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Abstract

Key message No soil nutrient differences between two plantations. In contrast to NSC, N and P concentrations were
greater in black locust than in Chinese pine. NSC negatively, N and P positively related to precipitation for both
plantations.

Abstract Precipitation is a key environmental factor affecting carbon (C), nitrogen (N), and phosphorus (P) status of plants
and soils, especially in water-limited regions. However, there are potential differences among species in their sensitivity to
C, N, and P in relation to variation in precipitation. We presented paired measurements of non-structural carbon (NSC), N,
and P concentrations in plantations of N-fixing black locust (Robinia pseudoacacia L.) and coniferous Chinese pine (Pinus
tabulaeformis Carriére) along a mean annual precipitation gradient on the Loess Plateau, China. The results showed that
soil nutrients positively related to precipitation, but their differences between two plantations were not clearly visible. NSC
concentrations of tree tissues were significantly greater in Chinese pine than in black locust. In contrast, the N and P concen-
trations and the N:P ratios were significantly greater in black locust than in Chinese pine. Leaves contained the highest N and
P concentrations, whereas coarse roots contained the highest NSC concentrations. The lowest concentrations of NSC were
in the stem wood. NSC concentrations were negatively related to precipitation, while N and P concentrations were positively
related to precipitation for both tree plantations. The constant leaf N:P ratios indicated that the growth of Chinese pine was
limited by the soil N supply, whereas black locust was limited by P. These results indicate that inherent physiological and
biological processes differ with tree species, and when coupled with environmental conditions, influence the variations of
C, N, and P in plant tissues to adaptation and resilience under drought stress.
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Introduction

Communicated by M. Buckeridge.
Forest ecosystems account for the storage of 45% of the total
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article (https://doi.org/10.1007/s00468-018-1676-1) contains cal role in reducing greenhouse gas effects (Bonan 2008).
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and disturbances, including drought, flooding, freezing, and
pollution (Dietze et al. 2014; O’Brien et al. 2014; Villar-
Salvador et al. 2015; Wiirth et al. 2005).

Precipitation is a key environmental factor in determining
ecosystem structure and function, especially in water-limited
regions (Meier and Leuschner 2014; Zhou et al. 2009). The
changing patterns of precipitation due to climate change
account for drought-induced tree die-back, declines in net
primary production and C sequestration, alteration of bio-
diversity, and ecosystem functions and services (Anderegg
et al. 2012). Under pressure from drought, low photosyn-
thetic activity triggers stored NSC pools to fuel tree metabo-
lism and provide energy for adaptive responses (Dietze et al.
2014; Gruber et al. 2012). Thus, NSC is posited as an impor-
tant trait for resistance and resilience of forests to climate
change-induced drought (Locosselli and Buckeridge 2017,
O’Brien et al. 2014). An increasing number of studies have
explored the variations of NSC concentrations to understand
the mechanisms involved in tree response to water deficits,
especially to test proposed C starvation hypotheses (Ande-
regg et al. 2012; Locosselli and Buckeridge 2017; O’Brien
et al. 2014; Richardson et al. 2013; Ryan 2011). Trees are
vulnerable to C starvation, which is induced by a reduc-
tion in photosynthetic activity from drought stress. Greater
decreases in respiration activity relative to photosynthetic
activity often result in the severe and eventually lethal
decrease in NSC reserves (McDowell et al. 2008; Sala et al.
2012). However, due to the complexity of NSC responses
to drought stress, factors such as drought intensity and pro-
gression, as well as tree size, age, tissue type, and species,
a direct link between NSC and drought resistance and its
relative importance to other variables remains unclear (Gru-
ber et al. 2012; O’Brien et al. 2015; Sala et al. 2010; Zhang
et al. 2015).

