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Effects of vertical forest
stratification on precipitation
material redistribution and
ecosystem health of Pinus
massoniana in the Three Gorges
Reservoir area of China

Yangyang Yan'2, Zhihua Huang?, KunYan'? & Qin Liu%2**

Vertical stratification of forest plays important roles in the local material balance and in maintaining
forest health by distributing and redistributing precipitation materials through adsorption, fixation,
and release. Differences in runoff nutrient concentrations among vertical layers are closely related to
vertical stratification (factors such as the trunk, canopy, forest litter, and soil physical and chemical
properties). Long-term forest observations revealed significant spatial differences in Pinus massoniana
(Pinus massoniana Lamb.) forests in the Three Gorges Reservoir area. Pinus massoniana forests on
downslopes were characterized by a dense canopy, green needles, and rich forest vegetation, while
those on upslopes were characterized by low vegetation cover, dead trees, and decreases in the

tree height, diameter at breast height, and volume per plant with increasing slope. By analyzing

the soil at different sites, we found that the pH of the forest land soil differed significantly among
different slope positions. Soil on upper slopes was significantly more acidic than soil on lower slopes,
indicating that acidic substances were intercepted by filtration through the broad litter layer and the
soil surface layer. This filtration process resulted in a normal rhizosphere environment suitable for
the absorption of nutrients by vegetation on the lower slopes. In this way, downhill sites provided a
good microenvironment for the growth of Pinus massoniana and other vegetation. Our results show
that direct contact between needles and acid rain was not the main cause of root death. Instead,

the redistribution of rainfall substances by forest spatial stratification caused changes in the soil
microenvironment, which inhibited the absorption of nutrients by the roots of Pinus massoniana and
the growth of understory plants in Pinus massoniana forests on upper slopes. These findings emphasize
that increasing land cover with forests with vertical structural stratification plays an important role in
woodland material redistribution and forest conservation.

Keywords Pinus massoniana, Acid damage, Vertical stratification, Forest health, Forest conservation, Soil
microenvironment

Abbreviations
BA Basal area
CFA Flow injection chemical analyzer

DBH  Diameter at breast height
DOC  dissolved organic carbon
IF Into the forest

LS Lower slope
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MS Middle slope

NwW Northwest

ow Outflow of woodland
RDA  Redundancy analysis
SAK Soil available potassium
SAN Soil alkaline nitrogen
SAP Soil available phosphorus

SC Stem interception
SOM  Soil organic matter

SW Shannon-Wiener index
TK Total potassium

N Total nitrogen

TP Total phosphorus
us Upper slope

The vertical structure of forests plays a crucial role in the local material balance by partitioning acid rainfall by
adsorbing, fixing, and releasing precipitation substances'. This partitioning regulates the distribution of acid
rainfall at different positions within the forest; and therefore, it strongly affects the growth of various kinds of
vegetation in woodland?. Although many studies have focused on rainfall distribution via the vertical structure of
forests, most have concentrated on the distribution of rainfall at a single level (canopy, understory, or ground)**.
There is still a knowledge gap regarding the above-ground and underground distribution of acid rainfall in a
complete forest ecosystem. Furthermore, it is not known which level of acid-rainfall distribution within the
forest vertical structure has the greatest influence on forest health. Therefore, studies on acid rainfall distribution
as affected by the vertical structure of forests are important to understand how acid rainfall redistribution affects
material distribution at different levels and biodiversity in the forest ecosystem.

There are large differences in runoff nutrient concentrations among different layers in the vertical structure of
the forest, and this is usually related to multiple factors, including trunk, crown, and forest litter characteristics
and soil physical and chemical properties™®. Under natural conditions, these factors are covariant, so it is difficult
to determine their influence on forests by single-level studies. Some studies have indicated that the concentration
of acid rainfall at different locations depends on the runoff rate and the original concentration of acid in water,
which are influenced by the canopy, trunk, and litter, and by soil adsorption and desorption”®. It was found that
the concentration of substances in runoff water passing through tree trunk, litter layer and soil was significantly
different from that before entering forest land”!%. As the third action surface of atmospheric precipitation into
the forest ecosystem after the canopy and trunk layers, the forest litter layer has a strong ability to leach and
adsorb various materials in rainfall''~!3. Some studies have shown that the total nitrogen (N) concentration in
runoff decreases significantly with the increase in litter coverage!*!>. Because of the interaction between runoff
and the soil layer, many substances in runoff are adsorbed and immobilized by the soil layer and associated soil
microbial biomass. Consequently, a large number of runoff substances are held in the litter layer, slowing down
their migration and distribution into the forest land!®'”.

