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Abstract

Understanding how net ecosystem exchange (NEE) changes with temperature is central to the debate on climate

change-carbon cycle feedbacks, but still remains unclear. Here, we used eddy covariance measurements of NEE from

20 FLUXNET sites (203 site-years of data) in mid- and high-latitude forests to investigate the temperature response of

NEE. Years were divided into two half thermal years (increasing temperature in spring and decreasing temperature in

autumn) using the maximum daily mean temperature. We observed a parabolic-like pattern of NEE in response to

temperature change in both the spring and autumn half thermal years. However, at similar temperatures, NEE was

considerably depressed during the decreasing temperature season as compared with the increasing temperature

season, inducing a counter-clockwise hysteresis pattern in the NEE–temperature relation at most sites. The magnitude

of this hysteresis was attributable mostly (68%) to gross primary production (GPP) differences but little (8%) to

ecosystem respiration (ER) differences between the two half thermal years. The main environmental factors

contributing to the hysteresis responses of NEE and GPP were daily accumulated radiation. Soil water content

(SWC) also contributed to the hysteresis response of GPP but only at some sites. Shorter day length, lower light

intensity, lower SWC and reduced photosynthetic capacity may all have contributed to the depressed GPP and net

carbon uptake during the decreasing temperature seasons. The resultant hysteresis loop is an important indicator of

the existence of limiting factors. As such, the role of radiation, LAI and SWC should be considered when modeling the

dynamics of carbon cycling in response to temperature change.
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Introduction

Our ability to predict future CO2 concentration in the

atmosphere and its effect on climate depends to a large

extent on our understanding of terrestrial ecosystem

carbon cycling and its dependency on climate (Peters

et al., 2007). The temperature response of ecosystem-

CO2 exchange is attracting special attention because

terrestrial biotic feedbacks, such as increased respira-

tion can play a determining role in accelerating global

warming (Cox et al., 2000). Although studies on tem-

perature response of ecosystem carbon cycling have

made great progress in the past decades, there is still

large uncertainty, which reduces the accuracy of model

predictions for future climate (Jones & Donnelly, 2004;

Field et al., 2007; Luo, 2007; Heimann & Reichstein,

2008; Mahecha et al., 2010).

One paradox for complicating temperature response

of carbon cycling is that other impacting factors such as

radiation, soil water content (SWC), and vegetation

index may influence temperature response. These im-

pacting factors vary with season and space, determining

different seasonal and latitudinal temperature-response

patterns of carbon fluxes. For example, Richardson et al.
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(2010) recently found that anomalies in ecosystem

productivity respond more weakly to temperature

anomalies in autumn than in spring because of light

or drought limitations. Similar results were also

reported with weekly net ecosystem productivity posi-

tively related to temperature in spring but showed no

relationship with temperature in autumn (Hu et al.,

2010). By comparison, in spring, higher air temperature

may advance onset of photosynthesis, and at this time,

solar radiation is usually not limiting and photosyn-

thetic capacity is higher (Suni et al., 2003b; Richardson

et al., 2009), which may lead to higher gross primary

productivity (GPP). However, during autumn, light

availability is much lower and higher autumn tempera-

ture therefore increases GPP much less than it stimu-

lates respiration (Piao et al., 2008). It is also expected

that ER responds more strongly to temperature in

autumn than in spring because of the accumulation of

respiring biomass and higher availability of labile sub-

strates for decomposition (Piao et al., 2008; Vesala et al.,

2010). Net ecosystem exchange of CO2 (NEE) in

response to temperature change is the result from a

combination of processes that affect respiration and

photosynthesis, and therefore may also display a differ-

ential response to temperature change between seasons.

Nevertheless, there is still a lack of empirical informa-

tion to address the issues of different temperature

responses of NEE in different seasons.