Within- and among-species variations in NSC concentra-
tions have been widely studied in temperate and tropical for-
est trees, even in fruit trees (Boldingh et al. 2000; Hoch et al.
2003; Wiirth et al. 2005). It is widely accepted that ever-
green conifers have greater NSC concentrations and pools
than deciduous trees (Michelot et al. 2012; Richardson et al.
2015; Thomas and Martin 2012). However, a study observed
that there were no significant differences between evergreen
and deciduous groups or between ring- and diffuse-porous
species (Zhang et al. 2014). Leaves usually have greater
NSC concentrations than other plant tissues, but stems as the
major pools of NSC because of their large biomass propor-
tions (Barbaroux et al. 2003; Wiirth et al. 2005). Moreover,
concentrations of NSC, sugar, and starch were much greater
in bark than in stem wood (Richardson et al. 2015; Zhang
et al. 2014). In addition, NSC-enriched seedlings showed
greater stem water potentials and improved the survival
advantage within ten tropical tree seedlings under drought
(O’Brien et al. 2014). Moreover, NSC has been shown to
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increase with drought in Scots pine (Pinus sylvestris L.),
Ponderosa pine (Pinus ponderosa (Dougl.) Laws), and
Douglas-fir (Pseudotsuga menziesii), and declines in NSC
have been observed in Longleaf pine (Pinus palustris Mill.)
and Trembling aspen (Populus tremuloides Michx.), while
remaining relatively unchanged in Pinon pine (Pinus edulis)
and Utah juniper (Juniperus osteosperma) (Anderegg 2012;
Anderegg and Anderegg 2013; Sala and Hoch 2009; Sayer
and Haywood 2006; Woodruff and Meinzer 2011). How-
ever, NSC were three times lower in pinon pine than one-
seed juniper (Juniperus monosperma) suggesting that pinon
pine prefers to exhaust stored C during the growing season
(Woodruff et al. 2015). Therefore, understanding patterns of
NSC between forest types is highly relevant and critical in
the context of tree resilience to global change (Richardson
et al. 2015).

In addition to NSC, N and P also play vital roles in plant
function, and are among the most important limiting nutri-
ents in terrestrial ecosystems (Han et al. 2005; He and Dijk-
stra 2014; Sardans et al. 2013). Forest sites with greater
precipitation and moister soils provide better conditions
for the supply of nutrients to the roots through mass flow
and diffusion (Cramer et al. 2009; Kreuzwieser and Gessler
2010). Drought can depress plant growth by reducing N and
P uptake, transport, and redistribution (Sardans and Penue-
las 2012). A meta-analysis showed that drought stress had
negative effects on plant N (— 3.73%) and P (— 9.18%), but
a positive effect on plant N:P (+6.98%) (He and Dijkstra
2014). In addition, numerous studies have focused on the
N:P ratios to advanced our understanding ecosystem func-
tion and processes under drought stress (Cao and Chen 2017,
He and Dijkstra 2014; Yuan and Chen 2009; Zhang et al.
2017). However, the inconsistent relationships between
drought stress and plant N, P, and N:P in many field and plot
studies were affected by various factors, including frequency
and occurrence of rainfall, soil type affecting water potential,
and evapotranspiration demand (Farooq et al. 2009; He and
Dijkstra 2014).

In the present study, we investigated NSC, N, and P con-
centrations in leaves, branches, stems, bark, and fine and
coarse roots between N-fixing black locust (Robinia pseu-
doacacia L.) and coniferous Chinese pine (Pinus tabulae-
formis) growing in paired adjacent plantations along a mean
annual precipitation gradient on the Loess Plateau, China.
Black locust is a fast-growing exotic species and widely
planted on the Loess Plateau, with more than 70,000 ha
planted over the last few decades (Qiu et al. 2010). This
exotic deciduous species is native to North America and
is introduced to China from Europe at the beginning of the
twentieth century (Cierjacks et al. 2013; Shan et al. 2002;
Tsunekawa et al. 2014). Chinese pine is an indigenous coni-
fer tree species and is widespread across central and northern
China. Therefore, the ultimate objective of this study was to
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compare the varying response patterns of NSC, N, and P
concentrations, and N:P ratios to a gradient of annual pre-
cipitation between a pair of neighboring plantations that rely
on differing traits (deciduous vs. coniferous). We hypoth-
esized that: (1) N-fixing black locust would have lower NSC,
but greater N and P concentrations than coniferous Chinese
pine and (2) the different relationships between the NSC, N,
and P concentrations and the precipitation gradient for both
plantations. The results of this investigation regarding the
effect of drought stress on NSC, N, and P concentrations in
N-fixing plantations compared to coniferous plantations may
be useful for obtaining a comprehensive understanding of
the ecological restoration process in this region.

