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Abstract
Background and aims Our understandings on the pat-
terns and mechanisms of plant community assembly
during succession, especially the primary succession in
glacier retreat areas, remain limited. The Hailuogou
Glacier Chronosequence provides a distinctive place
to disentangle the biotic interactions and abiotic filtering
effects on community successional trajectories.
Methods Through community-weighted approaches,
we quantified elements allocation and regulation in
leaves and roots, N:P stoichiometry, and the biotic and
abiotic controls guiding community dynamics along the
120-year chronosequence.
Results Across seven primary successional stages, plant
leaves featured higher concentrations of macro-

elements with lower coefficients of variation (CV) with
increasing succession; whereas, fine roots contained
more micro-elements with higher CV. From the early
to late stages, foliar N:P increased linearly from 8.2 to
20.1.
Conclusions These findings highlighted that the limit-
ing factor for plant growth shifted from N to P over one
century of deglaciation. Edaphic factors (pH, bulk den-
sity, N and P concentrations) acted as deterministic
filtering for trait convergence in the early stages, while
biotic factors (species richness and plant litter biomass)
for competitive exclusion dominated the late stages
hosting species with stronger homoeostatic regulation
and more conservative nutrient use.

Keywords Edaphic and biotic drivers .Hailuogou
Glacier Chronosequence . Elements homoeostatic
regulation . Plant community assembly

Introduction

Global warming has caused glacial recessions world-
wide since the end of the Little Ice Age (~1850); for
example, half of the glaciers retreated in the European
Alps, mainly after 1985 (Zemp et al. 2006), and approx-
imately 20% in the Tibetan Plateau due to the 0.23 °C
temperature increase per decade during 1951–2009
(Guo et al. 2015). The new ice-free areas following the
glacial retreat and colonization by terrestrial organisms
provide an opportunity to study primary succession
from the very beginning. Plant–soil interactions in these
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infertile environments are crucial for understanding the
diversity and productivity of plant communities, and
ultimately the rate and direction of ecosystem succes-
sion (Wardle et al. 2004). Deciphering the patterns and
driving agents of successional dynamics in terrestrial
ecosystems is one of the major tasks of plant ecology;
however, our understandings of how functional traits
change across primary successional gradients, especial-
ly in deglaciated terrains, are still modest.

Soil nutrient availabilities, particularly nitrogen (N)
and phosphorus (P), are important and reliable indica-
tors of ecosystems functioning. Equally important are
their stoichiometric balances related to carbon (C), be-
cause strict proportions of C, N and P can be determin-
istic for species interactions, trophic cascades and nutri-
ent recycling (Elser et al. 2007; Yu et al. 2010). Further-
more, homeostatic regulation to maintain a given ele-
mental concentration despite variations in the environ-
ment can be highly related to a species’ ecological
strategy and evolutionary fitness (Jeyasingh et al.
2009). Indeed, Yu et al. (2010) showed that species with
strong regulatory capacity are dominant in communities
under low nutrients conditions; ecosystems dominated
by homeostatic taxa usually exhibit higher productivity.
Under stressful conditions, as the maintenance of stoi-
chiometric homeostasis is energetically expensive for
plants, higher stoichiometric N:P flexibility might be
advantageous, which allows for opportunistic uptake
of the remaining nutrients, especially for the subordinate
species (Sardans et al. 2015; Mariotte et al. 2017;
Sperfeld et al. 2017). Besides the great importance given
to soil N and P, many other elements (including macro-
and micro-elements) are also indispensable for the prop-
er functioning of plant communities in specific contexts
or regions, either due to limitations or toxicity, or im-
pacts on C, N and P cycling (Han et al. 2011). For
instance, leaf Mg is strongly correlated with chlorophyll
synthesis, plant photosynthesis, and enzyme activation;
Ca can improve membrane stability and increase stress
tolerance; K and Na act as important determinants of
stomatal control and osmoregulation, especially in arid
and saline environments; and Mn, Zn, Fe, and Cu are
essential for protein synthesis and enzymatic activities
(Miatto et al. 2016). The necessity to consider the po-
tential effect and response of multiple elements in plant
communities has been given more recognition in terres-
trial ecology nowadays (Aerts and Chapin 2000; He
et al. 2016; Zhao et al. 2016). Moreover, among the
multiple elements, those with high physiological

requirements, high average concentrations and most
frequently limiting in nature would be more stable and
less sensitive to environmental variations (Han et al.
2011). Thus, new knowledge on the variation of plants’
nutritional traits and how tightly bound they are to
environmental gradients is critical to the development
of a broad (rather than nitrogen-centric) perspective on
plant nutritional ecology, and this will help to better
parameterize complex multi-element biogeochemical
models to forecast community dynamics (Lambers
et al. 2008; Han et al. 2011; Sardans et al. 2015).