The different temperature response of ecosystem

carbon cycling in different seasons may cause a hyster-

esis phenomenon. Hysteresis occurs when an increase

in a given independent variable, x, does not cause

the same magnitude of response in a dependent vari-

able, y, compared with when variable x decreases by the

same amount (Zeppel et al., 2004). For example, if

NEE responds differently to temperature change in

the spring (when temperature is increasing) compared

with autumn (when temperature is decreasing), then

hysteresis with respect to temperature will occur.

Such a hysteretic temperature response has often been

reported for soil respiration (SR), which typically

exhibits both a daily and seasonal hysteresis in its

relationship with temperature (Tang et al., 2005; Gau-

mont-Guay et al., 2006; Vargas & Allen, 2008). To

our knowledge, however, there are only very few

studies on the occurrence of hysteresis in the response

of NEE to environmental factors (but see Nakai et al.,

2003; Vourlitis et al., 2005; Mahecha et al., 2007;

Pingintha et al., 2010). The underlying mechanisms

and processes therefore remain to be explained. Hyster-

esis is a significant factor in the seasonal patterns of

NEE and therefore should be investigated if a more

complete understanding of seasonal or annual NEE is

desired.

The Eddy-covariance method monitors continuously

NEE and the associated environmental factors, which

enables the analysis of the temperature response pat-

tern of NEE and its components (Baldocchi et al., 2001).

This research strives to answer the following scientific

questions: (1) is the hysteresis of NEE in its response to

temperature change common across forest ecosystems?

and (2) how do biotic and abiotic drivers affect the

hysteretic nature of the response of NEE to tempera-

ture? Addressing and quantifying seasonal hysteresis

dynamics will greatly improve our mechanistic under-

standings of ecosystem carbon cycling and responses to

temperature and improve our capacity to predict an-

nual NEE and its spatial distribution.

To answer these questions, the temperature responses

of NEE were analyzed for 20 mid- and high-latitude

forests that had more than 8 years of data available. We

focused on this geographic region because the mid and

high latitudes in the Northern Hemisphere have large

enough seasonal temperature variation to determine the

temperature response. Moreover, these forests are

known to significantly contribute to the current terres-

trial carbon sink (Fang et al., 2006) and will be exposed

to stronger warming in the next 50–100 years (IPCC,

2007). We specifically hypothesize that: (1) the hysteretic

response of NEE consistently occurs at mid- and high-

latitude forests, but the hysteresis loops may be of

different magnitudes among sites; (2) biotic drivers,

GPP and LAI, and abiotic drivers, radiation and SWC,

all affect the hysteretic relationship between NEE and

temperature; (3) the roles of drivers in regulating hys-

teresis loops are drastically different among sites.

Materials and Methods

Site selection and data processing

NEE and meteorological data used in this analysis were taken

from standardized files from the AmeriFLUX and CARBOEU-

ROPE networks. Data from 20 sites that have more than 8

years data length (total of 203 site years) were used in

this study to investigate the temperature response of NEE

(Table 1). The data have been quality controlled and gap-filled

by consistent methods (Papale et al., 2006; Moffat et al., 2007).

Half-hourly averaged global radiation (Rg), air temperature

(Ta), precipitation (PPT) and SWC data were used together

with eddy covariance fluxes of CO2 (NEE), and the calculated

ecosystem respiration (ER) and GPP. We used the gap-filled

database because we needed to calculate daily NEE and

temperature, as well as annual temperature in a specific year.

Negative NEE is defined as net CO2 uptake by the ecosystem.

So, increasing carbon sequestration means more negative NEE.

Daily meteorological and flux variables were synthesized

based on half-hourly values. The daily values were not esti-

mated in this analysis when missing hourly values exceeded
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25% of the day. We used daily accumulated NEE rather than

half-hourly values to obtain the temperature response curve

with the intention of minimizing undesired noise in the data

caused by asynchrony between diel changes in photosynthesis

and respiration. Daily values are more robust than hourly

values to reflect ecosystem responses to temperature over the

season. To avoid confounding influences of clouds on the

temperature responses (Urban et al., 2007), only NEE in days

when the clearness index [i.e., the ratio of the global solar

radiation received on the surface to the extraterrestrial solar

radiation (Falayi et al., 2008)] was larger than 0.5 was used for

this analysis.