Materials and methods
Study sites

Five counties, Huanglong (HL), Yichuan (YC), Ansai
(AS), Suide (SD), and Shenmu (SM), were selected along
an annual precipitation gradient from south to north in the
Loess Plateau, China (Table 1). According to the previous
studies on the spatial patterns of vegetation and climate on
the Loess Plateau (Chen et al. 2008; Wang et al. 2011; Zhang
et al. 2006), HL and YC are located within a forest region,
where the annual precipitation varies ranges from 550 to
719 mm, the mean temperature ranges from 8.9 to 11.0 °C,

the maximum evaporation ranges from 1150 to 1580 mm,
and the accumulated temperature above 10 °C ranges from
3361 to 4700 °C. AS and SD are in the forest-steppe region,
where the annual precipitation varies ranges from 400 to
550 mm, the mean temperature ranges from 6.7 to 9.0 °C,
the maximum evaporation ranges from 1560 to 2000 mm,
and the accumulated temperature ranges from 2350 to
3450 °C. SM is in the steppe region that has an annual pre-
cipitation ranges from 250 to 400 mm, a mean temperature
ranges from 4.5 to 6.7 °C, a maximum evaporation ranges
from 2004 to 2633 mm, and an accumulated temperature
ranges from 2300 to 2890 °C.

Sampling and processing

With the guidance of local forestry bureau staff, three inde-
pendent replicate sites of black locust and Chinese pine
plantations with similar site conditions (located at the top
of slopes, with an altitude ranging 1000-1400 m) were ran-
domly selected in each county location. The distance among
three selected sites was about 2—8 km within each county
location, and the adjacent plantations of mature (around 40
years) black locust and Chinese pine were located around
30-500 m. All selected plantations were left unmanaged
after established. A 20 m X 20 m plot was constructed in the
central area of each plantation site for sampling. All the plots
were studied during the time period of July—August 2013.

Table 1 Main characteristics of the five measurement sites along a precipitation gradient from south to north in the Loess Plateau, China

Huanglong (HL)

Yichuan (YC)

Ansai (AS)

Suide (SD)

Shenmu (SM)

Location

109°38'-110°16'
35°24'-36°02'

109°41'-110°32'
35°42'-36°23'

108°5-109°26'
36°30-37°19’

10°04'-10°41"
37°16'-37°45'

38°13"-39°27'
109°40'-110°54'

Vegetation zone Forest Forest forest-steppe forest-steppe steppe
Mean annual precipitation (mm)?* 602 568 505 486 440
Mean annual temperature (°C)? 9.5 9.9 8.8 9.7 8.9
Annual solar radiation® (MJ m™2)? 4959 5014 4929 5527 5938
Annual sunshine duration (h)? 2369.8 2435.6 2395.6 2615.2 2875.9
Stand age (years)

Black locust 37 37 39 40 38

Chinese pine 37 39 37 38 38
Tree density (trees ha™?!)

Black locust 1012 975 843 741 575

Chinese pine 1575 1533 1483 1317 1125
DBH (mm)

Black locust 17.75 14.79 14.14 13.67 10.98

Chinese pine 19.03 16.06 12.21 11.64 8.85
H (m)

Black locust 12.08 11.74 7.34 6.44 4.98

Chinese pine 10.62 8.05 7.92 6.38 5.69

*Data access from the local chronicles information network of Shaanxi (http://www.sxsdq.cn/index.htm)
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In each plot, soil samples were taken with a soil core
(5 cm in diameter) from the top 0-20 cm soil layer of five
randomly chosen locations. After removing the plant roots,
fauna, and debris by hand, the samples were air-dried and
mixed together to form a composite sample that was repre-
sentative of the soil in the plot. Soil total N was measured
according to the semi-micro Kjeldahl method and available
N was analysed by the Alkali diffusion method (Bremner
and Mulvaney 1982). Total P was digested with perchlo-
ric acid and sulfuric acid and determined using colorimetry
(Parkinson and Allen 1975). Available P was extracted with
sodium bicarbonate and measured with colorimetry (Olsen
et al. 1954).

