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Abstract: Expected changes in precipitation over large regions of the world under global climate
change will have profound effects on terrestrial ecosystems in arid and semiarid regions. To explore
how changes in the amount of precipitation in the growing season would affect soil nitrogen (N)
availability in a semiarid ecosystem, we established rainout shelters and irrigation systems by
simulating 30% reduced (DRY) and 30% increased precipitation (WET) relative to natural precipitation
(Control) to measure some key soil process properties for two growing seasons in a nutrient-poor
Mongolian pine (P. sylvestris var. mongolica) plantation. Both WET and DRY treatments significantly
affected monthly soil inorganic nitrogen concentrations, which showed a higher inorganic N under
DRY than Control in each month and lower in WET than Control. Monthly soil microbial biomass N
content was reduced by DRY and raised by WET treatments. The results indicated the asynchrony
of the availability of soil moisture and soil nutrients in Mongolian pine plantations at the Horqin
Sandy Lands in Northeast China. Water limited plant growth in Mongolian pine plantations when
precipitation decreased, and nitrogen limitation became increasingly important when precipitation
increased. Accumulation of N in microbial biomass is an important mechanism for N cycling in this
ecosystem. To effectively manage Mongolian pine plantations, it is advised that evapotranspiration
is minimized when precipitation decreases and that there is an increase in soil N availability by
protecting litterfall when precipitation increases.

Keywords: precipitation amount; semiarid ecosystem; precipitation manipulation; rainout shelter;
soil NH4

+; soil NO3
−; microbial biomass N; climate change

1. Introduction

Global climate change is expected to alter precipitation regimes over large regions of the
world [1–4]. A great deal of research has focused on the effects of precipitation on biomass
production [5–7], with fewer studies examining the effects of precipitation change in the soil properties
of arid and semiarid ecosystems [8–12]. Weltzin et al. [13] proposed that changes in precipitation
regimes will have greater effects on ecological processes in arid and semiarid regions than global
warming and increasing levels of CO2 due to the central role that water plays in determining the
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future structure and function of ecosystems. In water-limited ecosystems, water availability affects
the dynamics of ecosystems both directly through water supply to organisms and indirectly through
soil moisture effects on key ecosystem processes like decomposition, mineralization, and nutrient
availability [8,10,14]. Precipitation is a key driver in determining chemical and biological processes;
however, previous studies on the relationships between water and N availability have yielded
mixed results, with N availability increasing with decreasing water content [8,9,15]. Therefore,
further experiments were needed to determine the details of altered N availability following changes
in precipitation.

In arid and semiarid regions, nitrogen (N) is a key factor—after water—that determines plant
productivity [16,17]. The study of controls on N cycling is challenging due to the complexity of desert
ecosystems, in particular, the effects of changes in precipitation and soil moisture as governing factors
in microbial mineralization and the resulting soil inorganic N availability are poorly understood [10,12].
The main methods for studying such effects are: (1) laboratory incubations [15]; (2) long-term site
observations [18]; (3) measurements along natural precipitation gradients [8,19]; and (4) manipulative
field experiments [9,10,20–22]. Each of these approaches have advantages and limitations. For instance,
the laboratory incubation of soil containing different soil water content is a logical way to simulate
the effects of a change in water availability on the N mineralization rate; however, the laboratory
environment can rarely simulate natural conditions accurately. Although they are an important
source of information regarding the amount of precipitation and soil N availability, long-term
site observations are difficult to obtain over the long term and are therefore scarce. The effects
of precipitation are difficult to distinguish from the effects of other factors such as temperature,
soil property, and altitude [13,19] using observations across natural precipitation gradients, as
is the degree to which the ecosystem is in a state. Furthermore, an inter-annual variability of
precipitation is critical in deserts [23–25]. N accumulates in the soil and becomes available to
plants when moisture conditions are optimal. This phenomenon constrains long-term observations
at desert sites and observations across natural precipitation gradients. The manipulative field
experiment—although not without its shortcomings [13]—is another approach where the relationship
between precipitation and N availability can be explored, as it can effectively target a certain vegetation
type or ecosystem [9,10,21,26].

We conducted a manipulative field study on a Mongolian pine (P. sylvestris var. mongolica)
plantation located in the Horqin Sandy Lands, northeast China. The experiment was designed to
explore how the ecosystem would respond to a change in precipitation in the semiarid, nutrient-poor
Horqin Sandy Lands, where accurate forecasts for future precipitation change are currently
unavailable [27,28]. Our main hypotheses were to examine: (1) whether increased precipitation
would decrease N availability; and (2) whether decreased precipitation would restrain the microbial
immobilization of N. Our main objective was to test these hypotheses and explore how these effects
occur in this ecosystem. Such information is important in the management of Mongolian pine
plantations and other natural resources for maintaining stability and protecting the biodiversity
of the ecosystem under potential precipitation changes.

2. Materials and Methods

2.1. Study Site

Mongolian pine—a geographical variety of Scots pine (Pinus sylvestris)—is a cold- and
drought-resistant coniferous species that is widely used in sandy infertile soils for the establishment of
protective plantations in the “Three-North” (Northwest, North, and Northeast) region of China. In the
past 60 years, Mongolian pine trees have been planted for wind prevention and soil erosion control in
more than 300 counties belonging to 13 provinces in the Three-North regions, and the total area has
reached more than 300,000 ha in Northern China [29,30]. More broadly, Scots pine is an important tree
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species both commercially and environmentally, and is widely distributed throughout the northern
hemisphere, between 40◦ and 70◦ N.

