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Abstract: The effects of acid deposition on pine forest ecosystems in Longli of Guizhou Province, southwestern China are studied using
indoor experiments and model simulations. Indoor experiments are designed to explore the aluminum toxicity on pine seedlings, and the
long-term soil acidification model (LTSAM) and a terrestrial biogeochemistry model (CENTURY) are used to simulate the influences of
acid deposition on pine forest ecosystems. The indoor experiment results of aluminum toxicity show that aluminum ions in solution
limit plant growth and acid deposition enhances this effect by facilitating the release of aluminum ions from the soil. Pine seedling bio-
mass and root elongation decrease as the aluminum concentration increases. The results of model simulations show that the soil chemis-
try varies significantly with different changes in acid deposition. When the acid deposition increases, the pH value in the soil solution
decreases and the soil A’ concentration increases. The increased acid deposition also has negative impacts on the forest ecosystem, i.c.,
decreases plant biomass, net primary productivity (NPP) and net CO, uptake. As a result, the soil organic carbon (SOC) decreases be-
cause of the limited supply of decomposition material. Thus acid deposition need be reduced to help protect the forest ecosystems.
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1 Introduction

Forest degradation has occurred in large areas of Europe
and North America since the 1960s, and Ulrich et al.
(1980) suggested that acid rain might be a direct cause.
Under the influence of acid deposition, the AI’™ in un-
dissolved materials, such as aluminosilicate and alumi-
num oxide, may break free and enter the soil solution,
thus leading to forest degradation (Ulrich, 1989). The
influence of acid deposition on forest ecosystems is be-
coming increasingly serious (Tomlinson, 1983; Ulrich,
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1990; Tang et al., 1996; Jiang et al., 2002; Zhang et al.,
2010).

Acid deposition activating aluminum ions may cause
an aluminum toxicity effect, which may damage the root
tip and lateral root (Kinraide, 1988; Roy et al., 1988).
Johnson ef al. (1982) suggested that a low pH value and
high AI’* concentration are the main reasons for forest
degradation in North America. Many scholars have
conducted laboratory test experiments to explore the
effects of aluminum toxicity on plants under different
acidic conditions. Wagatsuma and Ezoe (1985) grew
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seedlings of maize, soybean, cucumber and Japanese
radish with a solution containing 6%o AI’". The pH of
the solution was adjusted to 3.3, 3.6, 4.0, 4.3, 4.6, 5.0,
5.3, 5.6 and 6.0. The experimental results showed that
by increasing the pH the AI’" concentration began to
decrease until the pH reached 4.0, then decreased re-
markably above pH 5.0, and was very low at pH 6.0.
Cao et al. (1992) cultivated pine seedlings by using
Edwards’ nutrient solution (Edwards, 1976) and various
aluminum concentrations, and set the pH wvalue of
4.2 with a series of aluminum concentrations (0 mg/L,
15 mg/L, 30 mg/L, 60 mg/L, 120 mg/L and 240 mg/L).
The results showed that the growth of pine seedlings
began to be restricted when the AI’" concentration
reached 15 mg/L; and the fresh weight decreased 8%
and 32% for the AI’" concentrations of 15 mg/L and
30 mg/L, respectively. Liu and Liu (1995) chose pH
value of 4.0, used different aluminum concentrations
(0 mmol/L, 0.05 mmol/L, 0.10 mmol/L, 0.15 mmol/L,
0.20 mmol/L, 0.40 mmol/L, 0.60 mmol/L, 0.80 mmol/L
and 1.00 mmol/L), and found that the lowest con-
centration of aluminum toxicity to be 0.15 mmol/L
(4.05 mg/L), and a lower concentration may promote the
growth of seedlings. However, the experiment of Liu
and Liu (1995) did not reflect the dynamic aluminum
toxicity effect with changing pH value.

In the late 20th century, researchers began to use an
experimental method to study the impact of acid deposi-
tion on soil (Chou et al., 1997; Liao and Jiang, 2002).
Because these experiments could not cover large areas
and various types of soil, the researchers applied many
mathematical models to study acid deposition as well as
its influences on forest ecosystems. The models include
the Henriksen model (Henriksen, 1979; Wright and
Henriksen, 1983), the integrated lake-watershed acidifi-
cation study (ILWAS) model (Chen et al., 1984; Gold-
stein et al., 1984; Gherini et al., 1985), the simulation
model for acidification’s regional trend (SMART) model
(De Vries et al., 1989) and the model of acidification of
groundwater in catchment (MAGIC) model (Cosby et
al., 1985). Zhao et al. (1992) used the MAGIC model to
simulate soil acidification under different amounts of
acid deposition. The results showed that the amounts of
acid deposition in Chongqing and Guizhou cities had
exceeded the limit that the ecosystem could withstand.