Despite the facts that diverse patterns of plant stoichi-
ometry with environmental conditions can be found, our
understanding on the underlying drivers of variability in
stoichiometry, as well as the relative contribution of differ-
ent community assembly processes, is still in its infancy.
Trait-based methods placing species along the quantitative
axes of niche partitioning has been shown to be a powerful
way of examining the ecological processes involved in the
assemblages of tree communities, in which both abiotic
conditions and biotic interactions impose deterministic
roles on functional trait diversity (Rejou-Mechain et al.
2014; Lohbeck et al. 2015; Botta-Dukát and Czúcz
2016). Abiotic filtering has been suggested to enhance
species similarity under more stressful conditions, contrib-
uting to low functional diversity among sympatric species
(Weiher et al. 2011; Bergholz et al. 2017). In contrast,
biotic filtering might generate more complex results, be-
cause in stressful environments facilitation can stimulate
functional diversity through preventing coexisting species
from being too similar; nevertheless, in benign environ-
ments, strong competition may decrease functional diver-
sity (Weiher et al. 2011; Bergholz et al. 2017). More
studies are critically needed not only for predicting the
community successional dynamics, but also for improving
management, conservation, and restoration strategies in the
disturbed ecosystems.

In this study, using the community-weighted means
for the concentration, variance and regulation of eleven
elements in leaves and fine roots, we investigated the
patterns of primary successional trajectories across a
glacier-retreating chronosequence, and the underlying
environmental and biological driving forces. We aimed
to test the following hypotheses: (1) for macro- and
micro-elements, the inconsistent changes in their avail-
abilities and divergent allocations within plant organs
(i.e., leaves and fine roots) would result in contrasting
patterns for the community-weighted means across the
chronosequences in different organs; (2) species with
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relatively high nutrient use and flexible nutrient stoichi-
ometry would dominate in early succession, whereas
species in later successional stages would be character-
ized by conservative resource-use strategies and stron-
ger stoichiometric regulation related to higher biomass
accumulation; (3) the limiting nutrients for plant growth
would gradually shift from N to P over one century of
deglaciation; meanwhile, the dominating drivers for
community assemblages would transition from edaphic
factors under early infertile conditions, to biotic factors
under the later productive stages. Our analyses allowed
us to uniquely characterize how community-wide func-
tional traits change during the primary succession at a
local scale, and to disentangle the effects of biotic inter-
actions and abiotic filtering on the overall plant stoichi-
ometry patterns, and thus could shed new light on the
rate, direction and magnitude of ecosystem succession
under future global changes.

Materials and methods

Study sites

TheHailuogou Glacier Chronosequence, located on the
eastern fringe of the Tibetan Plateau (29°30′ to 30°20′
N, 101°30′ to 102°15′ E, 7556 m a.s.l), has been de-
scribed in detail by Lei et al. (2015) and Zhou et al.
(2016). The relatively mild and humid climate here
promotes rapid moraine colonization by plants and mi-
crobes (Lei et al. 2015). Spatial differences in the lithol-
ogy, topography, and climate are negligible in such a
small area (<0.5 km2), because of the small gradients in
length (2 km), width (50–200 m), elevation (127 m from
2982 to 2855 m) and soil temperature (0.62 °C from
6.06 to 5.44 °C). At this site, several studies have inves-
tigated specific processes or organisms, and usually
found non-linear changing patterns, such as pedogene-
sis, weathering processes (Zhou et al. 2016), plant suc-
cession (Zhong et al. 1997; Yang et al. 2014) and soil
nematodes (Lei et al. 2015). After 120-years of primary
succession, the chronosequence has developed into dis-
tinct vegetation communities, changing from a pioneer
to climax community at seven successional ages (3, 12,
30, 40, 52, 80 and 120 years, respectively) (Fig. S1). The
newly deglaciated moraine, after retreating for 3 years, is
characterized by N2-fixing Astragalus adsurgens Pall.
and A. souliei N.D. Simpson. The second stage, after
12 years, is dominated by pioneer trees and shrubs (i.e.

Hippophae rhamnoides L. and Salix magnifica Hemsl.)
and a few other leguminous herbs. H. rhamnoides L.,
Salix spp. and Populus purdomii Rehd. are dominant at
the third and fourth stage after deglaciation for 30 to
40 years, where competition is likely to be strong due to
the high population density. Stage 5 harbors a diverse
community including Betula utilis D. Don, P. purdomii,
Abies fabri (Mast.) Craib and other shrubs and grasses.
After 80 years of development, stage 6 consists of
P. purdomii, A. fabri and Picea brachytyla (Franch.)
Pritz. The last stage, stage 7, is dominated by the coni-
fers P. brachytyla and A. fabri (Table S1). Thus, it
provides a distinctive opportunity to explore the controls
over vegetation succession and soil development (Fig.
S1). Along with the forest succession, Yang et al. (2014)
found that C:N ratios in mineral soils decreased signif-
icantly due to a more rapid N accumulation rate com-
pared with C accumulation.