The study was carried out at the Daqinggou Ecological Station, which is located at the southeastern
edge of the Horqin Sandy Lands, Northeast China (42◦54’ N, 122◦24’ E) (Figure 1), in Kezuohou
County, Inner Mongolia Autonomous Region. The site is located at an elevation of 247 m and belongs
to a dry sub-humid monsoon temperate climate zone characterized by cold, dry winters and warm,
humid summers. The mean annual precipitation is 452 mm with more than 60% occurring between
June and September, and the mean annual evaporation is 1780 mm [31]. The mean annual temperature
is 6.2 ◦C; the coldest month is January, which has an average of −16.2 ◦C; and the hottest month is July,
which has an average temperature of 23.8 ◦C. The average annual frost-free period is 150 days [28,32].
The soil is an aeolian sandy soil with a typical composition of 90.9% sand, 5.0% silt, and 4.1% clay,
which developed from sandy parent material through the action of wind and is characterized by coarse
texture and loose structure [28,33,34]. The soil total organic carbon (TOC), total nitrogen (TN) and
total P (TP) concentration at 0–15 cm are 4.35–5.22 g·kg−1, 300–346 mg·kg−1, and 125–149 mg·kg−1,
respectively. The gravimetric soil water content at field capacity is about 22% [31].

The Mongolian pine plantation was established in the early Spring of 2002 with the planting of
4-year-old seedlings at a spacing of 2.5 m × 3.5 m, before the area was fenced off to prevent disturbance
by humans or local fauna. Immediately prior to beginning the installations of the precipitation systems
in October 2006, the average tree height was 2.86 m, with an average diameter at breast height of
9.50 cm and an average canopy size of 1.8 × 1.8 m. The understory forbs and grasses had a cover
of 85%–90% and were dominated by Artemisia scoparia, Cannabis sativa, Chenopodium acuminatum,
and Erodium stephanianum. The root systems of the Mongolian pine trees and understory species
were partitioned in the soil profile. The roots of the understory species were predominantly (>80%)
distributed in the top 0–15 cm layer with some roots extending deeper; whereas the roots of Mongolian
pine trees around 15–20 years of age [32,35] were predominantly (>80%) found in the 10–30 cm layer
with some roots extending to depths of about 100 cm.

2.2. Experimental Design

The precipitation systems were installed in October 2006. During the first two growing seasons,
the trees and understory were restored when needed to ensure adequate vegetation growth before
the precipitation manipulation system was used so that the effects of disturbance on the trees and
understory were minimized. Subsequently, soil was quantified for soil N availability by investigating
nine 13 × 7 m2 plots based on a 5-year precipitation experiment at Daqinggou Ecological Station.
In 2014, the average tree height was 3.28 ± 0.28 m; the average diameter at breast height was
7.27 ± 0.34 cm; and the average canopy closure was 65% ± 4.27%. Nine 13 × 7 m2 plots were
selected, where each plot had two rows of trees with six trees in each row (Figure 1). Precipitation was
manipulated during the growing season in these plots (three plots for each treatment) to achieve
three treatments, as follows: (1) natural precipitation quantity (our control treatment under ambient
precipitation conditions, denoted CK) where these plots were fenced and precipitation events were not
altered; (2) reduced precipitation quantity (denoted DRY), where fixed-location rainout shelters and
irrigation systems were built to exclude natural precipitation and manipulate the precipitation quantity.
Each time a natural precipitation event occurred, only 70% of the natural precipitation amount was
immediately applied to these DRY plots. The last three plots were to monitor increased precipitation
quantity (denoted WET), where irrigation systems to manipulate the precipitation quantity were
built. After receiving natural precipitation, an additional amount equating to 30% of the natural
precipitation was applied to these plots immediately. Thus, in these three treatments, the precipitation
quantity was manipulated without altering the timing of the precipitation events. The 30% decrease
and 30% increase in precipitation quantity were designed as they represented rare but documented
precipitation quantities in the current climate [21].
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To eliminate the interactions with surrounding plants, water, and nutrients, we trenched a 1.5 m
depth around each plot and lined it with black polyethylene film to prevent lateral movement of soil
water and the effects of neighboring plants. When these trenches were backfilled, we extended the
barrier 15 cm above the ground surface to prevent the lateral movement of surface water flow.Water 2017, 9, 208  4 of 17 

 

 

Figure 1. Geographical location of Daqinggou Ecological Station and the layout of this study showing 
nine rectangular plots of P. sylvestris var. mongolica plantation (PP). Other land use types at the Daqinggou 
Ecological Station are P. sylvestris var. mongolica sparse woodland (PSW); mixed plantation by 
broad-leaved trees in groups (MPBG); mixed plantation by Ulmus pumila and P. sylvestris var. 
mongolica (MPUP); mixed plantation by Acer mono and Tilia amurensis (MPAT); mixed plantation by P. 
sylvestris var. mongolica and Populus tomentosa (MPPP); Populus tomentosa/Medicago sativa agroforest 
(PMA);  
P. sylvestris var. mongolica/Arachis hypogaea agroforest (PAA); P. sylvestris var. mongolica/Zea mays 
agroforest (PZA); grass land (GL); and farm land (FL). 