China became the third largest region in the world
with heavy acid deposition after Europe and North

America (Zhang and Zhao, 1989). The percentage of
acid deposition reached 40% in the 1990s (National En-
vironmental Protection Agency, 1996). The forest in the
southwest is the second largest forest in China that oc-
cupies approximately 30% of the total forest area of the
country (Fang, 2001). The Sichuan Basin and Guizhou
Province have been the most impacted with damaged
forest areas of 2.756 x 10° ha and 1.405 x 10 ha, re-
spectively (Feng, 1993). Guizhou Province has become
one of the regions that suffers from the severest acid
deposition, where acid rain has occurred in more than
80% of the cities and the sulfur concentration in 40% of
the cities has exceeded grade II of national air quality
standards (Guizhou Province Environmental Protection
Bureau, 2009), and that makes it in urgent need of quan-
titative research on acid deposition.

In this study, an indoor experiment was designed to
explore the aluminum toxicity effects on individual
plants. Accordingly, the dynamic effects were observed
and the lowest concentration of aluminum toxicity could
therefore be determined more accurately. Based on the
experiment results, the long-term soil acidification
model (LTSAM) was adopted to simulate the change of
the soil pH, and an aluminum toxicity factor was in-
cluded into the terrestrial biogeochemistry model
(CENTURY) model to simulate the dynamics of forest
ecosystems on an experimental site in Guizhou Province
under different scenarios of acid deposition. Little atten-
tion has been paid to the combination of aluminum tox-
icity experiments and soil acidification model. The re-
sults of this study attempted to assess the effect of alu-
minum toxicity induced by acid deposition on the pine
forest ecosystem and evaluate the response of ecosystem
to different scenarios of acid deposition in Longli of
Guizhou Province, southwestern China.

2 Materials and Methods

2.1 Study area

The experimental catchment, the Yangjichong Reservoir
Basin in Longli of Guizhou Province, southwestern
China (26°26'30"-26°27'30"N, 107°01'00"-107°02'00"E),
was selected as the study area in this study (Fig. 1). The
area of the catchment is approximately 12 km® and is
located approximately 31 km southeast of Guiyang, the
capital city of Guizhou Province. The Yangjichong Res-
ervoir has a subtropical humid and mild climate. The
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average temperature is around 14.7°C and the annual
average precipitation is 1158.5 mm with 70% occurring
in spring and summer. Most of the experimental area is
on low hills, and the main soil type is yellow soil de-
veloped from sand-shale or limestone. The soil pH is
between 4.5 and 4.8 and is noticeably acidic. The vege-
tation of the study area is a broad-leaved and coniferous
mixed forest. Most of the vegetation has been planted,
and many existing natural vegetation is rare. The tree
species include masson pine (Pinus massoniana), cedars
(Cunninghamia lanceolata) and birch (Betula luminif-
era). The masson pine in the study area was planted in
1957 (Guizhou Forest Survey Academy, 2008).

2.2  Aluminum toxicity experiments
To explore the aluminum toxicity effect on individual
plants, aluminum toxicity experiments were designed.

The pine seeds were first immersed in warm water for
24 h and then sterilized with HO, (1%). Then, the seeds
were planted in substrates composed of the soil samples
collected from the pine forest in the study area. After
two months, we selected 160 seedlings that have the
same growing conditions/status and transplanted them
into 16 pots, each of which with 10 seedlings and a nu-
trient solution with different pH and AI’” concentrations
(Table 1). The AI’" concentration was pre-set after
chemical calculations to make sure that the aluminum
added was soluble. The base nutrient solution was pre-
pared using the Hoagland formula (Hoagland and Ar-
non, 1950). Because the soil pH of the study area ranged
from 4.50 to 4.80, the pH of the nutrient solution was set
to be 4.50. In addition, we also set the pH to be equal to
3.00 and 6.00 to compare the aluminum toxicity under
different acid conditions. After additional two months,
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Table 1 pH value and AI** concentration set in nutrient solutions
pH 3.00 4.50 6.00
0.02 (0.00074) 0.02 (0.00074) 0.02 (0.00074)
0.20 (0.0074) 0.20 (0.0074) 0.20 (0.0074)
. 1.00 (0.037) 1.00 (0.037) 1.00 (0.037)
[AI"] (mg/L)
20.00 (0.74) 10.00 (0.37) X
50.00 (1.85) 15.00 (0.56) X
0.00 0.00 0.00