Field survey and sampling

At each chronosequence stage, in August 2015, we
sampled three 10 × 10 m square plots with a distance
of 10 m between plots (except stages 1 and 2 with 5 ×
5m square plots and a 3-m distance between plots due to
their relatively small areas covered). In each plot, all the
taxa of plant communities were listed at species level to
assess plant composition and richness (Table S1). Then,
five mature, sunlit leaves and the fine roots (diameter <
2 mm) attached to the woody plants were collected from
five replicate individuals of each dominant species. For
soil samples, as with previous studies here, for the first
two sites only fine moraine materials in the top 10 cm
could be collected (Zhou et al. 2016). For the other five
stages, three soil units were collected to include O, A
and C horizons, which represent litter layer, soil with
dark brown color and humus enrichment, and soil parent
material, respectively. Due to the immaturity of soil
development, the boundaries of the three horizons were
inconspicuous, and none of the soils showed cambic
(B), eluvial (E), or illuvial (Bs, Bh) horizons. Moreover,
Zhou et al. (2016) found that the thickest A horizon was
only approximately 12 cm thick. Thus, we collected the
top soils (10 cm in the first two stages, and 20 cm in the
other five stages) from the center and each corner in
each plot using a 5-cm diameter soil corer. The five soil
cores were combined and homogenized as one compos-
ite soil sample, passing through a 2-mm sieve after
removing roots. The composite samples were stored in
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polyethylene bags and transported to the laboratory. All
sampling pits were under canopies of the dominant
plants of each stage, not on steep slopes or near small
streams within the chronosequence.

Community structure, aboveground and litter biomass
measurement

Species frequency and abundance, including the tree,
shrub and herb layers was assessed by calculating the
total numbers of the species in each plot following
the method of Yang et al. (2014). We used the above-
ground biomass (Mg ha−1) that had accumulated to
represent forest above-ground biomass production.
Trees and tall shrubs (higher than 3 m) within the
plots were numbered, tagged and measured by height
and diameter at breast height (1.3 m above root
collar). Their biomass estimates were calculated with
the species-specific provincial allometric biomass
equations reported by Zhong et al. (1997). For the
low shrub and herb layer, the above-ground biomass
was estimated by destructively harvesting samples
within the central 1 × 1 m of each subplot. All sam-
pled plant materials were sorted by species, and then
were oven-dried at 65 °C for 48 h and weighed for
their dry mass. Litter samples were collected using 1-
mm mesh litter traps with collection area of 0.42 m2,
at >0.5 m high from the ground to avoid tidal water.
The litter traps were emptied monthly and individual
litter components were dried at 80 °C for 48 h, des-
iccated at room temperature and weighed.

Elemental and isotope composition analyses

The plant leaves and fine roots were cleaned thor-
oughly with deionized water, oven-dried and ground
to a fine powder (250 μm pore size) for total element
concentrations analyses. Soil samples were mixed,
lightly crushed and air-dried at room temperature,
and the large stones, roots, litter and other debris
were picked out by sieving through 2-mm plastic
sieves. Then, a subsample of the soils was finely
milled, passed through a polyethylene sieve of
150 μm pore size before chemical analysis (He
et al. 2016). Briefly, 0.5 g plant samples were acidi-
fied with 8 ml ultrapure concentrated HNO3, and
0.15 g soils were treated with 8 ml ultrapure concen-
trated mixture of 2.5 ml (HNO3) +4 ml (HF) +1.5 ml
(HClO4) (He et al. 2016). Then all samples were

solubilized in 50 ml Teflon centrifuge tubes and
digested in a microwave digestion system (Mars X
press Microwave Digestion system, CEM, Matthews,
NC, USA) prior to elemental analysis. Blank solu-
tions (acid mixture without samples) were measured
in duplicate during each group of sample digestion.
To assess the precision and accuracy of the digestions
and analytical procedures, we used poplar leaves
(GBW 07604) and agr icul tura l so i l (GBW
E070045) from the China Standard Reference Mate-
rials Centre (He et al. 2016). Both plant and soil
samples were analysed for total element concentra-
tions of P, K, Ca, Mg, Cu, Na, Mn, Zn, Fe and Al
with an inductively coupled plasma optical emission
spectroscopy (ICP-OES 7000DV, Perkin Elmer,
USA), as described by He et al. (2016). The relative
standard deviation for micro- and macro-elements
was approximately 1–2%.

