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ABSTRACT

Despite the importance of future carbon (C) pools

for policy and land management decisions under

various climate change scenarios, predictions of

these pools under altered climate vary consider-

ably. Chronic warming will likely impact both

ecosystem C fluxes and the abundance and distri-

bution of plant functional types (PFTs) within sys-

tems, potentially interacting to create novel

patterns of C exchange. Here, we report results

from a 3-year warming experiment using open top

chambers (OTC) on the Tibetan Plateau meadow

grassland. Warming significantly increased C up-

take through gross primary productivity (GPP) but

not ecosystem respiration (ER), resulting in a

31.0% reduction in net ecosystem exchange (NEE)

in warmed plots. The OTC-induced changes in

ecosystem C fluxes were not fully explained by the

corresponding changes in soil temperature and

moisture. Warming treatments significantly in-

creased the biomass of graminoids and legumes by

12.9 and 27.6%. These functional shifts were cor-

related with enhanced local GPP, but not ER,

resulting in more negative NEE in plots with larger

increases in graminoid and legume biomass. This

may be due to a link between greater legume

abundance and higher levels of total inorganic

nitrogen, which can potentially drive higher GPP,

but not higher ER. Overall, our results indicate that

C-climate feedbacks might be closely mediated by

climate-induced changes in PFTs. This highlights
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the need to consider the impacts of changes in PFTs

when predicting future responses of C pools under

altered climate scenarios.

Key words: ecosystem carbon fluxes; net ecosys-

tem exchange; climate change; aboveground bio-

mass; plant functional types; soil inorganic

nitrogen; experimental warming; Tibetan plateau.

INTRODUCTION

Due to increasing atmospheric CO2 concentrations,

global temperatures are likely to increase during

the rest of the twenty-first century (Stocker 2014).

This will likely have substantial impacts on a wide

variety of ecosystem processes and services globally

with the states of carbon (C) pools being particu-

larly important. Substantial uncertainties surround

predictions of ecosystem C fluxes under projected

climate warming. These uncertainties stem from

variances among field observations and modeling

studies (Heimann and Reichstein 2008; Ballantyne

and others 2012; Brient and Bony 2013;

Friedlingstein and others 2014). Many current

Earth system models (ESMs) project positive feed-

backs between ecosystem C fluxes and climate

warming due to the higher temperature sensitivity

of ecosystem respiration (ER) versus photosynthe-

sis; this is especially evident in temperature-sensi-

tive regions (Davidson and Janssens 2006;

Friedlingstein and others 2014; Chen and others

2015a). In contrast, projections combining terres-

trial biosphere models with long-term ground

observations of phenology and ecosystem plant

productivity have shown a net C uptake for a

warmer environment (Ballantyne and others 2012;

Keenan and others 2014). These types of incon-

sistencies reflect the urgent need to further develop

our understanding of the potential mechanisms

that regulate ecosystem C fluxes and storage.

Warming studies have primarily focused on the

direct effects of soil temperature and soil moisture

on C fluxes. This is likely because of evidence

showing that biogeochemical processes were

strongly impacted by these factors (Lloyd and

Taylor 1994; Davidson and others 1998). However,

warming is also likely to alter the composition of

plant functional types (PFTs) within ecosystems

over time (Smith and others 2009; Wang and

others 2012), which can lead to significant impacts

on the sensitivity of ecosystem functioning under

altered environmental conditions (Niu and others

2013; Ponce-Campos and others 2013; Poyatos and

others 2014; Dieleman and others 2015; Su and

others 2015; Wilcox and others 2015), and affect

ecosystem C pools (Niu and others 2013; Ward and

others 2013; Xu and others 2015). An example of

the impact of community shifts on C cycling was

uncovered in a field experiment that combined

warming with manipulations of vegetation in

peatlands (Ward and others 2013). That study

showed that CO2 uptake was greatest in commu-

nities in which shrubs were present although the

largest CO2 releases were from communities dom-

inated by graminoids. Another study, conducted in

a US tallgrass prairie with a mixture of C4 and C3

grasses, showed that warming-induced changes in

ecosystem C fluxes were more correlated with

corresponding changes in C4 grass abundance, than

with soil temperature or moisture (Niu and others

2013). However, the mechanisms associated with

changes in PFTs and ecosystem C fluxes are largely

unclear, and constitute a major source of uncer-

tainty when attempting to extend predictions of C

fluxes across a wide range of ecosystems under

warming.

