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ABSTRACT

Our understanding of the variability in net ecosystem CO, exchange (NEE) across different timescales is still
limited, as terrestrial carbon cycle models often mismatch data at multiple timescales. Especially, multi-scale
environmental controls on NEE are less well understood in semiarid shrublands than in mesic ecosystems. We
collected eddy-covariance measurements of NEE over five years (2012-2016) from a semiarid shrubland in
northern China, and then used continuous wavelet transform (CWT), wavelet coherence (WTC), and partial
wavelet coherence (PWC) analysis to investigate how photosynthetically active radiation (PAR), air temperature
(T,), vapor pressure deficit (VPD), and soil water content (at 30-cm depth, SWC3o) modulate the variability of
NEE in the time-frequency domain. CWT revealed that NEE not only had clear daily and annual periodicities, but
also oscillated strongly at intermediate scales (days, weeks to months). At the 1-day period, NEE showed sig-
nificant WTC with PAR, T,, and VPD during growing seasons, with NEE leading PAR by about 1.0 h and leading
T, and VPD by over 3.5 h. At the 1-year period, NEE also showed strong WTC with PAR, T,, and VPD throughout
time, with NEE lagging T, by 19 days and lagging PAR and VPD by about 40 days. At intermediate periods, non-
continuous areas of significant WTC were observed between NEE and environmental factors, notably between
NEE and PAR at 4-32-day periods during growing seasons. PWC revealed a greater modulating effect of PAR
than that of T, on NEE at intermediate periods. However, the intermediate-scale PAR effects were largely
weakened during spring or summer drought periods (i.e., low SWCs). In addition, drought events were iden-
tified as hotspots of WTC between NEE and SWCs, at monthly or longer timescales. This study highlights the
need for a multi-scale approach to understanding the temporal dynamics of NEE. Modeling efforts should take
into account these multi-temporal correlations between NEE and environmental factors in order to improve
model-data agreement across timescales.

1. Introduction

Net ecosystem CO, exchange (NEE) between the atmosphere and
ecosystems is simultaneously modulated by a variety of biophysical

Drylands (semiarid and arid areas) cover nearly half of the Earth’s
land surface (Huang et al., 2017), and they have been expanding in
many regions around the world due to climate change and human ac-
tivities (Berg et al., 2016; Huang et al., 2016). Recent studies highlight
an important role of semiarid ecosystems in driving the global climate-
carbon (C) cycle feedbacks (Poulter et al., 2014; Ahlstrom et al., 2015;
Huang et al., 2017). Despite the importance of drylands, C exchange
and its influencing factors across different timescales (i.e., hours to
years) are less well understood in such ecosystems than in mesic forests
and grasslands, limiting our ability to predict terrestrial C dynamics
under changing climatic conditions.

factors (e.g., radiation, temperature, precipitation, soil moisture, and
vegetation) over multiple temporal scales (i.e., from seconds to years to
decades) (Fig. 1). These factors exhibit a wide range of amplitudes and
phases, which modulate the spectral properties of NEE (Stoy et al.,
2005, 2009). At the hourly scale, precipitation events and changes in
wind and cloud are likely to drive NEE dynamics through their effects
on radiation, temperature, soil moisture, and stomatal conductance
(Stoy et al., 2005). At the daily scale, NEE is driven primarily by diel
cycles of solar radiation, temperature, and vapor pressure deficit (VPD)
(Jia et al., 2014; Ouyang et al., 2014). At timescales from multi-days to
multi-months, synoptic weather patterns, passages of fronts and
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Fig. 1. A conceptual description of biophysical factors that drive net ecosystem CO, exchange (NEE) over multiple timescales. Driving factors of NEE included in this
diagram are by no means exhaustive. Abbreviations: PPT, precipitation; SM, soil moisture; VPD, vapor pressure deficit.

