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Shrub encroachment alters topsoil C:N:P stoichiometric ratios in a high-

altitude forest cutover

Defeng Feng 2,
Weikai Bao "

Introduction

Ecological stoichiometry has been linked
to the balance of nutrients in the ecologi-
cal processes of terrestrial ecosystems
(Sterner & Elser 2002). Elements such as
carbon (C), nitrogen (N) and phosphorus
(P) are considered to show well-con-
strained stoichiometric ratios in soils (Clev-
eland & Liptzin 2007). Moreover, it has
been suggested that soil C:N:P stoichiome-
try determines soil C sequestration (Hes-
sen et al. 2004, Kirkby et al. 2013, Alberti et
al. 2014), and generally reflects soil N sta-
tus, e.g., nitrate leaching and nitrous oxide
emissions (Klemedtsson et al. 2005, Gun-
dersen et al. 2009). Therefore, soil C:N:P
stoichiometry has been regarded as an ef-
fective metric to understand the response
of ecosystem services (such as biogeo-
chemical cycling) to environmental change

The effect of shrub encroachment on soil carbon (C): nitrogen (N): phosphorus
(P) stoichiometric ratios are largely still unknown. We investigated this effect
and the effect of shrub size in a high altitude forest cutover among four com-
mon shrub species: Cerasus trichostoma, Ribes glaciale, Rosa omeiensis and
Salix sphaeronymphe. The difference in topsoil C:N ratio between meadows
and shrub islands was greatly influenced by shrub species and plant sizes. Top-
soil N:P and C:P ratios were always higher in shrub islands than in meadows,
irrespective of shrub species and plant size. The expansion of shrubs merely
increased the topsoil C:N ratio beneath Cerasus and Rosa, and increased the
topsoil N:P and C:P ratios beneath the four shrub species. The increase in stoi-
chiometric ratio followed an identical pattern among the four shrub species as
shrub size increased. There were always higher topsoil C:P and N:P ratios be-
neath Ribes than under the other shrub species with the same plant size. This
study clearly suggests that the effect of shrub islands on soil C:N:P stoichio-
metric ratios was dependent on shrub species and size. Our results are con-
ducive to clarifying the currently confusion in secondary successional trends

of soil C:N:P stoichiometry.
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and anthropic disturbances (Sistla & Schim-
el2012).

Generally, shrub encroachment into
grasslands is a key stage of secondary suc-
cession under some conditions (e.g., high-
altitude cutovers), and involves a transition
of vegetation, plant species and microcli-
mate. At global and regional scales, the
transformation from grassland to shrub-
land significantly influences the soil C:N:P
stoichiometry (Schipper & Sparling 2011, Xu
et al. 2013). However, a large number of
studies have shown contradictory results in
soil C:N ratio between grasslands and
shrub islands at local scales. Increasing
(Schipper & Sparling 2011, La Mantia et al.
2013), decreasing (Springsteen et al. 2010,
Blaser et al. 2014) and even relatively stable
(Hughes et al. 2006, Wheeler et al. 2007,
McClaran et al. 2008, McKinley & Blair
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2008) trends of soil C:N ratios have all been
reported between grasslands and shrubs.
Additionally, La Mantia et al. (2013) ob-
served that the direction of change in a soil
C:N ratio significantly differed among three
contrasting bioclimatic regions along a suc-
cessional trajectory. Therefore, the varia-
tion of soil C:N:P stoichiometric ratios be-
tween grassland soils and soils under
shrubs should be studied for plant species
with wide ranges. Furthermore, it has been
demonstrated that shrub islands could al-
ter soil nutrient content according to shrub
size (Wang et al. 2011). As shrub size in-
creases, the soil nutrient content diversi-
fies. It may increase (Brantley & Young
2010, Wang et al. 2011, Blaser et al. 2014),
remain relatively stable (Hughes et al.
2006) or take on a unimodal distribution
(Sasaki et al. 2010). However, few studies
have focused on the effect of shrub island
size on soil C:N, N:P and C:P ratios during
shrub island expansion (Blaser et al. 2014,
Rong et al. 2016). Therefore, it is still un-
clear how soil C:N:P stoichiometric ratios
change with increasing shrub island size.
High-altitude forest cutovers colonized by
scattered shrub species are found exten-
sively on the eastern Tibetan Plateau as a
consequence of the excessive logging of
high-altitude forests nearby the timberline
(3400-3900 m a.s.l.). The influence of such
shrub islands on topsoil C, N and P con-
tents has been described in our previous
study (Wang et al. 2011). In this paper, we
utilize these shrub island-single element ef-
fects to investigate the secondary effect
on C:N:P ratios. We expect that, in high-alti-
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tude forest cutovers, (1) shrub encroch-
ment into meadows will change the C:N:P
ratios in topsoil, and (2) the effect of shrub
island presence on topsoil C:N:P ratios will
vary among the four shrub species as well
as with an increase in shrub island size.