Studies of ecological responses to climate change

from potentially vulnerable regions are valuable, as

climate change impacts on these ecosystems may

be severe. The ecosystem functions on the Tibetan

Plateau is linked with many ecosystem services that

are susceptible to climate change, such as ecosys-

tem C pools, plant community composition and

plant productivity (Schimel 1995; Liu and Chen

2000; Chen and others 2016b). Moreover, the Ti-

betan Plateau has experienced rapid climate

warming (Thompson and others 2000), and will

likely continue to warm at a faster rate than the

global average (Liu and Chen 2000). Plant growth

on the Tibetan Plateau is primarily limited by low

temperatures, and with warming these limitations

will likely decrease. Therefore, warming may have

a substantial effect on the abundance and distri-

bution of PFTs (Wang and others 2012; Zhang and

others 2014). Hence, this temperature- and vege-

tation-sensitive region provides an ideal model

system for examining the effects of warming on

PFTs and ecosystem C fluxes.

Previous studies on the Tibetan Plateau have

shown that 4 years of experimental warming led to

rapid changes in PFTs and species composition

(Klein and others 2004; Wang and others 2012).

However, it remains unclear whether these chan-

ges in PFTs will lead to corresponding changes in

ecosystem C fluxes, and what the underlying
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mechanisms might be. We conducted a warming

experiment using open top chambers (OTC) in

meadow grassland on the Tibetan Plateau to

examine the effects of warming on PFTs and their

impacts on ecosystem C fluxes. In light of previous

field observations and modeling studies, we tested

the following hypotheses: (1) warming would alter

the abundance and biomass of PFTs due to the

warming-induced changes in microclimate, espe-

cially for the plant growth on the Tibetan Plateau

which have long been constrained by low tem-

peratures, (2) warming would stimulate ecosystem

C fluxes, likely due to the higher temperature

sensitivity of C stored on the Tibetan Plateau, and

(3) OTC-induced changes in PFTs would affect

ecosystem C fluxes, possibly as a result of shifting in

PFTs influencing soil nutrient availability and plant

productivity.

MATERIALS AND METHODS

Study Site

The field study site was located at Haibei Grassland

Ecological Monitoring Station, which is maintained

by China Meteorological Administration in Haibei

Prefecture, Qinghai province, China (100�51¢E,
36�57¢N). The site has a typical plateau continental

climate with a short, cool summer and a long, cold

winter. The altitude of the site is 3,140 m, mean

annual precipitation is 408.45 mm, and the mean

annual air temperature is 1.34�C. The soil texture is

a sandy loam and is classified as mountain brown

according to the Chinese soil classification (cam-

bisols in US Food and Agriculture Organization soil

classification) (Chen and others 2015b). The vege-

tation is a typical meadow grassland dominated by

Stipa sareptana var. krylovii, Koeleria cristata, Poa cry-

mophila, Kobresia humilis, Artemisia scoparia,

Heteropappus altaicus, Medicago ruthenica, and so on

(Table S1). More detailed descriptions about the

study site can be found by Chen and others (2015b)

and Chen and others (2016b).

Experimental Design

The OTCs were used as passive warming devices.

This type of warming method has been shown to be

effective in a large number of experiments (Dor-

repaal and others 2009; De Frenne and others

2010; Ward and others 2013; Suzuki 2014). The

OTCs used in the present study have been de-

scribed in detail by De Frenne and others (2010)

and Väisänen and others (2014). The OTCs were

made of 6-mm-thick solar transmitting materials

with high light transmittance (>90%) and low

infrared transmittance (<5%). They were conical

in shape, had a height of 40 cm, and a basal

diameter of 160 cm. The OTCs used in the current

study closely followed the methods used in the

International Tundra Experiment (Marion and

others 1997), which have been shown to have

minimal effects on photosynthetically active radi-

ation, especially for high latitude regions (Sun and

others 2013).

We fenced six replicate study blocks

(55 9180 m) in 2008 to exclude ungulate grazers;

before fencing, the study area was used as a low

density free-range winter grazing pasture (0.5 yak

and 2.5 sheep per hectare). Within each block, we

laid out two sub-blocks, one for control and the

other one for warming. There were 10 m wide

buffer zones along the four sides of each block.