As the most widely distributed coniferous pioneer afforestation species in southern China, Pinus massoniana
(Pinus massoniana) plays an important role in the formation of regional ecosystem stability'®!°. This is because
of its excellent characteristics, including its resistance to drought and poor soils, and its strong adaptability.
Pinus massoniana forests are widely distributed in Sichuan, Chongqing, Guizhou, and another 11 provinces
in China, with a total area of 1.13Xx 107 hm? and a storage volume of 3.41x 108 m>. However, as trees have
been affected by acid rainfall, large areas of Pinus massoniana forests are in decline, and it has been difficult to
restore normal growth. In terms of the cause of Pinus massoniana forest decline, some researchers claim that
acid rain is mainly affecting the canopy. It has been proposed that direct contact between acid rainfall and the
needles causes serious damage to leaf surface structures (e.g. the cuticle) and selective permeable membranes?.
The damage impairs normal metabolic processes such as photosynthesis and material transport, which slow
growth and metabolism, ultimately leading to the death of Pinus massoniana trees?!. Other researchers believe
that acid rainfall indirectly affects Pinus massoniana by causing soil acidification??. The accumulation of acidic
compounds in the soil increases the content of active aluminum, and this inhibits the division and elongation
of root cells. Aluminum can also combine with root cell membrane proteins, thereby causing cell membrane
damage?>?*. The portion of aluminum that enters the root cells directly affects cellular metabolism by inhibiting
the absorption of nutrients such as calcium, phosphorus, and potassium?®. At present, it is still unknown which
locations within the vertical structure of Pinus massoniana forests are most severely affected by acid rainfall. Few
or no field studies have explored this topic, especially in acid-affected mature Pinus massoniana forests in rapidly
developing areas such as Southwest China.

Long-term observations have revealed significant differences in canopy density, conifer color, and biodiversity
within the artificially cultivated Pinus massoniana forests in The Three Gorges Reservoir area, particularly
among different slope positions (Fig. 1A-C). Specifically, Pinus massoniana forests in lower slope positions are
characterized by a dense canopy, green needles, and abundant and diverse forest vegetation (Fig. 1B). If there
are large differences in forest vegetation under the same site conditions, they are likely due to differences in
material exchange between trees and the environment, such as the nutrient absorption efficiency of vegetation
roots and the nutrient absorption environment of the roots?®?’. The nutrient-uptake sites of forest vegetation are
extremely sensitive under the background of acid deposition?’~%°. Based on the results of previous studies, we
tested the following hypothesis in this study: Acid rain more strongly affects the roots of Pinus massoniana than
the needles. If this hypothesis is confirmed, then the soil microenvironment is the main factor causing Pinus
massoniana forest decline, rather than direct contact between acid rain and the needles.
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Fig. 1. Vegetation and forest features of Pinus massoniana forest land (LS Low slope, MS Middle slope, US
upper slope).

To rigorously test this hypothesis, we conducted a comprehensive study that encompassed the systematic
collection and scientific analysis of water, soil and vegetation samples from diverse slope positions within Pinus
massoniana forests. Our objective was to assess the specific impact of acid rain on both the roots and needles
of these trees, and to establish any potential causal linkages between soil chemistry, vegetation health, and
biodiversity. By elucidating the underlying mechanisms of the effects of acid rain on Pinus massonianas, we aim
to gain a deeper understanding of the broader ecological implications for forest ecosystems in this region, and
potentially, develop targeted and effective strategies for their preservation and restoration.

Materials and methods

Study site

This research was conducted in the eastern Sichuan parallel ridge and valley area (Chongqing region; Fig. 2A,
B,E) in the central area of the Three Gorges Reservoir region (105°45°37.84"E, 30°45°37.84” N; 186-274 m.a.s.l;
slope 15-18%) (Fig. 2C). The dominant soil in this area is purplish soil that basically maintains the physical
and chemical properties of the parent material, but with a lower organic matter holding capacity (Table 1).
The hilly mountain landscape consists of indigenous vegetation and anthropogenic vegetation (especially Pinus
massoniana) (Fig. 2F-H).

The study area was in the humid subtropical monsoon zone, which is characterized by warm temperatures
and high moisture levels, with dry winters and humid summers. The mean annual precipitation was 708.9 mm,
ranging 1110 to 1350 mm (2001-2020 dataset), according to long-term observations at the field monitoring
station of the Institute of Mountain Hazards and Environment, CAS (Wanzhou Experimental Station). The
majority (85%) of rainfall events were concentrated in the warmest months, i.e., May to October (Fig. 3).

Among the rainfall events, 75.88% were small events (< 10 mm) and accounted for 9.38% of the rainfall inputs;
whereas 4.65% were large events (from 30 to 50 mm) and represented 71.44% of the rainfall input (Fig. 3B). The
mean annual temperature from 2002 to 2020 was 16.5°C with a minimum and maximum of 10.2 °C and 22.8 °C,
respectively (data obtained at the meteorological site of Wanzhou Experimental Station). These conditions were
similar to those in the native distribution range of Pinus massoniana (i.e., evergreen coniferous forests of Jiangsu
(Liu he, Yi zheng) and Anhui (Huai River Basin, south of Ta-pieh Mountains) in Eastern China).