pressure systems, cold spells, and heat waves can alter radiation, tem-
perature, and water conditions, causing physiological responses and
thus variations in NEE (Baldocchi et al., 2001; Hong and Kim, 2011). At
seasonal and annual scales, NEE dynamics are largely affected by plant
phenology and annual cycles of sunlight and temperature (Stoy et al.,
2005; Ouyang et al., 2014). At interannual to decadal timescales, NEE
may respond to climate change and variability, ecological dynamics
(e.g., disturbance and succession), and environmental changes (e.g.,
nitrogen deposition and rising atmospheric CO,) through changes in
canopy structure or species composition (Stoy et al., 2005). Despite
these understandings, process-based models rarely satisfactorily pre-
dicted NEE dynamics across varying timescales (Stoy et al., 2013), in-
dicating the necessity to improve our knowledge on the variability of
NEE. Quantifying the multi-temporal relationships between CO, fluxes
and environmental factors is necessary for a full understanding of the
climate change impacts on terrestrial C cycle (Stoy et al., 2009; Vargas
et al., 2012), and could assist in the parameterization and validation of
C cycle models across different timescales (Vargas et al., 2010, 2012;
Stoy et al., 2013).

Current understanding on the multi-scale variability of NEE is
mainly derived from forest ecosystems. Few studies are available on
NEE dynamics and its controlling factors across multiple timescales in
dryland ecosystems. The large uncertainty in predicting the C balance
of semiarid ecosystems (Biederman et al., 2017) reflects a lack of me-
chanistic understanding on C dynamics across multiple timescales.
Environmental controls on NEE in dryland areas can be different from
those in mesic forests and grasslands in several ways (Jia et al., 2014,
2016a; Poulter et al., 2014). Firstly, extremely high temperature, solar
radiation, and VPD during daytime in summer can induce partial sto-
matal closure, depress NEE, and thus shift diurnal NEE peaks toward
morning hours (Fu et al., 2006; Jia et al., 2014). Rain pulses (and re-
lated “Birch effect”) were also observed to trigger fast NEE responses at
timescales less than a day (Huxman et al., 2004; Jarvis et al., 2007; Jia
et al., 2014). Secondly, dryland ecosystems are frequently subject to
droughts, wet-dry cycles, and sand storms (Huang et al., 2017), which
all affect NEE dynamics at daily to seasonal scales. Thirdly, semiarid
shrublands and steppes usually show larger seasonal and interannual
variability in temperature, precipitation, and therefore in NEE than do
mesic ecosystems (Biederman et al., 2017). Consequently, NEE in dry-
land ecosystems may have distinct spectral characteristics and multi-
temporal correlations with environmental factors.

It is challenging to detect the detailed information on times, time-
scales, and lags of covariance between NEE and related environmental
factors by just visually examining their time series (Baldocchi et al.,
2001). Conventional analyses (e.g., correlation) suggest that

biophysical controls on CO, fluxes vary with timescales (Fu et al., 2006;
Zhang et al., 2007; Jia et al., 2014). Spectral analyses, such as Fourier
or wavelet transforms, have yielded valuable insights into the temporal
dynamics of NEE and its biophysical controls (Baldocchi et al., 2001;
Qin et al., 2008; Ouyang et al., 2014). Fourier transform is well suited
for stationary signals whose spectral components do not vary over time.
However, CO, flux measurements are non-stationary in nature (Vargas
et al., 2010; Ouyang et al., 2014). Moreover, scale-dependent controls
on NEE are not constant over time, but vary within and between seasons
(Cazelles et al., 2008). In contrast to Fourier transform, wavelet
methods can be used to analyze transient dynamics for the association
between two time series (Grinsted et al., 2004; Cazelles et al., 2008).
Therefore, they are a powerful tool for exploring the variability of NEE
and its biophysical controls. Unfortunately, few studies (if any) have
applied wavelet techniques to multi-year NEE measurements in dryland
ecosystems.