Within each block in August 2010, OTCs were

randomly assigned to one of the sub-blocks, and

the other was designated as the control.

Measurements of Ecosystem Carbon
Fluxes

Net ecosystem exchange (NEE) and ER were

measured twice each month at 3-h intervals during

the growing season. To provide a flat base for the

measurements, aluminum frames (0.5 m for each

side) were permanently inserted 2–3 cm into the

soil in both the control and warming sub-blocks.

For the NEE measurements, a transparent cubic

glass chamber (0.5 m for each side) was placed and

sealed on the aluminum frame. Two small fans

(800–1000 rotations per min) continuously mixed

the air inside the chamber during the measure-

ments. The C exchange inside the chamber was

measured with an infrared gas analyzer (LI-8100,

LI-COR, Inc., Lincoln, NE, USA). Consecutive

recordings of CO2 concentrations were taken dur-

ing a 120 s period after the steady-state conditions

were achieved. After NEE measurements, the

chamber was vented, and then covered with an

opaque cloth. The CO2 fluxes measured when light

was eliminated were operationally defined as ER

(Niu and others 2013; Väisänen and others 2014).

Negative NEE represents net C uptake, and positive

ER represents net C release. Gross primary pro-

ductivity (GPP) was calculated as the difference

between ER and NEE (GPP = ER–NEE). This static-

chamber method has been successfully used to

evaluate ecosystem C fluxes in grassland ecosys-

tems, and more detailed information regarding its

applications may be found in Niu and others

(2013), Väisänen and others (2014), Chen and

others (2015b) and Chen and others (2016a).
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Plant Functional Biomass

A non-destructive method (Klein and others 2007;

Wang and others 2012) was adopted to estimate

PFT biomass inside the aluminum frame for both

the control and warming treatments. In August of

each year, we selected three 0.5 9 0.5 m plots

adjacent to the aluminum frame in each control

sub-block. Before clipping, the coverage and height

of each PFT was recorded using a 0.5 9 0.5 m

quadrat with 100 squares. We then clipped the

selected plots, sorted to PFT (graminoids, legumes,

and forbs), and oven-dried plants at 65�C for 72 h

before weighing. These data sets (54 in total) were

used to construct the equations to estimate PFT

biomass and aboveground biomass (AGB) from

coverage and height measurements made in Au-

gust of each year within the aluminum frames

(Table S2). More detailed information regarding

these methods can be found in Klein and others

(2007) and Wang and others (2012).

Inorganic N and Net N Mineralization
Measurements

Soil samples (0–10 cm) were collected from all 12

sub-blocks each month from 2011 to 2013 to

measure soil total inorganic nitrogen (TIN). For net

N mineralization rates, an in situ soil incubation

method (Hook and Burke 1995) was conducted

during the 2013 growing season. In each sub-block,

two PVC tubes (5 cm in diameter and 12 cm in

length) were inserted into the soil to a depth of

10 cm after the plants and litter were removed.

One PVC core was sealed with a Parafilm mem-

brane to prevent water penetration while still

allowing gas exchange, and then incubated in the

field for about 30 days. The other core was taken

back to the laboratory and immediately stored at

4�C prior to analysis. Net N mineralization was

determined by the equation:

Rmin ¼ Amin=Dt; ð1Þ

where Rmin indicates the net N mineralization, Amin

represents the difference of total inorganic N before

and after the incubation, and Dt stands for the

length of incubation period (Hook and Burke 1995;

Shan and others 2011; Shibata and others 2013; Hu

and others 2015). Total inorganic N is the sum of

ammonium N and nitrate N.

All fresh soil samples were processed and ana-

lyzed within 2 weeks after field sampling. To

measure total inorganic N, each sample was first

sieved through 2 mm mesh, and then one 10 g

sub-sample was extracted with 50 ml of 2 mol L-1

KCl. Concentrations of ammonium and nitrate

were determined using a flow injection auto ana-

lyzer (FIAstar 5000 Analyzer, Foss Tecator, Den-

mark). The extractable soil ammonium and nitrate

contents were converted to a dry soil mass basis

[mg (kg dry soil)-1]. Another 10 g of fresh soil

sample was weighed, oven-dried at 105�C for 48 h,

and then re-weighed to measure soil moisture.

