quercus wutaishansea forest stands with
different slope aspects to drought under climate change and would provide a theoretical
basis for integrated forest water management in water-limited areas.

2. Materials and Methods

2.1. Study Area

This study was conducted in the Qiuqianjia Forest farm (106◦18′~106◦29′ E, 35◦31′~35◦37′ N),
located in the Natural Reserve of the Liupan Mountains in the midwestern part of the Loess
Plateau in Northwest China (Figure 1). The forest farm area is 118.42 km2, and the farm has an
elevation range from 1612 to 2317 m a.s.l., of which 25% is covered by Quercus wutaishansea natural
forest. This region has a semihumid continental climate with a mean annual temperature of
5.8 ◦C and mean annual precipitation of 618 mm, 87.6% of which is concentrated in the growing
season (May–October) at the elevation of 1960 m a.s.l. The mean annual evaporation (1981–2010)
is 1372 mm measured by an evaporation dish with a diameter of 20 cm, which is 2.22 times higher
than the mean annual precipitation.

The soil in this region is dominated by the grey cinnamon soil type with a sandy
loam texture, and the soil thickness is approximately 80 cm. The dominant tree species
are Quercus wutaishansea pure forest and Quercus wutaishansea and Populus davidiana Dode
mixed forest, among which Quercus wutaishansea pure forest is the most widely distributed,
accounting for approximately 30.9% of the natural forest area. The shrub community
consists mainly of Crataegus pinnatifida Bge., Ostryopsis davidiana Decne., and Cotoneaster
multiflora Bunge. The herbaceous vegetation consists mainly of Carex pediformis C. A. Mey.
and Epimedium brevicornu Maxim.

In this study, a northeast slope and a southwest slope were chosen as shady sample
slope facing north and sunny sample slope facing south, respectively (Figure 1). Ten
consecutive plots with an area of 30 m × 30 m were established on the sample slopes,
i.e., the shady and sunny slopes as shown in Figure 1, and a detailed vegetation survey
was made in May 2021. Parameters such as the height, diameter at breast height for each
tree in the plots, and forest crown density were measured by the classical method in the
vegetation survey. Then, two of the ten samples (Table 1) were selected as intensive plots,
on which the sap flow and soil moisture were continuously observed in the growing season
of 2021. These two intensive plots were similar in tree age and elevation (Table 1), and the
soil thickness in them was greater than 80 cm, which did not limit the tree growth.

154



Forests 2022, 13, 1999

 

Figure 1. Geographical location of study plots in the Qiuqianjia Farm Forest: (a) relative positions of
the study plots on the two slopes; (b) red dots indicate consecutive plots with the area of 30 m × 30 m
on slopes; blue dots represent the intensive plots, in which the sap flow and soil moisture were
continuously and simultaneously measured. (c,d) The pictures of Quercus wutaishansea forest on
sunny and shady slopes are shown in the top right corner.

Table 1. The characteristics of sample plots on sunny and shady sample slopes. Plots P3 and P8 were
selected as intensive plots. DBH indicates diameter at breast height; LAI indicates leaf area index.

Sample
Plot No.

Aspect
Elevation
(m a.s.l.)

Slope
Gradient

(◦)

Stand
Density

(trees·ha−1)

Average
Tree Age

(a)
LAI

Average
DBH
(cm)

Average
Tree

Height
(m)

Total Sapwood
Area of the Stand

(cm2·ha−1)

P1
shady

slope (5
degrees
north by

east)

1822 29 800 54 2.95 13.85 8.02 74,071.4
P2 1848 34 667 52 3.11 19.95 11.63 63,422.0
P3 1865 24 889 50 3.06 16.44 11.69 93,215.0
P4 1903 31 500 53 2.87 23.13 11.92 86,250.0
P5 1933 25 633 55 2.85 20.14 10.14 90,318.9

Average - 28.6 697.8 52.8 2.97 19.67 10.68 81,455.5 ± 12,445.5

P6
sunny

slope (60
degrees
south by

west)

1818 19 900 51 2.11 11.07 5.8 52,964.2
P7 1832 19 856 42 2.5 9.96 5.0 35,200.0
P8 1855 28 925 47 1.78 11.04 6.23 55,278.0
P9 1885 35 767 47 1.71 12.11 5.22 43,811.1

P10 1911 27 1244 50 2.3 8.08 3.9 42,448.0
Average - 25.6 938.4 47.4 2.08 10.452 5.23 45,940.2 ± 8194.6

2.2. Sap Flow Measurement and Transpiration Calculation

All the tress in the sample plots were divided into different classes according to their
DBH. For example, the trees in the shady slope plot were divided into six classes, i.e., with
the DBH < 10 cm, 10–15 cm, 15–20 cm, 20–24 cm, 24–27 cm, and >27 cm; and those in the
sunny slope plot into five classes, with the DBH < 9 cm, 9–14 cm, 14–18 cm, 18–22 cm,
and >22 cm classes, respectively. Then, one tree, which had the DBH and H values close to
the mean values of the corresponding DBH class, was selected from each DBH class as a
sample tree, and eleven sample trees in total (Table 2) were observed and their stem sap
flux was measured.
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Table 2. Characteristics of the sample trees selected for sap flow measurement in intensive plots.

Intensive
Plot No.

Sample
Tree No.

DBH
(cm)

Tree Height
(m)

Measured
Sapwood
Thickness

(cm)

Measured
Sapwood

Area (cm2)

Sapwood
Area

Calculated
by Equation

(1) (cm2)

Absolute Error
(cm2)/Relative

Error (%) of
Sapwood Area
Calculation *

P3

1 9.1 7.9 1.3 32.65 31.70 −0.95/−2.91
2 13 12.5 1.5 54.17 58.53 +4.36/+8.05
3 17.9 18.8 2.1 104.19 101.42 −2.77/−2.66
4 21.7 16.5 2.2 134.71 141.20 +6.49/+4.82
5 24.6 17.3 2.6 179.61 175.18 −4.43/−2.47
6 28.5 22.6 2.9 233.11 225.60 −7.51/−3.22

Average - - - - - - −0.8/+0.27

P8

7 8.7 4.8 1.2 28.26 29.35 +1.08/+3.84
8 12.7 7.5 1.6 55.77 56.23 +0.46/+0.82
9 16.2 7.8 1.9 84.53 85.44 +0.91/+1.08

10 20.1 11.1 2.0 113.67 123.78 +10.11/+8.89
11 24.8 11.4 2.3 163.76 177.63 +13.87/+8.47

Average - - - - - - +5.28/+4.62

* “+” indicates that the calculated value is higher than the measured value; “−” indicates that the calculated value
is lower than the measured value. Total sapwood area represents the sum of the sapwood areas corresponding to
the DBH classes of the sample plots.

The sap flow density of the sample trees was measured at breast height (1.3 m above
ground) using a thermal diffusion probe (SF-L, Ecomatik, Munich, Germany). These probes
consisted of two sensors 20 mm long and 2 mm in diameter (S0, a heated sensor powered
by a constant current of 12 volts; S1, an unheated sensor). These sensors were inserted
20 mm outside the xylem at breast height on the north-facing side of the trunk (rather than
the side exposed to sunlight). Before insertion, the outer bark was peeled off. Each probe
was coated with silicone gel to ensure good thermal contact between the probe element
and the sapwood. After insertion, the exposed bark was covered with silicone gel to reduce
evaporation from the wood surface and then covered with aluminum foil to avoid physical
damage and the thermal effects of solar radiation. Sap flow data were recorded every 5 min
by a logger (CR1000x, Campbell Scientific Inc., Salt Lake City, UT, USA).

The sap flow density (JS, mL·cm−2·min−1) (flow per unit of sapwood area) of an
individual sample tree was calculated using Equation (1) [13]:

JS = 0.714 × (
ΔTmax − ΔT

ΔT
)

1.231
(1)

where JS is the sap flux density (ml·cm−2·min−1); ΔT is the temperature difference between
the two needles; and ΔTmax is the maximum value of ΔT every night.

The transpiration of each DBH class was summed to obtain the transpiration of the stand
per unit area. The daily stand transpiration (T, mm) was extrapolated using Equation (2):

T =
∑n

i=1 Ai × JS

S
× 60 × 24 ÷ 1000 (2)

where S is the projected area of the plot (m2); n is the number of DBH class in the sample
plots; Ai is the sum of the sapwood area of all trees in each DBH class (cm2), which
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was calculated from the DBH of all trees in the sample plots by the relationship between
sapwood area and DBH for Quercus wutaishansea forest using Equation (3):

AS = 0.7122 × DBH1.7189
(

R2 = 0.95, n = 12
)

(3)

This equation was established by us based on twelve core samples from our sample
plots, where AS (cm2) is the sapwood area of the tree.

2.3. Weather and Soil Moisture Measurements

The weather conditions, including the precipitation (TE525MM, P (mm)), air tempera-
ture (HMP115, T (◦C)), solar radiation (PQS1, RS (W·m−2)), relative humidity (HMP155,
Rh (%)), and wind speed (034E, U (m·s−1) were monitored for the period from June to
October, 2021, and recorded every 5 min with an automatic weather station (CR1000X,
Campbell Scientific Inc., Salt Lake City, UT, USA) in an open area away 100 m from the
sample plots.

The daily potential evapotranspiration (PET; mm·day−1) was estimated using
Equation (4) [28] based on the measured weather data:

PET =
0.408Δ(Rn − G) + γ 900

T+273 U(es − ea)

Δ + γ(1 + 0.34U)
(4)

where Δ (kPa·◦C−1) is the slope of the relationship between vapor pressure and air temper-
ature; Rn (MJ·m−2·day−1) is the net radiation; G (MJ·m−2·day−1) is the soil heat density;
γ (0.053 kPa·◦C−1) is the psychrometric constant; T (◦C) is the mean air temperature at a
2 m height; U (m·s−1) is the wind speed at a 2 m height; es (kPa) is the saturation vapor
pressure; and ea (kPa) is the actual vapor pressure.

Soil volumetric moisture in the root zone (soil layers 0–10, 10–20, 20–40, and 40–60 cm)
was simultaneously monitored using soil moisture and temperature sensors (5-TE, Decagon,
Pullman, WA, USA) in the two intensive plots. Data were collected every 5 min by a data
logger (EM50, Decagon, Pullman, WA, USA). The relative extractable water (REW) was
calculated as the ratio of the actual extractable water to the maximum extractable water [29]:

REW =
VSM − VSMw

VSMc − VSMw
(5)

where VSM is the volumetric soil moisture of the 0–60 cm soil layer (%); VSMw is the
wilting VSM of the 0–60 cm soil layer (%) (i.e., soil water potential equal to −1.56 MPa) [30];
and VSMc is the field capacity VSM of the 0–60 cm soil layer (%).

2.4. Data Analysis

In this study, the upper boundary line method was applied to determine the response
functions between T and REW data [13,31]. The corresponding thresholds of stand transpira-
tion on REW are determined based on the inflection points of the outer boundary line [32].