Diameter at breast height (DBH) and tree height was
measured for all of the trees in each plot (Table 1). Samples
of leaves, branches, stem wood, stem bark, and fine (<2 mm
in diameter) and coarse (>2 mm in diameter) roots were
collected from five trees representing the respective stand-
specific DBH range in each plot. Living branches with leaves
were collected using a pole pruner from the upper, middle,
and lower parts of the canopy in all four cardinal compass
directions, and divided into pooled samples of branches and
leaves. Stem bark was obtained by scraping a 2 x5 cm strip
of bark from the sampled trees at DBH point, and then, sam-
ples of stem wood were obtained using an increment borer
(Haglof, Sweden) at both the south-north and east—west ori-
entations to the centre of the stems at the DBH point of the
sampled trees. Root samples were collected from the upper
50-cm soil layer using soil cores (9.8 cm in diameter) at a
distance of 50 cm from the sampled trees in all four cardinal
directions, and were then divided into fine and coarse roots.
All the samples were immediately placed in a cooler until
they were processed within 5 h after collection. The samples
were microwaved at 600 W for 90 s to eliminate enzymatic
activity and then dried to a constant weight at 60 °C (Gru-
ber et al. 2012; Hoch et al. 2003; Li et al. 2013b). All dried
samples were ground into fine powder in a Wiley Mill and
stored in plastics before NSC, N, and P concentrations were
analysed.

The NSC concentration is defined here as the sum of
the concentrations of the soluble sugars and starch. Sugar
and starch concentrations were analysed using the anthrone
method (Li et al. 2013b; Yemm and Willis 1954; Zhang et al.
2015). The sample (0.1 g) was placed into a 10-ml centrifuge
tube with an added 2 ml of 80% ethanol. The mixture was
incubated at 80 °C in a shaking water bath for 30 min, and
then centrifuged at 5000 g for 5 min. Two further extractions
from the pellets were carried out with 80% ethanol. The
supernatant was retained, combined, and stored at — 20 °C
for soluble sugar determination. Starch was extracted from
the ethanol-insoluble pellet after ethanol was first removed
by evaporation. The starch in the residue was then released
by boiling in 2-ml distilled water for 15 min. After cooling
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to room temperature, 2-ml 9.2-M HCIO, was added and the
mixture was shaken for 15 min. Then, 4 ml of distilled water
was added, and the mixture was centrifuged at 5000g for
5 min. An additional extraction was carried out with 2-ml
4.6-M HCIO,. The supernatant was also retained, combined
and stored at — 20 °C for starch determination. The superna-
tant for sugar and starch determination were both determined
based on the absorbance at 625 nm in the presence of the
same anthrone reagent in a spectrophotometer. Sugar and
starch concentrations were calculated from the regression
equations based on glucose standard solutions. However, the
calculation of starch concentration needed to multiply the
glucose concentration by a conversion factor of 0.9 (Osaki
et al. 1991). Total N and P in tree tissues were also meas-
ured with the semi-micro Kjeldahl method and the digested
with perchloric acid and sulfuric acid and determined using
colorimetry, respectively (Bremner and Mulvaney 1982; Par-
kinson and Allen 1975).

Data analysis

All statistical analyses were performed with the SPSS soft-
ware (version 20.0, IBM SPSS Statistics, USA). All compar-
isons were performed using analysis of variance (ANOVA)
followed by multiple-comparison tests (Least Significant
Difference tests). In addition, sample data were transformed
to meet the assumptions of normality and homogeneity when
needed. We performed regression analysis to express the
response of the measured variables along the along the pre-
cipitation gradient. The level of statistical significance was
taken as P <0.05.

Results
Soil nutrients along the precipitation gradient

The concentrations of soil total N and the N:P ratios of black
locust and Chinese pine plantations both decreased signifi-
cantly with decreasing precipitation (Fig. 1a, c). Moreover,
no significant difference on soil total N and the N:P ratios
between two species was observed across all study sites
(Fig. 1a, c). However, soil total P concentrations in both
plantations remained relatively constant along the precipi-
tation gradient, and a significant difference on soil total P
concentrations between two tree plantations was observed
at dryer sites (Fig. 1b).