Materials and methods

Study site

The present study was carried out at a
clear-cut of an old-growth spruce forest
near the timberline at Rike watershed in
Zamtang County, northwest Sichuan Prov-
ince, China (32°19' N, 100° 48’ E). It is a typi-
cal high-altitude forest-grassland ecotone
of the eastern Tibetan Plateau and it has a
unique plateau monsoon climate with an
annual average temperature of 4 °C and an
annual average rainfall of 700-800 mm. The
research was conducted on an 18-year-old
cutover (area: 5.3 ha; slope: 23°% aspect:
NW 26°% elevation: 3650 m a.s.l.), where
herbs and shrubs account for about 85%
and 15% of total cover, respectively. The
soils are categorized as Luvisols, which
originate from metamorphic rocks, includ-
ing phyllite, slate, and schist (Pang et al.
2011).

Sampling design and nutrient analysis
Eighty-six shrub islands containing four
common deciduous shrub species with
varying crown architecture, Cerasus tricho-
stoma, Ribes glaciale, Rosa omeiensis and
Salix sphaeronymphe (hereafter referred to
as Cerasus, Ribes, Rosa and Salix, respec-
tively) were selected for the study. In Au-
gust 2008, several Cerasus, Ribes, Rosa and
Salix shrub islands of different sizes were
chosen and their corresponding basal area
was measured in the field (Tab. 1). Each
shrub island was regarded as a plot (86
plots in total). One subplot measuring 50 x
50 cm (0.25 m*) was sampled along the
four directions (i.e., north, south, east and
west) of each shrub island. Overall, we in-
vestigated 344 subplots, including 14
smaller subplots (area < 0.25 m?) under

shrub islands with insufficient sampling
size. In addition, 35 meadow plots, measur-
ing 1 x 1 m, between shrub islands were es-
tablished as controls (CK) where the same
sampling and measurements of shrubs is-
lands were repeated.

Litter coverage and mass were measured
in each subplot, and then were used to re-
spectively calculate litter coverage and
mass at the plot-level. Topsoil (0-20 cm)
samples were collected under shrub ca-
nopies and in the meadows by a soil auger
to determine nutrient content. The three
to five sub-samples collected in the subplot
were combined into a composite sample
for each shrub island plot. The litter sam-
ples were dried at 70 °C for 12-13 hours in
the laboratory before being weighed to de-
termine dry mass (shrub plot litter biomass
- Wang et al. 2011). All soil samples were
air-dried, sieved through a 2-mm mesh and
analyzed for total organic carbon (TOC)
content by the Walkley-Black method, for
total nitrogen content (TN) by the Kjeldahl
method, and for total phosphorus content
(TP) by Mo-Sb spectrophotometers.

Data analyses

The topsoil C:N, N:P and C:P ratios for all
shrub islands and meadows were calcu-
lated as molar ratios. To examine whether
shrub encroachment would change topsoil
C:N:P stoichiometry in high-altitude forest
cutovers, the element ratios between the
86 shrub island sample plots and the 35
meadow control plots were compared. The
significance of difference in topsoil C:N,
N:P and C:P ratios between meadows
(n=35) and shrub islands (n=86) was tested
by one-way analysis of variance (ANOVA).
One-way ANOVA was also used to compare
the differences between C:N, N:P and C:P
ratios in topsoil among Ribes (n=23), Cera-
sus (n=22), Rosa (n=21), Salix (n=20) and
meadows (n=35).