3. Results

3.1. Meteorological Characteristics and the Occurrence of Drought

The summer of 2021 (June to August) was a dryer but hotter summer with low
precipitation and high temperatures compared with that for the last 36 years. Although
the precipitation from June to October (463.7 mm) was similar to the average precipitation
levels of the past 36 years (482.9 ± 109.5 mm), the precipitation from June to August was
only 221.7 mm, which was less than the average of the same period for the past 36 years
(344.9 mm), with 36% less precipitation (Figure 2a). Unfortunately, this lower precipitation
was accompanied by higher temperatures, with an average of 14.08 ◦C from June to October,
which was higher than the 36-year average (8.83 ± 0.72 ◦C) (Figure 2b).
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Figure 2. Multiyear average of the monthly cumulative precipitation from 1982 to 2018 and the
monthly cumulative precipitation from 2021 (a) and multiyear average of the monthly mean tempera-
ture from 1982 to 2018 and the monthly mean temperature from 2021 (b). The error bars indicate one
standard error.

From June to 17 August, the soil water content continued to decrease. In the period
of from 4 July to 17 August, the REW reached its lowest level, and soil drought occurred
(e.g., the shady slope REW varied from 0.37 to 0.47 with a mean value of 0.40). After
17 August, the REW on the shady slope gradually recovered above the threshold (0.43),
which was determined by the shady slope T response REW. We defined the following four
periods based on the threshold value (0.43) of the shady slope T response REW: for the
pre-drought period (1 June–4 July), REW > 0.43; for the dry period (4 July–17 August),
REW < 0.43; for the late dry period (17 August–19 September), REW > 0.43; and for the
late growing season (19 September–31 October), REW > 0.43. The REW trend on the sunny
slope was similar to that on the shady slope, but its value was lower than that on the shady
slope for all periods. For example, in the dry period, the REW on the sunny slope varied
in the range 0.31–0.45 with a mean value of 0.37, which was 7.5% lower than that on the
shady slope.

PET was significantly higher on the sunny slope than on the shady slope (personal
correspondence of Li Jiamei) (Figure 3). The PET on sunny slopes was 0.2–4.8 mm·day−1,
with a mean value of 2.3 mm·day−1, which was 1.2 times higher than on shady slopes (the
range of 0.03–4.1 mm·day−1, mean value of 1.9 mm·day−1). The PET difference between
shady and sunny slopes was significant before and after the drought. For example, low
precipitation and high air temperature before and during the drought resulted in higher
PET with mean values of 3.26 mm·day−1 and 3.27 mm·day−1 on sunny slopes, respectively,
and 2.73 mm·day−1 and 2.74 mm·day−1 on shady slopes. During the latter part of the
drought, PET gradually declined, with mean values of 1.95 mm·day−1 and 1.56 mm·day−1

on sunny and shady slopes, respectively. Late in the growing season, PET declined to its
lowest value, with mean values of 0.90 mm·day−1 and 0.61 mm·day−1, respectively.

3.2. Sap Flow Density

The average daily sap flow density was higher on sunny slopes than on shady slopes
for all drought periods, i.e., the pre-drought, drought, and late drought periods (Figure 4a).
Moreover, the change of daily sap flow density according to drought from the pre-drought
period to late drought were very different between the sunny slope and shady slope. On the
sunny slope, the sap flow density maintained a stable trend and did not decrease with the
development of drought, i.e., there was no big difference of daily sap flow density among
three drought periods. Conversely, on the shady slope, it sharply declined significantly
(p < 0.05) during the drought period.
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Figure 3. Precipitation variation, REW variation, and PET variation for shady and sunny slope
sample plots from June to October 2021 (the PET of both slopes was calculated from unpublished
data). A value of 0.43 was determined based on the stand transpiration response REW threshold
value in 3.3. A REW above 0.43 indicated adequate soil moisture, and a REW below 0.43 indicated
inadequate soil moisture.

 

Figure 4. Daily variation of sap flow density (a), and stand transpiration (b) on shady and sunny
slopes. The shaded area indicates the standard deviation of the sap flow density.
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3.3. Stand Transpiration Differences between Shady and Sunny Slope Forests

In contrast to the sap flow density situation, stand transpiration on the sunny slope
was lower than that on the shady slope for the whole growing season (Figure 4b). The stand
transpiration on the sunny slope varied from 0.30 mm·day−1 to 0.36 mm·day−1 on average,
and no dramatic drop of stand transpiration occurred in response to the onset of drought.
Surprisingly, on the shady slope, stand transpiration not only decreased significantly during
the drought period (p = 0.004, mean 0.42 mm·day−1), which was 19.1% and 17.9% lower
compared to that in the pre-drought and late drought periods, respectively, but also quickly
recovered to the pre-drought level after drought (Figure 4b). However, in any case, the
stand transpiration on the sunny slope was 23.4%–40% lower than that on the shady slope.

3.4. Responses of Stand Transpiration to REW and PET in Forest Stands with Different
Slope Aspects

For both shady and sunny slopes, T increases as a saturated exponential function of
REW (Figure 5). The effect of the REW on T remains stable when REW reaches a certain
level, i.e., a threshold value. However, T responded to REW at different thresholds among
different slope aspects, i.e., the response threshold of stand transpiration to REW was 0.43
for the shady slope and 0.33 for the sunny slope.

 
Figure 5. Transpiration responses to REW in shady and sunny slope stands.

The response of T to PET always followed an increasing saturation exponential func-
tion, i.e., T increased rapidly with increasing PET and gradually stabilized after it reached
a threshold value. However, the response of T to PET under sufficient soil moisture was
significantly stronger than that under insufficient soil moisture. For the sunny slope, this
difference of T among different soil moisture levels was not significant (Figure 6).

 

Figure 6. Effects of PET on stand transpiration under sufficient and insufficient REW conditions.
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4. Discussion

4.1. Stand Transpiration Is More Sensitive to Drought on Shady Slope

It has been widely recognized that slope aspect affects stand structure [33] and the
forests on shady slopes grow better, such as with larger DBH, height, and LAI. Additionally,
there is less solar radiation and lower PET on shady slopes, which accounts for 73.7% and
81.3% of that on sunny slopes in the Liupan Mountains, Northwest China, respectively
(personal correspondence of Li Jiamei), and lower soil evaporation [20]. Thus, the stands
on shady slopes have more available soil water for tree growth compared with those on
sunny slopes (Figure 3).

Our results showed that stand transpiration on shady slopes decreased significantly
when soil drought occurred, but recovered quickly after the drought. At the same time,
there was no significant change of stand transpiration on sunny slopes regardless of
whether the drought occurred. This verified our hypothesis that stand transpiration on
shady slopes was more susceptible to drought than that on sunny slopes. Larger trees
on shady slopes were more susceptible to drought that occurred frequently [17,18,34,35].
Past studies can indirectly support our results, i.e., that tall trees must lift water to greater
heights against gravity and pathlength-associated resistance; therefore, tall trees face greater
hydraulic challenges [36–38]. Therefore, the tree growth situation of the stands and the
amounts of available soil moisture on different slope aspects are critical in influencing
stand transpiration.

4.2. Stand Growth Characteristics Affect Transpiration Response to Drought

The slope aspect shapes the stand growth characteristics [39]. In general, shady slope
stands consume more soil water because of their larger sapwood areas, tree heights, and
stand transpiration amounts [15,20,26,40]. Thus, large stand transpiration would accelerate
the REW decline to the threshold, and the REW is insufficient to resist gravitational and
distance-based transportation to higher tree tops, resulting in a rapid reduction in stand
transpiration (Figure 7) [41]. The results of the present study validate that the T response
to PET is significantly higher in the case of adequate REW than in the case of insufficient
REW (Figure 6). As in past studies, better-growing stands have higher REW requirements,
and the transpiration begins to be limited when soil moisture is insufficient to meet stand
transpiration needs [8,42,43].

Figure 7. Vegetation profile and response to soil moisture on shady and sunny slopes.
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Stands with lower tree height and LAI would consume less soil moisture [17,34]. In our
study, the sapwood areas and tree heights of the sunny slope stands are smaller [20], and
the stand transpiration amounts are lower (only 42% of that of the shady slope) (Figure 4),
thus consuming less soil moisture [40]. Under extreme drought, soil moisture may not
drop below or near the threshold due to low water consumption by stand transpiration
(Figure 5). In the present study, the LAI and tree height on the sunny slope are very low
to accommodate higher PET and lower REW [20,33], thus consuming less soil water. Our
results demonstrate that there is a small threshold of the T response to the REW (0.33)
and no difference in the PET response under different REW levels in this drought of 2021
(Figures 6 and 7).

Quercus wutaishansea is the main natural vegetation in forest water areas and grows
mainly on shady slopes. Our research shows that the stand transpiration on shady slopes
has already been affected by drought. With increasing drought, forests in water source
areas will face more serious threats. This reminds us to pay more attention to the forest
dynamics related to drought.

5. Conclusions

We analyzed the transpiration characteristics of forest stands on shady and sunny
slopes and their responses to drought. We concluded that on shady slopes with better stand
conditions, the trees grew better, consumed more water, and were more susceptible to
drought fluctuations than on sunny slopes. On sunny slopes with poorer stand conditions,
the trees exhibited long-term drought adaptation strategies, such as low LAI and tree
heights. These results highlight that in future forest management, more attention should be
paid to the forests, especially on shady slopes where forests are predominantly located.
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Abstract: Variations in precipitation patterns under climate changes influence water availability,
which has important implications for plants’ water use and the sustainability of vegetation. However,
the water uptake patterns of the main forest species under different temporal spatial conditions
of water availability remain poorly understood, especially in areas of high temporal spatial het-
erogeneity, such as the subtropical monsoon climate region of China. We investigated the water
uptake patterns and physiological factors of the most widespread and coniferous forest species,
Cunninghamia lanceolata L. and Pinus massoniana L., in the early wet season with short drought (NP),
high antecedent precipitation (HP), and low antecedent precipitation (LP), as well as in the early
dry season (DP), in edaphic and rocky habitats. The results showed that the two species mainly
absorbed soil water from shallow layers, even in the short drought period in the wet season and
switched to deeper layers in the early dry season in both habitats. It was noted that the trees uti-
lized deep layers water in edaphic habitats when the antecedent rainfall was high. The two species
showed no significant differences in water uptake depth, but exhibited notably distinct leaf water
potential behavior. C. lanceolata maintained less negative predawn and midday water potential,
whereas P. massoniana showed higher diurnal water potential ranges. Moreover, the water potential
of P. massoniana was negatively associated with the antecedent precipitation amount. These results
indicate that for co-existing species in these communities, there is significant eco-physiological niche
segregation but no eco-hydrological segregation. For tree species in two habitats, the water uptake
depth was influenced by the available soil water but the physiological factors were unchanged,
and were determined by the species’ genes. Furthermore, during the long drought in the growing
season, we observed probable divergent responses of C. lanceolata and P. massoniana, such as growth
restriction for the former and hydraulic failure for the latter. However, when the precipitation was
heavy and long, these natural species were able to increase the ecohydrological linkages between the
ecosystem and the deep-layer system in this edaphic habitat.