Soil available N and P concentrations accounted for
approximately 67 and 0.3-0.6% of the total N and P con-
centrations in both tree species plantations, respectively.
Both decreased significantly with decreasing precipitation
(Fig. 1d, e). As a consequence, the soil available N:P ratio
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Fig. 1 Concentrations of soil total N (a), total P (b), N:P mass ratio
(¢), and soil available N (d) and available P (e) concentrations and
their ratio (f) for black locust and Chinese pine plantations along a
precipitation gradient on Loess Plateau, China. Error bars indicate the
standard errors (n=3). *Significant differences between black locust

only in Chinese pine plantations decreased significantly with
decreasing precipitation (Fig. 1f).

Trees NSC along the precipitation gradient

As we had hypothesized, NSC varied among different tree
tissues of both plantations (Table 2; Fig. 2, see also Figs. S1
and S2). For all tree tissues except stem wood, the concen-
trations of NSC, as well as sugars and starch, were signifi-
cantly lower in black locust than in Chinese pine (Table 2;
Fig. 2). However, the concentration of NSC and sugars of
stem wood in black locust were significantly greater than
in Chinese pine, and there was no significant difference for
starch between both plantations (Table 2). NSC and starch
concentrations in the coarse roots and sugars in leaves were
significant greater than those in other tree tissues, whereas
NSC concentration, as well as sugar and starch, in stem
wood was significantly lower than in other tree tissues for
both tree plantations (Table 2).

The concentrations of NSC (including sugars and starch)
in most tree tissues was linearly increased significantly with
decreasing precipitation, but maintained relative stability in
stem wood for both tree plantations (Fig. 2, see also Figs.
S1 and S2). However, the concentrations of NSC and sugars
in the coarse roots of Chinese pine were not sensitive to the
precipitation gradient (Fig. 2, see also Figs. S1 and S2).

Mean annual precipitation (mm)

Mean annual precipitation (mm)

and Chinese pine stands at each site. The different uppercase and low-
ercase letters indicate significant differences among sites for black
locust and Chinese pine stands, respectively. Only significant regres-
sion models are displayed

Tree N and p concentrations and N:P ratios
along the precipitation gradient

The concentrations of N and P and their ratio also varied
among different tree tissues (Table 2). Among all tree tis-
sues, the highest and lowest concentrations of N and P
were observed in leaves and stem wood, respectively, for
both plantations (Table 2). Moreover, the N and P con-
centrations in all tree tissues and N:P ratio except in stem
wood were significantly greater in black locust than in
Chinese pine (Table 2; Figs. 3, 4, 5). As a consequence,
the highest and lowest N:P ratios were in coarse roots and
leaf for black locust, respectively, but were in stem wood
and coarse roots for Chinese pine, respectively (Table 2).

Along the precipitation gradient, the concentrations
of N and P in most of the tree tissues were linear and
decreased significantly with decreasing precipitation,
especially for black locust (Figs. 3, 4). For Chinese pine,
the N concentrations in the stem wood and bark, as well as
the P concentrations in leaves, stem wood, and fine roots,
showed no significant trends over the precipitation gradi-
ent (Figs. 3, 4). As a result, the N:P ratios of most of the
tree tissues for Chinese pine remained generally constant
along the precipitation gradient (Fig. 5).
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Table 2 Average values of NSC, sugars, starch, N and P concentrations and N:P ratio in tree tissues (leaves, branches, stems, bark, fine roots, and coarse roots) of black locust and Chinese pine

plantations along a precipitation gradient on Loess Plateau, China (mean+ SE, n=15)

@ Springer

N:P ratio

P(gkg™)

N (gkg™

Black locust Chinese pine  Black locust Chinese pine Black locust Chinese pine Black locust

Starch (g kg™!)

Sugars (g kg™

NSC (gkg™)