We used the MODIS MOD15A2 product to generate the

daily leaf area index (LAI) data. For each flux tower site, 8-Day

composite data at the same location were analyzed. The

satellite LAI data were first filtered based on its quality control

information to discard the data under unfavorable conditions,

such as cloudiness. Then, unrealistically low LAI values in the

middle of the growing season were also screened (i.e., one

measurement was o30% of the highest LAI, but the adjacent

two measurements were all higher than 70% percent of the

highest LAI). The gaps in those processed data were filled to

daily resolution by linearly connecting two closest available

data points.

Temperature response curves

We split the years into two parts according to the maximum

temperature in summer (Fig. 1). The increasing-temperature

season (spring) was defined as the first part of the year, from

the beginning of the Julian year to the time when the maxi-

mum daily mean air temperature was reached (during the

summer). The decreasing-temperature season (autumn)

DE-ThaDK-SorFI-Hyy

FR-Pue

US-Ho1

FR-Hes

DOY

0

5

10

15

20

25

30

IT-Ren

0

5

10

15

20

25

30
IT-Ro1

US-MMS

UK-Gri NL-Loo

US-Ha1

0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300

0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300

0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300

0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300

0

5

10

15

20

25

30

IT-Col

DOY DOYDOY DOY

BE-Vie BE-Bra

dailyT
dailyRg
LAI

US-Blo

D
ai

ly
 T

 (
°C

),
 R

ad
ia

tio
n 

(M
J 

da
y–1

),
 a

nd
 L

A
I

0

5

10

15

20

25

30

CZ-BK1 DE-Hai

US-UMB US-NR1

Fig. 1 Seasonal dynamics in daily temperature (T), daily accumulated global radiation (Rg) and leaf area index (LAI) at the 20 sites.

DOY means days of year.
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included the remainder of the year, from the time of the

maximum air temperature in the summer to the end of the

Julian year.

For each season, NEE observations were divided into 1 1C-

temperature bins. The mean NEE per bin (over all years, and

days per season per site) was calculated and 3 1C-running

means were used to analyze the NEE trends with temperature.

We quantified the hysteresis strength as the mean seasonal

difference between the daily NEE in the increasing- vs. the

decreasing-temperature seasons (DNEE). A similar analysis

was done with GPP. We then calculated the mean differences

of seasonally averaged daily Ta, PPT, Rg, SWC, LAI, and ER

between the increasing- and decreasing-temperature seasons.

This was done to test the drivers accounting for the hysteresis

of NEE response to temperature at the seasonal scale.

As an additional test of the effects of radiation on the

eventual hysteresis, we compared the hysteresis calculated

with the full dataset with the one calculated only with midday

values of air temperature and GPP. We assumed that Rg at

midday is ample for photosynthesis. Similarly, to test the

contribution of SWC to the hysteresis response of GPP, we

compared the hysteresis of GPP between the full dataset and a

subset of the data using only the 30% wettest days.

Statistical analyses

We used paired t-test to analyze the significance of the hyster-

esis between the increasing and decreasing temperature

curves with the same temperature range. The difference was

considered to be significant if Po0.05. In order to reveal any

spatial patterns of NEE hysteresis across the sites, we analyzed

the relationship of NEE differences between the seasons

(DNEE) and site temperature, precipitation, and global radia-

tion by simple regression. We used simple regression also to

examine the relationship of DNEE and DGPP with the differ-

ences of abiotic and biotic factors between the increasing and

decreasing temperature seasons across the sites. Multiple

regression were used to examine the main processes or factors

controlling the hysteresis of NEE and GPP and to quantify the

degree to which the hysteresis of NEE and GPP was explained

by these factors. The relationship was considered to be sig-

nificant if Po0.05. All statistical analyses were performed

using SPSS 13.0 for Windows (SPSS Inc., Chicago, IL USA).