In addition, nitrogen concentrations in leaves and
roots were measured with a Vario MAX CN element
analyzer (Elementar Analysensysteme GmbH, Hanau,
Germany). Soil total N was measured by the semimicro-
Kjeldahl method. Available N (ammonium and nitrate)
concentration was measured after 1 h shaking with 2 M
KCl at 1:10 soil extractant ratio. Ammonium-N and
nitrate-N was determined as described by Cavagnaro
et al. (2006). Available P was extracted by the anion
exchange resin and the concentration was determined
colorimetrically on a UV-VIS spectrophotometer
(Shimadzu UV2450) at 710 nm (Murphy and Riley
1962). For bulk density analysis, soil samples were
oven-dried at 105 °C and weighed, then bulk density
was calculated by dividing the weight with the sample
volume. Soil pH was determined in soil suspensions
(soil:water ratio of 1:5) with a potentiometer pH meter
(E-INGINST Electron Co., Ltd., Qinxiyang Industrial
Zone, Fujian, China) and soil organic carbon content
was measured by the dichromate oxidation method
(Nelson and Sommers 1982).

Stable carbon (δ13C) and nitrogen isotope composi-
tion (δ15N) in leaf and fine root samples were measured
using a DELTAVAdvantage Isotope Ratio Mass Spec-
trometer (Thermo Fisher Scientific, Inc., Waltham, MA,
USA), as described in our previous study (Song et al.
2017). Results are expressed relative to the standard Pee
Dee Belemnite as δ13C for C and δ15N for N stable
isotopes in‰: δ13C, δ15N (‰) = (Rsample/Rstandard - 1) ×
1000, where R is the 13C/12C or 15N/14N ratio,
respectively.
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Calculation of community-weighted elements
stoichiometry

Community-weighted mean values, based on the impor-
tance values of the dominant species, are more useful
than values based on a single plant species or on the
unweighted mean value of many species (Curtis and
McIntosh 1951; Niinemets and Kull 2005; Townsend
et al. 2007; Zhang et al. 2015). Therefore, the commu-
nity weighted elements stoichiometry was calculated to
determine the community succession across the
chronosequence using species importance values in
each plot (Skeen 1973; Garnier et al. 2004; Lohbeck
et al. 2015), following the three equations:.

IVik ¼ relative abundanceþ relative frequencyþ relative dominanceð Þ=3

ð1Þ

IV ¼ ∑n
i¼1IVik ð2Þ

CWMj ¼ ∑n
i¼1tij � IVik

IV
ð3Þ

Where IVik is the importance value of species i in plot
k, IV is the sum of the IVik in plot k, n is the number of
species in the plot. tij is the element concentration j of
species i in plot k. CWMj represented the community-
weighted means concentration of element j.

The community homoeostatic regulation coefficient
(R) was calculated according to Sterner and Elser (2002)
and Yu et al. (2010):

y ¼ cx1=R ð4Þ

Where y is the plant community-weighted mean ele-
ments content or N:P ratio in leaves or roots, x is the soil
element contents or N:P ratio and c is a constant. Ac-
cording to the RDA results, two groups of stages (early
S1–5 and late S6–7) could be differentiated; thus, for
simplicity the regulation coefficients for early and late
stages were calculated separately.

Statistical analyses

Analyses were performed on the means of the
community-weighted elemental concentrations of
leaves and roots, with the variation quantified by the

coefficient of variation (CV). The relationships between
community-weighted mean plant (leaves and roots) el-
ements and stand age were fitted using linear or non-
linear regressions. All data were analyzed using SPSS
19.0 for Windows statistical software package (SPSS,
Chicago, IL, USA). Community-weighted mean traits
among different stand ages were compared by the
Tukey’s test after one-way ANOVA.

Relationships of community-weighted mean ele-
ments between leaves and roots were investigated by
model II regression analysis (reduced major axis regres-
sion, RMA) with the SMATR package in software R,
since both x and y variables included estimation errors
(Warton et al. 2012). Allometric relationships between
leaves and roots were examined using the scaling ap-
proach, Leaf = a Rootb. After log-transformation, the
power function was expressed by a linear regression
equation, where a and b are the regression intercept
and slope, respectively (He et al. 2016); the scaling
relationship between leaf and root was considered as
isometric when the 95% confidence interval of the slope
(b) contained 1 (He et al. 2016). Otherwise the relation-
ship is allometric, that is, foliar elements increase faster
than elements in the root when b is above 1, or slower
than the root elements when b is below 1 (He et al.
2016). Moreover, to further investigate the effect of the
edaphic (soil pH, bulk density, SOM and total contents
of elements) and biotic properties (species richness, total
above-ground biomass (TAB) and plant litter biomass)
on the successional community-weighted elements con-
centrations, redundancy discriminatory analysis (RDA)
was applied using the rda function in the vegan R
package (R Core Team 2013). In addition, before the
RDA analysis, a detrended correspondence analysis was
performed to confirm that the linear ordination method
was appropriate for the analyses (gradient lengths <3).
The relative contributions of different explanatory vari-
ables including biotic and edaphic factors were calcu-
lated by canonical variation partitioning (VPA) using
the varpart procedure in the R package vegan (Oksanen
et al. 2016). The significance of the RDA model was
tested by anova.cca function based on 999 permutations
(Oksanen et al. 2016). To visualize the complex rela-
tionships between total above-ground biomass accumu-
lation and environmental variables in early and late
stages, structural equation modeling (SEM) were used
to identify the direct and indirect effects. To simplify the
model, we chose those characteristics strongly connect-
ed to biomass accumulation, including edaphic factors
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(pH, bulk density, soil N and P concentrations), as well
as biotic factors (plant richness and litter biomass). All
the included edaphic and biotic characteristics were
subjected to logarithmic transformation to meet the as-
sumptions of normality. The SEM was conducted with
the Amos 17.0 software package (Smallwaters Corpo-
ration, Chicago, IL, USA). The criteria for evaluation of
structural equation modeling fit, such as the p-values, χ2