The Pinus massoniana forests located within the study area were initially planted with the primary objective
of mitigating soil erosion in the hilly terrain of eastern Sichuan. Consequently, subsequent to planting, these
forests were permitted to develop naturally, without any human intervention. Despite the preponderance of Pinus
massoniana trees within the study area’s forests, variations are evident among distinct slope positions (Table 1).
Specifically, the upper slope is characterized predominantly by pure stands of Pinus massoniana, whereas the
middle slope features Pinus massoniana trees constituting the upper canopy layer, with fern plants dominating
the understory vegetation. Conversely, the lower slope typically showcases a mixed forest composition, including
Pinus massoniana alongside various broad-leaved tree species, such as Schima superba, Castanopsis eyrei,
Castanopsis sclerophylla, Cyclobalanopsis glauca (evergreen broad-leaved species), and Liquidambar formosana,
Toxicodendron vernicifluum, and an additional occurrence of Cyclobalanopsis glauca (deciduous broad-leaved
species). The herbaceous layer beneath these trees is primarily composed of fern plants and Dicranopteris linearis.
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Fig. 2. Includes several parts: (A) shows the geographical location of the Three Gorges Reservoir area; (B)
displays the location of the study area; (C) illustrates the structure and composition of the forestland runoff
monitoring plot; (D) depicts a stemflow interceptor; (E) depicts the specific location of the forest monitoring
plot in Chenjiagou sub-watershed; (F) shows the forest land on the upper slope of the monitoring plot; (G)
illustrates the forest land on the mid-slope of the monitoring plot; (H) displays the forest land on the lower
slope of the monitoring plot.

Experimental design and field measurements

Forest stand runoff plot

We collected monitoring data at different slope positions in the forest stand, with measurements taken at a site
with a natural concave slope (12 hm?) to monitor the dynamic changes in rainfall. A concrete barrier with a
drainage hole was constructed in the lower catchment area of the plot. A drainage pipe was fitted in the hole
to direct the runoff into the catchment basin. A runoff device consisting of a diverter groove and a water level
monitor was installed below the catchment. The runoff device was triggered whenever runoft was generated, and
was used to create flow-producing events (Fig. 2C, H). Every time rainfall triggered the runoft device, the water
flowing out of the plot and sink into the catchment was collected for OW (outflow of woodland) data analysis.

Stemflow interceptor

In the forest plot, we chose six Pinus massoniana trees with uniform growth and diameter to install stem
interceptors. Each interceptor consisted of a shielding device, a runoff-collecting unit, a drainage-tube, and a
water collection manifold. This design ensured that leaf litter could not block runoft collection, thereby allowing
for accurate measurements (Fig. 2D). The shielding device was an inverted funnel (20-cm wide) made of
polyethylene plastic, which was wrapped around the trunk at a 30° angle (the length depended on the diameter
of the trunk). This device prevented needles from falling into the collector. In the lower part of the shielding
device, the runoft collection part was connected to a drainage tube. The runoft collected by the collector flowed
through the tube into a 20-L graduated water tank on the forest floor. The interceptor was set at a height of about
1.7 m from the base of the trunk. Stem throttling water samples were collected after each flow-producing rainfall.
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Characteristics ‘ Pinus massoniana Lamb. | Arbor-shrub mixed forest | Mixed (needle leaf and broad leaf) forest land
Topographic characteristics

Altitude (m) 465 479 501

Slope aspect NwW NwW NwW

Slope gradient (°) 18.00+1.00 21.00+3.00 19.00+3.00
Slope position Upper slope Middle slope Lower slope
Soil characteristics

Soil depth (cm) 14.16 +£4.55 15.58 +4.65 16.48 +£2.97
Soil density (g/cm?) 1.51+0.05 1.47+£0.08 1.55+£0.02
Vegetation characteristics

Density (No./hm?) 1040+ 35 1180+17 112452
Canopy cover (stand, %) | 71.50+9.70 62.50+7.50 73.75+7.40
Forest transmittance (%) | 17.21 +0.44 18.76 +1.37 18.76 +2.44
Tree age (years) 45.00+5.00 45.00+4.00 45.00+5.00
BA (m?) 0.04+0.00 0.02+0.01 0.08£0.00

Table 1. Characteristics of Pinus massoniana Lamb. Selected trees and stands. Mean =+ standard error values
are shown. BA basal area.
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Fig. 3. Size classes of precipitation events. (A) Average rainfall in mm per month and (B) distribution of
precipitation events by size classes in the study area.

After each rainfall event that generates runoff, collect stem-intercepted water samples for stem interception (SC)
analysis.