2.3. Precipitation Manipulation System 

Aside from the rainout shelters constructed to exclude natural rainwater over the three replicate 
plots for the DRY treatment, the plots were left exposed to the natural elements. The rainout shelter 
consisted of a steel frame coated with a clear polyethylene film and a rainwater collection and 
storage system (Figure 2). The arched roof was held 2 m above ground at the two sides and was 3.5 
m high at the apex. Gutters on two sides channeled rainwater into a storage tank, which was made 
of sheet iron covered with PVC to minimize light penetration. The tank was completely sealed 
except for two holes for rainwater input and output. The rainout shelters were open-sided to maximize 
air movement and minimize impacts to temperature and relative humidity (Figure 2). As we wished to 
manipulate precipitation only during the growing season, each rainout shelter was covered with 
polyethylene film from the beginning of May and removed at the end of October. 

Irrigation systems were installed over the six plots; three each for the DRY and WET treatments, 
but not for the CK treatment receiving natural precipitation. The irrigation system consisted of a 

Figure 1. Geographical location of Daqinggou Ecological Station and the layout of this study showing
nine rectangular plots of P. sylvestris var. mongolica plantation (PP). Other land use types at the
Daqinggou Ecological Station are P. sylvestris var. mongolica sparse woodland (PSW); mixed plantation
by broad-leaved trees in groups (MPBG); mixed plantation by Ulmus pumila and P. sylvestris var.
mongolica (MPUP); mixed plantation by Acer mono and Tilia amurensis (MPAT); mixed plantation by
P. sylvestris var. mongolica and Populus tomentosa (MPPP); Populus tomentosa/Medicago sativa agroforest
(PMA); P. sylvestris var. mongolica/Arachis hypogaea agroforest (PAA); P. sylvestris var. mongolica/Zea
mays agroforest (PZA); grass land (GL); and farm land (FL).

2.3. Precipitation Manipulation System

Aside from the rainout shelters constructed to exclude natural rainwater over the three replicate
plots for the DRY treatment, the plots were left exposed to the natural elements. The rainout shelter
consisted of a steel frame coated with a clear polyethylene film and a rainwater collection and storage
system (Figure 2). The arched roof was held 2 m above ground at the two sides and was 3.5 m high at
the apex. Gutters on two sides channeled rainwater into a storage tank, which was made of sheet iron
covered with PVC to minimize light penetration. The tank was completely sealed except for two holes



Water 2017, 9, 208 5 of 18

for rainwater input and output. The rainout shelters were open-sided to maximize air movement
and minimize impacts to temperature and relative humidity (Figure 2). As we wished to manipulate
precipitation only during the growing season, each rainout shelter was covered with polyethylene film
from the beginning of May and removed at the end of October.

Irrigation systems were installed over the six plots; three each for the DRY and WET treatments,
but not for the CK treatment receiving natural precipitation. The irrigation system consisted of a series
of irrigation nozzles arranged over a plot. The rainwater intercepted by the rainout shelters was
pumped from the storage tank to the nozzles. Irrigation was applied immediately after natural
precipitation events during the growing season from May to October.

A series of measurements were taken once a week in each treatment plot to examine the magnitude
of the potential effects of the precipitation manipulation system on the microclimate during the growing
season. PAR (photosynthetically active radiation) measurements were taken at two-hour intervals
with a 1.0 m linear LiCor quantum sensor (LI-190SB; Li-Cor Inc., Lincoln, NE, USA) placed 1.5 m
above ground level. AT (air temperature) and RH (relative humidity) were measured at one-hour
intervals with a series of HOBO 8-bit temperature/RH smart sensors (Onset Computer, Bourne, MA,
USA) at 1.5 m above ground level. ST (soil temperature) was measured at one-hour intervals with
thermometers placed at a depth of 10 cm.
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Figure 2. Sketch-map of the precipitation change simulation. Rainwater was excluded via the rainout
shelter and channeled by two gutters placed on two sides of the steel frame into a storage tank,
which was then pumped from the storage tank to the irrigation nozzles.

2.4. Sample Collection and Analysis

Three subsamples were collected from each plot mid-month from June–October 2014 (first year)
and 2015 (second year). Three soil cores were taken randomly from the top 0–15 cm layer with a 5.0 cm
inner-diameter soil coring device before all cores were mixed together and treated as one bulk sample.
Soil cores were taken from random locations within the plots at least 80 cm away from the plot borders,
but were not taken from locations beneath tree canopies. The soil samples were placed in water-tight
polyethylene bags at the time of collection to maintain field moisture content. The heights of the
Mongolian pine trees were recorded using tape measures, and the diameter at breast height (DBH)
was taken using Vernier calipers to calculate growth. The trees in each plot were all measured in May
2014 and again in May 2015. Around mid-August, during the period of peak biomass accumulation,
five 1 × 1 m2 subplots in each plot were selected and all the aboveground biomass of grasses was
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harvested to estimate the aboveground net primary productivity (ANPP). A soil core was extracted
from each subplot using a 10 cm diameter auger. Roots were picked from the cores first by hand,
before the soil was washed through 0.5 mm mesh sieves. The root fractions were dried and weighed,
and their combined weight was used as the estimate of root biomass.

Needle samples were collected (total fresh mass >300 g) from different canopy positions, mixed
evenly, stored in closed bags, and brought back to the laboratory for measurement and then cleaned
with deionized water. The needle and understory samples were oven-dried at 70 ◦C to a constant
weight so that the total mass of all the dried samples could be weighed to determine the dry mass.
The oven-dried plant samples were then ground to analyze nutrient concentration. N concentration
was subsequently determined using the Kjeldahl method [31]. The plant N uptake by both Mongolian
pines and understory vegetation was estimated as the biomass incensement and N concentration.