values, the akaike information criterion (AIC), and
goodness-of-fit index (GFI) were adopted according to
Hooper et al. (2008).

Results

Patterns for elemental concentration, variability
and allocation in leaves and fine roots

For soil element concentrations, N showed a unimodal
pattern along the chronosequence, with peak values at
the intermediate successional stages (stage 5). Gradual
decreases were observed in P, Ca, K, Mg, and Mn, and
no significant changes for Cu, Na, Fe, Al, and Zn (Fig.
S2). Concentrations of N, Na and Mn in leaves and
roots, as well as Zn in roots increased, whereas P, Fe,
Al, δ13C and δ15N in leaves and roots, as well as K, Ca
and Mg in roots, decreased linearly along the
chronosequence. Hump-shaped relationships were fitted
for Ca and Mg in leaves. Nevertheless, root Cu as well
as foliar K, Ca, Mg, Cu and Zn concentrations showed
no general changes (Fig. S3).

The difference between the most and the least abun-
dant element concentrations in community leaves and
fine roots was more than three orders of magnitude
(Fig. 1). Both allometric and isometric allocation

patterns between leaves and fine roots were found for
different elements (Table 1, Fig. 1). According to the
RMA regression analysis on community-weighted con-
centrations of leaves vs fine roots, the slopes of
macroelements N, P, Mg, and K, as well as microele-
ments Mn and Zn were significantly larger than 1. In
contrast, more Cu, Fe, and Al accumulated in fine roots
based on the findings that the slopes of their graphed
concentrations were less than 1. Allocations for Ca and
Na were not significantly different between leaves and
fine roots (Table 1, Fig. 1).

The coefficients of variation (CVs) ranged from
14.9% (P) to 84.6% (Al) in leaves, and from 18.0%
(P) to 60.6% (Fe) in fine roots, respectively. For mac-
ro-elements, the CVs were generally lower in fine roots
than those in leaves, whereas the reverse pattern was
found for micro-elements across the chronosequence
(Fig. 2a, b). At the community level, the negative rela-
tionship between elemental concentrations and their
CVs was significant for fine roots (Fig. 2b), and mar-
ginally significant for leaves (Fig. 2a).

N and P stoichiometry and multi-elemental equilibrium

The community-weighted mean N:P ratios ranged from
8.2 to 20.1 in leaves, and from 10.5 to 31.0 in fine roots
(Fig. 3). For both leaves and fine roots, N:P ratios were
comparable in the first three stages, and lower than those
of the last four stages, in which N:P ratios increased
gradually along with the successional stages (Fig. 3).
Furthermore, foliar and fine root N:P ratios were posi-
tively correlated with N concentrations, while negative-
ly with P concentrations in soil and community-
weighted leaf and root tissues, respectively (Fig. 3).
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Ranging from 1.09 to 9.09, the homoeostatic regula-
tion coefficients varied according to successional stages,
leaf or root organs, and element identities. Across the
chronosequence, the late successional stages (i.e., stages
6 and 7) showed higher equilibrium ability than the first
five stages, especially for Mg, Ca, Cu, Na, and N:P ratio
(Table 2). Homoeostatic regulation was higher in leaves
than in roots for P, Ca, and N:P, while it was lower for
Cu and K, and comparable for other elements. Among
these elements, Ca, N, P, and the N:P ratio belonged to

the strong homeostatic ones, but Fe, Al, and Zn exhib-
ited weak homeostatic ability (Table 2).