Keywords: plant water source; habitat; stable isotope technology; leaf water potential; water use efficiency

1. Introduction

Increases in vegetation greenness have been reported around the world over the
last three decades, manifested as the expansion of afforestation and reforestation [1–3].
However, forests may be vulnerable to degradation due to global climate changes with
new precipitation patterns [4–6]. Changes in the characteristics of precipitation may re-
sult in changes in water availability, which have implications for plants’ water uses in
ecosystems [7,8]. The variations in plants’ water use responses to precipitation and water
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availability plays important role in the sustainability of the restored vegetation and the
promotion of the water cycle in critical zones [9–11].

The temporal–spatial heterogeneity of precipitation and water availability affect plant
water use strategies [12,13]. At the point scale, the water source variability along the soil
profile is one of the most important factors for water uptake by plants [14]. At the surface
scale, the aquifer storage is distinct in different habitats, such as deep soil habitats [15],
outcrop habitats [16], and soil with rock fragments habitats [17], which is related to the soil
properties and plant water consumption. At different stages of the same season, the plant
water uptake depth may also differ with changes in rhizosphere water availability [15,18].
Meanwhile, the amount of precipitation may be a critical factor affecting the water sources
of trees. The plant water uptake can be identified by contrasting the δD and δ18O of
xylem water and all the potential water sources. Previous studies have shown that tree
species may switch their water sources from shallow layers in the wet season with sufficient
precipitation to stable layers in the dry season using stable isotope techniques [19–21]
Liu [22] found that following rainfall events, Platycladus orientalis L. trees with a dense and
shallow fine root system absorbed more water from the soil surface layers and precipitation.
Other plants, however, mostly take up water from deep and stable layers regardless of
seasonal changes or precipitation events in the semi-arid regions [16,23]. In contrast, in
subtropical regions, evergreen species use shallow soil water with a drought-avoidance
strategy even under seasonal drought conditions [24].

The divergent response of plant water uptake to changes in precipitation and water
availability has been related to physiological characteristics. It has been suggested that the
predawn and midday leaf water potential can be used to describe the daily patterns of plant-
water relations, coupling water among the root zone, the plant itself and the atmosphere [25].
Previous studies have shown that plants relying on shallower water sources exhibited
a larger diurnal range of leaf water potential, and on the contrary, narrower diurnal
ranges are usually linked with deep and stable water sources [26–28]. Moreover, the plant
water efficiency (WUE) has attracted attention as a means of reflecting plant water use
characteristics, together with plant water uptake [29,30]. Nie [31] explored leaf WUE based
on δ13C values and found that the high WUE corresponded with the use of deep water
sources, indicating more conservative water-use strategies in a subtropical monsoon climate
region. The plant water uptake pattern was found to be influenced by water availability
and physiological traits in different ecosystems [32]. However, the relationship between
these two factors affecting plant water uptake is unclear, especially in complex and fragile
forest ecosystems, which limits the understanding of restored vegetation adaptability and
rock-soil-water-plant-atmosphere interactions in critical zones.

Subtropical China, which is characterized by a monsoon climate, is an ecologically
sensitive area that is affected by global changes [33]. The precipitation in this region is
abundant and the alternation of dry and wet is obvious. The change in precipitation
patterns has led to a reduction in the available water in the ecosystem, and the risk of
drought stress and drought death has significantly increased [4]. The distribution of the
plantations is a clustered distribution with heterogeneous habitats (such as thin soil habitats
with rock fragments, and outcrop habitats with soil fragments) [34]. Different rock and soil
structures could influence hydrological processes and the amount of soil water available.
Plant water use strategies in different habitats are critically important for the evaluation of
vegetation adaptation. A number of previous studies have primarily focused on the water
sources of different types of plantations or natural vegetation in one specific habitat [16,35].
Few have paid attention to differences in plant water uptake patterns in different habitats,
which has limited our understanding of plant water adaptation and the evaluation of
sustainable vegetation restoration. With changes in the global precipitation pattern, short-
term drought and rainstorms have become more frequent, especially in the wet/growing
season. However, it is unclear how the water uptake of plants in the different habitats
responds to these precipitation changes.
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Based on the above analysis, we applied stable isotope techniques (δD and δ18O)
and measurements of leaf water potential to determine coniferous-leaved forest water
uptake patterns in two habitats (edaphic and rocky habitats) with different antecedent
precipitation during the growing season in the subtropical monsoon climate region of China.
The main objectives of this study were: (i) to investigate the responses of belowground
water use patterns of Cunninghamia lanceolata L. and Pinus massoniana L. to the temporal–
spatial heterogeneity of water availability, as shown in conditions of different antecedent
precipitation levels and edaphic and rocky habitats; and (ii) to understand the aboveground
physiological responses to varied water availability of two species, analyzed by examining
the variations in leaf water potential behavior and water use efficiency. Our first hypothesis
was that soil water availability could have an effect on the plant water uptake depth, and
that the two species may show similar water sources, and the second was that the plants’
physiological factors may vary with the changes in water availability and species types.

2. Materials and Methods

2.1. Study Sites

This study was conducted at the Hunan Lutou forest ecosystem observation and
research Station (28◦31′7′ ′–28◦38′ N, 113◦51′52′ ′–113◦58′24′ ′ E) (Figure 1). The region has a
subtropical mountainous monsoon climate, with a mean annual precipitation of 1450.8 mm
and an annual temperature of 18.5 ◦C. The wet season, which receives more than 60% of
the annual rainfall, lasts from late April to late September, and the dry season extends from
December to February [28]. The growing season spans from April to October. The study
area is dominated by Cunninghamia lanceolata and Pinus massoniana secondary forests. The
understory contains species such as Fortunearia sinensis Rehd, Ilex cornuta and Asparagus
cochinchinensis, and the forest coverage rate is more than 90%. Soil in the study area is
predominantly red soil, having a general soil layer that is 80–100 cm thick. The other part
of the slope has a high exposed rock ratio whereas the soil occurs discontinuously, only in
rock gaps. Thus, the habitats were variable, with the different outcrop ratios, such as an
edaphic habitat with a low outcrop ratio, a continuous broken rock habitat with patches
of soil, an isolated outcrop habitat, and so on. Springs sometimes appear at the bottom of
hillslopes during the rainy season or after rains in the drought season.

Figure 1. Map of the study and the field area. (a): The location of Lutou forest ecosystem obser-
vation and research Station in Hunan province; (b): The sampling site location in the study area;
(c) photographs of the two habitats.

According to the distribution of these typical habitats, one habitat consisting of thick
soil with rock fragments habitat (the “edaphic habitat” for short) and the another habitat
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consisting of continuous stone outcrops with soil fragments (the “rocky habitat” for short)
were chosen at the foot of the Northwest-facing hillslope in two 20 m × 20 m sample
plots. The two habitats were 250 m apart whereas the elevation difference was about five
meters. In the edaphic habitat, the soil was relatively thick (about 90 cm deep), horizontally
interrupted by small outcrops, and vertically interrupted by small rocks. Along the soil
profile, the upper layer soil (0–30 cm) was well-drained whereas the lower layers (30–70 cm)
were sticky with a low saturated hydraulic conductivity (Ks). Underneath the soil was a
high-weathered dolomite bedrock zone (70–90 cm). The outcrop ratio was about 20% in
this habitat. In the rocky habitat, the outcrop ratio was more than 80%, and the range of
height from the top of the outcrop to the soil in the rock gaps was from 0.3 m to 3 m. The
soil was inlaid in the rock in a spotty pattern and was discontinuous (average 30 cm deep
on average). Similarly, a high-weathered bedrock zone was present under the soil. The
vegetation was sparse in this habitat. There was an intermittent spring outflow near the
two habitats at the bottom of the hillslope.

For the subsequent analysis and comparison, the plant water sources were divided
into shallow (0–30 cm), middle (30–70 cm in the edaphic habitat and 30–50 cm in the rocky
habitat), and deep (70–90 cm in the edaphic habitat and 50–70 cm in the rocky habitat)
layers and spring according to the soil texture and fluctuations and patterns of isotopic
ratios in the soil water, VWC, and the impact of the rainfall pulse. (1) Shallow soil layer:
The variability of soil water isotopic compositions and VWC in this layer was larger, and it
was vulnerable to rainfall pulses and evaporation with seasons. (2) Middle soil layer: The
variability of soil water isotopic compositions and SWC in this layer was lower than that of
the 0–30 cm soil layer. The impacts of rainfall pulses and evaporation were moderate. Both
the clay content and soil bulk density were higher than the shallow layers. (3) Deep soil
layer: This layer was high-weathered bedrock with high leakage and low water holding
capacity in the rocky habitat and high water moisture in the edaphic habitat, respectively.

2.2. Plant and Soil Sampling

In order to explore the relationship between plant physiological traits and water uptake
patterns for adapting to precipitation change, plant and soil sampling were conducted
simultaneously at the two habitats bimonthly on 12 June (wet season with high antecedent
precipitation, HP), 5 August (wet season with low antecedent precipitation, LP), and
18 October (early dry season, DP) 2020. We also sampled on 18 May in the early wet season
with a 20 day drought (no rain, NP). Two coniferous species, Cunninghamia lanceolata (DBH
of from 5 to 11cm, average DBH was 7.9 cm) and Pinus massoniana (DBH of from 6 to
12cm, average DBH was 8.5cm) in each of the habitats were selected for the study. We
selected four individuals per species for analysis, and the DBH of sampled trees were used
to represent the average DBH in the stands. The leaf and plant xylem samples from every
selected plant were collected in each habitat. Every selected plant was collected in each
stand-age tree per month. The fully sun-exposed, mature and healthy leaves in the upper
canopy from each selected plant were collected in different directions on each sampling
date. The leaves were mixed and packed into craft paper bags and brought them back to
the laboratory for the measurement of the plant leaves’ δ13C levels. Shoots ranging from
0.3 to 0.5 cm in diameter and 3 to 5cm in length were collected at mid-day from stems that
were more than 2 years old [28]; the outer bark and phloem of the shoots were removed to
obtain the xylem sample.

Soil samples were obtained in two habitats from six depth intervals (0–10, 10–20, 20–30,
30–50, 50–70, 70–90 cm) with an auger (sampling only at 70 cm deep in the rocky habitat)
and five replicates were collected at each layer. Among them, the high-weathered bedrock
samples were collected between 70–90 cm in the edaphic habitat and 50–70 cm in the rocky
habitat. A subsample of the soil samples was stored at −20 ◦C for isotopic analysis, whereas
the remainder of the samples were sealed for the measurement of gravimetric soil water
content, obtained by oven drying for one day. The volumetric water content (VWC) was
converted according to gravimetric water content and bulk density (Table 1) of each layer.
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Table 1. The soil bulk density of two the habitats.