Tree tissues

Chinese pine Black locust Chinese pine

Black locust Chinese pine

12+0.3ab*

13 +0.4ab*

20+0.2¢

0.4+0.02c*

0.9+0.02a*

1.8+0.04a
4.3+0.2bc* 0.7+0.06bc

11.3+0.3a*

13.9+0.5d

28.7+1.3cd* 35.7+0.7a
45.5+1.4c*

242+1.6b
14.5+1.0c

18.5+0.6bc
14.7+1.2c

30.1+0.8d*

69.4+1.1a*

453+1.7a
23.6+1.2b
144+12c

98.0+2.0b*

63.8+1.9b
47.8+2.8b
289+1.7c
29.6+1.9c
50.4+5.8b
94.8+9.6a

Leaves

+ + 21+1.2¢ +
0.1+0.01¢e* 15+1.4a

0.4+0.03d

1.6+0.1d*

75.6+2.1c*

Branches

+ + + 20+2.1c
2.6+0.1d* 0.5+0.06cd 0.3+0.02d*

79+12e

13.7+0.6d

40.9+2.4c*

8.7+0.3¢*

22.4+0.7d*

Stem wood

Bark

12+ 1.2ab*

12+ 1.0ab*

+ 50+3.5a

0.5+0.04b*

0.9+0.09b

5.5+0.4b*

75.6+7.1b*% 30.2+1.9b

242+23d* 20.8+0.7c

14.8+1.1c

65.2+4.2c*

11+£0.4b*

36+2.2b
48+5.3a

0.4+0.03c*

0.8+0.08b

4.2+0.4c*

110.0+£7.3a* 31.3+1.3b

55.5+6.1a

48.3 +£2.2b*

39.3+3.7a

117.4+8.6b* 21.9+19c 41.8+1.7bc* 28.5+4.1b
158.3+7.3a*

Fine roots

Coarse roots

Values in a column followed by the different lowercase letter indicate significant difference among tree tissues at 0.05 level

*A significant different between black locust and Chinese pine plantations at 0.05 level

Discussion

Soil nutrients between plantations
along the precipitation gradient

The concentrations of soil total N and P, and their ratios
were demonstrated in this study between plantations of
the deciduous N-fixing black locust and evergreen conif-
erous Chinese pine along a precipitation gradient. The
annual precipitation of the five study sites we selected
ranged from 440 to 602 mm. Precipitation influences
soil chemistry and soil nutrient status via rock weather-
ing, nutrient leaching, soil biological activity, the decom-
position rate of plant litter, and the amount of nutrient
return with litter fall (Austin and Vitousek 1998; Meier
and Leuschner 2014; Sardans and Penuelas 2007). Many
studies have observed that forest sites with greater pre-
cipitation and moister soils provide better nutrient condi-
tions; thus, total soil nutrient and soil C:N and C:P ratios
increase with increasing annual precipitation (Aranibar
et al. 2004; Austin and Vitousek 1998; Kreuzwieser and
Gessler 2010; Meier and Leuschner 2014). The results of
this study agree with most previous studies that soil total
N is highest at sites that receive the most rainfall and sig-
nificantly decreases with decreasing precipitation (Fig. 1).
In contrast to the positive relationship between soil total
P and precipitation in the previous study sites (Meier and
Leuschner 2014; Miller et al. 2001), soil total P (average
0.57 g kg™! for both plantations) in the present study site
remained relatively constant along a precipitation gradient,
which is mainly attributed to the exceptionally low soil P
concentration compared with global level (2.8 g kg™),
as well as to intensive leaching loss associated with seri-
ous soil erosion by wind and water on the Loess Plateau
(Zhang et al. 2005, 2017; Zheng and Shangguan 2007).

The previous studies have found that soil available
N and P concentrations were highest at drier sites, and
decreased with increasing annual precipitation mainly
because of the effect of increased rainfall on leach-
ing exceed on weathering (Austin and Vitousek 1998;
Vitousek et al. 1995). However, an inverse relationship
between soil available N and P concentrations and precipi-
tation in our study contradicts results from the previous
studies. In addition, it was addressed that soil P availabil-
ity is dependent on soil acidity and the amount of organic
matter in the soil (Meier and Leuschner 2014). While we
have no more data to further support our results, further
studies may help to identify drivers that are directly or
indirectly responsible for the trends in different soil N and
P availability along the precipitation gradient.

It is widely understood that soil organic matter and
N concentrations are greater in N-fixing forests than
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in non-N-fixing forests; this is because organic matter
increases rates of N cycling and availability through plant
fertilization (Deans et al. 1999; Macedo et al. 2008; Rice
et al. 2004; Uselman et al. 2000; Wang et al. 2010). How-
ever, our study showed that concentrations of soil N and
available N were not significantly different between black
locust and Chinese pine plantations (Fig. 1). Tateno et al.
(2007) also found no differences in soil N between black
locust and oak forests on the Loess Plateau, and explained
that black locust plantations might be more susceptible to
soil erosion than oak forests. Therefore, the almost homo-
geneous soil nutrient substrate in our study between black
locust and Chinese pine plantations at each site provided
the precise environment to comprise the effects of tree
species on the concentrations of NSC, N, and P along the
precipitation gradient.