The relevance of abiotic vs. biotic factors
across the chronosequence

Total above-ground biomass increased abruptly in the
beginning five stages, and then increased slightly in
stages 6 and 7 (Fig. S4 a). Species richness, plant litter
and available P increased at the early stages, then
maintained at a high level during the last two stages,
whereas bulk density exhibited an opposite pattern
(Fig. S4 b, c, d and g). A steady increase for inorganic
N concentrations was observed, including NH4

+ and
NO3

− (Fig. S4h).
Based on redundancy analysis (RDA), three clus-

ters were differentiated across the chronosequence,
including stage 1 as cluster 1, stages 2–5 as cluster
2, and stages 6–7 as cluster 3. Furthermore, the first
two axes of RDA accounted for approximately 51
and 60% of the total variation for leaves’ and roots’
community-weighted mean elemental concentra-
tions, respectively (Fig. 4a, b). Variation portioning
analysis indicated that, among the environmental
factors, pH, soil density, species richness and litter
biomass were strongly related to elemental compo-
sitions (Table S2; Fig. 4a, b). At the late stages,
along with forest establishment the importance of
biotic factors as well as the interactions of biotic
and edaphic factors increased; meanwhile the ex-
planatory capacity of edaphic factors decreased
(Fig. 4c, d). Across the chronosequence, edaphic

Table 1 Summary of reduced major axis regression on
community-weighted mean (CWM) concentrations of 11 elements
between leaves and fine roots along the Hailuogou Glacier
Chronosequence

ElementCWM RS 95% CI R2 P

N 2.06 1.43–2.99 0.38 0.003

P 2.72 1.83–4.03 0.30 <0.001

Mg 1.74 1.21–2.51 0.39 0.003

K 1.81 1.15–2.84 0.86 <0.001

Mn 1.97 1.26–3.10 0.27 0.006

Zn 2.02 1.34–3.03 0.24 0.02

Ca 0.93 0.60–1.44 0.13 0.12

Na 0.91 0.78–1.41 0.25 0.13

Cu 0.41 0.26–0.65 0.44 0.03

Fe 0.28 0.20–0.39 0.49 <0.001

Al 0.28 0.21–0.36 0.74 <0.001

Regression slope (RS) estimates in bold are significantly different
from 1 (P < 0.05), indicating an allometric relationship existed
between leaves and roots. CI confidence interval

Fig. 2 The coefficient of variation (CV) of elemental concentration in leaves (a) and fine roots (b), and the relationship between elemental
concentration and CV. The black and white colored bars represent the micro- and macro-elements, respectively
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Fig. 3 Correlations between N:P ratios in the leaves or fine roots
with log-transformed community-weighted mean concentrations
of N and P in leaves and roots, also soil available N and P across

the seven successional stages in the Hailuogou Glacier
Chronosequence. The abbreviations S1-S7 represented the seven
successional stages of the Chronosequence
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and biotic factors explained 10.8 and 25.4% of foliar
variation, and 19.5 and 18.0% of roots variation,
respectively (Fig. 4c, d). In the SEM models, com-
bining the direct and indirect effects, total absolute
effects of environmental factors on above-ground
biomass followed the order as soil N (0.83), soil P
(0.47), species richness (0.24), pH (0.22), litter bio-
mass (0.18) and soil density (0.10) in the early
stages. In the late stages, the order changed to soil
N (1.06), soil P (0.84), species richness (0.66), pH
(0.37), litter biomass (0.34), and soil density (0.03)
(Fig. 4e, f).

Discussion

Patterns for elemental concentrations, allocations,
and homoeostatic regulations in leaves and fine roots

Tissue element concentrations are hypothesized to be
relatively resistant to environmental conditions within a
species’ natural range, and consequently may be
deemed as intrinsic functional traits, contributing to the
species habitat selection and distribution (Metali et al.
2012). In this study, we found that higher content of
macroelements (N, P, K, and Mg) accumulated in the
leaves than in the fine roots, whereas fine roots
contained more microelements, i.e. Fe, Al, and Cu at
the community level across the different successional

stages (Table 1, Fig. 2). These variations of concentra-
tions are likely due to the mobility of those elements in
different plant tissues. For example, elements relevant to
photosynthesis, including N, P and K, are transported
and accumulated in the leaves to enable growth (He
et al. 2016; Zhao et al. 2016). In contrast, some trace
metals tightly bound within root cells, contributed to a
greater accumulation in the belowground parts. More-
over, elements required in higher concentrations during
plant development are supposed to be less variable and
less sensitive to environmental variation (Han et al.
2011). Indeed, significantly negative relationships were
observed between elemental concentrations and their
CVs at the community-scale for leaves and fine roots
(Fig. 2).

Foliar δ15N values, typically an indicator of N cy-
cling rates, as well as overall N availability (Craine et al.
2015), decreased significantly with increasing stand age
(Fig. S3m), which was consistent with the results from a
temperate rainforest dune chronosequence (Vitousek
et al. 2013). The decrease in δ15N can be attributed to
different N2 fixation strategies (Vitousek et al. 2013), or
shifts in plant composition and competition for nitrogen
throughout the succession (Gei and Powers 2013). In
our study site, nitrogen-fixing plants (i.e. Astragalus
adsurgens and Hippophae rhamnoides) dominate in
the early stages, and their δ15N levels usually approach
0‰, reflecting atmospheric isotopic N values (Goodale
2017). At the last two successional stages, the conifers

Table 2 Community-weighted mean (CWM) elements homoeostatic regulation coefficients (columns 2–5) in early and late successional
stages, and Pearson correlations between leaves and fine roots across the seven successional stages