Soil Depth (cm) Edaphic Habitat (g·cm−3) Rocky Habitat (g·cm−3)

0–10 0.90 0.88
10–20 0.97 0.85
20–30 1.09 0.91
30–50 1.13 1.03
50–70 1.01 0.88
70–90 0.91 -

2.3. Precipitation and Spring Sampling

Water samples were routinely collected for each rain event above 5 mm from May 2020
to December 2020. The isotopic values of precipitation were not collected from January to
April due to the COVID-19 pandemic. The collection equipment was designed based on the
new device for monthly rainfall sampling developed for the Global Network of Isotopes in
Precipitation [36]. The rainwater samples were stored in cap vials, wrapped in parafilm,
and stored in a freezer until the analysis of stable isotopes. Data on temporal distribution
of rainfall data and other meteorological data were collected at a meteorological station
located in the middle of the same small catchment. Spring water discharged from1 June
to 29 November, but were cut off between 25 July to 29 August. The spring was sampled
regularly during the outflow period. Both rainwater and spring water were stored in cap
vials, wrapped in parafilm, and frozen until stable isotope analysis.

2.4. Isotopic Analyses

The water was extracted from the xylem and soil using an automatic cryogenic vacuum
distillation water extraction system (LI-2100, LICA, Beijing, China) [37,38]. The δD and
δ18O in the xylem and soil water samples were measured with liquid water isotope ratio
infrared spectroscopy (IRIS, DLT-100, Los Gatos Research, Mountain View, CA, USA) at the
Key Laboratory for Agro-Ecological Processes in Subtropical Region, Chinese Academy
of Sciences. The δ13C level in the plant leaves were analyzed using an isotope ratio mass
spectrometer (IRMS, MAT253, Thermo Fisher Scientific, Bremen, Germany).

The isotope composition is reported in δ notation relative to V-SMOW as

δX = (Rsample/Rstandard − 1) × 1000 (1)

where X represents D, 18O, or 13C. Rsample and Rstandard are the ratios of D/H, 18O/16O,
or 13C/12C ratio of a measured sample and a standard sample, respectively. The stan-
dard deviation for repeat measurements was ±1‰ for δD, ±0.2‰ for δ18O, and ±0.15‰
for δ13C.

Extracting water from the plant xylem using cryogenic vacuum distillation can result
in the mixing of organic materials (e.g., methanol and ethanol), which may affect the
spectroscopy and lead to erroneous stable isotope values when analyzing them with
IRIS [39,40]. We have corrected the isotopic values of the xylem according to Liu [28].

2.5. Leaf Water Potential

Predawn and midday water potentials (Ψpd and Ψ md, respectively) of leaves were
measured in the wet seasons (simultaneously with isotope sampling) with a pressure
chamber (PMS Instruments Co., Corvallis, OR, USA). Samples (n = 5 per species) were
collected from branches that were fully exposed to the sun, at places where branches were
2/3 of the way up of the canopy, at least 2 m above ground. The measurements were
performed between 4:00 to 6:00 h for predawn water potential and between 12:00 and
14:00 h for midday water potential on the same day.
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2.6. Data Analysis

Plant water source partitioning was determined by means of the Bayesian mixing
model MixSIAR (version 3.1.7) [41]. The raw isotopic ratios of the xylem water were input
into MixSIAR as the mixture data. The averages and standard deviations of the soil water
isotopes in the different soil layers were the source data. The discrimination was set to zero
for both δD and δ18O because there is generally no isotopic discrimination of water during
plant water uptake by roots [42].

Independent-samples t-tests and One-way ANOVA were used to detect the differences
in plant water sources and water potential among the species, habitats and their seasonal
differences. Post hoc comparisons were based on Tukey’s HSD. Moreover, Pearson correla-
tion was used to conduct the correlation analysis, and the figures were plotted with Origin
9.0 software (Origin, Origin Lab, Farmington, ME, USA).

3. Results

3.1. Isotopic Compositions of Precipitation, Soil Water, and Springs

The total precipitation was approximately 2121 mm in 2020 and the distribution of
rainfall was temporally uneven, with 79.32% of the rainfall occurring during the wet season
(Figure 2). It was noted that there are two extreme precipitation events occurred—on 7 in
September (282.2 mm) and on 7 June (115.2 mm). Except for the NP sampling with a 20 day
drought, the accumulated precipitation amounts ten days before the last three samplings
were 283.6 mm, 49.4 mm, and 55.4 mm, respectively.

Figure 2. Variations in precipitation, mean air temperature, and isotopic values (δD, δ18O) in pre-
cipitation at a daily timescale in 2020. Arrows indicate sampling dates. (The isotopic values of
precipitation were not collected from January to April due to the COVID-19 pandemic impacting).
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The isotopic compositions of the precipitation showed a large fluctuation during the
study period (Figure 2). The mean δD of the precipitation was −48.69 ‰, the mean δ18O
of the precipitation was −7.88 ‰. The relatively depleted isotopic values of precipitation
occurred when it rained continuously for a long time, with high precipitation. The δD
level obtained for ten days of precipitation before the three samplings were ranged from
−23.55‰ to −57.52‰, −34.54‰ to −68.36‰, −40.76‰ to −51.02‰, respectively. The
δ18O of precipitation before three samplings were ranging from −5.27‰ to −8.15 ‰,
−7.6 ‰ to −9.65 ‰, −6.54‰ to −7.4‰, respectively.

The δD and δ18O values of soil water in the different habitats varied with soil depth
and season (Figures 3 and 4). In the edaphic habitat, the average δD value of the soil water
was −45.56‰ ± 16.05 ‰ (mean ± S.D.), and the average δ18O value was −6.55‰ ± 1.73‰.
The average δD and δ18O values of soil water in the rocky habitat were −44.6‰ ± 16.58‰
and −6.7‰ ± 1.96 ‰, respectively. There were no significant differences (p = 0.84 for δD,
p = 0.79 for δ18O) in the soils’ isotopic compositions in the different habitats. In NP, the
soil water isotopes were observed to be depleted with soil depth (Figures 3a and 4a). In
HP, the δD and δ18O values of water along the soil profile were consistent with recent
rainfall values (Figures 3b and 4b). In the two late two samplings, the soil water isotope
composition converged at the top and bottom layers, which were similar to recent rainfall
values (Figure 3c,d, and Figure 4c,d). The middle-layer soil water showed more enriched
values in LP and depleted isotopic values in DP and exhibited less variation with soil depth.
There were no significant differences obtained for soil water (p = 1.28 for δD, p = 0.93 for
δ18O) in different sample layers (i.e., 0–10 cm, 10–30 cm, 30–50 cm, 50–70 cm, 70-90 cm).
However, when merging sample layers into shallow, middle and deep layers (see Methods),
the soil water isotope was significant different in the two habitats (p < 0.05).

Figure 3. Variation in mean (±S.D.) δD of soil water with the soil profile, precipitation, spring, and
xylem water during the wet season (a) May sampling; (b) June sampling; (c) August sampling;
(d) October sampling.

The isotopic composition of springs changed across the sampling time. The isotopic
values were less negative in HP than in DP. The δD and δ18O values of xylem water were
less negative in NP and became more negative with the seasonal changes. There were no
significant differences in isotopic composition between species types and habitats (p > 0.05),
except in June-HP, when the xylem water isotope was more negative in the rocky habitat
than that in the edephic habitat (p < 0.05).
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Figure 4. Variation in mean (±S.D.) δ18O of soil water with the soil profile, precipitation, spring,
and xylem water during the wet season (a) May sampling; (b) June sampling; (c) August sampling;
(d) October sampling.

3.2. Variations in Soil Water Content, Water Uptake Patterns, and Their Linkage
with Precipitation

The VWCs of the two habitats displayed clear vertical and seasonal variations (Figure 5).
The average VWCs were 43.42% ± 7.68% in the edaphic habitat and 38.24% ± 8.42% in the
rocky habitat, with no significant differences (p = 0.07) during the study periods. However,
the VWCs of shallow soil layers in the two habitats differed significantly (p < 0.001). In
NP, the VWC of the shallow layer was the lowest in the two habitats and the soil moisture
increased with depth (Figure 5a). Furthermore, the VWC exhibited a slightly increasing
tendency along the soil profile in the edaphic habitat but a decreasing tendency in the rocky
habitat with the seasonal changes. It was noted that the soil moisture in the edaphic habitat
was significantly higher than that in the rocky habitat in LP, especially in the middle layers,
which may be related to the different soil texture and plant transpiration characteristic
(Figure 5c).

Figure 5. Variation in mean (±S.D.) soil water content along the soil profile during the wet season
(a) May sampling; (b) June sampling; (c) August sampling; (d) October sampling.
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The two tree species mainly took up soil moisture throughout the wet season in
two habitats, and the proportions of water sources used by the two species exhibited no
significant differences (p > 0.05) (Figure 6). However, the plant water uptake depth differed
between habitats and across seasons. In HP, trees in the rocky habitat absorbed more than
67.14% of their water from shallow soil layers, whereas the mean water uptake ratio of the
two tree species in the edaphic habitat were 64.45% for the middle and deep soil layers.
In DP, the C. lanceolata and P. massoniana in edaphic habitat obtained more than 74.82% of
their water from the shallow and deep soil layers. On the other hand, in the rocky habitat,
the two species mainly extracted soil water from shallow and middle layers (82.13%). In
NP and LP, both C. lanceolata and P. massoniana in the two habitats utilized the largest
proportion of shallow soil water (64.97%, 0–30cm).

Figure 6. Variation in mean (±S.D.) water source proportions for C. lanceolata and P. massoniana during
the wet season.

The responses of the proportion of plant water sources used in each soil layers to
the amount of precipitation ten days before sampling were distinct in the two habitats
(Figure 7). In the edaphic habitat, tree species absorbed less water from shallow layers
and absorbed more deep soil water with the increases in precipitation (Figure 7a,c). On
the other hand, the trees maintained a high water uptake from shallow layers in the rocky
habitat regardless of precipitation variations (Figure 7d). Meanwhile, there were significant
negative linear relationships between the water source proportions of the middle and deep
soil layers and precipitation (Figure 7e,f).

3.3. Variation in Leaf Water Potential and Its Linkage with Precipitation

The ψpd of the two species was found to be less negative (>−1MPa) in the two habitats,
indicating no severe water stress during the study period, whereas the ψmd was lower
than ψpd, away from the 1:1 line, and exhibited profoundly seasonal variations (p < 0.01)
(Figure 8). Both of the two species showed lower ψmd values in NP and DP than that
in HP and LP (p < 0.05). Furthermore, P. massoniana showed significantly more negative
ψmd values than C. lanceolata, especially in NP and DP (p < 0.05). However, there were no
significant differences in ψpd and ψmd between the edaphic and rocky habitats for the two
species (p > 0.05).
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Figure 7. Relationships between water source proportions for each soil layers (mean ± S.D.) and the
precipitation amount ten days before sampling. P is Pearson correlation, R2 represents the fitting
degree of the relationship between the water source proportion and the precipitation amount; p is
the p-value of the fitting ((a–c) plant water sources from the shallow, middle, and deep layers in the
edaphic habitat, respectively; (d–f) plant water sources from the shallow, middle, and deep layers in
the rocky habitat, respectively). The black dots represented C. lanceolata, and the red dots represent
P. massoniana.