Notes: the unit of the value in parentheses is mmol/L; X means that this experiment is not arranged since at pH of 6.00, the maximum soluble [Al

0.037 mmol/L

we recorded the seedling growth conditions, including
root length (with an accuracy of 1 pm), fresh weight,
dry weight for the aboveground part, dry weight for the
underground part and the nutrient element (including
Ca, Mg, K, Al, P and S) concentrations.

The root length was analyzed using the WinRHIZO
Pro3.0 root image analysis system (with an accuracy of
1 um) (Regent Instruments, Canada), and the nutrient
element concentration was measured using an induc-
tively coupled plasma spectrometer (ULTIMA, JY,
France) with a detection limit of 5 ng/mL and an uncer-
tainty of less than 1%.

2.3 Model description and data collection

2.3.1 Model description

Because many soils contain carbonates in the southern
China (Xiong and Li, 1987) and the SO; adsorption/
desorption from red or yellow loam in the southern
China is an important process, we chose the long-term
soil acidification model (LTSAM) which includes the
changes in soil pH and ion concentrations, to simulate
the effect of acid deposition on the study area. The
LTSAM was developed based on the alkalinity conser-
vation and the Ulrich buffering theory (De Vries et al.,
1989; An and Huang, 1999) and could describe calcare-
ous and non-calcareous soil responses to acidic deposi-
tion using moderate input data. The model incorporates
the SO? adsorption/desorption processes and includes
ten major ions. In addition, the model consists of a set of
equilibrium equations, such as mass balance equations,
the charge balance equation. Special emphasis is placed
on the Ulrich buffering ranges, the alkalinity balance
equation and the soil sulfate adsorption.

The CENTURY is one of the terrestrial biogeochem-
istry models, and it can simulate the relationship among
climate, disturbance, vegetation, soil, residue and soil
organic matter (Parton et al., 1988; 1993; 1995). In this

] is

study, the aluminum toxicity factor is added to the
CENTURY model to simulate the response of the forest
ecosystem to changing acid deposition in the study area.
The simulation covers from 2008 to 2110, and five sce-
narios of acid depositions (—50%, —30%, no change,
+50% and +100%) were designed.

2.3.2 Data collection

Data of the amount and the chemical properties of pre-
cipitation, together with soil physical and chemical pa-
rameters are applied as model input data. Most of the
model input data were derived from observed results
taken within the study area. Precipitation samples were
collected by an automatic sampler during the period of
2007-2008 and then analyzed for their chemical proper-
ties using Dionex Ion Chromatography (DX-600, USA).
Soil water samples were collected at different soil
depths (20 cm, 40 cm and 60 cm), one after every pre-
cipitation event. Soil samples were collected at 40 sites
in the study area. A total of 40 soil samples and 111 soil
water samples were analyzed for their physical and
chemical properties and then utilized for the model
simulations.

The remaining related parameters are referred from
the following literature. The soil-weathering rate was
obtained from Duan et al. (2000). The selective ion ex-
change coefficient was calculated using the proportion
of ion concentrations in the soil solution and the ex-
changeable base content in the soil. The AI(OH); con-
tent in calcareous soils was calculated as 5% of clay
(Xiong and Li, 1987). The fraction of sand, silt and clay
in the soil was 0.462, 0.323 and 0.215, respectively
(Larssen et al., 1998). The fraction of the net primary
productivity (NPP) allocation was referred from Feng et
al. (1999). The average monthly precipitation data, the
maximum temperature and minimum temperature from
1951 to 2008 were obtained from the China Meteoro-
logical Data Sharing Network (http://cdc.cma.gov.cn/),
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which were derived from the observation sites in Gui-
yang City.

3 Model Validation

The applicability of the models on the experimental area
was tested before the model simulation of the projec-
tions. We compared the simulated results with the ob-
served results as well as the results from previous stud-
ies in the area.