Next, we log-transformed the shrub is-
land area data to achieve normality, and
performed a series of linear regression
analyses to determine the relationships of

Tab. 1 - Basic characteristics of Cerasus (C. trichostoma), Ribes (R. glaciale), Rosa (R.
omeiensis) and Salix (S. sphaeronymphe) and surrounding topsoil C:N, N:P and C:P
ratios in a high-altitude cutover of eastern Tibetan Plateau, China. Different lowercase
letters indicate significant difference (p<0.05) among Cerasus, Ribes, Rosa, Salix and

CK (meadow) after one-way ANOVA.

Type Sample size

Statistic 2 C:N N:P C:P

(n) (m%)

CK Min - Max 1 (13.8-23.7)  (0.9-17.1)  (166-291)
(n=35) Mean = SE 1 18.5+0.4% 11.6+03°  212:4°
Cerasus Min - Max (0.6-11.1) (14.5-22.2)  (10.6-23.5)  (227-515)
(n=22) Mean + SE 3.51+0.52 19.7+0.4° 17.1+0.7% 337+13%
Ribes Min - Max (0.6-7.3) (14.3-25.1)  (11.6-28.3)  (231-532)
(n=23) Mean + SE 2.4:0.3 19.4:05° 18.7:0.7° 362:16°
Rosa Min - Max (0.5-9.9) (15.8-22.7) (12.0-20.2)  (197-438)
(n=21) Mean = SE 3.1:0.5 19.2:0.4® 16.4+05°  317%15°
Salix Min - Max (0.6-12.4) (15.5-24.4)  (10.0-30.0)  (215-543 )
(n=20) Mean = SE 4.6+0.9 19.6 +0.6° 16.7+0.9°  328+19°
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topsoil stoichiometric ratios (C:N, N:P and
C:P ratio) to both shrub island size and lit-
ter mass. We conducted analysis of covari-
ance (ANCOVA) to test the differences be-
tween all intercepts and slopes of the
above-mentioned linear regression equa-
tions among shrub species. Shrub island
size and litter mass, as well as species and
the soil stoichiometric ratios were both
considered as covariate factors, fixed fac-
tors and dependent variables in ANCOVA.
All data was analyzed by the software plat-
form SPSS® ver. 20.0 (IBM, Armonk, NY,
USA), and figures were made using the
software Origin® ver. 9.0 (OriginLab Corp.,
Northampton, MA, USA).

Results

In the high-altitude cutover of the eastern
Tibetan Plateau, the mean topsoil C:N, N:P
and C:P ratios of shrub islands (n=86) were
19.5, 17.3 and 337, respectively. The ratios
were significantly higher than that of the
adjacent meadows (one-way ANOVA test:
n=35; p=0.037, p<0.001 and p<0.001, re-
spectively). For shrubs at the species level,
we found that the difference in topsoil C:N
ratios among the four shrub species and
the meadows was not significant (p=0.28)
(Tab. 1), while both the topsoil N:P and C:P
ratios of the four shrub species were al-
ways significantly higher than that of
meadow (both p<0.001). The highest and
lowest soil N:P and C:P ratios occurred in
Ribes (Tab. 1).

Pearson’s correlation analysis indicated
that both topsoil C and N contents were
significantly related to litter mass beneath
Cerasus (r=0.89 and r=0.76), Ribes (r=0.82
and r=0.76), Rosa (r=0.89 and r=0.83) and
Salix (r=0.96 and r=0.75), all with p<o0.001,
whereas the topsoil P content did not re-
late to litter mass beneath Cerasus
(p=0.062), Ribes (p=0.887), Rosa (p=0.30),
and Salix (p=0.87). Topsoil C:N ratios in-
creased with accumulation of litter mass
under Cerasus and Rosa (Fig. 1a). This rela-
tionship in slope of regression was larger
for Rosa than for Cerasus, demonstrating
that the topsoil C:N ratio increases with lit-
ter mass for Rosa more than for Cerasus.