Soil Temperature and Moisture

Soil temperature was measured using a thermo-

couple probe. Soil moisture content was measured

using gypsum cast around two concentric stainless-

steel electrodes, both at a soil depth of 10 cm.

5-min average soil temperature and soil moisture

values were recorded by HOBO data loggers (Onset

Computer Company, Pocasset, MA, USA) for the

duration of the experiment.

Data Analysis

Measurements were averaged over replicate sub-

blocks, and monthly mean values were calculated

from daily mean values. Two-way repeated mea-

sures ANOVAs were used to examine warming,

year, and their interactive effects on soil tempera-

ture, soil moisture, NEE, ER, GPP, TIN, AGB and

biomass for each PFT. Significant differences were

evaluated at a = 0.05. Pearson linear regression

was adopted to evaluate OTC-induced changes in

both biotic and abiotic factors and OTC-induced

changes in ecosystem C fluxes. All statistical com-

parisons were performed in SPSS 13.0 for Microsoft

Windows�.

RESULTS

Microclimate

Higher precipitation occurred during the peak of

the growing season than during the edges of

growing season across all years (Figure S1a). In

individual years, growing season precipitation was

427, 447 and 431 mm, and annual precipitation

was 447, 471 and 454 mm in 2011, 2012 and 2013,

respectively (Figure S1a). Mean growing season air

temperature was 8.79, 9.04 and 9.67�C, and mean

annual soil temperature was 1.47, 1.42 and 2.02�C
in 2011, 2012, and 2013, respectively (Figure S1b).

The OTCs significantly increased soil temperature

by an average of 1.03�C during the growing season

from 2011 to 2013 (Figure 1). By year, soil tem-

perature during the growing season was increased

by 0.99�C in 2011, 1.06�C in 2012 and 1.03�C in

2013. We found significant year effects on soil
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temperature, but no interactive effects of warming

and year (Table 1). The OTCs decreased average

soil moisture by 1.1% across the 3 years, with de-

creases of 1.2, 0.7 and 1.2% in 2011, 2012 and

2013, respectively (Figure 1). We found significant

year effects for soil moisture but no significant

interactions between warming and year.

Plant Functional Types

Relative to the control plots, experimental warming

significantly increased graminoid, legume, and

aboveground biomass by 14.6, 27.6 and 17.4%

over the 3 years, but had no effect on forb biomass

(Table 1). Increases in AGB were 12.2, 20.3 and

19.1% in 2011, 2012 and 2013, respectively (Fig-

ure 2). Warming significantly enhanced graminoid

biomass by 10.1, 17.0 and 16.2%, and legume

biomass by 20.5, 30.6 and 29.6% in 2011, 2012 and

2013, respectively. Significant year effects were

found for AGB, graminoid and legume biomass. No

significant effects of warming, year or their inter-

action were found for forb biomass (Table 1).

Soil Inorganic Nitrogen

Warming significantly enhanced soil TIN by 9.9%

across the 3 years (Figure 3a). Specifically, there

was an increase in TIN by 11.9% in 2012, and

11.8% in 2013, while warming had no effect on

Figure 1. Daily variations of soil temperature (A, B, and C) and soil moisture (D, E, and F) both in control and warming

sub-blocks at the depth of 10 cm during the three growing season.

Table 1. Results (F values) of Two-way ANOVA Analysis of Warming (W), Year (Y), and their Interactive
Effects (Y 9 W) on Soil Temperature (ST), Soil Moisture (SM), Aboveground Biomass (AGB), Graminoid,
Legume, Forb Biomass, Total Inorganic Nitrogen (TIN), Net Ecosystem Exchange (NEE), Ecosystem Respi-
ration (ER) and Gross Primary Productivity (GPP)

df ST SM AGB Graminoid Legume Forb TIN NEE ER GPP

W 1 54.75** 24.50** 68.86** 67.99** 144.37** 3.19 22.63** 30.71** 3.273 14.66**

Y 2 27.49** 61.26** 35.70** 28.07** 137.12** 2.23 18.02** 19.78** 20.88* 24.25*

W 9 Y 2 0.216 0.722 2.35 2.58 6.12* 0.16 1.18 1.34 1.003 0.89

Data for analysis are based on annual average values.
df degree of freedom, **indicates significant difference at p < 0.01, and *indicates significant difference at p < 0.05.
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soil TIN in 2011. Soil TIN varied across years, but no

significant interaction between warming and year

was found (Table 1). Although warming had no

effect on soil net N mineralization (Figure 3b), we

found a significant positive relationship between

OTC-induced increases in legume biomass and soil

TIN (Figure 3c).