Rainfall partitioning measurements

Rainwater collectors are installed at the canopy openings in the forest to collect into the forest(IF) rainfall. We
collected rainfall partitioning data during 24 rainfall events from 2018 to 2020. During the events that triggered
reservoir runoff, we collected samples from all of the triggered runoff meters. We measured rainfall pH using
a glass electrode, and nitrate-N, nitrite-N, phosphorus, and dissolved organic carbon (DOC) using an AA3
automatic continuous flow analyzer (SEAL AutoAnalyzer 3, SEAL Analytical GmbH company, Germany)
(Table 2). Total nitrogen (TN) was determined by Flow injection chemical analyzer(CFA) and N-(1-naphthyl)
ethylene diamine dihydrochloride spectrophotometry. Ammonium-N was calculated using data from the AA3
automatic continuous flow analyzer, with CFA and salicylic acid spectrophotometry. We calculated the p mass
concentration of TN (mg/L) using Eq. (1):

p=(y—a)*f/b 1)

where y is the measured signal value (peak height), a is the intercept of the standard curve equation, b is the slope
of the standard curve equation, and fis the dilution factor.

Assessments of forest vegetation characteristics and tree health
We investigated the vegetation types and quantity in forest plots using the 9-point method (W point method).
We recorded weeds (species and quantity) in each quadrat (each quadrat 1 m?,1 mx1 m). We calculated the
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Characteristics DOC |TIN Ammonia nitrogen | Nitrate nitrogen | Nitrite nitrogen | TP Phosphate
Test range 550 nm | 550 nm 660 nm 550 nm 550 nm 880 nm 880 nm
Test range (mg/L) 0-10 0-2 0-10 0-5 0-5 0-5 0-6
Sampling rate 30/h 40/h 60/h 50/h 50/h 30/h 60/h
Sample: Wash ratio 3:1 4:1 4:1 5:1 5:1 3:1 3:01
Reagent absorbance 0.5-0.8 |0.03-0.06 |0.01-0.02 0-0.48 0-0.58 0.01-0.02 | 0.50-0.60
Sensitivity at 10 mg/L C 0.2-0.4 |0.09-0.11 | 0.23-0.27 0-0.01 0-0.01 0.09-0.11 | 0.01-0.02
Coefficient of variation! <0.8% |1.6% 0.2% 0.6% 0.2% 0.3% 0.30%
Pooled standard deviation (mg/L) | 0.03 0.1 0.013 0.015 0.01 0.01 0.15
Correlation coefficient? 0.9990 | 0.9998 0.9990 1.0000 0.9990 0.9999 0.999
Detection limit? (mg/L) 0.8 0.02 0.003 0.017 0.002 0.009 0.01

Table 2. Test conditions of analysis the samples. 1, (10 replicates at 50%); 2, (5 points, linear fit); 3, determined
according to EPA procedure pt. 136, app. B.

Shannon-Wiener index as an indicator of vegetation diversity in different positions of woodland, as shown in
Egs. (2, 3):

SW == plnp, 2)
=1

1 3
), =—

N 3)

where N is the total number of plants in the quadrat, n, is the number of individuals of the i species, and SW is
the Shannon-Wiener index.

The forest disease index is an objective indicator that reflects the severity of disease. Its calculation typically
involves the hierarchical statistics of diseased trees, specifically using the formula:

900/
DI = 207 1009 (4)
Ifz Yi

where DI represents the disease index, x, represents the value of disease severity, and y, represents the number of
diseased leaves corresponding to the disease severity represented by x..

The calculation formula for individual tree volume (also known as single-tree volume) typically relies on
the tree’s diameter at breast height (dbh, measured at 1.3 m above ground), tree height, and a form factor that
accounts for the influence of trunk shape. The formula is expressed as:

V= g13 X H x 0.42 (5)

D\2
q13=m X (5) (6)

where V represents the individual tree volume(IndvVolm), g, , is the basal area at breast height, D represents
the diameter of the tree trunk measured at a height of 1.3 m from the ground, H stands for tree height, and 0.42
is generally recognized as the average experimental form factor for neutral coniferous species, which is derived
through experimental measurements or empirical formulas.

Soil measurements

Soil organic matter (SOM) was determined by the potassium dichromate method. Soil pH was determined by
potentiometry. The TN content in soil was determined by the potassium dichromate digestion method. Total
phosphorus (TP) was determined by the molybdenum-antimony colorimetric method. Total potassium (TK)
and available potassium (Olsen-K) were determined by flame photometry. Alkali-hydrolyzed-N (alkaline-N)
was determined using the diffusion absorption method. Alkali-hydrolyzale nitrogen (AK) was determined
by the hydrochloric acid-ammonium fluoride method. The laser particle size method was used to determine
the proportions of soil particles of different sizes using an Eyetech-combo particle size analyzer (Rubotherm,
Bochum, Germany).