Results

The seasonal dynamics of daily mean temperature

showed a symmetric pattern between the increasing

and decreasing temperature seasons (Fig. 1). In contrast,

at all sites daily Rg was higher during the increasing

than during decreasing temperature seasons (Fig. 1).

LAI was also asymmetric between the two seasons, but

this difference was not consistent across sites, with

some sites exhibiting higher-, and others lower LAI

values in the increasing than in the decreasing tempera-

ture season.

There were parabolic-like patterns of NEE in

response to temperature in both spring and autumn

(Fig. 2). As temperature increased in the spring, NEE

increased (became more negative) and peaked at the

optimum temperature (at which ecosystem net CO2

uptake reaches a maximum value). Afterwards NEE

decreased (became less negative) with decreasing tem-

perature in autumn (Fig. 2). At the same temperature,

NEE in the decreasing temperature season was less

(lower carbon uptake) than in the increasing tempera-

ture season, forming a significant hysteresis loop in

18 out of 20 sites (Po0.05 for all except US-Ha1 and

US-UMB). Although the counter-clockwise hysteresis

pattern was quite consistent across sites (90% of the

studied forests exhibited this pattern), the magnitude of

the hysteresis loop differed strongly among the sites.

The loop was large at FR-Pue, IT-Ro1, US-Hol, UK-Gri,

and DK-Sor, but much smaller at US-MMS, IT-Ren and

DE-Hai. Across the sites, the magnitudes of the NEE

hysteresis loops (manifested by the mean difference of

NEE (DNEE) between the increasing and decreasing

temperature seasons) significantly correlated with the

differences in GPP (DGPP, Fig. 3a), but only marginally

correlated with the differences in ER (DER, Fig. 3b).

Stepwise multiple regression analyses demonstrated

that DGPP and DER in combination could explain 76%

of changes in DNEE, while DGPP alone could explain

68% of changes in DNEE.

GPP also showed a seasonal hysteresis in response to

temperature change (Fig. 4). GPP increased with

increasing temperature in spring and peaked then. After-

wards, it sharply decreased with decreasing temperature

until the end of the growing season (Fig. 4). At the same

temperature, GPP was typically lower during the

decreasing than during the increasing temperature sea-

son. The magnitude of hysteresis was different among

the sites, with large loops at US-Blo, IT-Co1, DK-Sor, FR-

Pue, and IT-Ro1, but minor loops at FI-Hyy, IT-Ren, and

DE-Hai. Across the sites, the magnitudes of the hysteresis

loops of both GPP and NEE were positively correlated

with site mean annual Ta but showed no relationship

with annual PPT, mean annual Rg or latitude (Fig. 5).

The relationships of DNEE or DGPP with DRg, DPPT,

DSWC, or DLAI between the increasing and decreasing

temperature seasons showed that only DRg and DLAI

were significantly correlated with DNEE and DGPP

across the sites (Fig. 6a–d). Neither DNEE nor DGPP

had a significant relationship with either DPPT across

the 20 sites or DSWC across the 14 sites that had SWC

data (Fig. 6e–h). DLAI correlated positively with DRg

(R2 5 0.25, P 5 0.02). Stepwise multiple regression ana-

lyses revealed that DRg was the main environmental

factor and could explain 55% and 60% of the changes in

DNEE and DGPP, respectively.
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To provide evidence that Rg contributes to the seasonal

hysteresis of GPP in response to temperature, we used

the midday values of temperature and GPP on clear

days to construct temperature response curves of GPP.