Figure 8. Plot of mean (±S.D.) predawn water potential and midday water potential of two tree
species in the edaphic and rocky habitats. The black line is the 1:1 line of predawn water potential vs.
midday water potential. The light to dark colors for each species represent the sampling dates as
May-NP, June-HP, August-LP, and October-DP. The light orange shadow represents the cluster of
trees close to the 1:1 line in HP and LP. The light blue shadow represents the cluster of trees away
from the 1:1 line in NP and DP.
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The diurnal ranges of water potential (Δψ) exhibited significant variation in different
species with seasonal changes (p < 0.01) (Figure 9). C. lanceolata showed significantly lower
Δψ values than P. massoniana (p < 0.001). The Δψmax value was the highest in NP for
P. massoniana (−1.84 ± 0.19 MPa) and in DP for C. lanceolata (−0.45 ± 0.34 MPa). Both of
the two tree species displayed the minimum Δψ (−0.48 ± 0.11 MPa and 0.09 ± 0.06 MPa,
respectively) in HP and LP. Both of the two species showed significantly higher diurnal
ranges of water potential in the edaphic habitat than those in the rocky habitat (p < 0.001)
during the sampling period, except for P. massoniana in LP and DP. Furthermore, there was
no significant correlation between the Δψ values and water uptake depth for C. lanceolata
or P. massoniana in the two habitats.

Figure 9. Variation in mean (±S.D.) diurnal ranges of water potential for C. lanceolata and P. massoniana
during the wet season.

The high vapor pressure deficit and solar radiation showed a strong atmospheric
evaporation force (AEF) (Table 2) that influenced transpiration and the diurnal changes in
water potential. The meteorological factors during the sample period showed no significant
variation (p > 0.05), except for DP with lower AEF. On the other hand the Δψ values
exhibited seasonal changes and showed the highest values in NP and DP for the two
species. These changes may be affected by the available of soil water. The responses of
the Δψ to the precipitation amount ten days before sampling were different in the two
tree species (Figure 10). The Δψ values of C. lanceolata did not increase with the change
in conditions from no rain to high rainfall in the two habitats. However, the Δψ values
of P. massoniana showed lower values with the precipitation increases in the edaphic and
rocky habitats. Moreover, the plant water uptake depth was not correlated with the diurnal
range of water potential (Table 3).
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Table 2. The variations in meteorological factors during the sampling dates.

T (°C) RH (%) VPD (KPa) PARmax (umol·m−2·s−1)

May-NP 26.6 63 1.29 1336.4
June-HP 30.1 74 1.11 1074.8

August-LP 31.1 66 1.54 1503.7
October-DP 20.9 68 0.79 1194.1

Figure 10. Relationships between the diurnal ranges of water potential (mean ± S.D.) and the
precipitation amount ten days before sampling. P is Pearson correlation, R2 represents the fitting
degree of the relationship between the diurnal ranges of water potential and the precipitation amount;
p is the p-value of the fitting ((a) C. lanceolata in the edaphic habitat; (b) P. massoniana in the edaphic
habitat; (c) C. lanceolata in the rocky habitat; (d) P. massoniana in the rocky habitat).

Table 3. Relationship between water uptake depth and the diurnal ranges of water potential for
C. lanceolata and P. massoniana in edaphic and rocky habitats.

Pearson Correlation
Edaphic Habitat (−MPa) Rocky Habitat (−MPa)

C. lanceolata P. massoniana C. lanceolata P. massoniana

Shallow layer −0.41, p > 0.05 0.77, p > 0.05 0.328, p > 0.05 −0.825, p > 0.05
Middle layer 0.152, p > 0.05 −0.837, p > 0.05 −0.411, p > 0.05 −0.78, p > 0.05
Deep layer 0.441, p > 0.05 −0.562, p > 0.05 −0.064, p > 0.05 −0.886, p > 0.05

3.4. Variation in Leaf Water Use Efficiency

The δ13C values of the two species were significantly more negative in the middle wet
season and early dry season than that in May-NP (p < 0.05) (Table 4). The leaf water use
efficiency was higher in the drought stage in the wet season. There were no significant
differences (p > 0.05) in δ13C values between the two habitats. Furthermore, with the
exception of in DP in the edaphic habitat and in LP in the rocky habitat, C. lanceolata and
P. massoniana showed no significant differences in δ13C.
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Table 4. Comparisons of δ13C values of C. lanceolata and P. massoniana in edaphic and rocky habitats.

Edaphic Habitat (‰) Rocky Habitat (‰)

C. lanceolata P. massoniana C. lanceolata P. massoniana

May-NP −25.78 ± 0.85Aa −26.67 ± 0.73Aa −25.66 ± 0.57Aa −26.93 ± 0.05Aa
June-HP −27.07 ± 0.41Ba −27.75 ± 0.85Ba −27.95 ± 1.26Ba −28.31 ± 0.18Aa

August-LP −27.65 ± 0.69Ba −28.8 ± 0.42Ba −27.43 ± 0.18Ba −29.51 ± 0.27Bb
October-DP −27.22 ± 0.47Ba −28.23 ± 0.18Bb −27.86 ± 0.64Ba −28.86 ± 0.25Ba

Note: Capital letters represent significant differences of the same tree species among different sampling dates at
the 0.05 level; lowercase letters represent significant differences between C. lanceolata and P. massoniana in the same
habitat at the 0.05 level.

4. Discussion

4.1. Water Uptake of Tree Species in Two Habitats

The variation of plant water uptake depth in the two habitats was consistent, except
in June-HP. These two species, growing at the foot of the slope, mainly absorbed soil water
from shallow layers in the early and middle wet season, and switched to deeper layers
in the late wet season. This water uptake pattern has also been observed in other natural
species and plantations in the similar study areas [16,28]. However, it was noted that
the plants utilized shallow soil water rather than deep water (no springs flowing) in the
early wet season with a 20 day drought, which was inconsistent with other studies in this
climate region [16,22]. Although the mean soil moisture was lower compared to other
samplings, the VWC was still higher than that observed in semiarid climate regions in
the wet season [15,43]. Meanwhile, with a relatively lower wilting coefficient and high
spatial heterogeneity [44], the shallow layers could also provide enough available water for
plants. Previous studies showed that the plant species adjusted their physiological factors,
such as water potential behavior, water use efficiency, in response to the environment
changes [25,45,46]. In our study, C. lanceolata and P. massoniana exhibited the highest leaf
Δψ and δ13C values in NP, indicating that they tried their best to absorbed enough shallow
soil water with lower midday leaf water potential to balance carbon-water relations in
tandem with high leaf-level intrinsic water use efficiency (iWUE). Moreover, this water
uptake pattern is an adaptation, enabling plants to save more energy for growth in the
early wet season. Both C. lanceolata and P. massoniana grow quickly, showing high energy
consumption in May, as well as in the early growing season. Although the deep soil layer
has a higher VWC, the energy required to take up water from the deep layer is greater
than that of the upper layers [47,48]. Thus, the trees extracted shallow soil water to avoid
excessive energy consumption through physiological adjustments [49–51]. In the middle
and late wet season, plants water uptake depth shifted from shallow to deeper layers. Soil
water availability may be the main reason for this water uptake pattern [52,53].

When the antecedent precipitation was much higher in the middle wet season, the
plants still absorbed water from shallow layers in the rocky habitat, but in the edaphic
habitat they switched to deep layers of soil water. Water availability is the most important
factor influencing the plants water uptake depth [26,54]. Soil structure, such as soil texture,
bulk density, affected water holding capacity, and migration, along with soil profiles, thus
regulated plant water use [28,55]. The bulk density in the rocky habitat was lower than
that in the edaphic habitat, promoting the high water holding capacity, whereas in the
thin deep layers with large cracks and crevices in the rocky habitat, moisture leaked into
the layer, flowing through the springs. In the thick deep layer with fine cracks in the
edaphic habitat, the amount of stored water was higher than that in the shallow layer after
large and continuous precipitation. Therefore, discrepancies in soil properties are the main
reasons underlying the different soil water availability along the profiles in the two habitats.
Furthermore, the low diurnal ranges of water potential of C. lanceolata and P. massoniana
also demonstrated that they were both had sufficient water supplies in the two habitats.
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4.2. Water Uptake Pattern and Physiological Factors Change in the Different Tree Species

The two coexisting plants—both in the edaphic and the rocky habitat—exhibited no
significant differences in water uptake patterns, indicating that they had the same eco-
hydrological niche and no water source segregation. This result was consistent with a
previous study in a similar climate region, which showed that the six mixed plantations
had similar water sources, using the 0–30 cm soil layers in the wet season [28]. Studies in
other regions also showed that coexisting species usually exhibited water competition in
mixed stand [56,57]. Nie [58] investigated three communities on adjacent rocky hill slopes,
and found that different species within each community all exhibited the use of a similar
water source. Du [59] studied three karst climate forest communities of a typical hill, and
obtained the same results. The similar root distribution of C. lanceolata and P. massoniana
may be the main reason that they exhibited the same water uptake pattern [60,61]. Hence,
the interspecific difference in community was relatively low in the subtropical monsoon
climate region. However, as per the above analysis, the water uptake pattern was different
between the edaphic and rocky habitats for the same species. This suggested that the
habitats may have more of an influence on plant water use than the interspecific differences
in the community, especially when the antecedent precipitation is high.

Although the water uptake depth was similar for the two species, the two species had
different physiological responses to the water uptake. In our study, C. lanceolata maintained
small diurnal ranges of water potential, high leaf δ13C values, and a large amount of
branching from the base of the trunk, whereas P. massoniana showed the inverse charac-
teristics. Meanwhile, the Δψ values of P. massoniana in the two habitats were negatively
associated with antecedent precipitation, but a significant relationship was not observed
in C. lanceolata. Wang [15] found similar results for two species in a mixed plantation in
the Loess Plateau. Moreno-Gutiérrez [50] observed the existence of species-specific eco-
physiological niche segregation in dryland plant communities. A possible explanation was
that the inter-specific competition in the same habitat caused each tree species to establish
different hydrological niches for water uptake [48,62]. Unlike the previous findings, in our
study, there was significant eco-physiological niche segregation but no ecohydrological
segregation for the two species in the same habitat. The plant water uptake depth was
not correlated with the diurnal range of water potential. In other words, the aboveground
physiological parameters showed significantly differences between two species, whereas
the belowground water uptake was consistent among the two species. This discrepancy
may be attributed to sufficient precipitation and soil water availability for ecohydrological
non-segregation [63] and interspecific differences in terms of eco-physiological segrega-
tion [54].

4.3. Implications for Plant Water Adaptation under Precipitation Changes

With the increasing temperatures, precipitation patterns change seasonally and become
more variable [8], which could lead to an increase in either the severity of drought or
extreme precipitation, especially in the growing season [64–66]. When drought or extreme
precipitation occurs, soil water availability may influence the plants’ water use strategies.