3.1 Simulation of soil acidification (LTSAM)

The key input parameters for LTSAM include chemical
compositions of the precipitation, soil depth, soil bulk
density, soil weathering rate, cation exchange capacity
(CEC), the maximum absorption capacity and half satu-
rated concentration for absorption of SOff, and base
saturation. The soil weathering rate was derived from Duan
(2002). All the other physical and chemical properties of
the soil were measured in 2007 at the study area. The
measurements of acid deposition in 2008 were input into
the model and the model was run for one year. Accord-
ingly, the soil chemical data in 2008 were calculated and
could be compared with our observations in 2008. And the
applicability of the model could therefore be tested.

The results show that the model reflects the changes
in the chemical properties of local soil (Fig. 2). All of
the calculated ion concentrations (with an accuracy of
0.01 mmol/L) are in the range of actual observations,
close to the measured mean values. The calculated pH
value of the pine forest soil is in the range of 4.3-4.4.
According to the Ulrich buffering theory, the soil is in
the transition stage between the positive ion exchange
buffering and aluminum buffering.

3.2 Simulation of biomass and production (CENT-
URY)

The key input parameters for CENTURY include mean
monthly maximum temperature, mean monthly mini-
mum temperature and mean monthly precipitation from
1951 to 2008, soil bulk density, soil texture, soil pH and
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nutritive element content; maturation age, and the allo-
cation ratio for productivity among different organs. The
meteorological parameters were obtained from the
China Meteorological Data Sharing Network (http://cdc.
cma.gov.cn/). The data of soil texture was referred from
Larssen et al. (1998), and the other soil properties are
measured in the study area in 2007. The maturation age
and the allocation ratio for productivity among different
organs were referred from Feng et al. (1999).

The CENTURY model is initially run for 1000 years
to reach a steady state. Then, the model scenario is de-
signed to simulate the planting of the pine trees in 1957
and the growth of trees for 50 years. The total biomass
and the biomass of various parts of trees calculated by
the model are then compared with the observations in
the experimental area (Table 2), which came from the
ecological investigation organized by Beijing Normal
University in 2007.

Table 2 shows that the simulated results are consistent
with the observed results, and the relative error is less
than 14%. In the model simulation, the total biomass of
the pine trees is 3731.24 g/m’, and the value agrees with
the results from Feng et al. (1999), who reported the
ranges of biomass being 299215 517 g/m*. Our results
were also compared with the study results using the Ra-
diation Use Efficiency model and the Process model
(Table 3), and the results of this study were between the

Table 2 Comparison of simulated results and observed results (g/m?)

Root Branch Leaf Total
Simulated result 491.51 2782.52 457.21 3731.24
Observed result 482.71 2761.52 403.96 3648.19
Relative error (%) 1.8 0.7 13.2 2.2
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Table 3 Forest net primary productivity (NPP) simulated by different models (g C/(m?yr))

Simulated result Reference Year of publication

382 This study

420-529 Sun and Zhu 1999
354-432 Piao and Fang 2001
370-445 Wang 2004
367439 Zhu 2005
309 Yang 2010
179-824 Observed results® 2005

Note: a represents that the observed results came from the data of 690 observation sites during the period of 1989-1993 (Zhu, 2005)

results from Wang (2004) (BioGeochemical Cycles),
Piao and Fang (2001), and Zhu (2005) (Carnegie-Ames-
Stanford Approach model), lower than the results of Sun
and Zhu (1999) (Radiation Use Efficiency model) and
higher than the results of Yang et al. (2010) (Soil Acidi-
fication and Vegetation Growth model).

4 Results and Discussion

To explore the aluminum toxicity effect on individual
plants, aluminum toxicity experiments are conducted. In
addition, the long-term influences of aluminum toxicity
induced by acid deposition on ecosystems are simulated
by models in this study. The LTSAM and CENTURY
models were run for approximately 100 years from 2008
to 2110. Five acid deposition scenarios were created and
applied in our model simulation: 50% acid deposition
reduction (-50%), 30% acid deposition reduction
(-30%), maintaining the current level of acid deposition,
50% acid deposition increase (+50%) and doubling acid
deposition (+100%).