On return to the laboratory, the gravimetric soil water content (SWC, mg·g−1) was determined
by placing a subsample of soil in the oven at 105 ◦C for 48 h. The remainder of each bulk soil sample
was sieved through a 2 mm mesh to remove the coarse fraction and roots. Soil samples were stored
in a refrigerator until they were analyzed within 48 h of sampling. Soil NH4

+-N (mg·kg−1) and
NO3

−-N (mg·kg−1) were extracted from 20 g subsamples in 50 mL 2 mol·L−1 KCl solution shaken for
0.5 h [36], and then measured with a continuous-flow analysis (AutoAnalyzer 3, Bran+Luebbe GmbH,
Norderstedt, Germany). The soil inorganic N (mg·kg−1) was calculated as the sum of NH4

+-N and
NO3

−-N. The soil microbial biomass nitrogen content (MBN, mg·kg−1) was determined using the
chloroform fumigation-extraction method [37].

2.5. Data Analyses

The main effect of precipitation on soil N availability, plant N concentration, and plant N uptake
were analyzed using one-way ANOVA (Analysis of Variance). A repeated measures analysis was
performed to test for a time main effect, as well as treatment by time interactions [38]. Fisher’s protected
LSD (least-significant difference) test was used to compare means for all significant effects (p < 0.05).
Pearson’s correlation coefficients between MBN (Soil microbial biomass nitrogen) and soil NH4

+-N,
NO3

−-N, and inorganic N were calculated. Linear fitting was used for the relationship between SWC
and NH4

+-N, NO3
−-N, and MBN during the growing season for all plots. All statistical analyses were

performed using SPSS 22.0.

3. Results

3.1. Precipitation Manipulation and Its Effects on Microenvironment

Precipitation during the growing season (May–October, inclusive) was 236 mm in 2014—a value
less than the growing-season mean of 270 mm. In 2015, precipitation during the growing season
(May–October, inclusive) was 357 mm, and was concentrated during July–August (Figure 3).
The efficiency of rainfall collection by the rainout shelters was over 97% (rain gauge estimate was
2147.6 L, actual storage was 2083.2 L). Precipitation amounts (i.e., total water) applied during the
growing season in DRY and WET treatments were 160.2 mm and 297.6 mm in 2014 and 242.3 mm and
450.2 mm 2015, respectively.

The changes in microenvironment caused by precipitation manipulation were small. The average
high daily PAR was reduced by 8.5%–16.3% under the rainout shelters compared to CK. AT and
RH under the rainout shelters and in CK were almost the same at night. Daytime air temperature
was increased by 0.3–0.6 ◦C and daytime RH was reduced by 3.0%–3.3% under the rainout shelters,
compared to the CK. ST increased on average by 2.1 ◦C and 2.3 ◦C under the rainout shelters during
the daytime and night-time, respectively (Table 1).
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Table 1. Effects of precipitation manipulations on the microenvironment.

Year
AT (◦C) ST (◦C) RH (%) PAR

(µmol·m−2·s−1)Day Night Day Night Day Night

Average DRY 28.1 ± 0.5 21.9 ± 0.3 26.3 ± 0.1 23.4 ± 0.1 67.1 ± 0.6 91.8 ± 0.3 1450 ± 66
CK 27.5 ± 0.3 21.9 ± 0.2 23.7 ± 0.1 20.8 ± 0.0 69.4 ± 0.4 90.8 ± 0.4 1732 ± 30

WET 27.7 ± 0.3 21.7 ± 0.1 23.7 ± 0.1 20.7 ± 0.0 70.0 ± 0.5 90.9 ± 0.4 1707 ± 45
2014 Maximum DRY 31.1 ± 0.2 26.3 ± 0.1 28.0 ± 0.1 24.4 ± 0.2 84.7 ± 0.4 97.3 ± 0.5 -

CK 30.7 ± 0.3 26.3 ± 0.2 24.5 ± 0.3 22.0 ± 0.3 85.5 ± 0.4 97.6 ± 0.6 -
WET 30.1 ± 0.2 26.3 ± 0.2 24.5 ± 0.2 21.8 ± 0.2 85.3 ± 0.5 97.8 ± 0.4 -

Minimum DRY 24.4 ± 0.2 21.0 ± 0.1 24.6 ± 0.5 21.0 ± 0.4 55.9 ± 0.4 70.8 ± 0.5 -
CK 24.0 ± 0.1 21.0 ± 0.2 22.4 ± 0.3 19.5 ± 0.3 58.1 ± 0.3 70.3 ± 0.6 -

WET 24.0 ± 0.1 20.6 ± 0.1 22.5 ± 0.4 19.5 ± 0.3 57.8 ± 0.4 70.5 ± 0.3 -

Average DRY 26.5 ± 0.2 20.8 ± 0.1 24.4 ± 0.1 22.1 ± 0.2 70.6 ± 0.3 93.6 ± 0.3 1560 ± 47
CK 26.2 ± 0.2 20.7 ± 0.2 22.9 ± 0.2 20.1 ± 0.3 72.8 ± 0.2 92.6 ± 0.2 1705 ± 31

WET 26.3 ± 0.1 20.5 ± 0.3 22.8 ± 0.3 20.1 ± 0.3 73.5 ± 0.5 92.7 ± 0.1 1713 ± 42
2015 Maximum DRY 29.4 ± 0.4 24.9 ± 0.2 27.1 ± 0.3 23.4 ± 0.2 88.8 ± 0.2 96.2 ± 0.2 -

CK 29.1 ± 0.2 24.5 ± 0.5 23.6 ± 0.2 21.2 ± 0.5 89.7 ± 0.3 96.6 ± 0.2 -
WET 28.5 ± 0.1 24.6 ± 0.2 23.4 ± 0.2 21.1 ± 0.1 89.5 ± 0.3 96.5 ± 0.3 -