Soil pH value determination

Soil pH is chemically defined as the negative log of H* ion activity in the soil solution. In this study, pH was
measured as water-leached pH and salt-leached pH. Water leaching represents the active acids in soils. Salt
leaching involves leaching soil with 1 M KCl solution, and generally reflects the potential acids in soils.
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Data analysis

The obtained data was subjected to Kolmogorov-Smirnov (K-S) test analysis, followed by variance analysis.
Utilizing the software SPSS 19.0 (IBM, Armonk, NY, USA), an ANOVA test was conducted to delve into
potential differences in tree attributes (height, diameter at breast height (DBH), individual volume, disease
index, and undercrown height). Additionally, the study examined plant diversity metrics within the forest stand,
represented by the Shannon-Wiener index, as well as soil nutrient content, specifically focusing on carbon (C),
potassium (K), nitrogen (N), and phosphorus (P). Furthermore, rainfall-runoff characteristics, such as pH,
total nitrogen (TN), nitrate-N, ammonium-N, and dissolved organic carbon (DOC), were also analyzed across
varying slope positions. Statistical significance was established at a threshold of p <0.05. To visually depict the
findings, the Origin 2018 software (OriginLab, Northampton, MA, USA) was utilized. Additionally, SPSS 19.0
was employed to scrutinize the correlations among soil parameters. The intricate relationship between forest
stand characteristics and soil parameters was analyzed and visually presented using the Canoco 5.0 software.
According to the RDA based on the forestland and forest characteristics and the soil properties at different slope
positions, we identified which soil physical and chemical factors affect the forestland and forest.

The intricate relationship between forest stand characteristics and soil parameters was analyzed and visually
presented using the Canoco 5.0 software, allowing us to identify which soil physical and chemical factors affect
the forestland and forest based on the RDA analysis conducted on the forestland and forest characteristics and
soil properties at different slope positions. Furthermore, a Pearson correlation analysis was performed on rainfall
and runoff parameters within the forest ecosystem during the years 2018, 2019, and 2020, leveraging the SPSS
19.0 software.

Results
Pinus massoniana forest characteristics and understory vegetation states
There were significant differences in tree height, diameter at breast height (DBH), and individual volume of
trees among different slope positions in the Pinus massoniana forest land (Figs. 1A-C and 4). The tree height
was significantly greater in the lower slopes than in the upper and middle slopes (p =0.04) (Fig. 4D). The mean
DBH was 19.30+3.22 c¢m, 20.16 +£1.87 cm and 21.46 +5.25 cm in the upper (US) middle (MS), and lower
slopes (LS), respectively (Fig. 4E). This indicated that tree height, DBH and individual volume decreased with
slope elevation, but the individual tree volume decreased much more than did tree height and DBH (Fig. 4F).
By comparing the DBH value of Pinus massoniana trees among different positions, it was found that the DBH
value was significantly (p =0.03) lower in the LS position (0.87 +0.29 m) than in the MS (1.90+0.17 m) and US
positions (2.84 +0.38 m).

A total of 20 species belonging to 19 genera and 16 families were found in this survey. Gramineae had
the most species (four), followed by fagaceae (two). The Shannon-Wiener index of forest vegetation differed
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Fig. 4. Vegetation and forest characteristics of Pinus massoniana at different sites. ((A) displays the
characteristics of Pinus massoniana needles located on the lower slope; (B) presents the characteristics of Pinus
massoniana needles on the mid-slope; (C) illustrates the features of Pinus massoniana needles on the upper
slope, with corresponding circular images on the right side providing magnified views of the pine needles
from different slope positions; (D) depicts tree height; (E) shows the diameter at breast height; (F) represents
the individual tree volume of Pinus massoniana; (G) illustrates the disease index; (H) shows the height to the
lowest branches of the trees; (I) displays the biodiversity index of the forest floor vegetation).
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widely among the different slope positions (Figs. 1B and 4A-C and I). The Shannon-Wiener index in the US
position was 0.1875 +0.02, and this slope position had the fewest species (10% of the species in the investigated
woodland). A total of 3 species belonging to 3 families and 3 genera were found in the US, which is significantly
lower than the MS and LS positions. The Shannon-Wiener index in the MS position was 1.3073 +0.10, and this
slope position had 25% of the species in the investigated woodland. The dominant species at the MS position
was Parathelypteris glanduligera (Kze.) Ching (58.33%). The dominant species were Arthraxon hispidus (19.67%)
and Dicranopteris linearis (19.13%). The Shannon-Wiener index at the LS position was 2.3646 +0.14 (Fig. 4).
The mean under crown height of Pinus massoniana trees situated at the upper slope of the forest stands at
2.84+0.38 m, exceeding the average height of 0.87+0.29 m found at the lower slope by a substantial 69.48%.
The middle slope position boasts an average under crown height of 1.90 +0.17 m, which is 50% lower than the
upper slope but still 54.22% higher than the lower slope. Upon examining the prevalence of diseases within the
Pinus massoniana forest, notable disparities (p < 0.05) were observed in the average disease index across different
slope positions, exhibiting a distinct downward trend from the upper to the lower slope. Specifically, the lower
slope exhibited the least severe disease occurrence, with a disease index of 11, whereas the upper slope had the
highest, with a disease index of 27. The middle slope fell between these two extremes, with a disease index of 16.
The under crown height and disease index show the same positional difference, with the US being greater than
the MS, and the MS being greater than the LS(p<0.05) (Fig. 4G, H).