4.1 Effect of aluminum toxicity on pine seedlings
in indoor experiment

Among all organs of plants, roots are the primary target
of phytotoxic aluminum. Once the root growth is inhib-
ited, nutrients and water uptake are restricted and thus
the whole plant is impacted. Aluminum toxicity mainly
damages the root tip and lateral root, thickening and
blackening the lateral root (Kinraide, 1988; Roy et al.,
1988). Sivaguru and Horst (1998) found the distal tran-
sition zone (DTZ) to be the specific site of aluminum
sensitivity, where both cell elongation and cell division
are inhibited by aluminum (Doncheva et al., 2005).
Macklon and Sim (1992) demonstrated that aluminum
restricted the absorption of phosphorous by roots. Gunse
et al. (1997) pointed out that aluminum enhancing the

permeability of cell membrane could limit nutrients and
water uptake. However, the mechanisms of alumi-
num-induced inhibition of root growth are still not
clearly established and need further study.

The experimental results show that the effect of the
AP’" concentration on biomass varied significantly
among different groups but has the same trend within
the group with the same pH (Table 4). The growth of the
plant is promoted under low AI’" concentrations and
limited under high AI’" concentrations. For the group
with the pH of 3.00, the plant biomass obtains the rela-
tive maximum value when the AI’" concentration is
0.20 mg/L, and the values of the aboveground biomass
and underground biomass are 0.074 g and 0.019 g, re-
spectively. When the A" concentration is 50 mg/L,
compared with the group with the AI’* concentration of
0.02 mg/L, the inhibition ratios are 27.1% and 22.2%,
respectively. For the group with the pH of 4.50, the
plant biomass obtains the maximum value when the AI**
concentration is 1.00 mg/L, which is higher than the
concentration observed in the group with the low pH
value. It indicates that the aluminum toxicity is relieved
when the solution pH value increases from 3.00 to 4.50.
When the AI’" concentration is 15.00 mg/L, the inhibi-
tion ratios of the aboveground and underground biomass
are 22.1% and 23.8%, respectively. For the group with
the pH of 6.00, the maximum value of the plant biomass
appears in the CK group. An important reason is that the
aluminum phosphate is undissolved, which inhibits the
plant from absorbing phosphorus, and the growth of the
plant is suppressed. When the AL’ concentration is
1.00 mg/L, compared with the CK group, the inhibition
ratios of the aboveground and underground biomass are
20.6% and 20.8%, respectively. Thus according to our
experimental results, the vegetation biomass would de-
cline dramatically if the severe acid deposition proceeds
and the pH value continuously decreases in the future.
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Table 4 Aboveground and underground biomass of pine seedlings (g)

pH
[AF"] 3.00 4.50 6.00
(mg/L) ) ) :
Aboveground Underground Aboveground Underground Aboveground Underground

0.02 0.070+0.000 0.018+0.000 0.073+0.004 0.018+0.0033 0.091+0.008 0.022+0.0057

0.20 0.074+0.012 0.019+0.0063 0.082+0.000 0.020+0.0000 0.079+0.022 0.018+0.0056

1.00 0.067+0.005 0.018+0.0010 0.086+0.010 0.02140.0025 0.077+0.014 0.019+0.0032
10.00 - - 0.073+0.017 0.017+0.0052 - -
15.00 - - 0.067+0.011 0.016+0.0052 - -
20.00 0.059+0.004 0.017+0.0003 - - -
50.00 0.051+0.005 0.014+0.0017 - - -

CK 0.028+0.004 0.014+0.0016 0.074+0.009 0.021+0.0008 0.097+0.015 0.024+0.0004

Note: '~' means that this experiment is not arranged

As to the root elongations of pine seedlings, both
groups with the pH of 3.00 and 4.50 exhibit the similar
trends (Table 5): low AI’" concentrations promote the
root elongation and high AP’" concentrations restrict
that. Thus the inhibited ratio was calculated based on the
value derived from the experiment with the optimum
AP’" concentration for seedling elongation. For the
group with the pH of 3.00, the optimum AP’ concentra-
tion is 0.20 mg/L. When the AI’" concentration is
50.00 mg/L, the inhibited ratio reaches 40.6%. The rea-
son for this high result is that the root elongation of pine
seedlings is strongly inhibited at high AI’* concentra-
tions. For the group with the pH of 4.50, the optimum
AI’" concentration is 0.20 mg/L, as well. The inhibition
ratio of the elongation is approximately 12.4% when the
A" concentration is 15.00 mg/L. For the group with the
pH of 6.00, the group with the AI’" concentration of
0.02 mg/L has the maximum elongation for the same
reason explained above. We also found that in a solution
with the same AI’* concentration, the root elongation of
the group with the pH of 3.00 is lower than that of the
group with the pH of 4.50, which indicates that the in-
hibitory effect increases with the acidity. This result also
shows that acid deposition may enhance the aluminum
toxicity.