Minimum DRY 23.2 ± 0.3 19.9 ± 0.3 23.7 ± 0.3 20.2 ± 0.2 58.6 ± 0.2 72.1 ± 0.3 -
CK 22.7 ± 0.4 19.5 ± 0.3 21.6 ± 0.2 18.8 ± 0.3 61.1 ± 0.1 71.6 ± 0.2 -

WET 22.6 ± 0.2 19.6 ± 0.2 21.5 ± 0.5 18.7 ± 0.2 60.6 ± 0.2 71.9 ± 0.5 -

Notes: DRY, CK, and WET represent the treatments of decreased precipitation, natural precipitation and increased
precipitation, respectively. Values for AT (air temperature), ST (soil temperature), RH (relative humidity), and PAR
(photosynthetically active radiation) values were measured at the time of peak biomass (August). Values are means
with standard deviation (n = 4).

3.2. Gravimetric Soil Water Content

During the growing season, increased precipitation (WET treatment) significantly raised the soil
water content (SWC), while decreased precipitation (DRY treatment) significantly reduced it (p < 0.05)
(Table 2); therefore, the SWC dynamics during the two periods of growing season showed a similar
pattern across the three treatments, with maximums in August and minimums in June. For example,
the SWC ranged from 0.125 to 0.766 mg·g−1 in the WET treatment, 0.040 to 0.410 mg·g−1 in the DRY
treatment, and 0.068 to 0.623 mg·g−1 in the CK treatment in 2014. When compared to the CK, the WET
treatment caused a large increase in SWC by 83.9% (2014) and 52.5% (2015) in June when soils were
relatively dry, and caused a smaller increase in SWC by 22.9% (2014) and 37.3% (2015) in August when
soils were wetter.

The DRY treatment had nearly symmetrical effects on the SWC where it declined by 41.78%–59.31%
in June and July, and 27.75%–73.23% in later months. The precipitation treatment, month,
and precipitation treatment by month interactions all had significant effects on the SWC (p < 0.05)
(Table 3).
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Table 2. Seasonal dynamics of soil water content (SWC, mg·g−1) in the top 15 cm during the growing
season for different precipitation amount manipulation plots.

Year Treatment June July August September October

DRY 0.040 ± 0.005a 0.099 ± 0.009a 0.410 ± 0.010a 0.198 ± 0.008a 0.302 ± 0.007a
2014 CK 0.068 ± 0.003b 0.231 ± 0.008b 0.623 ± 0.016b 0.293 ± 0.015b 0.418 ± 0.005b

WET 0.125 ± 0.006c 0.336 ± 0.053c 0.766 ± 0.011c 0.425 ± 0.010c 0.534 ± 0.020c

DRY 0.083 ± 0.012A 0.167 ± 0.014A 0.217 ± 0.014A 0.186 ± 0.010A 0.143 ± 0.009A
2015 CK 0.204 ± 0.021B 0.368 ± 0.022B 0.686 ± 0.048B 0.695 ± 0.036B 0.271 ± 0.018B

WET 0.311 ± 0.060C 0.751 ± 0.034C 0.942 ± 0.020C 0.818 ± 0.045C 0.342 ± 0.016C

Notes: DRY, CK, and WET represent treatments of decreased precipitation, natural precipitation and increased
precipitation, respectively. Values are means with standard deviation in parentheses (n = 3). Values with different
lower-case letters (first year) and capital letters (second year) within a column were statistically different in different
year (p < 0.05).

Table 3. Effects of precipitation and months on SWC, NH4
+-N, NO3

−-N, inorganic N, and Microbial
Biomass Nitrogen (MBN).

Source of Variation
SWC NH4

+-N NO3
−-N Inorganic N MBN

df F p df F p df F p df F p df F p

Treatment 2 991.95 <0.001 2 109.80 <0.001 2 74.95 <0.001 2 148.06 <0.001 2 168.32 <0.001
Month 4 908.81 <0.001 4 450.50 <0.001 4 63.74 <0.001 4 219.67 <0.001 3 83.10 <0.001

Treatment × Month 8 58.70 <0.001 8 13.52 <0.001 8 4.92 <0.001 8 12.60 <0.001 6 4.79 <0.001

3.3. Soil Nitrogen Fractions

The pattern of seasonal fluctuations in soil NH4
+-N and inorganic N (NH4

+-N plus NO3
−-N)

concentrations were similar across the three treatments. Soil NH4
+-N and inorganic N concentrations

were strongly positively correlated (Table 4) and were characterized by higher concentrations in
June, July, and October; and were lower in August and September (Figures 4 and 6) during the two
periods of the growing season. During the growing season, the concentrations of NH4

+-N, NO3
−-N,

and inorganic N in June, July, and October were reduced in the WET and significantly increased in the
DRY (p < 0.05) (Figures 4–6).
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Figure 4. Seasonal dynamics of soil NH4
+-N during the growing season for plots subjected to

the manipulation of precipitation amount. WET, CK, and DRY represent treatments of increased
precipitation, natural precipitation, and decreased precipitation, respectively. Each bar represents
a mean with standard deviation (n = 3). Values with different letters have significant differences each
month (p < 0.05).
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Table 4. Pearson’s correlation coefficients (n = 12, four months for each of three sites) among soil
NH4

+-N; NO3
−-N; inorganic N; and MBN under Mongolian pine plantations.