Soil distribution characteristics at different slope positions

Soil pH and TN content

The soil pH value of forestland ranged from 5.07 to 7.62. The soil pH value at the LS position (6.41+0.18,
n=15) was higher than the soil pH values at the MS position (5.96+0.13, n=13, p <0.05) and the US position
(5.96+0.13, n=13, p<0.05) (Fig. 7). There was no significant difference in the soil pH values between MS and
US (p>0.05). The TN content in soil was higher in the US position (1.06 +0.29 g/kg) than in the LS position
(0.85+0.14 g/kg, p <0.05) and the MS position (0.98 +0.07 g/kg, p >0.05). Pearson’s correlation analysis showed
that the TN content in soil was significantly and positively correlated with SOM (r=0.8568, p <0.0001), TP
(r=0.3334,p <0.0001), alkaline-N (r=0.4979, p =0.0001), P,O, (r=0.3501, p =0.0095), and Olsen-K (r=0.6169,
p<0.0001), and highly significantly negatively correlated with soil pH (r=—0.5459, p <0.0001) (Fig. 7).

Stoichiometric characteristics of soil C, K, N and P at different slope positions

Our study demonstrates that no statistically significant disparities exist in the concentrations of SOM, SAN, TP,
SAP, TK, and SAK among various slope positions (US, MS, and LS) (Fig. 5). Although the SOM content in the LS
slope position is marginally higher (17.31 +5.57 g/kg) than in the US (17.10+5.51 g/kg) and MS (17.10+5.51 g/
kg) slope positions, this difference does not attain statistical significance. Concerning TP content, its variation
trend mirrors that of SOM, with a negligible difference between the LS and MS slope positions (0.01 g/kg, p> 0.05)
compared to the MS and US slope positions (0.05 g/kg, p>0.05), both of which are insignificant. Notably, the TK
content peaks in the MS slope position (19.72 +6.51 g/kg, n=13), followed by the US (16.65 + 6.54 g/kg, n=23)
and LS (15.21+7.01 g/kg, n=15) slope positions, yet these variations in TK content across slope positions also
fail to reach statistical significance (p > 0.05). Similarly, the variations observed in SAN and SAP contents follow
a pattern akin to TK, with the highest concentrations recorded in the MS slope position, and the differences
between slope positions remain non-significant (p>0.05). Additionally, the SAK content does not exhibit any
statistically significant differences among the three slope positions (p>0.05).
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Fig. 5. Variations in SOM, TP, TK, alkaline-N, PZOS, and Olsen-K among different slope positions.
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The results showed that on RDA, the values of the first and second ordinate axes were 0.6655 and 0.3345,
respectively, indicating that they explained 66.55% and 33.45% of the variations in forestland and trees, and
the accumulative interpretation was 100%. Therefore, the first two axes can better reflect the correlation
between forest and forestland characteristics and soil physical and chemical factors. The pH value was the main
environmental factor affecting DBH, tree height, individual volume, and the Shannon-Wiener index (Fig. 6).

Rainfall

Rainfall pH characteristics

From 2018 to 2020, the average rainfall pH was 6.17 +1.04 (n=321), and which showed obvious spatial and
temporal differences. The monitoring results demonstrated that the pH value of the samples flowing out of the
Pinus massoniana forests was significantly higher than that of the rainfall entering the forest land (p <0.0001)
(Fig. 8). Over the observed period, the increase in the pH value from IF to OW showed that forestland played
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Fig. 6. RDA plot indicating relationships between forest environment and soil characteristics. (In the

diagram, the four-pointed stars represent sample groups under different environmental conditions. Hollow
arrows denote environmental factors, while solid arrows signify forest tree and woodland characteristics.

The angles between forest trees and woodlands, and environmental factors represent the positive or negative
correlation between species and environmental factors (acute angle: positive correlation; obtuse angle: negative
correlation; right angle: no correlation). The horizontal axis is the first axis (RDA1), and the vertical axis is the
second axis (RDA2), which respectively represent the directions of the largest and second-largest variations in
the data, closely related to the most primary and secondary environmental factors) (Fig. 7).
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Fig. 7. Pearson’s correlation analyses of soil physicochemical characteristics.

a positive role in easing acid rainfall-induced damage to the forest. Pearson’s correlation analysis showed that
rainfall pH had non-significant negative relationships with other factors (p > 0.05).