Figure 3 shows the relationship between the alumi-
num increment in underground pine seedlings and the
aluminum concentration in the nutrient solution (the
aluminum increment in aboveground pine seedlings
which is not shown here exhibits a similar trend). In this
study, the interaction of pH and A’ in the natural soils
was not considered because the concentrations of H
and A" were arbitrarily set in the indoor experiments.

When the A" concentration is low, the absorption of
the AI** changes within a relatively narrow range and
does not increase with the rise of the AI’” concentration.
It shows that the pine tree is aluminum tolerant vegeta-
tion and the absorption of the AI’" is passive. After the
AP’ concentration reaches 10.00 mg/L, the absorption

Table 5 Root elongations of pine seedlings (cm)

[AF] pH
(mg/L) 3.00 450 6.00
0.02 181.81+38.83 198.25+65.23 198.45+76.37
0.20 200.54+85.46 203.914+63.57 194.86+38.06
1.00 180.12+57.33 198.87+45.83 186.37+44.65
10.00 - 179.07+64.78 -
15.00 - 178.63+£55.67 -
20.00 156.99+13.16 - -
50.00 119.18+35.62 - -
CK 90.95+30.10 182.79+£34.53 198.18+64.55
Note: '— " means that this experiment is not arranged
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rate of AI’" begins to increase quickly and the pine
seedling with the pH of 3.00 absorbs clearly more AI’*
than the solutions with higher pH value. It indicates that
the acid environment can promote the absorption of AI*
and enhance the aluminum toxicity effect.

According to the results of the experiment, for the
group with the pH of 4.50 (approximate to the observed
soil water pH), the threshold value of AI*" concentration
for aluminum toxicity to come into effect is approxi-
mately 1.00 mg/L for the biomass of pine seedlings and
0.20 mg/L for the root elongations, respectively. Since
the root elongations observed in the experiment with
AP’" concentration of 1.00 mg/L differed not much from
those observed from the experiment with the optimum
AP’" concentration, the AI** concentration of 1.00 mg/L
was chosen in this study as the threshold value for alu-
minum toxicity. This value was applied to design the
aluminum toxicity factor, which was then added into the
CENTURY model to simulate the dynamics of forest
ecosystems in the study area.

4.2 Effect of acid deposition on soil in model
simulation

The simulated results show that the soil pH value de-
creases when the total acid deposition increases (Fig.
4a). The reason is that a large number of H' is imported
to the soil and destroys the initial buffering condition.
Then, the soil quickly adapts to the new deposition con-
dition and corrects the buffering curve, thus avoiding the
sharp decrease of the soil pH value. Because the buffer-
ing of the soil in the study area is in the stage between
positive ion exchange buffering and aluminum buffering
and the AI’" is not sufficient to buffer the imported H"
from acid deposition, the pH value decreases slowly.
Then, the soil enters the aluminum buffering stage and
the chemistry reaction in the soil is enough to buffer the
imported H', thus the pH value stays constant during
this period. As shown in Fig. 4a, under the scenario in
which the acid deposition is doubled, the soil completes
the transition from positive ion exchange buffering to
aluminum buffering in 2110. The pH value stay steady
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Fig. 4 Trend of soil chemical properties under different acid deposition scenarios. a, soil pH; b, AP concentration; ¢, base saturation;
d, aluminum (Al) saturation. 'S’ represents the deposition of sulfuric acid
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at 3.81 in the aluminum buffering stage, and this is con-
sistent with the Ulrich buffering theory (Ulrich, 1989).
The soil will enter the ferrum buffering stage if the alu-
minum oxide and aluminum hydroxide are depleted.