Pearson NH4
+-N NO3

−-N Inorganic N MBN

NH4
+-N 1 0.255 ns 0.968 ** –0.668 *

NO3
−-N - 1 0.489 ns –0.679 *

Inorganic N - - 1 0.778 **
MBN - - - 1

Notes: Asterisks indicate significant correlation between the two variables at (*) 0.05; and (**) 0.01 probability levels;
and (ns) not significant.
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In August, the concentrations of NH4
+-N, NO3

−-N, and inorganic N were significantly higher in
the DRY than in the CK treatment, while the difference of NO3

−-N and inorganic N between the WET
and CK treatments was not significant except for the second growing season (Figure 4). The mean
concentrations of NH4

+-N in 2015 were significantly lower than 2014 (Figure 4).
NH4

+-N concentrations were very low in September, and there were no significant differences
among the three treatments in 2014 (Figure 4). In contrast, NO3

−-N concentrations were significantly
reduced by the WET and raised by the DRY treatment (p < 0.05) (Figure 5). NH4

+-N concentration
levels in September showed no statistically significant responses to WET or CK treatments, but 2015
levels were significantly higher in the DRY than in the WET treatment (Figure 4), where the same trend
of inorganic N was found in 2014 (Figure 6). The precipitation treatment, month, and precipitation
treatment by month interactions all had significant effects on NH4

+-N, NO3
−-N, inorganic N, and MBN

(p < 0.05) (Table 3).
Similar seasonal patterns in all treatments were shown in the MBN, where higher values

occurred in August and September and lower values in July and October (Figure 7). The MBN
was significantly lower in the DRY and higher in the WET treatment compared to CK in each month.
Pearson’s correlations showed that there was a significant negative relationship between the MBN
and NH4

+-N (r = −0.668, p < 0.05, n = 12), and NO3
−-N (r = −0.679, p < 0.05, n = 12), and inorganic N

(r = −0.778, p < 0.01, n = 12) (Table 4). Soil NH4
+-N, NO3

−-N was negatively correlated with the SWC
during two growing seasons (R2 = 0.413 to 0.451, p < 0.05, Figure 8). With the increase of SWC, the soil
NH4

+-N concentration declined faster than NO3
−-N. Furthermore, the MBN was positively associated

with soil SWC (R2 = 0.604, p < 0.05, Figure 8).
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3.4. Plant Growth in Monglian Pine Plantation and Plant N Uptake

Neither the WET nor DRY treatment had a significant effect on the height and diameter at breast
height (DBH) growth of Mongolian pine (Table 5). The difference in the aboveground net primary
productivity (ANPP) of the understory among the three treatments was significant (p < 0.05). The ANPP
of understory was 1.75–1.98 times greater in the WET than in the DRY treatment, and was intermediate
in CK (Table 5). Thus, both WET and DRY treatments had significant effects on the ANPP of the
understory and root biomass compared to CK (Table 5). There were no significant differences in needle
N concentration in Mongolian pine among all treatments (Figure 9). The values of plant N uptake of
Mongolian pine and the understory are shown in Table 6. Total plant N uptake of Mongolian pine and
understory was estimated at 12.38–12.89, 15.22–15.54, and 17.64–19.61 g N·m−2 for the growing season
in DRY, CK, and WET treatments, respectively (Table 6).

Table 5. Diameter at breast height (DBH) growth of Mongolian pine trees, aboveground net primary
productivity (ANPP) of understory and root biomass in different rainfall amount manipulation plots.

Year Treatment Height Increment
(m·year−1)

DBH Increment
(m·year−1) ANPP (g·m−2)

Root Biomass
(g·m−2)

DRY 0.28 ± 0.08a 0.27 ± 0.08a 242.66 ± 12.59a 538.44 ± 34.27a
2014 CK 0.38 ± 0.03ab 0.31 ± 0.05ab 341.39 ± 14.89b 809.70 ± 60.27b

WET 0.44 ± 0.02b 0.36 ± 0.07b 425.52 ± 14.29c 980.89 ± 72.66c

DRY 0.39 ± 0.07A 0.28 ± 0.04A 228.60 ± 16.19A 555.49 ± 51.89A
2015 CK 0.51 ± 0.06B 0.31 ± 0.02AB 326.70 ± 13.86B 857.12 ± 96.00B

WET 0.53 ± 0.06B 0.38 ± 0.05B 453.68 ± 10.29C 1078.15 ± 86.90C

Note: DRY, CK, and WET represent treatments of decreased precipitation, natural precipitation, and increased
precipitation, respectively. Values are means with standard deviation in parentheses (n = 3). Values with different
lower-case letters (first year) and capital letters (second year) within a column were statistically different in a different
year (p < 0.05).
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Figure 9. Seasonal dynamics of total nitrogen (TN) concentration of Pinus sylvestris var. mongolica needle
during the growing season for different precipitation amount manipulation plots. DRY, CK, and WET
represent treatments of decreased precipitation, natural precipitation, and increased precipitation,
respectively. Each bar represents a mean plus standard deviation (n = 3). Values with different letters
have significant differences each month (p < 0.05); ns represents no significant differences.

Table 6. Understory N accumulation in biomass (U-N) and Mongolian pine N uptake (Mp-N) in
different rainfall amount manipulation plots.