Ecosystem C Fluxes

Warming resulted in significantly more negative

NEE (31.0%) over the 3-year study (Table 1). By

year, warming significantly promoted NEE by 20.9,

32.0 and 40.0% in 2011, 2012 and 2013, respec-

tively (Figures 4 and S2). There was no significant

year or interactive effects of warming and year on

NEE. For ER, there was an effect of year, but there

was no effect of warming and interactive effect of

warming and year (Table 2).

Warming significantly enhanced GPP by an

average of 18.7% (more negative GPP) for the

3 years of the study (Table 1). There were signifi-

cant year effects for GPP but no significant inter-

action between warming and year (Table 1). When

the differences for each year were tested separately

by comparisons with the controls, the OTC-induced

increases in GPP were 13.1% for 2011, 23.4% for

2012 and 18.9% for 2013 (Figures 4a and S2;

Table 2).

Factors Affecting Ecosystem C Fluxes

Higher soil temperature and soil moisture were

accompanied with relative larger GPP, NEE and ER

(more negative values for GPP and NEE) during

individual sampling periods (Figure S3), but this

did not translate to significant correlations between

OTC-induced changes in soil temperature, mois-

Figure 2. Annual plant functional biomass and total

aboveground biomass (AGB) both in control and warm-

ing sub-blocks in 2011 (A), 2012 (B) and 2013 (C). Va-

lues are mean ± standard errors for six replicates. Asterisk

indicates significant difference at p < 0.05.

Figure 3. Annual average values of soil total inorganic nitrogen (TIN, A) from 2011 to 2013. Monthly variations of net

nitrogen mineralization in 2013 (B), and relationship between OTC-induced changes in soil TIN and legume biomass (C).

Values are mean ± standard errors for six replicates. Asterisk indicates significant difference at p < 0.05.
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Table 2. Results (F values) Values for Repeated Measures Analysis of Variance for Warming (W), Measuring
Date (D), and their Interactive Effects (D 9 W) on Net Ecosystem Exchange (NEE), Ecosystem Respiration
(ER) and Gross Primary Productivity (GPP) from 2011 to 2013

df NEE ER GPP

2011

W 1 9.345* 1.467 13.416*

D 9 21.499** 46.610** 68.297**

W 9 D 9 0.314 0.138 0.23

2012

W 1 10.206* 7.141* 11.381*

D 10 33.795** 71.119** 92.132**

W 9 D 10 0.194 0.172 0.232

2013

W 1 72.411* 0.241 13.070*

D 11 35.909** 37.100** 58.509**

W 9 D 11 0.34 0.208 0.225

df degree of freedom, **indicates significant difference at p < 0.01, and *indicates significant difference at p < 0.05.

Figure 4. Seasonal variations of gross primary productivity (GPP), ecosystem respiration (ER) and net ecosystem ex-

change (NEE) both in control and warming sub-blocks. Values are mean ± standard errors for six replicates. Negative values

of NEE represent net C uptake from the ecosystem. Insets indicate the means of C fluxes across the seasons for control (CK)

and warming (W) plots, Asterisk indicates significant warming effect at p < 0.05.
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ture and the corresponding changes in NEE, ER,

GPP (Figure S4). In annual scale, OTC-induced

increases in soil temperature were also not corre-

lated with the corresponding changes in ecosystem

C fluxes. Despite OTC-induced reductions in an-

nual average soil moisture suppressed ER and GPP,

we found no correlation between changes in NEE

and corresponding changes in soil moisture (Fig-

ure S4).

The OTC-induced changes in PFTs were closely

correlated with the corresponding changes in

ecosystem C fluxes (Figure. 5). In detail, OTC-in-

duced increases in graminoid and legume biomass

explained 36.1 and 55.6% of the variation in NEE,

and 39.7 and 29.4% of the variation in GPP,

respectively. We did not detect significant rela-

tionships between OTC-induced changes in forb

biomass and corresponding changes in NEE and

GPP. In addition, no significant relationship was

found between OTC-induced PFT changes and ER

(Figure 5b).