Figure 4a also shows that, under the scenario with
current deposition, the soil pH decreases slowly and has
no significant change in the short period. Under the
scenarios with the increased deposition, the changing
rate of the soil pH increases with the deposition quan-
tity. The decrease of the soil pH may affect the ion con-
tent and chemistry reaction in the soil and damage the
ecosystem function. Under the scenarios with decreased
deposition, the decreasing rate of the soil pH is lower
than that under the scenario with current deposition.
Under the scenarios with the —30% and —50% acid
depositions, the soil pH is relatively stable at 4.17 and
4.26, respectively after the simulation has been com-
pleted.

As shown in Fig. 4b, when the acid deposition in-
creases, the AI*" concentration does not increase imme-
diately. The reason is that the increment of AI*" concen-
tration depends on the H' import and the dissolution
equilibrium constant of aluminum hydroxide. However,
the AP’ in the soil solution may accumulate with the
increase of acid deposition over the long-term, which
may damage the plant more seriously.

In Fig. 4b, the increasing rate of AI’" concentration
was higher under the scenarios that have relatively
higher acid deposition, and the increasing speed accel-
erates with time. In the beginning of the simulation, the
AP’ concentration is very low, thus the exchange quan-
tity with positive ions is small and the amount of AI’*
remaining in the soil is very little. Then, the quantity of
A" accumulated in the soil increases, and the APP" ab-
sorbed by soil particles increases as well. The compari-
son between the two scenarios with increased acid
deposition (+100% and +50% depositions) shows that,
in the early stage, the changing trend of AI’" concentra-
tion accumulated in the soil is similar. Under the sce-
nario with deposition doubled, the AI’* concentration
remain steady around 0.14 mmol/L in the end of the
simulation because the exchange reaction and dissolu-
tion reaction in soil can meet the needs to buffer the
imported H". Under the scenarios with ~30% and —50%
deposition, the increasing rate of AI’" concentration is
slowed down and the AI’" concentrations of the soil are
12.2 ymol/L and 6.28 pmol/L, respectively, when the

simulation is completed. The soil may stay in the transi-
tional stage for a long time and the dominating buffering
process is positive ion exchange. In this way, the ap-
pearance of an aluminum toxicity effect is inhibited,
which is a benefit for the long-term development of the
ecosystem.

The positive ions absorbed by the soil can be divided
into two types: base cations, such as Ca2+, Mg2+, Na',
K" and NH,"; and other ions, such as H and A", The
exchange capacity is the total absorbed quantity. Base
saturation is the percentage that base ions take up of all
the positive ions exchanged and it is the main expres-
sion of soil acidification. The base saturation decreases
when the soil acidification is aggravated, and the plant
may be damaged by the increased AI’* concentration.
Aluminum saturation is the percentage that exchange-
able AI’" takes up of CEC, and it is used as an index to
represent the aluminum toxicity effect (Brenes and
Pearson, 1973; Pavan et al., 1982; Abruna et al., 1983).

In this study, five scenarios of different acid deposi-
tion are simulated to observe the changes of base satura-
tion and aluminum saturation. From Fig. 4c, it can be
found that the higher the deposition quantity, the higher
the decreasing speed of base saturation. The increased
acid deposition leads to the acceleration of the activated
speed of aluminum oxide and aluminum hydroxides and
increases the AI’" concentration in the soil solution. The
AP’ exchange to the positive ions is absorbed by the
soil colloid and then remains in the soil system, which
leads to the decreasing of the exchangeable positive ions
and the increasing of the percentage of occupied Al*".
This will be toxic to the plants and result in less nutrient
uptake by plants and ultimately forest ecosystem dete-
rioration.

When the deposition is doubled (+100% increase of
deposition), the base saturation decreases rapidly (Fig.
4c) and the aluminum saturation increases rapidly (Fig.
4d) until a constant (0.95) is reached. It indicates that
the A’" in the soil has reached a dynamic balance
among the aluminum oxide and aluminum hydroxide
dissolution, the soil colloid absorption exchange and the
underground stream output. This balance shows that the
soil has entered the aluminum buffering stage.

4.3 Effect of acid deposition on pine forest ecosystem
Acid deposition solubilizes aluminum into a phytotoxic
form, which is a major growth-limiting factor for roots
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in acid soils. Such a reduction of roots growth typically
decreases the nutrients and water taken up by plants and
results in poor growth by disturbing plant metabolism,
which will ultimately cause the forest ecosystem to de-
teriorate. The model simulation of this study is designed
to quantify this influence under different acid deposition
scenarios.