In our study, plants absorbed soil water from shallow layers by increasing the diurnal
ranges of water potential and water use efficiency in the early wet season with a 20 day
drought. The tree species sought a balance between water uptake and growth through
their relatively high water use efficiency [67]. However, if the drought was prolonged,
soil moisture would decline and fail to supply water for plants. Ding [26] conducted a
135 day rainfall exclusion experiment in a catchment, and found two adverse responses,
according to different physiological characteristics, to the severe water limitation: canopy
defoliation and/or mortality and survival. In our study, P. massoniana, as the species
exhibiting profligate water use exhibited larger Δψ and lower ψmd values for absorbing
water sources [26]. Once the ψmd values beconmes lower than the hydraulic trait values,
the species may suffer from the risk of hydraulic failure, such as xylem cavitation and
leaf turgor loss [56,68]. On the contrary, C. lanceolata displayed stable Δψ values in the

178



Forests 2022, 13, 708

sampling period, indicating the rigorous stomatal control [69]. The tree growth rate of C.
lanceolata may slow due to the reduction in shallow soil water sources and the advanced
stomatal closure.

Except for the drought in the growing season, the frequency of rainstorms and extreme
precipitation also has also been increasing recently [70,71]. Plants are the main conduit for
returning terrestrial water to the atmosphere, thereby exerting a strong effect on hydrologic
fluxes of the terrestrial-atmospheric system [63]. In our study, the plants that mainly utilized
for deep layer soil water in the edaphic habitat and the Δψ values of P. massoniana were
lower when the precipitation was extremely high. These results illustrated that the tree
species could adjust their water use strategies and increase the eco-hydrological linkages
between the ecosystem and the deep-layer system [59].

5. Conclusions

In this study, the stable isotope technique and a pressure chamber were applied
to detect the seasonal water uptake patterns of two coniferous species in edaphic and
rocky habitats in a subtropical monsoon climate region. The results showed that the two
species mainly absorbed soil water from shallow layers, even in the short drought period
in the wet season and switched to deeper layers in the early dry season. It was noted
that the trees utilized deep-layers water in edaphic habitats when the antecedent rainfall
was high. The two species showed no significant differences in water uptake depth, but
notable differences in their leaf water potential behaviors. C. lanceolata displayed narrow
and stable Δψ values whereas the Δψ values of P. massoniana were negatively associated
with antecedent precipitation. Thus, for co-existing species in communities, there was
significant eco-physiological niche segregation but no eco-hydrological segregation. For
the tree species in the two habitats, the water uptake depth was influenced by the soil
water availability, but the physiological factors were unchanged, determined by the species
genetics. Furthermore, during a long drought in the growing season, C. lanceolata and
P. massoniana probably show divergent responses, such as growth restriction and hydraulic
failure. However, when the precipitation is heavy and long, these species could increase
the ecohydrological linkages between the ecosystem and the deep-layer system in the
edaphic habitat.
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Abstract: This article discusses the processes of moisture intake, redistribution, and consumption
within the downy oak forest community, along with their interannual and interseasonal water balance
dynamics. The study of the water balance components was conducted using a combination of field
research methods and geoinformation modeling on the territory of the Karadag landscape and
ecological station of the Karadag Nature Reserve for the period from 2010 to 2020. The study of
the water balance of downy oak forests located at the furthest extent of their range represents an
important problem, whose solution will further scientific understanding by uncovering individual
patterns of the internal organization of such systems. The indicators having the most tangible impact
on the water balance are the amount of precipitation and evapotranspiration. The average annual
precipitation on the territory of Karadag for the analyzed period was 448 mm; in recent years, a
decrease in the amount of precipitation has been recorded. The evapotranspiration values within
the downy oak forests approximately coincide with the values of this indicator in the Mediterranean
region to average 450 mm per year. The influence of stemflow and relief features on the redistribution
of moisture within the landscape is described. The analyzed water balance components’ dynamics
form conditions conducive to the displacement of steppe communities by forest species.

Keywords: water balance components; downy oak forests; landscape; Southeastern Crimea; precipi-
tation; evapotranspiration; runoff

1. Introduction

The study of the Mediterranean climate and the features of its radiation, heat, and
water balance are highly topical issues [1–5], since this region is located on the border of an
arid climate and a temperate and rainy climate [6]. The theoretical foundations for studying
the water balance of the territory of the Crimean Peninsula are laid out in the works
of [7–13]. An example of evaluating the regional and local water balance characteristics in
Crimea can be found in the works of [9,14–17]. At the same time, very little attention has
been paid to the water balance of certain types of plant communities growing at the local
level on the territory of the Crimean Peninsula.

Despite the Crimean Peninsula being located far beyond the Mediterranean Basin,
the southern coast of Crimea, along with other regions of the Caucasus, is defined as an
exclave of Mediterranean vegetation [18–20].

On the territory of the Crimean Peninsula, subtropical forest landscapes are mainly
represented by downy oak and juniper formations with an admixture of Christ’s thorn,
smoke tree, and Oriental hornbeam. These are represented from the coast to an altitude
of 300–350 m [9], where they are either replaced by typical downy oak forests and their
derivatives with an admixture of hornbeam, higher rock-oak forests with an admixture of
hornbeam and ash forests, or rise to the edge of the steep southern limestone slope of the
yayla (upland pasture). These communities are typically represented by shiblyak thickets,
comprising a dense low-growing closed forest area, or, conversely, sparse woodlands.
The Crimean shiblyak and phrygana biomes are often identified with the Mediterranean
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maquis and garrigues, respectively, although they differ in some important respects [14].
In contrast to the predominantly sclerophyllous maquis, deciduous species predominate in
shiblyak biomes [20]. These forests formed at the furthest extent of their range due to the
effect of the subtropical climate, which occurs here due to the circulatory position of the
Southern coast of Crimea. Cold air masses from the north tend not to penetrate here, while
those from the southern and southwestern directions linger on the south-facing slopes
of the Main Ridge. At the same time, Southeastern Crimea is located in the circulatory
and insolation shadow formed by the Main Ridge of the Crimean Mountains, which
determines the region’s high aridity and decreased radiation balance values. Thus, the sub-
Mediterranean (or semi-subtropical) climate formed on the territory of the Southeastern
Crimea is characterized by warm winters, maximum precipitation during the cold period
of the year (late autumn-winter), and hot, mostly dry summers.

In this regard, the study of the water balance of downy oak forests located at the
furthest extent of their range represents an important problem, whose solution will further
scientific understanding by uncovering individual patterns of the internal organization
of such systems. Despite the relatively small areas that they cover, the importance of
studying the water balance of downy oak forests in Southeastern Crimea is also due to the
ecosystem functions that these forests perform (preservation of moisture reserves in the
soil, prevention of negative physical and geographical processes on the slopes, etc.).

The aim of this work is to study the temporal variability and identify trends in the
components of the water balance of the sub-Mediterranean downy oak landscapes of the
Southeastern Crimea on the example of the Karadag landscape and ecological station. The
strong suit of this study is that almost all data are obtained from long-term stationary
studies. To achieve this goal, the following tasks were solved: we described in detail the
conditions of the forest formation with regard to the influence of landscape components on
the water balance of the territory; we revealed the dynamics of water balance components
of sub-Mediterranean downy oak landscapes.

Identification of dynamics features and formation of water balance components on
the basis of long-term stationary observations, and not only by means of modeling, makes
it possible to more accurately identify dependencies and patterns in climate change for
Mediterranean territories vulnerable to external changes in environmental conditions in
the future.

2. Study Area

The area of study encompasses the southeastern part of the Crimean Peninsula. The
concept of “South-Eastern Crimea” is often encountered in scientific publications. However,
no clear boundaries of this region have yet been defined. The analysis of publications shows
that the authors most often refer to the South-Eastern Crimea as the territory comprising
the municipalities of Sudak and Feodosia. However, this designation is associated not
with administrative units, but rather with landscape features. The natural boundaries
of the studied area take the form of watersheds. The western border of the district runs
along the Goller Ridge watershed between the Raven and Shelen Rivers, including the
peaks of Piyakya, Biyuk-Krizh, and Livaz-Kaya. The northern border runs along the main
watershed that delimits the basins of rivers flowing into the Black Sea (i.e., in a southerly
direction) and the Sea of Azov (in a northerly direction). The northern border runs along
the cliffs of Yuvan-Kaya, the Khambal ridge, the peaks of Kukushlu-Oba, Kazas-Olan and
Apaly, Tuar-Alan Ridge, and Jady-Kaya Mountain. The northeastern and eastern borders
run along the line from Kara-Oba along the Uzun-Syrt and Tepe-Oba ridges to end in the
area of Cape Ilya.

The relief of Southeastern Crimea, which is represented by mountain ranges in the
central and western parts, is gradually transformed into a plain towards the east. The
elevation of the area varies from 0 to 917 m (Figure 1). Forest communities are mainly
represented in the most elevated western and central parts of Southeastern Crimea.
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Figure 1. Territory of Southeastern Crimea.

The distribution of plant communities throughout the region is influenced by its
geomorphological structure. Steppe communities within Southeastern Crimea can be
described as occupying the lowest areas (average elevation—about 100 m); these are
replaced by oak shiblyaks with an average elevation of 230 m, then downy oak forests
(average elevation—285 m), rock-oak forests (average elevation—340 m) and hornbeam-
beech forests (average elevation—470 m). Within the area under consideration, territories
with minimal terrain dissection are covered by steppe, psammophytic, and halophytic
communities, while territories with the greatest relief dissection are covered by forest
communities.

The slopes of Southeastern Crimea are subject to various erosion processes, including
ravine formation, which determines the redistribution of forests along the slopes. Snow
catchments play an important role in the spatial differentiation of forests. The linear erosion
Stream Power Index (SPI) calculated for the Southeastern Crimea shows that most of the
area is susceptible to strong erosion processes.

The territory of the Southeastern Crimea is characterized by Mediterranean climatic
features. The average annual air temperature within the Southeastern Crimea area, which
varies from the northwest to the southeast, ranges from +9◦ to +13◦. Southeastern Crimea
experiences between 100 and 300 mm of precipitation during the winter period. The
precipitation field decreases from west to east (Figure 2a), with the greatest amount falling
in the northwestern part of the study area. In summer, 80 to 160 mm of precipitation falls
over the territory of the Southeastern Crimea, with the precipitation field decreasing from
the northwest to the southeast (Figure 2b). Both in winter and in summer, the coastal areas
of Southeastern Crimea are the most arid. The annual distribution of precipitation varies
from 700 to 350 mm in the west-to-east and northwest-to-northeast directions.
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Figure 2. Average precipitation on the territory of Southeastern Crimea for the winter (a) and summer
(b) periods.

The formation of vegetation cover is affected by the distribution fields of climatic
factors. Both the greatest amount of precipitation and lowest temperatures prevail in the
most elevated areas of Southeastern Crimea; it is here that hornbeam and beech forests are
mainly developed. Along with a decrease in the amount of precipitation, woody vegetation
is gradually replaced by shrub and steppe communities. Among other formations, oak
shiblyaks and tipchak steppes are characteristic of the areas where the least amount of
precipitation will fall.