DISCUSSION

Ecosystem C Fluxes

Experimental warming significantly promoted GPP,

but had no effect on ER, resulting in enhanced NEE

(Table 1). The OTC-induced changes in ecosystem

C fluxes were not fully explained by the corre-

sponding changes in soil temperature and moisture

(Figure S4), but they were closely correlated with

the corresponding changes in PFTs (Figure 5). In-

creases in graminoid and legume biomass en-

hanced GPP, but not ER, resulting in more negative

NEE. Our results suggest that warming effects on

ecosystem C fluxes were modulated by PFTs.

The lack of ER response to warming resulted

from the differential responses of its components,

but with different underlying mechanisms.

Warming significantly enhanced autotrophic res-

piration but repressed heterotrophic respiration,

resulting in a non-significant response of ER. In-

creased autotrophic respiration was closely associ-

ated with OTC-induced increases in AGB, while

decreased heterotrophic respiration was mainly

related to the OTC-induced reductions in microbial

biomass C (Chen and others 2016b).

Although seasonal patterns of C fluxes were re-

lated to seasonal patterns of soil temperature and

moisture (Figures 1 and 4) (Lloyd and Taylor 1994;

Davidson and others 1998), changes in C fluxes

due to experimental warming were not well ex-

plained by average changes in soil moisture and

temperature caused by OTC. Further analysis re-

vealed that warming had more pronounced effects

on NEE and GPP during the start and peak of the

growing season, while warming significantly stim-

ulated ER during the end of growing season

(Table S3). These asymmetrical responses were not

accompanied by OTC-induced changes in soil

temperature and moisture (Figure S5). Alterna-

tively, it should be noted that there might be cer-

tain periods that are highly sensitive to even small

changes in soil temperature and moisture as

Figure 5. Relationships between OTC-induced changes in the proportion of graminoid, legume, forb biomass and

warming-induced changes in gross primary productivity (GPP, A), ecosystem respiration (ER, B), net ecosystem exchange

(NEE, C). Negative values of DNEE indicate that warming enhanced C uptake, negative values of DGPP indicate that

warming suppressed C uptake, and negative values of DER indicate that warming decreased C respiration.
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reported by our previous studies (Chen and others

2015b; Chen and others 2016c), yet the underlying

mechanisms are still unclear. Recent evidence re-

ported that seasonal responses of ecosystem C

fluxes to experimental warming might also be

regulated by many other indirect processes, such as

microbial activity (Čapek and others 2015; Creamer

and others 2015; Zhou and others 2015), allocation

of non-structural C (Cardon and Gage 2006; Zhang

and others 2011) and phenology (Richardson and

others 2010; Lempereur and others 2015), which

deserve further examination.

Our results suggest that indirect processes, in-

duced by OTC, may play more important roles in

affecting ecosystem C fluxes than the direct chan-

ges in soil temperature and moisture (Wan and

others 2005; Luo and others 2011; Wood and

others 2012; Giardina and others 2014). Shifts in

PFTs may contribute to changes in ecosystem C

fluxes under climate change (Figure 5) (Niu and

others 2013). One possible mechanism discussed in

Niu and others (2013) is that C3 species may suffer

from high temperature stress due to having lower

optimal temperatures than C4 species. Therefore,

warming-induced changes in ecosystem C fluxes

may be closely associated with the variations in C4

species biomass. However, different mechanisms

are likely responsible in our study, due to the

overall lower temperatures and the lower warming

magnitudes we imposed than those reported in Niu

and others (2013) (Figures 1 and S5).

Plant Functional Types

Experimental warming significantly increased the

abundance and biomass of graminoids and le-

gumes, but had no effect on forbs (Figures. 2 and

Table S1). This corresponded with results from

meta-analyses concerning the effects of warming

on PFTs in cooler regions (Arft and others 1999;

Walker and others 2006). Plants in cool climates

are generally adapted to and constrained by low

temperatures (Xu and others 2008). Therefore, a

rapid shift in PFTs may occur in these regions due

to alterations in OTC-induced resource use effi-

ciency and enhanced substrate availability (Smith

and others 2009; Kardol and others 2010), con-

curring with field observations near our study site

showing 4 years of warming led to rapid increases

in graminoid and legume biomass (Klein and oth-

ers 2004; Wang and others 2012). Forb biomass

was unaffected by warming (Figure 2). This could

be partly due to shallower rooting distribution of

forbs on the Tibetan Plateau (Klein and others

2007; Dorji and others 2013), making them more

sensitive to reductions in soil moisture (Wang and

others 2012) and offsetting any benefit via warm-

ing.