Concentrations of TN, total soluble N, nitrate-N, and ammonia-N in runoff water

The properties of runoft water varied greatly among different forest sites at annual scales. In 2018, 2019, and 2020,
the mean annual TN concentration in runoff water was 3.75+2.82 mg/kg (n=77), 9.76 +5.24 mg/kg (n=27)
and 5.24 +2.38 mg/kg (n=174), respectively (Fig. 8). After the interception and distribution of precipitation
in forestland, the TN concentration in the runoff water samples decreased (p <0.0001) significantly from IF to
OW (Fig. 9), and the contents of both soluble total N and ammonia-N in runoff water showed similar changes.
However, the differences in nitrate-N and nitrite-N concentrations among different sites in forest land were not
as large.

Concentrations of TB soluble total phosphorus, and phosphate in runoff water

The total phosphorus and phosphate concentrations in runoff water did not vary significantly among different
locations. However, the total soluble phosphorus content was significantly higher in runoff water samples than
in forest water samples (Fig. 8).

DOC fluxes in soil leachates
The forestland showed a significant DOC-interception effect. This was confirmed by monitoring of forest water
samples to determine DOC from 2018 to 2020 (Fig. 8).

Discussion
Contact between acid rain and needles is not the direct cause of acid damage to Pinus
massoniana trees

Human activities have significantly exceeded the natural evolution rate of the ecosystem, and acid rain poses a
great threat to the global environment®’. Among all the components of the ecosystem, plants are the primary
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receptors of acid rain pollution®!. Most studies suggest that acid rain directly damages plants upon contact
by causing membrane lipid peroxidation and disrupting photosynthesis in the leaves*>33. However, our results
show that direct contact between acid rain and pine needles is not the primary cause of Pinus massoniana tree
death. In our study, we found significant differences in health indicators such as the height and disease index of
Pinus massoniana trees among different slope positions. The difference in Pinus massoniana growth under the
same rainfall conditions in a small area indicates that direct contact between acid rain and conifer needles is not
the primary factor causing acid damage to these trees.

When precipitation passes through a forest ecosystem, the chemical substances in the water undergo
interception and leaching processes and are redistributed***. Upon initial contact with the forest canopy, most
of the dust and sediment particles on conifer needles, fruits, and branches are carried along the stems or directly
penetrate the canopy and enter the soil. This redistribution process significantly changes the concentration of
chemical elements in precipitation, and in doing so, affects the growth and distribution of vegetation in the
forest ecosystem. Additionally, the litter layer redistributes the precipitation that enters the forest soil by leaching
and adsorbing various substances and altering the chemical characteristics of the water that flows out from the
forest®®37. Our research confirmed this point. Meanwhile, the results of the vegetation and tree health analyses
revealed that, while acid rain can cause tree deaths and affect vegetation growth, the damage to Pinus massoniana
trees was not due to direct damage caused by contact between acid rain and the needles. Rather, it was due to
the effects of acid rain on the soil microenvironment. That is, substances carried and redistributed into the soil
affected the environment in the root zone. This has also been confirmed through our analysis of the health
indicators of Pinus massoniana trees, such as height and disease index, at different slope positions. Together, our
results indicate that direct contact between acid rain and conifer needles is not the primary cause of acid damage
to Pinus massoniana trees under the same precipitation conditions.

The intricate interactions between acid rain and forest ecosystems are far-reaching and complex, significantly
impacting the ecological balance and health of forested areas®. The study conducted in the Pinus massoniana
forests of the Three Gorges Reservoir area reveals a nuanced understanding of how acid rain affects these
ecosystems not through direct contact with foliage, as commonly presumed, but predominantly through
changes in the soil microenvironment caused by the hierarchical vertical redistribution of acidic substances.
This redistribution is largely influenced by forest stratification, which plays a critical role in the spatial and
compositional diversity of the forest.

Scientific Reports |

(2024) 14:27596 | https://doi.org/10.1038/s41598-024-79097-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.co