ElementsCWM Early stages (1–5) Late stages (6–7) Leaves vs. Fine roots

Leaves Fine roots Leaves Fine roots Correlation P R2

N 4.74 5.43 4.89 4.54 0.649 0.001 0.665

P 4.01 1.47 4.28 2.94 0.403 0.042 0.453

N:P 4.76 2.77 9. 09 5.26 0.529 0.014 0.505

K 2.64 4.76 2.52 3.14 0.237 0.302 0.089

Mg 1.91 1.97 4.30 4.74 0.539 0.012 0.578

Ca 4.31 2.76 5.08 3.88 0.341 0.067 0.277

Mn 1.65 1.61 2.48 1.33 0.321 0.215 0.374

Zn 1.52 1.67 1.69 1.98 0.405 0.037 0.392

Cu 1.35 2.07 2.20 3.00 0.307 0.175 0.186

Al 1.09 2.58 1.88 2.63 0.592 0.005 0.551

Fe 1.29 2.51 1.65 1.68 0.664 0.001 0.501

Na 2.86 1.96 3.52 2.03 0.217 0.323 0.192
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(Abies fabri and Picea brachytula) associated with
ectomycorrhizal symbiosis for efficient fine root forag-
ing strategies become dominant (Ostonen et al. 2017),
which might account for the further reduction in δ15N
levels.

The regulation coefficients varied with developmental
stages, plant organs, and element identities (Table 2).
Among variable elements, Ca, N, and P were strongly
stable, while Fe, Al, and Zn were weak in equilibrium
ability. These findings were similar to the results of Karimi
and Folt (2006), who pointed out that homeostatic capac-
ities were highest for macronutrients, intermediate for es-
sential micronutrients and lowest for non-essential metals.
Peñuelas et al. (2010) claimed that each species has an
optimal elemental composition and stoichiometry for prop-
er functioning in its specific ecological biogeochemical
niche, probably within the continuum of the homeosta-
sis–flexibility strategy. Our community homoeostatic reg-
ulations were also coincident with the vegetation transition
from broadleaved shrubs and trees (i.e. Salix spp. and
P. purdomii, faster growing species) to coniferous
A. fabri and P. brachytula forest (slower growing species)
along the primary succession (Lei et al. 2015). umerous
studies have shown that species with high colonization
and acquisitive traits would dominate in the early succes-
sional stages, whereas later stages would be characterized
by species associated with conservative nutrient-use strat-
egies and higher homeostatic capacity (Elser et al. 2007).
Strong homoeostatic regulation and conservative nutrient
use may be critical for species in infertile environments,
being important ecophysiological mechanisms to sustain
their biomass production and stability (Yu et al. 2010).

N:P stoichiometry and implications for nutrient
limitations along the chronosequence

The soil N content increased significantly along with
succession and maintained high levels during the latter
three stages (Fig. S2 a), resulting from the combination
of N2 fixation and higher litter input (Lei et al. 2015). In
contrast, soil P content decreased gradually along the
chronosequence (Fig. S2b). Moreover, at the 120 year-
old site, the microbial P pool was found to exceed the
pool of plant available P, which implied that there was a
strong competition between soil microorganisms and
plants for P assimilation (Achat et al. 2010; Lei et al.
2015). Along with the variations in soil N and P con-
centrations, linear increases N and decreases in P were
observed in community weighted means for leaves (Fig.
S3a, b). We found that the correlations between foliar
and soil available N and P concentrations were not
tightly related, probably because some exploitative
plants could take up nutritional elements exceeding the
minimum requirement, which usually obscured the re-
lationship between plant and environment. The N:P
ratio is a powerful index to decipher the mechanisms
that couple vegetation structure and function, as well as
nutrient limitation (Elser et al. 2007). Generally, a N:P
ratio in leaves higher than 16 indicates P limitation at the
community level, meanwhile a value of lower than 14 as
N limitation; and N:P ratio between 14 and 16 indicates
that plant growth is co-limited by both N and P (Tessier
and Raynal 2003). Güsewell (2004) provided a more
conservative estimate of the N:P ratio threshold values:
lower than 10 for N limitation and higher than 20 for P
limitation. In our study, the community-weighted mean
N:P ratios increased from 8.2 to 20.1 for leaves, and
from 10.5 to 31.0 for fine roots, respectively, from the
first to the last successional stage (Fig. 3). Moreover, the
N:P ratios were positively correlated with N concentra-
tions, while negatively with P in soils and leaves or roots
(Fig. 3). Therefore, our results highlighted that the lim-
iting factor for plant growth shifted from N at the early
stages to P, as proposed by the classical pedogenesis
model (Walker and Syers 1976). At the oldest site, the
concentration of bioavailable P was smaller than in any
of the younger A horizons, due to the greater require-
ments for P byP. brachytyla and A. fabri, their poor litter
qualities and the strong competition for P between mi-
croorganisms and plants (Fig. S4; Lei et al. 2015).
However, increasing foliar N:P ratios with ecosystem
development provide only circumstantial evidence for