Plant Functional Types and AGB

Warming significantly increased AGB, which was

primarily driven by OTC-induced biomass accu-

mulation of graminoids and legumes (Figure. 2 and

S6). These findings coincide with recent meta-

analyses (Lin and others 2010; Way and Oren

2010) and other warming studies on the Tibetan

Plateau (Wang and others 2012; Ganjurjav and

others 2015). Increased soil TIN is one possible

mechanism for greater AGB under experimental

warming (Figure S6). Even small changes in N in-

puts can have substantial impacts on ecosystem

plant productivity and flux (Chen and others

2016a), especially on the N-limited Tibetan Plateau

(Jiang and others 2010; Fang and others 2012;

Field and others 2014). Although increased N

mineralization under warming, shown in both

observational studies and warming experiments

(Bai and others 2013), may result in higher soil

TIN, we did not find evidence for this mechanism

(Figure 3b). Instead, we found increases in soil TIN

might have resulted from an increase in the pro-

portion of legume biomass occurring along with

our warming treatment (Figure 3c) (Fornara and

Tilman 2008), coinciding with previous findings

from a North American prairie (Whittington and

others 2013). Due to PFT-AGB relationships, our

results also suggest that OTC-induced changes in

ecosystem C fluxes may result from corresponding

changes in PFTs.

Regulation of Ecosystem C Fluxes by
PFTs

The OTC-induced increases in the proportion of

graminoid and legume biomass and AGB were

linearly correlated with increases in GPP (Figures 5

and S7). One possible explanation might be that

increases in legume biomass enhanced soil and leaf

N concentrations. These increases led to positive

responses of ecosystem photosynthesis and primary

production (Figure S6) (Lee and others 2003;

Menge and others 2015; Shi and others 2015).

Another explanation may be related to the func-

tional traits of legumes and graminoids. Legumes in

our study site have relatively larger leaf areas, and

graminoids are relatively taller compared to other

species (Wang and others 2012). Larger leaf area

and increased height are advantageous to plant

species when competing for light, potentially
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leading to higher potentials for GPP and biomass

accrual.

The OTC-induced changes in PFTs and AGB did

not correspond with changes in ER (Figures 5 and

S7), so we suggest PFT effects on GPP may be dif-

ferent from those of ER in this system, resulting in

net C uptake under a warming climate (Figures 5

and S2). At large spatial scales, these impacts have

implications concerning offsets of the current pro-

jected growth rate of atmospheric CO2.

Understanding the relationship between PFTs

and ecosystem C fluxes is a critical area of research

in ecological sciences (Atkin and others 2015;

Dieleman and others 2015; Verheijen and others

2015), and this is especially important in the con-

text of reports of warming-induced shifts in PFTs

globally (Arft and others 1999; Klein and others

2004; Walker and others 2006; Xu and others

2015). Our findings are especially relevant to many

grassland systems experiencing similar PFTs

dynamics (Wang and others 2012; Yang and others

2014; Ganjurjav and others 2016). Overall, we

have shown evidence that C-climate feedbacks can

be closely modulated by concurrent shifts in PFTs.

This highlights the need to incorporate OTC-in-

duced changes in PFTs into ESMs when projecting

responses of ecosystem C fluxes under future

changes in climate.

CONCLUSIONS

The Tibetan Plateau is a temperature- and vegeta-

tion-sensitive region likely to be particularly sen-

sitive to future global climate changes. We found

that experimental warming significantly increased

graminoid and legume abundance, AGB, and pro-

moted GPP and NEE. Annual changes in soil tem-

perature and soil moisture did not fully account for

the corresponding changes in GPP, ER and NEE.

Increased biomass of graminoids and legumes was

closely associated with enhanced GPP, but had no

impacts on ER, resulting in an enhancement in

NEE. From this, we suggest that changes in com-

munity structure may buffer C loss in this system

under a warmer climate.
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