Clearly, under enough Rg condition, the hysteresis loop

disappeared at most sites (i.e. US-NR1, US-Blo, BE-Vie,
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CZ-BK1, DE-Hai, NL-Loo) or became smaller in some

sites (DK-Sor, DE-Tha, BE-Bra, FR-Pue, FR-Hes, UK-Gri,

Fig. 7). Although sites IT-Col, DK-Sor, FR-Pue, and IT-

Rol still had obvious hysteresis loop when excluding

the potential Rg limitation, the reduction of hysteresis

loops at the majority of the sites suggests that Rg very

likely contributes to the hysteresis of GPP between the

increasing and decreasing temperature seasons. From

the sites that still had large hysteresis loops under

ample radiation, we selected four (DE-Tha, DK-Sor,

IT-Co1, and IT-Ro1) that had SWC data to test the

potential effect of SWC on the hysteresis loop in GPP.

Only the 30% highest SWC-days were used in each site.

Results showed that the hysteresis loop disappeared at

DE-Tha, DK-Sor, and IT-Co1, and became much smaller

at IT-Ro1 (Fig. 8), suggesting that SWC also contributes

to the hysteresis loop in GPP.

Discussion

The robust parabolic-like temperature response of NEE

was well documented in previous studies (Huxman

et al., 2003; Niu et al., 2011). What is less widely reported

is the hysteresis in the pattern of NEE as a function of

temperature. This hysteresis phenomenon was pre-

viously found for SR in response to soil temperature

(Moren & Lindroth, 2000; Drewitt et al., 2002; Gaumont-

Guay et al., 2006). Similar hysteretic temperature-re-

sponse patterns of the observed ecosystem-atmosphere

exchange were previously reported for a diurnal hys-

teresis of NEE in a broadleaf deciduous forest (Nakai

et al., 2003), but this study now shows that NEE also has

this hysteresis pattern at the annual scale and, more

importantly, across the vast majority of mid- and high-

latitude forests (Fig. 2). The common hysteresis at

seasonal-annual scales supports our previous hypoth-

esis one, which was not previously reported in the

literature. These observations of hysteresis are helpful

to understand seasonal or inter-annual variation of NEE

and the asymmetric response of ecosystem to any type

of reoccurring phenomena on a variety of time scales

(Mahecha et al., 2007). The large differences in hyster-

esis-loop magnitudes among sites indicate that the

limitations imposed by other environmental factors
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vary with sites. The general pattern is that the magni-

tude of hysteresis was larger in the warmer than

cold sites, but had no relationship with either PPT or

Rg (Fig. 5).

NEE is the balance of GPP and ER. A lot of studies

have shown the coordinated changes in GPP and ER

among ecosystems and over time (Janssens et al., 2001;

Knohl et al., 2005; Larsen et al., 2007; Baldocchi, 2008),

and the dependence of SR on plant photosynthesis

(Sampson et al., 2007). So, the temperature response of

NEE should be explained by the relative changes in

GPP and ER with temperature. Our results showed that

the counter-clockwise hysteresis loop of NEE in re-

sponse to temperature at most sites is regulated mostly

by photosynthesis of woody plants rather than ER

(Fig. 3). Although DER explained only 8% of DNEE

across the 20 sites, its contribution was significant

according to the stepwise multiple regression analysis.

Moreover, from Fig. 3b, we can see that ER in spring

was lower than that in autumn at most sites, which may

partly contribute the higher net carbon uptake in spring

than in autumn. There has been a wide range of studies

showing that ER at similar Ta was enhanced in late

autumn because of fresh litter deposition and thus

higher labile carbon availability, as well as the higher

standing biomass that accumulated during the growing
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season (Piao et al., 2008; Vesala et al., 2010). Since Rg

reaches a maximum value much earlier than tempera-

ture does (Fig. 1), and GPP mainly responds to radiation

and temperature, whereas ER responds primarily to

temperature and standing biomass. There is a time lag

between the maximum of GPP and the maximum of ER

(Skinner & Adler, 2010). This time lag may contribute to

the seasonal hysteresis of NEE in response to tempera-

ture. In fact, a wide range of studies have shown the

lagged ER response to temperature at diel or seasonal

scales (Tang et al., 2005; Gaumont-Guay et al., 2006;

Bahn et al., 2008; Graf et al., 2008). Thus, we conclude

that the counter-clockwise hysteresis of NEE in the mid-

and high-latitude forests are mostly due to the higher

GPP in the increasing temperature season and partly

due to the higher ER in the decreasing temperature

season.