Year Treatment Mp-N (g·m−2 Growing·Season−1) U-N (g·m−2 Growing·Season−1)

DRY 3.08 ± 0.05a 9.30 ± 0.07a
2014 CK 5.11 ± 0.03b 10.11 ± 0.08b

WET 5.83 ± 0.03b 11.81 ± 0.07c

DRY 4.13 ± 0.09A 8.76 ± 0.02A
2015 CK 5.86 ± 0.07A 9.68 ± 0.03B

WET 7.02 ± 0.03B 12.59 ± 0.02C

Note: DRY, CK, and WET represent treatments of decreased precipitation, natural precipitation and increased
precipitation, respectively. Values are means with standard deviation in parentheses (n = 3). Values with different
lower-case letters (first year) and capital letters (second year) within a column were statistically different in a different
year (p < 0.05).

4. Discussion

Global climate change is predicted to alter the rainfall patterns during the growing season.
Such changes may affect soil, plant, and ecosystem properties and ultimately impact their
productivity [21]. Changes to rainfall are thought to be important in structuring arid and semi-arid
plant communities. From an applied perspective, productivity responses to rainfall during the
growing season are important, as they influence the capacity of the drylands to sequester carbon [27].
Mongolian pine plantation growth is often water limited, with changes to rainfall during the growth
season directly affecting plant photosynthetic characteristics (e.g., stomatal conductance) in semiarid
Mongolian pine plantations. The precipitation amount in the growing season had a significant effect
on the measured soil inorganic N content, and the direction of change was clear. Our results therefore
confirm our hypothesis that in a semiarid Mongolian pine ecosystem: (1) increased precipitation
decreases N availability; and (2) decreased precipitation restrains the microbial immobilization of N.
The results are consistent with previous studies that have shown an increase of mineral N following
drought, and a decrease with increased moisture [8,9,15]. Soil inorganic N and component NH4

+-N
and NO3

−-N concentrations in our study were all significantly responsive to WET and DRY treatments
except for NH4

+-N in September after the peak rain period in July–August, but also after growth
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increases in microbial biomass, which was an important factor influencing soil N availability. WET and
DRY treatments were also clearly reflected in monthly SWC (Table 2) and had a significant effect on
the productivity of the understory, both in the peak ANPP and root biomass. We discuss these results
in the context of how variation in soil N availability may have occurred under the WET and DRY
treatments and what implications they have for natural resource management and further study.

4.1. How Did the Variation in Soil N Availability Occur?

The effects of the increased precipitation amount (WET treatment) and decreased precipitation
amount (DRY treatment) were significant over the growing season, and added to the background
temporal variation observed under natural precipitation conditions. The effect of changes in the
precipitation amount on soil N availability under Mongolian pine plantation (Figures 4–6) may be
explained by processes controlled by soil moisture such as the immobilization of N by microbes, plant
N uptake, and N losses via leaching and volatilization.

Our results showed that there was a significant negative relationship between the MBN and
inorganic N (r = −0.778, p < 0.01) (Table 4), and that the MBN was positively associated with soil
SWC (R2 = 0.604, p < 0.05, Figure 8c). Therefore, we argue that the microbial immobilization of N
under Mongolian pine plantations was restrained under decreased precipitation due to slow microbial
activity, which resulted in the accumulation of inorganic N in the soil. This mechanism is also
supported by the findings of Fisher et al. [15] and Reynolds et al. [9]. Microbial biomass can thus
either act as a sink or a source of nutrients [39,40]. As a sink, the microbial biomass is a mechanism for
immobilizing N, effectively reducing N losses through leaching or associated denitrification [41,42].
In other words, the MBN is an indicator of the immobilization of N by microbes, and is considered
a regulator of N dynamics in arid and semiarid regions [41,43]. Fisher et al. [15] reported that levels of
extractable N (NH4

+-N and NO3
−-N) in the Jornada Basin directly decreased after rainfall, which they

attributed to increased N immobilization in the microbial biomass, as well as to increased leaching of
N. Reynolds et al. [9] concluded that extractable N (NH4

+-N and NO3
−-N) accumulation during the

summer drought in the Jornada Basin could result from the effects of drought upon N immobilization
in the microbial biomass and plant access to soil moisture and nutrients.

The amount of N uptake by plants could be indicated by plant biomass [44,45]. In our experiment,
the biomass of Mongolian pine trees was insensitive to changes to the precipitation amount compared
to the understory vegetation during the growing season. Our results indicated that changes in
precipitation amount had an effect on the growth of Mongolian pine trees, but that the ANPP
(aboveground net primary production) of the understory was significantly lowered by decreased
precipitation and significantly increased with increased precipitation. Consequently, the changed
amount of N uptake by plants mainly came from changes in the understory biomass. Many previous
studies have reported that the ANPP increased linearly with increasing precipitation in sites below
1500 mm MAP (mean annual precipitation) [46,47], which is consistent with our results. With decreased
precipitation, plant access to soil moisture and nutrients was reduced; therefore, N uptake was limited
by water, which supports the results of the accumulation of inorganic N in soils [9,48]. Plant N
uptake was relative to soil inorganic N levels—particularly for the understory vegetation, for which N
uptake presumably increases over the growing season, and is consistent with the seasonal pattern of
biomass accumulation and increased N demand by new plant tissue [44]. The understory N uptake
is likely to have influenced temporal soil inorganic N levels; therefore, the lower concentration of
inorganic N during August and September may be partly explained by higher plant N uptake during
the rainy season.