Though varying under different scenarios, vegetation
biomass changes show the same trend that more deposi-
tion leads to less biomass according to the simulation by
CENTURY model (Fig. 5). The most serious impact
occurs on leaf biomass, and under the scenarios with
increased acid deposition, the leaf biomass decreases
significantly because the growth of new leaf is slower
than the falling of existing leaf. The impact of acid
deposition on plant roots may decrease the nutrition ab-
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sorption speed, thus the nutrition transported to the leaf
of plant and the leaf rebuilding are limited. Branches
also suffer from acid deposition. The change trend of
tree biomass is similar to that of branch biomass be-
cause the branch biomass occupies a large percentage of
the tree biomass.

The change trend of the vegetation NPP is similar to
that of the vegetation biomass (Fig. 6a). A decrease in
root biomass reduces the absorption of nutrients and a
decrease in leaf biomass reduces plant photosynthesis.
Both reduction leads to a decrease in vegetation NPP.
Under the scenarios with increased acid deposition, the
damage is more serious and the speed of the NPP de-
crease is higher than that under the scenario with un-
changed acid deposition. On the contrary, lower acid
deposition may relieve the aluminum toxicity; the plant
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Fig. 5 Biomass of vegetation in different organs. a, biomass of tree; b, biomass of leaf; c, biomass of root; d, biomass of branch. 'S’

represents the deposition of sulfuric acid
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Fig. 6 Trend of some processes of carbon cycle in pine forest ecosystem. a, net primary productivity (NPP); b, net CO, absorption; c,

carbon in soil organic matter. 'S’ represents the deposition of sulfuric acid

biomass increases slightly and the vegetation NPP re-
mains the same. The net CO, absorption of an ecosys-
tem is the vegetation NPP minus the respiration CO, of
soil microorganisms. The vegetation NPP is closely re-
lated to the CO, absorption, thus the net CO, absorption
exhibits the same trend as the vegetation NPP (Fig. 6b).
Under different acid deposition scenarios, the soil
organic carbon content shows a slightly different trend
(Fig. 6¢c). The soil organic carbon increases under the
scenarios with decreased acid deposition, compared
with that in the scenario with unchanged acid deposi-
tion; While under the scenarios with increased acid
deposition, the impact of acid deposition is significant,
in particular for the scenario with doubled acid deposi-
tion. The soil organic carbon increases slowly in the

beginning and then decreases drastically. The acid depo-
sition decreases the vegetation biomass and NPP, thus
the organic matter transported to the soil decreases,
which leads to the decrease of the soil organic carbon
content.

5 Conclusions

In this study, we designed an indoor experiment to ex-
plore how the aluminum toxicity affects the individual
plants. Based on the experimental results, the LTSAM
was used to simulate the impact of acid deposition on
soil chemistry in Longli of Guizhou Province, south-
western China. Then the LTSAM and CENTURY model
were coupled to simulate the influence of aluminum
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toxicity on forest ecosystems under acid deposition.

The indoor aluminum toxicity experiment shows that
aluminum may restrict plant growth and the acidic con-
ditions may aggravate this effect. This restriction is ob-
served in the decrease of pine seedling biomass and root
elongation. For the pine seedling group with the pH of
3.00, when the AI’* concentration is 50.00 mg/L, com-
pared with the group with the AI’" concentration of
0.02 mg/L, the inhibition ratio of aboveground and un-
derground biomass is 27.1% and 22.2%, respectively.
Under the same condition, the inhibited ratio of root
elongation is as high as 40.6%. When the AI’* concentra-
tion is 10.00 mg/L, the pine seedling with the pH of 3.00
absorbs more AI’" than the other two solutions with
higher pH values, indicating that the acidic environment
can promote the absorption of AI’" and enhance the
aluminum toxicity effect.

The simulated results indicate that the degree the soil
acidification enhances under the scenarios of increased
acid deposition: the pH value decreases, the soil A"
concentration increases, and the nutrient ions in soil so-
lution decrease because of the large amount of H™ im-
ported into the soil system. The increased acid deposi-
tion also has a negative impact on the forest ecosystem.
It reduces the absorption of nutrients and the photosyn-
thesis rates of leaves, which causes the vegetation bio-
mass and NPP to decrease. And this in turn results in a
decrease in the supply of soil decomposition material as
well as the soil organic matter.
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