Trees NSC between plantations
along the precipitation gradient

Our data showed that the concentrations of NSC, as well
as sugar and starch, were significantly greater in Chinese
pine than in black locust (Table 2; Fig. 2, see also Figs.
S1 and S2). Our results were consistent with the previous
reports that evergreen needles can sequester C concurrently
and the needles from the previous year directly provided C
for current growth; therefore, conifers used less NSC and
also stored greater NSC than broadleaf evergreens (Michelot
et al. 2012; Thomas and Martin 2012). However, a study
found that broadleaf deciduous seedlings contain more NSC
in roots than seedlings of broadleaf evergreens and conifers
(Villar-Salvador et al. 2015). Richardson et al. (2015) found
that the concentration and storage of NSC in woody tis-
sues of white pine were significantly lower than in red oak.
Whereas, other studies proved that there were no significant
differences in concentrations of NSC for the 12 Chinese tem-
perate tree species (Zhang et al. 2014) and 10 species in a
European temperate forest (Hoch et al. 2003).
Concentrations of NSC also vary considerably with tree
tissues. Leaves had the highest concentrations of sugar,
whereas coarse roots had the highest values for starch and
NSC for both plantations (Fig. 2). Our findings agree with
the generally accepted observation that high concentration of
NSC in tissues often have small biomass proportions (Zhang
et al. 2014). The stem wood consistently had the lowest con-
centrations of NSC for both plantations (Table 2), which
mainly due to C concentration in stems increases from the
phloem to sapwood and heartwood, reaching its maximum
in the bark (Bert and Danjon 2006; Chantuma et al. 2009;
Li et al. 2013a; Zhang et al. 2014). Moreover, the functions
of starch in stem wood acts as a long-term reserve of NSC,
while soluble sugars as an intermediate, ready-to-use com-
partment of NSC (Bellasio et al. 2014; Richardson et al.

2013). However, the highest mean NSC concentrations in
stems or branches and the lowest concentrations of NSC in
fine roots were observed in 17 tree species in tropical forests
in the Republic of Panama (Wiirth et al. 2005).

In addition, sampling height also had a significant influ-
ence on NSC concentrations. For example, Zhang et al.
(2014) observed that the concentrations of NSC in the tree
stumps were greater than other above heights (breast height,
crown base, and mid-crown), and also sampling height sig-
nificantly influenced sugar concentrations for all conifers,
but not for broadleaved species. Moreover, we observed that
the concentrations of NSC, as well as sugar and starch, were
significantly greater in the coarse roots than in the fine roots
for both tree plantations. However, Richardson et al. (2015)
found similar results for red oak but the opposite results for
white pine in Harvard Forest, USA. Therefore, species type,
plant tissues, sampling data, and the protocol of select sam-
pling trees may be attributed to the discrepancy in outcomes
(Bert and Danjon 2006; Zhang et al. 2014, 2013). Recently,
dendrobiochemistry as a fascination new concept proposed
to study the connections between the dynamics of NSC and
tree ring formation, which would provide new perspectives
for understanding the responses of trees to the global climate
change (Locosselli and Buckeridge 2017; Luttge 2017).

The NSC concentrations in most tree tissues increased
with decreased precipitation (Fig. 2), which mainly due to
the both increased sugar and starch concentrations along the
precipitation gradient from wet to dry sites (Figs. S1 and
S2). Korner (2003) and Wiirth et al. (2005) also observed
that the NSC concentrations in all tree tissues increased as
soil drought stress increased, and they addressed that this
increase was largely due to starch. Moreover, it was notable
that the concentrations of NSC (also starch and sugar) in
the stem for both plantations remained constant along the
precipitation gradient.