The density of the river network within Southeastern Crimea decreases from the
southwest to the northeast from 0.3 to 0.1 km/km2 [21]. This indicator is indirectly asso-
ciated with increased climate aridity and decreased precipitation. The watercourses of
Southeastern Crimea fully belong to the rivers of the southern macro-slope of the Crimean
Mountains. Nevertheless, the river network of Southeastern Crimea is quite complex;
in general, the area is characterized by a combination of river valleys, interfluves, and
watersheds (Figure 1).

Conditions for the existence of separate small catchments of small gullies and other
erosive forms on the coast of Southeastern Crimea are due to the complex rugged terrain,
which creates unique topological conditions for the existence of plant communities. For
example, local factors disrupt the manifestation of quasi-zonal processes within the valleys
of the watercourses of Southeastern Crimea. In addition to oak communities, alder, poplar,
and willow are also found throughout the area.

Southeastern Crimea is characterized by a predominance of brown soils (up to 80% of
the total area) [22]. Mainly weak and underdeveloped soils are formed on the destruction
products of limestones, sandstones, and conglomerates composing individual mountain
massifs and ridges, as well as on volcanic rocks of the Karadag massif. In the lower
parts of the slopes and at their feet, full-profile and drift soil types are formed. Alluvial
(17%) and meadow (2.5%) soil types are commonly encountered in the valleys. Brown
mountain–forest soils within the study area have an extremely scanty distribution (about
0.3%).

In certain areas of Southeastern Crimea, vegetation cover has undergone a fundamen-
tal transformation. Here, the vegetation is represented either by agricultural crops, or goes
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through stages of degradation and restoration, which in turn directly affects the water
balance of the area due to the capacity of vegetation to retain and redistribute moisture. The
vegetation and soil cover, along with the water balance of soils, are additionally affected
by the widespread rooting activity of wild boar, which leads to desiccation of the soil and
increased evaporation from its surface [23].

3. Materials and Methods

In the classical form, the water balance equation [24] can be represented in the follow-
ing form (Figure 3):

x + yl + wl + z1 = y2 + w2 + z2 ± Δu, (1)

where x is precipitation on the surface of the object; y1 is surface inflow of water from
outside; w1 is underground inflow of water from outside; z1 is condensation of water
vapor; y2 is surface outflow of water outside the object; w2 is underground outflow of
water outside; z2 is evaporation; Δu is change in the volume of water within the object
(contour).

Figure 3. Scheme of the water balance equation. Black arrows show the flows direction.

At the local level of the study, the structure of the water balance becomes an even
more complex phenomenon. The structure of the water balance of forests comprises several
elements: the flow of water with precipitation and surface runoff from neighboring areas,
canopy interception, stem flow, transpiration and evaporation from tree crowns, water flow
to the forest litter surface, evaporation from the forest litter surface, infiltration, evaporation
of water from the soil, its retention by precipitation (formation of soil moisture capacity
and precipitation), surface runoff, subsurface runoff, and water transfer to groundwater
runoff.

The study of the water balance components of downy oak forests was conducted under
the auspices of the Karadag Landscape and Ecological Station (KLES) of the Karadag Nature
Reserve. The KLES is located in the redivision of the major catchment gully (0.6 km long,
17 ha area) on the eastern slope of the Besh-Tash ridge, 1.5 km from the village of Kurortnoe.
There, the precipitation and soil moisture parameters are measured in a meteorological site
located in an open area in the lower part of the catchment. A precipitation collector and
soil lysimeters are also installed in the middle part of the catchment area under the canopy
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of the forest. Observations of soil moisture are carried out at 30 points located in areas with
forest, shrub, and steppe vegetation. Monitoring of the runoff is carried out on two runoff
sites located within the KLES area. Figure 4 shows the network of monitoring stations.

 

Figure 4. Area covered by the Karadag Landscape and Ecological Station (KLES) and monitoring
points.

The KLES area is representative of the entire Karadag Nature Reserve, since almost all
types of plant communities are represented here. The vegetation cover is characterized by
a strong mosaicism, which is due, among other things, to the relief dissection. More than
20% of the KLES area is occupied by forest communities. They are mainly represented by a
downy oak formation (Querceta pubescentis) with the addition of Acereta campestrii, Pistacieta
muticae, and Pineta pallasianae. Shrub communities, which occupy about a tenth of the
study center area, are represented by formations of thorny shrubs—Paliureta spinae-christi,
Rosaeteta corymbiferae, Pruneta spinosae, and Rubeta taurici. Herbaceous communities are
quite diverse and occupy more than 60% of the hospital territory [9].

In order to obtain values for building evapotranspiration maps, data from the open
database of the ERA5 reanalysis of the Copernicus Climate Change Service project [25],
implemented by the European Center for Medium-Range Weather Forecasts (ECMWF),
were used. As a result, the average monthly data for 1978–2021 were obtained. The data
are presented in the netCDF4 format and cover the territory in question with a regular grid
with a cell size of 0.25◦ × 0.25◦.

4. Results and Discussion

The water balance of any territory depends on climatic factors and the nature of
the underlying surface. The literature provides various values of the average annual
precipitation falling on the territory of the Karadag reserve. On average, 357 mm of
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precipitation falls on Karadag (for the period from 1930 to 1980) [26]; according to other
data, 389 mm of precipitation (for the period from 1920 to 2006) [27], 501 mm of precipitation
(for the period from 2000 to 2011), and 467 mm of precipitation (for the period from 2012 to
2018) according to [28].

According to our observations, an average of 448 mm of precipitation fell annually
on the territory of Karadag from 2010 to 2020. This is significantly less than in a typical
Mediterranean region. Due to the presence of downy oak forests in Northeastern Crimea,
environmental conditions can be considered as transitional from optimal to pessimal. For
example, within the limits of downy oak forests growing about 15 km north of Montpellier
in southern France at an altitude of 250 m, the average annual precipitation is 1311 mm [29].
In Italy, downy oak forests receive about 850 mm of precipitation; in the area of the city of
Evora in Portugal, the corresponding figure is 665 mm [30].

In terms of the interannual quantitative dynamics of incoming precipitation, a wide
range of values is observed: in 2020, an average of 275 mm of precipitation fell on Karadag,
while in 2010, the corresponding amount was 715 mm. Thus, the amplitude reaches 440 mm
of precipitation. In 2010–2020, there is a tendency towards a reduction in the amount of
precipitation: 2019 and 2020 are both characterized by extremely low average annual
precipitation values.

In the intra-annual dynamics, a constant winter maximum of precipitation is observed
within the downy oak forests. However, in some years (2013, 2014), absolute precipitation
maxima were observed in the study area in June (45% of the annual precipitation), which
were catastrophic for the environment. July and August are characterized by stable arid
conditions, with an average of 31 mm precipitation. The winter maximum is characterized
by a predominance or uniform distribution of precipitation during the late autumn and
winter months. The average amount of precipitation in December is 45 mm; in January,
48 mm; in February, 33 mm. Spring and autumn precipitation minima are characterized by
a decrease in the amount of precipitation: on average, 27 mm of precipitation falls in spring
within the downy oak forests, while in autumn, average precipitation is 34 mm.

In downy oak communities, retention of precipitation in crowns is around 24% of pre-
cipitation, comprising an average of 104 mm. Considering their relatively small amount of
precipitation, the forest communities of Karadag can retain up to 100% of precipitation [28].
At the same time, there is an intra-annual dynamic to this process, associated both with
the vegetation stages of plants and with the intensity of precipitation. Thus, the maximum
values of precipitation retention by crowns are typical for the second half of spring to
early summer due to plants achieving a maximum of green phytomass during this period.
For example, in July, an average of 9 mm (about 41%) of precipitation of precipitation is
retained. The retention of precipitation by tree crowns is also affected by the precipitation
intensity. In [28] it is indicated that up to 20% of precipitation is retained when more
than 20 mm precipitation falls on Karadag, while when precipitation is less than 2 mm,
over 45% is retained. Data analysis shows that the increase in precipitation observed in
Southeastern Crimea is formed due to summer heavy rainfalls [16]; this in turn leads to
most of the water penetrating under the canopy of the forest, with little retention in the
crown. In addition, large drops characteristic of heavy rainfall are poorly retained on the
leaves, quickly draining to the surface of the forest floor.

A significant role in the water balance structure of downy oak forests is played by
stem flow. This effect is interesting due to its concentration of water flow directly under
the roots of trees. However, under conditions of sloping terrain, this process can intensify
sheet-, drip-, and fine-jet erosion of soils, exposing the roots of trees and accelerating the
processes of badland formation. In [9], a methodology for assessing stem runoff in the
territory of Karadag is given; however, quantitative characteristics of the experimental
results are lacking. A.A. Klyukin in [31] notes that in an oak forest with a canopy density
of 0.8, growing on a slope with a steepness of 20–25◦ and a length of 100 m, the average
accumulation of erosion near tree trunk is about 0.004 mm/year. At the same time, A.A.
Klyukin notes that the average rate of erosion can reach 2.0–3.9 mm/year on steep and
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short slopes that are adjacent to river valley beds and talvegs of temporary watercourses,
accompanied by exposure of the parent rock. Thus, such processes are characteristic of
steep slopes. On slopes of medium and low steepness, such processes are not significantly
manifested, with the retentiveness of the soil being provided by an herbaceous layer. A.A.
Klyukin in [31] notes that the trunks of an adult oak can run off 5–6 L of precipitation
per year; in our opinion, this figure is significantly overestimated for the forests under
study. The more objective data in [7] indicate that runoff from oak trunks reaches 3%–5%
of the annual precipitation layer, which is equivalent to approximately 20–40 mm/year.
Stem runoff is also actively affected by the roughness of the bark of tree trunks, which
demonstrates that the real area of the runoff is larger than the ideal cylindrical shape of
the trunk. In oak forests, this indicator, according to [9], reaches 1.2, allowing them to
be attributed to medium rough type. By comparison, stem runoff in oak forests in Spain
accounts for slightly more than 10% of precipitation [32].

According to measured data on sample trees, throughfall accounts for about 75%
of the total precipitation amount. Comparable results were obtained by V.A. Bokov’s
expeditions in this area in 1997 and 1998. [9]. According to his research, a dense downy oak
forest intercepts about 25%–35% of precipitation during the growing season from May to
October, which is about 103 mm in a wet summer (1997) and 55 mm in a dry one (1998).
However, this moisture, which enters the soil surface more gradually than heavy rainfall,
is generally well-retained by the forest floor, helping to form its moisture reserve. This
corresponds to around 28 and 35%, respectively, of the precipitation depth that fell during
the growing season, or 18 and 16% of the annual precipitation layer. During winter, when
vegetation is absent in deciduous forests and there is no foliage on the trees, precipitation
almost completely penetrates under the canopy of the forest, only being slightly delayed by
tree branches. According to the results of measurements carried out in the winter season,
precipitation retention of slightly more than 20% does not exceed the annual average.
However, given that the winter months account for the maximum precipitation and taking
into account the seepage through the crowns, this indicator is much higher than the summer
maximum and accounts for no more than 15 mm of precipitation. These data are partially
confirmed in the work [14], where it is indicated that during the period from 2000 to 2008,
162 mm was retained within the downy oak forests of Southeastern Crimea, which is
approximately 30% of the amount of precipitation. At the same time, observations show
that heavy rains are not so characteristic of the winter precipitation maximum, resulting in
the possibility of a satisfactory soaking of the forest litter and soil. M.A. Kochkin notes [7]
that the forest floor of oak forests, consisting of leaves and dead herbaceous vegetation,
absorbs and retains water from precipitation, thereby reducing surface runoff.