The differences of NEE or GPP between the increas-

ing and decreasing temperature seasons significantly

correlated with the differences of daily Rg and LAI

(Fig. 6). This result supports the widely used light use

efficiency model (Landsberg & Waring, 1997), in which

GPP is calculated by intercepted radiation, a function of

LAI and incident radiation. Because LAI and Rg are

auto-correlated (P 5 0.02), we only showed the evidence

for the role of Rg in regulating hysteresis of GPP (Fig. 7).

Daily accumulated Rg was always lower in autumn

than in spring for all the sites (Fig. 1), leading to lower

GPP in autumn. Our results are consistent with pre-

vious studies showing that carbon assimilation of many

boreal coniferous forest ecosystems is light-limited in

autumn (Suni et al., 2003a; Mäkelä et al., 2006; Vesala

et al., 2010). Using only the ample radiation at midday,

the hysteresis loop disappeared or became considerably

smaller at most sites (Fig. 7), providing evidence that

radiation contributes to the regulation of the hysteresis

of GPP.

The role of SWC in this study was less consistent.

Across all forest sites with SWC data, differences in

mean SWC did not correlate with the differences in

NEE or GPP between the increasing and decreasing

temperature seasons (Fig. 6e,f). Thus, SWC likely did

not contribute to the differences in hysteresis of NEE or

GPP across sites. However, for the four sites (DK-Sor,
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DE-Tha, IT-Co1, and IT-Ro1), excluding SWC limitation

(by considering only the 30% wettest days) decreased or

even entirely removed the hysteresis loop (Fig. 8). This

suggests that SWC does contribute to the hysteresis of

GPP- and thus NEE- at least at these four sites (out of

14 with SWC data). Similarly, some previous studies
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illustrated the influence of drought on the hysteresis of

NEE in response to radiation, with much larger hyster-

esis loops during water stressed periods (Vourlitis et al.,

2005; Pingintha et al., 2010). There are still sites, i.e.

IT-Rol, have lower GPP in the decreasing temperature

season even with enough radiation and SWC (Fig. 8),

suggesting other drivers may contribute to the seasonal

hysteretic temperature response of NEE and GPP. The

key drivers in regulating hysteresis loops vary among

sites, supporting our previous hypothesis two and

three.

Although some previous studies have described the

effect of temperature or Rg impact on NEE, the char-

acterization of these variables impact being linked

through hysteresis is largely unexplored. The magni-

tude of hysteresis in the NEE-temperature relationship

is an important indicator of the existence of seasonal

asymmetries of GPP and ER. The role of Rg, SWC and

LAI in controlling the relationship between carbon

fluxes and temperature should be considered when

modeling the dynamics of carbon cycling in ecosystems

with strong seasonality in these factors.

Conclusions

Data from long-term eddy-covariance measurements at

multiple sites shows that NEE asymmetrically responds

to temperature change in spring and autumn, forming a

seasonal counter-clockwise hysteresis loop in NEE-tem-

perature response in most mid- and high-latitude for-

ests. The hysteresis of NEE could be explained mostly

(68%) by the temperature response of GPP rather than

that of ER. Daily accumulated Rg and LAI were the

primary drivers controlling the differences of NEE and

GPP between spring and autumn. SWC also contribu-

ted to the hysteresis of NEE and GPP at some sites. The

results suggest that different temperature responses of

carbon fluxes during spring and autumn in a year are

attributable to limitation of Rg, LAI, and SWC. The

consistent presences of hysteresis in the response of

NEE and GPP to temperature suggests that asymmetric

seasonal temperature response should be considered

when simulating carbon cycling and its responses to

climatic changes.
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