Both topsoil N:P and C:P ratios under the
four shrub species were significantly and
positively correlated with litter mass (Fig.
1b, Fig. 1c). The slopes of both topsoil N:P
and C:P ratios were significant larger for
Salix than for the other three species, indi-
cating that the topsoil N:P and C:P ratios in-
crease with litter mass for Salix more than
for others (Fig. 1b, Fig. 1c). The topsoil C:N
ratio increased with increasing shrub island
size for Cerasus and Rosa, but this ratio did
not change with shrub island size for Ribes
and Salix (Fig. 2a). The difference in inter-
cepts and slopes was not significant when
comparing Cerasus and Rosa, which indi-
cates that their increases in the topsoil C:N
ratio correlated with shrub island size to a
similar degree in both species. Among all
four species, topsoil N:P and C:P ratios
were significantly and positively related to
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shrub island size (Fig. 2b, Fig. 2c). The re-
gression slope did not differ among the
four shrub species (p=0.427 and p=0.383,
respectively), indicating that the topsoil
N:P and C:P ratios similarly increased with
shrub size, regardless of the species. The
regression intercepts of both topsoil N:P
and C:P ratios beneath Ribes were signifi-
cantly higher than the other three shrubs
(p<0.0001 and p<0.0001, respectively),
which indicates that, in our study, topsoil
N:P and C:P ratios were greater under
Ribes than under equally-sized shrub is-
lands.

Discussion

In a high-altitude cutover on the eastern
Tibetan Plateau, we found that shrub en-
croachment into meadows increased top-
soil N:P and C:P ratios, regardless of shrub
island size and species (Tab. 1, Fig. 2b, Fig.
2¢). This result is consistent with previous
findings (Xu et al. 2013, Blaser et al. 2014).
In addition, our study showed that the top-
soil C:N ratio was significantly larger
around shrub islands (n=86) than around
adjacent meadows (n=35). At the species
level, the difference in ratios between the
four shrub species and meadows was not
significant (Tab. 1). These results strongly
indicate that the shrub species composi-
tion largely impact on the difference in top-
soil C:N ratios between shrub islands and
meadows at a local level. Interestingly,
shrub islands showed a decrease in topsoil
C:N ratios rather than the expected in-
crease under small shrub size (i.e., by 0.5-
1.6 m* - Fig. 2a). A decrease in topsoil C:N
ratios from the meadows to the shrub is-
lands agreed with observations in other
studies (Springsteen et al. 2010, Blaser et
al. 2014). Our previous studies have re-
vealed an increase in topsoil C and N con-
tents (Wang et al. 2011). Thus relatively low
topsoil C:N ratios could result from an in-
tensive shrub island encroachments effect,
even from an early stage of shrub estab-
lishment. Generally, the soil C:N ratio is
negative to N mineralization rate. Once the
shrub islands (Cerasus and Rosa) were es-
tablished (Fig. 2a), the immediate and re-
markable decrease in topsoil C:N ratio indi-
cated that N mineralization rates increase
at the initial stage of shrub encroachment,
which would enhance further encroach-
ment of shrub islands onto adjacent mead-
ows. Moreover, topsoil C:N ratios beneath
meadows tend to be higher than that of
relative larger shrub islands (shrub size >
1.6 m* — Fig. 2a), as other reports have also
found (Wheeler et al. 2007, McClaran et al.
2008, McKinley & Blair 2008, Xu et al. 2013).
Taken together, shrub encroachment onto
meadows immediately lowered topsoil C:N
ratios, but the ratios increased as the
shrubs became established, especially in
soil surrounding Salix and Ribes (Fig. 2a).
This study suggests that shrub islands with
diverse species and of various sizes signifi-
cantly affect the succession trends of soil
C:N ratios as a meadow becomes a shrub
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Fig. 1- The relationship
between litter mass (g
m?) and topsoil C:N, N:P
and C:P molar ratios can
be represented by the fol-
lowing formula: y = a x+ B,
x and y representing litter
mass and soil stoichiomet-
ric ratios, respectively. A
solid line indicates a signi-
fication relationship
(p<0.05), whereas a
dashed line indicates a
non-significant relation-
ship (p>0.05). (R): Rosa;
(Ri): Ribes; (C): Cerasus;
(S): Salix.