For the period from 2010 to 2020, there has been a significant decrease in soil moisture:
in average annual terms, by about 1.6 times. The inter-seasonal dynamics of decreasing soil
moisture shows that almost all seasons of the year are characterized by a drop in average
relative humidity values close to the average annual value, with the exception of autumn,
when relative humidity decreases by 1.4 times. Considering the interannual dynamics, it is
important to highlight a significant reduction in soil moisture in December (by more than
2.5 times), as well as minor reductions in September. The maximum relative values of soil
moisture are experienced during the winter months, as well as in March, when the average
value does not fall below 25%, while the minimum values occur at the end of summer and
beginning of autumn (August and September), when the relative soil moisture values drop
to 15%–18%.

During the period from 2010 to 2020, evapotranspiration within the downy oak forest
community averages 450 mm. These values are generally equivalent to the evapotran-
spiration of oak forests in the Mediterranean region: 343 ± 37 mm in the Mediterranean
region as a whole [30], 458 mm in the province of Tarragona in Spain [32], 823 mm in the
eastern Pyrenees [33]. Maximum evapotranspiration values in the Mediterranean can reach
1300 mm per year [34].
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Analyzing the interannual evapotranspiration dynamic within the oak forests of
Karadag, its values can be seen to form a steadily increasing trend (Figure 5).

 

Figure 5. Average annual values showing the relationship between evapotranspiration and precipita-
tion in the downy oak forest in the period 2010–2020.

When considering the seasonal evapotranspiration values, the fact of the predomi-
nance of precipitation over evapotranspiration in the winter and autumn periods becomes
clearly evident. During winter, the average evapotranspiration value is 11 mm, which is
approximately 26% of the amount of precipitation. In autumn, the average evapotranspira-
tion is 22 mm, which is approximately 63% of the average amount of precipitation for this
time of year. In the remaining seasons of the year, there is an excess of evapotranspiration
values over precipitation. In spring, the average evapotranspiration of 56 mm is 2 times
higher than the average amount of precipitation for this season; in summer, the equivalent
amount is 67 mm, which is 1.5 times more than the average amount of precipitation at this
time of year. At the same time, a steady tendency towards increased average annual values
of evapotranspiration is evident at all times of year.

When considering the distribution of evapotranspiration by month, the highest values
of evapotranspiration are characteristic of May, June, and July, when the average values
of evapotranspiration exceed 70 mm. The lowest values are experienced for December,
January, and February, when average evapotranspiration does not exceed 15 mm. In
spring, there is a gradual increase in evapotranspiration values, while in autumn there is a
gradual decrease. Nevertheless, data analysis also demonstrates a significant increase in
evapotranspiration occurring in recent years during late summer and early autumn.

A significant role in the spatial differentiation of downy oak forests is played by
accumulations of snow. Around 5% of precipitation falls in the form of snow in the
Karadag area [26]. According to [9], in the Southeastern Crimea in the area of Karadag
and Echkidag, between 50% to 90% of snow can be blown off the windward northeastern
slopes. Although winter precipitation is generally not retained by tree crowns due to the
absence of foliage, it can be carried as a result wind transport. For example, in 2019, a
layer of snow with a 15 cm high was formed as a result of wind activity. For the period
from 2011 to 2020, the average annual precipitation in solid form was 38 mm, accounting
for approximately 9% of the total. However, in terms of the interannual dynamics of the
indicators under consideration, the years with the minimum amount of solid precipitation
(2013, 2020) can be distinguished, when the amount of precipitation in solid form did
not exceed 10 mm, as well as the years of maximum solid precipitation—for example,
2015 and 2016—when the corresponding amount was more than 60 mm. Despite the
duration of snow in Southeastern Crimea lasting no more than a week, the phenomenon
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of snow catchments is very characteristic; where the accumulated snow is blown onto
the slopes of the southern exposures, more hydrophilic conditions are formed on these
slopes than those with northern exposures. For example, within one of the gullies on the
eastern slope of the Besh-Tash Range, the slope of the southern exposure is characterized by
better moisturization than the opposite slope. This is due to the extensive snow collection
adjacent to the slope of the south-southwestern exposure, from which the snow is blown by
northeasterly winds to the slope of the south-southwestern exposure (Figure 6) [35]. In this
regard, the slope of the south-southwestern exposure is better forested and characterized by
greater erosion indentation as compared with the opposite slope of the north-northeastern
exposure and slopes of the south-southwestern exposure, where areas with heavily washed
soil cover are noted.

Figure 6. Snow-covered slopes of the south-southwest exposure of the gully on the eastern slope of
the Besh-Tash ridge [35].

The formation of surface runoff depends on a whole complex of factors. A slope runoff
characterized by insignificant indicators is identified on the basis of observations carried
out at the runoff sites. In most cases, runoff is caused either by melting snow or heavy
precipitation. In 1996–1997, the average runoff was approximately 0.16 L/km2 [9]. The
average value of the runoff from 2010 to 2020 recorded by the measurement results was
0.04 L/km2. The highest average runoff values, which were recorded in 2010, amount to
0.09 L/km2, while the lowest figures recorded in 2011 and 2020 were slightly less than
0.02 L/km2. Thus, these values have no significant effect on the final equation of the water
balance of downy oak forests. A decrease in the values of surface runoff in the interannual
dynamics is noted for the period under review.

Horizontal precipitation (condensation from fog, frost, frost, ice, etc.) plays a promi-
nent role in the formation of the water balance of downy oak forests. Although we unfortu-
nately did not have the opportunity to conduct real measurements of their contribution to
the formation of the water balance of forests, according to the data [36], their contribution
can reach 20%–25% of the annual precipitation layer. From September to March, no more
than 20 days with foggy conditions can be observed within the downy oak forests; on
an annual basis, the number of foggy days varies from 20 to 40 [37]. According to the
Feodosiya weather station [8], there is an average of 24 foggy days per year. In 2020, 36 days
with fog were recorded within the downy oak forest, of which 75% occurred during the
winter period, significantly affecting the incoming part of the water balance.

All the processes described above take place against a background of the displacement
of steppe communities by forest communities on the upper parts of the slopes (Figure 7).
The growth of heavy rainfall in summer leads to a rapid flushing of water from the upper
parts of the slopes, which are characterized by petrophytous steppe communities, along
with an increase in soil moisture in the lower parts of the slopes, which creates conditions
for forest communities to rise up the slope, reducing the number of slope microzones. This
phenomenon is clearly visible when calculating the normalized difference vegetation index
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(NDVI) (Figures 7 and 8). When analyzing the average NDVI values for August, which
were obtained from Sentinel-2 satellite images in the period from 2016 to 2018 and from
2019 to 2021, an increase in the values can be clearly observed, along with a corresponding
increase in the quantity of green phytomass. Figure 8 shows that forest vegetation increases
up to 158 m on the profile AB, with the NDVI values not significantly changing from one
period to the next. Conversely, above the 158 m mark, where there is initially less woody
vegetation, and in August, respectively, less green phytomass, there is an increase in NDVI
values and, accordingly, the amount of green phytomass.

 

Figure 7. Comparison of NDVI values in 2016–2018 (a) and 2019–2021 (b). AB—slope profile.

Figure 8. Change of NDVI values for the period from 2016 to 2018 and from 2019 to 2021 from the
foot of the slope to the top along profile AB.

5. Conclusions

When studying the forests water balance, it is extremely important to describe in
detail the conditions its formation: geological structure, relief, hydrological features of
the territory. It is necessary to give a description, characterizing their influence on the
spatial differentiation of forests. So, summarizing the above, the slopes of the Southeastern
Crimea are subject to ravine formation, which determines the redistribution of forests along
the slopes. A significant role in the spatial differentiation of downy oak forests is played
by accumulations of snow. In general, the Southeastern Crimea is the territory of river
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valleys and interfluves; it is a mudflow area. The passage of mudflows in the strongest way
transforms the appearance of forests. The mechanical composition and gritty consistence of
soils determine the water regime of forest communities. In the study area, we are dealing
with very lithosolic soils formed on the weathering products of flysch, limestone, marl,
intrusive, and effusive rocks. It is extremely diverse in terms of parent rock material,
and, accordingly, in terms of forest conditions. Forests of the Southeastern Crimea have
a different appearance and combines with different types of steppe communities. The
study area includes forests, woodlands, and shrub communities. A vivid example of the
influence of the animal world on the formation of the water balance of forest ecosystems is
the burrowing activity of the wild boar, which is ubiquitous and leads to the drying up of
the soil, increasing evaporation from its surface.

Based on field research conducted in the Karadag Nature Reserve and analysis of
literature data, the main components of the water balance of the downy oak forests of
Southeastern Crimea are considered for the period from 2010 to 2020.

The average annual precipitation on the territory of Karadag for the analyzed period
was 448 mm; in recent years, a decrease in the amount of precipitation has been recorded.
On average, the crowns of downy oak communities retain up to 24% of precipitation. In
terms of seasonal dynamics, the maximum retention of precipitation (up to 41%) occurs in
the period from late spring to early summer; this is due to the achievement of maximum
volumes of phytomass during this period.

According to the literature data, stem runoff intercepts 3%–5% of the annual precipita-
tion; on steeper slopes only, this can lead to negative consequences in the form of planar
soil flushing. Runoff formed from the crowns of trees reaches the surface of the soil more
gradually to forms the moisture reserve of the forest floor. During the study period, soil
moisture decreased significantly by 1.6 times. The maximum relative soil moisture values
are experienced during the winter months and in March, when the average value does not
fall below 25%. The features of the relief of the Southeastern Crimea created conditions for
the redistribution of solid precipitation (snow) from the windward slopes to form snow
catchments. Due to this effect, the slopes of the southern exposures are characterized by
better moisturization than the opposite slopes of the northern exposures.

The evapotranspiration values within the downy oak forests approximately coincide
with the values of this indicator in the Mediterranean region to average 450 mm per year.
The interannual dynamics demonstrates a positive trend towards increased evapotranspi-
ration values. A significant increase in evapotranspiration observes in late summer and
early autumn.

Observations of slope runoff conducted at runoff sites suggest that the final value
of the water balance is not significantly affected by this factor. The average value of the
slope runoff was 0.04 L/km2; in terms of interannual dynamics, a decrease in this value is
recorded for the period under review.

All the analyzed features of the water balance elements form conditions conducive
to the displacement of steppe communities by forest species, which is confirmed by the
results of field and remote studies.
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