Increased leaching of N under increased precipitation amounts may have contributed to lower
concentration of soil inorganic N. However, if N loss from the surface soil layer was substantial, it was
not reflected in the Mongolian pine N uptake due to the lack of significant differences in needle N
concentration in Mongolian pine among treatments. Nitrogen loss from the soil through leaching is
generally assumed to be negligible in desert ecosystems [49,50]; however, Walvoord et al. [51] found
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a large reservoir of available nitrogen (as NO3
−-N) in subsoil zones of arid regions that indicates

important long-term leaching from desert soils. Austin and Vitousek [8] evaluated soil nutrients
on a precipitation gradient in Hawaii and concluded that decreasing concentrations of rock-derived
nutrients in soils (NH4

+-N, NO3
−-N and PO4-P) as precipitation increased indicated that the effects of

increased precipitation on leaching exceeded its effects on weathering. Yahdjian et al. [10] also found
that soil NO3

−-N content significantly decreased with increasing precipitation input in the semiarid
Patagonian steppe, and explained it as the increased leaching of N, as well as increased microbial
growth and plant uptake.

Variation in N emissions can be positively associated with variation in soil moisture content [50,52];
thus, the WET treatment may have affected N emissions. Denitrification also largely depends on anoxic
conditions, which are unlikely to persist for long periods in the porous sandy soils at the study site.
Therefore, the loss of soil N via emissions is likely to be small in this ecosystem relative to estimates
reported in other studies [53–55].

Rain water collection and storage successfully enabled the manipulation of water quantity.
Compared to other rainout shelter designs, the microenvironment changes under our rainout shelters
were generally small [21,27,56]. Svejcar et al. [56] found that rain shelters reduced wind speed by
28%; relative humidity by 15%; and increased soil and air temperatures by 16% and 4%, respectively.
Fay et al. [21] also found that peak daytime PFD (photosynthetic photon flux density) and net radiation
influxes were reduced by approximately 22%; and that soil temperatures were 1.2–1.8 ◦C higher
under the shelters compared with unsheltered control plots. Yahdjian et al. [27] reported that the
soil temperature was lower under the shelter than outside, with a mean difference of 1.8–2 ◦C and
a maximum of 6–6.5 ◦C when the temperature was high. We used a clear polycarbonate material
allowing a higher transmission of PAR; therefore, this approach was suitable for evaluating the
semiarid Mongolian pine plantation responses to precipitation. The field simulation of changes in
precipitation using the methodology in our study therefore proved to be effective.

4.2. Insights Relevant for Management and Further Study

The release of labile N from dead microbial biomass and plant roots could also be a contributing
factor in the observed variation in soil inorganic N content [57]. Under decreased precipitation,
increased soil microbial biomass mortality is expected, as is as dying plant roots due to drought,
which releases labile N into the soil and contributes to the accumulation of inorganic N [9,44,58].
The understory root biomass decreased in response to the DRY treatment, and may have released
some N. In arid and semiarid regions, microbial mortality during dry seasons may account for 40%
or more of the gross inorganic N produced during subsequent wet seasons [18]. Metabolic (labile)
and structural fractions of litterfall above- and below-ground contribute N to plants and microbial
biomass. The understory vegetation in this ecosystem represents a substantial N input to soil when
they senesce at the end of every growing season [59,60]. Based on the results of our recent study [60,61],
this N input will be larger after a wet growing season than after a dry growing season, which has
important implications for N supply on timescales greater than one year. Moreover, when this N
input is large, more N may make its way to the predominately distributed root soil layers and thus be
readily available to Mongolian pine trees at the beginning of the next growing season. Considering the
size of the understory N accumulation in the biomass relative to Mongolian pine N uptake (Table 6),
this could be an important mechanism in supporting the growth of Mongolian pine trees.

A consequence of the accumulation of inorganic N under decreased precipitation appears
to be the asynchrony of soil moisture and soil N levels. When inorganic N concentrations are
high, plants are inactive and unable to respond because of drought effects [10,18]. In our study,
soil inorganic N concentrations significantly decrease with increasing precipitation, with consequent
increases in microbial biomass and the ANPP of the understory vegetation, which suggests that
water availability is the overriding limiting factor on the growth of microbial biomass and understory
plants at the study site. Dry conditions cause increased soil N, which then becomes available to
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plants when it rains. However, N limitation became increasingly important when precipitation
increased due to the asynchrony of soil moisture and soil N availability in the Mongolian pine
plantation. To manage Mongolian pine plantations for potential changes in precipitation in the
Horqin Sandy Lands, the pruning, thinning, and protection of litterfall has been advised to minimize
evapotranspiration when precipitation decreases [60,62,63]. Traditionally, the understory vegetation
and litterfall are removed in managed forests to reduce resource competition between trees and the
understory community; however, this may be a poor management strategy, as the understory plant
community and litterfall can increase forest nutrient retention. With precipitation increases, soil N
availability could feasibly be enhanced by protecting litterfall. As controls on N cycling are complicated,
further study and long-term data on the effects of changes in precipitation on soil nitrogen availability
in Mongolian pine plantations are highly desirable.

5. Conclusions

Changes in the amount of precipitation during the growing season have significant effects on soil
N availability in Mongolian pine ecosystems. The WET and DRY treatments had a significant effect on
soil moisture for the growing season. Both WET and DRY treatments significantly affected monthly
soil inorganic N concentration, which showed a higher inorganic N under DRY than CK each month
and lower in WET than CK. The MBN in each month was significantly reduced by DRY and raised
by WET treatments compared with CK. Our results indicated that water availability is the overriding
limiting factor on understory growth in Mongolian pine forests when precipitation decreased, and that
N limitation became increasingly important when precipitation increased. Accumulation of N in the
microbial biomass and understory vegetation, and the subsequent input of their labile and structural
N contents, are important mechanisms for N cycling in this ecosystem.
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