24

18

m/scientificreports/

R*=-0.00996 R’=-0.0135 R?=-0.01006 R’=0.01748

12 Pearson’s r=0.05918 Pearson's r=-0.00395 Pearson's r=-0.05837 Pearson's r=-0.17488
6
0 .
Total nitrogen
o
//, &** * *\ -
. R’=0.66623 R’=0.53321 R*=0.13613
by X X *
G * ﬁ?ﬂ@ ‘ Pearson's r=0.81895* Pearson's r=0.73446* Pearson's r=0.38425%
p,
N _ o
0
. Nitrate Nitrogen
* * * *
T T e
P T N 2 3 b 18 R’=0.49883 R*=0.1152
;‘* *% **5 ) ) *,,&'/A Pearson's r=0.71099* Pearson's r=0.35637*
N * / Vs M/ o o
_ _ | -
x 5 o Ammonia-nitrogen
* o ¥ - * 427
P Y ¥ N
e ~ / 7
AR PR "’/* /./4,5*;“*,* 18 R?=0.17377
W E \ y *
S A ? / / e Pearson's r=0.42986*
® / / * 9
L -~
0
R T RN e N ¥ i
STk 4 N e / ** | / e A L
* * e * O\ “ VT ,,,*"*?,f"k @ *k ***;*:k/f ok
;’*”*wk*;i,.gﬁ %’("/ x / o > 4 16
{ 4 e ok //
o > 3 \ o / * /
N xR \ xS i % !
T T -
32 48 64 8.0 0 6 12 18 -2 0 2 4 26 00 26 52 718 0 16 32 48
pH Total nitrogen Nitrate Nitrogen Ammonia-nitrogen DOC
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(n=77), 2019 (n=70), and 2020 (n=174).

Stems alleviate the direct entry of acid rain into forest soil, but also distribute a large

amount of dry deposition material into the forest

The vertical stratification of forests, involving different layers from the canopy to the forest floor, acts as
a multi-level filtration system that modifies the chemical composition of acid rain as it passes through each
layer®. These results indicate that Pinus massoniana forest woodlands can effectively intercept total nitrogen
concentration, soluble total nitrogen, and ammonia nitrogen. The findings suggest that the canopy and litter
layers have a profound ability to intercept and adsorb harmful substances before they reach the soil, thereby
mitigating potential acidification at the root level. This interception is crucial, as the soil layer’s health directly
influences nutrient uptake and overall plant health’. Our studies have corroborated these findings, highlighting
that enhanced vertical stratification in forests can lead to more effective management of acidic depositions,
thereby promoting healthier forest ecosystems. Forest litter can significantly affect the pH of the solution
passing through it, and its effect is stronger than that of the forest canopy. The forest canopy mainly provides dry
deposition materials, while the litter layer effectively intercepts these materials*!**2. When precipitation enters
Pinus massoniana forests, the substances on the canopy and stem (such as nutrients, basic ions, heavy metals, and
plant secretions) strongly interact with the rainfall, allowing H 4 in the rain water to be diluted, and increasing
the pH of the runoff water that reaches the ground®. Nevertheless, these findings warrant careful consideration,
because the only way to evaluate this property experimentally is to artificially add acid to the ecosystem, which
may cause effects that would not occur under normal environmental loads.

Changes in the microenvironment of forest soils fundamentally affect the healthy growth of
Pinus massoniana trees

We detected significant differences in soil pH among the different slope positions, with the pH of the soil at
upper slope positions being significantly lower than that of soil at lower slope positions. This indicates that acidic
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substances are intercepted by litter and surface soil after passing through the forest canopy. In this way, a normal
root environment suitable for substance absorption formed in the lower slopes of the forest, providing a good
microenvironment for the growth of Pinus massoniana and other vegetation. Although the soil pH needs to be
very low to cause injury to Pinus massoniana in laboratory-controlled experiments, in natural environments,
Pinus massoniana is exposed to a slightly acidic environment for a long time, which will undoubtedly interfere
with and hinder nutrient absorption by its roots*>*%, Therefore, it is possible that the root system of Pinus
massoniana is more sensitive to acidic soil conditions. This understanding of the close connection between the
health of Pinus massoniana, its root system, and the soil pH provides opportunities to devise strategies to reduce
the impacts of acid rain on these forests.

Conclusion

The comprehensive research on the Pinus massoniana forests in the Three Gorges Reservoir area elucidates
the significant role of vertical stratification in forest health and material balance, highlighting how this natural
structure aids in the absorption, fixation, and exchange of substances entering the forest. Through extensive
monitoring, clear spatial disparities in the morphological characteristics and health status of these forests were
observed. Lower slope areas, benefitting from the effective interception of acidic substances by litter, exhibit
denser canopies, vibrant needles, and higher biodiversity compared to the degraded conditions on upper slopes.
This indicates that the primary impact of acid rain on forest decline is mediated not through direct contact with
foliage but via alterations in the soil microenvironment that affect the root health and growth of understory
vegetation and Pinus massoniana trees. Such insights emphasize the necessity of shifting forest management
practices towards enhancing vertical stratification and the forest’s natural buffering capacities to mitigate acid
rain effects. This involves strategic planting, conservation of undergrowth, controlled thinning to optimize
environmental conditions, and the development of site-specific strategies that consider topographical variations
in acid deposition susceptibility. Implementing these ecologically informed practices is crucial for safeguarding
forest ecosystems against the evolving global environmental challenges, thereby ensuring their health and
sustainability. Future research should persist in exploring these dynamics to develop innovative management
strategies that further mitigate the adverse impacts of environmental stressors on forests.
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