�Fig. 4 Correlations between community-weighted mean concen-
trations of 11 elements and edaphic and biotic factors were indi-
cated by redundancy discriminatory analysis explained for the
percent of total variation (a, b) and variation partitioning analysis
(c, d). The causal relationships of edaphic and biotic variables on
total above-ground biomass accumulation were depicted by struc-
tural equation modeling (e, f). SOM, soil organic matter; TAB,
total above-ground biomass. In e and f, solid and dashed arrows
represent positive and negative correlations, respectively. The
thickness of the arrows reflects the magnitude of the standardized
coefficients. B▲^ successional stages 1 (3-years), B▽^ succession-
al stages 2 (12-years), B○^ successional stages 3 (30-years), B●^
successional stages 4 (40-years), B▼^ successional stages 5 (52-
years), B■^ successional stages 6 (80-years), and B◆^ successional
stages 7 (120-years), respectively
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shifts fromN to P limitation, because these ratios are not
always reliable indicators for nutrient status and need to
be confirmed against results from nutrient-addition ex-
periments (Craine et al. 2008). In our recent work with
various types of intra- and interspecific competition
between the early successional species S. rehderiana
and later-appearing species P. purdomii under controlled
and nitrogen-fertilized conditions, we clearly demon-
strated that N plays a pivotal role in determining the
asymmetric competition pattern and acts as a key driver
for primary succession during the early stages of glacier
retreat (Song et al. 2017). Nutrient addition experiments
and natural field studies have different benefits and
drawbacks, therefore combining both approaches has
considerable potential to improve our understanding of
nutrient limitation in natural ecosystems.

Driving factors for forest primary successional
trajectories in the Hailuogou Glacier Chronosequence

At the local scale, soil and microclimate conditions, as
well as antagonistic and mutualistic biotic interactions
are key factors for species arrival and establishment in
primary succession (Arroyo-Rodríguez et al. 2017). In
early pedogenic stages, N availabilities were extremely
low; therefore, edaphic factors, including pH and soil
nutrients, act as deterministic filters resulting in trait
convergence (Fig. 4; Pavoine et al. 2011). Similarly,
our previous study showed that edaphic properties were
the primary agents in shaping microbial community
structures at the early stages of this chronosequence
(Jiang et al. 2018). In contrast, because of the increased
species richness and litter biomass with the establish-
ment of a coniferous forest, the explanatory capacity of
biotic factors increased in late stages (stage 6 and 7) for
both leaves and roots (Fig. 4), when the soil conditions
were not harsh. This pattern was consistent with the
Intermediate Disturbance Hypothesis, which states that
diversity of competing species is expected to be maxi-
mized at intermediate frequencies and/or intensities of
disturbance or environmental changes (Callaway et al.
2002). Abiotic conditions do not only affect community
structure through environmental filtering, but also
through their influence on the outcomes of biotic inter-
actions, with both direction and intensity of interactions
changing with environmental gradients (Chamberlain
et al. 2014). Therefore, environmental conditions and
biotic interactions can interact to produce different trait
combinations to drive community assembly. Our results

also highlighted that the high proportions of interacting
effects of biotic and abiotic factors played important
roles in primary succession in Hailuogou Glacier
Chronosequence (Fig. 4c, d). Nevertheless, primary
succession in glacier retreat areas is a multifactorial
phenomenon influenced by a myriad of forces and pro-
cesses simultaneously operating at multiple spatial and
temporal scales (Arroyo-Rodríguez et al. 2017). Future
research should integrate novel aspects from current
ecological theories to address accurately the patterns
and underlying mechanisms for successional
trajectories.

Conclusions

In this study, we quantified community-weighted pat-
terns for elemental allocation and regulation in leaves
and fine roots, and disentangled the biotic and abiotic
drivers guiding the primary successional trajectories
along the Hailuogou Glacier Chronosequence in the
eastern Tibetan Plateau. Plant leaves accumulated
higher concentrations of macro-elements (N, P, K, and
Mg), with lower coefficients of variation. In contrast,
fine roots contained more microelements (Al, Fe, and
Cu) with higher variation. The steady increase in leaf
N:P ratios, and the respectively positive and negative
relationships with N and P suggested that the limiting
factor for plant growth shifted from N to P. In early
stages where soil nutrient availabilities were low, espe-
cially for N, edaphic factors, including pH and soil
density would act as deterministic filtering for trait
convergence, whereas the explanatory capacity of biotic
factors for potentially competitive exclusion increased
to dominate in late stages along with the increase in
species richness, plant litter biomass and above-ground
biomass accumulation. Our results thus can shed new
light on the magnitude and direction of ecosystem func-
tioning in future global warming scenarios.
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