Tree N and p concentrations and N:P ratios
between plantations along the precipitation
gradient

Generally, leaves of N-fixing plants contain a greater con-
centration of N than P, and thus a greater N:P ratio than
that of non-N-fixing plants (Killingbeck 1996; Li et al.
2014; Rice et al. 2004; Vergutz et al. 2012; Wright et al.
2004). Other tree tissues in our study also had signifi-
cantly greater concentrations of N and P in black locust
than in Chinese pine (Table 2). The highest N and P con-
centrations in leaves of black locust (Table 2) were con-
sistent with the previous findings because of the photo-
synthetic machinery (N-rich compounds) and nuclear acid
(P-rich compounds) production in metabolically active
tissues (leaves vs. other tree tissues) or faster growing
species (black locust vs. Chinese pine) (Li et al. 2013a;
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Matzek and Vitousek 2009; Reef et al. 2010). The stem
wood consistently had the lowest concentrations of N and
P for both plantations (Table 2) mainly due to the dilu-
tion effects of greater proportions of C-enriched struc-
tural compounds such as lignin and cellulose in stem (Li
et al. 2013a). It is notable that there were no consistent
rank trends among all tree tissues between the highest and
lowest concentrations of NSC, N, and P for both planta-
tions (Table 2).

Reduced rainfall significantly reduces the soil C, N, P,
and other nutrients elements, and also accounts for a feed-
back on plant C and nutrient elements, and their growth
(Kreuzwieser and Gessler 2010; Yuan and Chen 2015).
In contrast to NSC, the concentrations of N and P and
N:P ratio of most tree tissues decreased with decreasing
precipitation (Figs. 2, 3, 4). The N and P concentrations
in tree tissues exhibit different characteristic patterns
for both tree plantations along the precipitation gradi-
ent. Moreover, a previous study also found more incon-
sistent results within the variation of N and P concen-
trations along the precipitation gradient. For example,
at the global scale, leaf N concentrations significantly
increased, but P concentrations decreased with increas-
ing mean annual precipitation (Yuan and Chen 2009).
Whereas leaf P concentrations of Ohi’a Lehua (Metrosi-
deros polymorpha) in Hawai’i varied significantly with
increasing precipitation, and especially increased from
sites with a precipitation of 2000 mm to sites with a pre-
cipitation of 5500 mm, N concentrations did not (Austin
and Vitousek 1998). Moreover, Santiago et al. (2004)
found that both leaf N and P concentrations decreased
with an increase in mean annual precipitation in tropical
regions. Therefore, a better understanding of the factors,
including soil type, region, temperature, availability of
water, and interactions with other nutrients, that influ-
ence leaf N and P composition can contribute to a bet-
ter understanding of subsequent consequences for plant
communities (Ordonez et al. 2009; Sardans et al. 2011).

Leaf N:P ratios were used to indicate N limitation or
P limitation in ecosystems, i.e., N:P ratios < 14 suggest N
limitation and N:P ratios > 16 suggest P limitation (Reich
2005). In this study, the N:P ratios in leaves remained
relatively constant along the precipitation gradient for
both plantations, and they indicated P limitation for black
locust plantations and N limitation for Chinese pine plan-
tations (Fig. 5a). However, the leaf N:P and C:P ratios on
a global scale increased, but C:N ratios decreased with
increasing mean annual precipitation (Yuan and Chen
2009). However, other studies did not detect the correla-
tions between leaf N:P ratios and precipitation in tropical
areas (Townsend et al. 2007) or at the national level in the
Loess Plateau area of China (Han et al. 2005; Zheng and
Shangguan 2007).
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Conclusion

The concentrations of soil total N and available N and P
significantly decreased with decreasing mean annual precipi-
tation along a south-to-north gradient on the Loess Plateau,
China. Differing feedbacks on tree NSC, N, and P concen-
trations were observed between N-fixing black locust and
coniferous Chinese pine. The concentrations of NSC were
significantly greater in Chinese pines than in black locusts,
and the NSC concentrations increased with decreased pre-
cipitation for both plantations. In addition, the concentra-
tions of N and P were significantly greater in black locust
than in Chinese pine and the concentrations of N and P in
most tree tissues, especially for black locust, decreased with
the decrease in precipitation for both plantations. Moreo-
ver, the constant N:P ratios in leaves were indicative of P
limitation for black locust plantations and N limitation for
Chinese pine plantations. Therefore, N-fixing black locust
and coniferous Chinese pine exhibited differing eco-phys-
iological characteristics on the patterns of NSC, N, and P
concentrations when accounting for a shift from relatively
high nutrient availability to relatively high carbon gain dur-
ing periods of increased drought stress.
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