Fig. 2 - The relationship
between shrub area (m?)
and topsoil C: N, N:P and
C: P molar ratios for Cera-
sus, Ribes, Rosa and Salix
island can be represented
by the following formula:
y = alog(x)+ B, xand y
representing shrub size
and soil stoichiometric
ratios, respectively. The
horizontal dashed line rep-
resents C:N:P ratios in the
meadow soil. (R): Rosa;
(Ri): Ribes; (C): Cerasus;
(S): Salix.
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island. Consequently, our study provides
an important explanation for the contradic-
tory results of soil C:N ratios between
grasslands and shrubs across various local
and regions (Hughes et al. 2006, Wheeler
et al. 2007, McClaran et al. 2008, McKinley
& Blair 2008, Springsteen et al. 2010, La
Mantia et al. 2013).

Litter deposition is regarded as the main
way to influence C and nutrient contents in
soil (Rinnan et al. 2008, La Mantia et al.
2013). Indeed, accumulation in litter mass
of shrub islands was significantly and posi-
tively related to topsoil Cand N content (all
p<0.001), but it was not correlated with
topsoil P content (all p>0.06). As a conse-
quence, the accumulation of litter mass po-
tentially led to higher topsoil C:N, N:P and
C:P ratios (Fig. 1). Moreover, it has been
stated that accumulation of litter mass is
associated with shrub island expansion
(Wang et al. 2011). Our study clearly shows
that topsoil C:N:P ratios increase with in-
creasing shrub island size (Fig. 2), which
agrees with observations from Blaser et al.
(2014). Thus, a distinct increase in topsoil
C:N:P ratios can be partly ascribed to litter
accumulation during shrub island expan-
sion. These trends of increasing soil C:N:P
ratios indicate a decline in mineralization
rate of N and P as shrubs develop and fur-
ther suggest that P availability, rather than
N availability, ultimately restrains the ex-
pansion of shrub islands. It has already
been proven that C must combine nutri-
ents (N and P) in a fixed ratio to subse-
quently be capable of sequestration in soil
(Hessen et al. 2004, Kirkby et al. 2013). A
larger C:N:P ratio usually indicates that a
soil can store more C per unit of nutrient
(N and P). More importantly, this study fur-
ther suggests that the presence of shrub is-
lands in a high-altitude cutover improves
topsoil C storage (Wang et al. 2011), with a
higher C sequestration efficiency of nutri-
ents.

Schipper & Sparling (2011) reported that
soils undergo a change in C:N ratio when
the vegetation landscape changes; soils
with a higher initial C:N ratio rapidly de-
clines in the C:N ratio as shrub islands turn
to pasture. Similarly, our study demon-
strated that the increase in topsoil C:N:P ra-
tios as shrub island size increases did not
significantly vary among species (Fig. 2) be-
cause of the approximate C:N:P ratios in
encroached meadow soils. Our results sug-
gest that the response of stoichiometric ra-
tio in topsoil to increasing shrub size is sim-
ilar among species. Under conditions of
less litter mass, topsoil N:P and C:P ratios in
Ribes were relatively higher than in other
three species (Fig. 1b, Fig. 1c). Ribes, with
low branching and a hemispheroidal silhou-
ette, was especially conducive to accumu-
lating litter mass (Wang et al. 2011),
thereby leading to larger N:P and C:P ratios
in topsoil under shrubs of the same island
size range (Tab. 1, Fig. 2b, Fig. 2¢). Further-
more, Sasaki et al. (2010) stated that shrub
islands could affect N:P ratios with shrub
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biomass when enlarging shrub cover at the
community level. Our results further pro-
vide a perspective of the effect of shrub is-
lands on C and nutrient storage and their
stoichiometric ratios in soil.

Conclusions

In a high-altitude forest cutover on the
eastern Tibetan Plateau, the difference in
the topsoil C:N ratios between meadows
and shrub islands depended on shrub spe-
cies and size. Topsoil N:P and C:P ratios in
meadows were always lower than those in
shrub islands, irrespective of species and
size. Litter mass accumulation particularly
resulted in an increase in topsoil C:N:P ra-
tios. Topsoil C:N, N:P and C:P ratios signifi-
cantly increased with increasing shrub is-
land size, and had similar increasing rates
among the four shrub species. Ribes always
had a higher N:P and C:P ratio in topsoil,
compared to other shrub islands of the
same size. Therefore, our study provides a
credible interpretation in diverse succes-
sion trends of soil C:N ratio as grasslands
become shrub-dominated, and suggests
that shrub islands also affect soil C:N:P ra-
tios with their size and species.
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