We collected half-hourly eddy-covariance (EC) measurements of
NEE over five years (2012-2016) from a semiarid shrubland in northern
China. The shrubland ecosystem lies at the south edge of the Mu Us
Desert, an ecotone between semiarid and arid climates. From the mid-
20th century, anthropogenic disturbances (e.g., over-grazing) have
caused severe vegetation degradation in this area (Chen and Duan,
2009). Rehabilitation practices in the past two decades have promoted
a dramatic expansion of shrubland distribution, which is considered a
sign of desertification reversal (Jia et al., 2016b). Our previous studies
have explored the diurnal, seasonal, and interannual variations of NEE
in the shrubland ecosystem (Jia et al., 2014, 2016a). In this study we
used continuous wavelet transform (CWT), wavelet coherence (WTC),
and partial wavelet coherence (PWC) analysis to investigate how pho-
tosynthetically active radiation (PAR), air temperature (T,), VPD, and
soil water content modulate the variability of NEE (i.e., amplitudes and
phases) in the time-frequency domain. We specifically addressed
timescale-dependent controls and investigated whether and how their
effects vary with time. We tested the hypotheses that NEE shows con-
sistent daily and annual variations as influenced by cycles of solar ra-
diation; and that NEE dynamics at intermediate timescales are affected
by fluctuations in soil moisture, which in turn are determined by sea-
sonal precipitation patterns.

2. Materials and methods
2.1. Study site

This study was conducted at the Yanchi Research Station
(37°42’31”N, 107°13’37”E, 1530 m a.s.l.) of Beijing Forestry University.
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The site is located in Ningxia, North China, with a mid-temperate
semiarid continental climate. The mean annual air-temperature
(1954-2014) is 8.3 °C, and the mean monthly temperatures range from
—8.4°C in January to 22.7 °C in July (data from Yanchi Meteorological
Station, ~20km from the study site). The mean annual precipitation
(MAP) is 292mm, which is much lower than the annual potential
evapotranspiration (2024 mm). In addition, precipitation shows large
seasonal (~80% falling during June-September) and interannual var-
iations (145-587 mm). The soil is sandy with a bulk density of
1.54 + 0.08 ¢ cm™ 3, a total porosity of 35.70 * 3.83%, a field ca-
pacity of 20.31 = 3.33% (g g x 100), and a permanent wilting point
of 3.64 = 0.37% (g g’1 X 100) (mean =+ standard deviation, n = 16)
in the upper 10 cm of the soil profile. The studied shrubland is domi-
nated by a mixture of xerophytic shrub species, including Artemisia
ordosica (35% relative cover), Hedysarum mongolicum (30%), H. sco-
parium, and Salix psammophila (20%). A minor grass component (15%
relative cover) comprises Leymus secalinus, Stipa glareosa, and
Pennisetum centrasiaticum. The shrub canopy is about 1-1.5m tall.
Shrub roots are distributed mainly in the 20-50 cm soil layer. Soil water
supply to the ecosystem depends entirely on precipitation as the
groundwater table lies deeper than 8 m.

2.2. EC and supporting measurements

The EC method was used to measure NEE over the studied shrubland
ecosystem. The EC tower has been operating since June 2011 as part of
the China Terrestrial Ecosystem Research Network (CTERN) long-term
flux monitoring program. The EC system, which consists of a 3D ul-
trasonic anemometer (CSAT-3, Campbell Scientific Inc., USA) and a
closed-path fast response infrared gas analyzer (LI-7200, LI-COR Inc.,
USA), was mounted at a height of 6.2 m on a scaffold tower. Raw sig-
nals were recorded at 10 Hz using a data logger (LI-7550, LI-COR Inc.,
USA). Incident photosynthetically active radiation (PAR) was measured
using a quantum sensor (PAR-LITE, Kipp & Zonen, The Netherlands).
Air temperature (T,) and relative humidity were measured with a
thermohygrometer (HMP155A, Vaisala, Finland). These meteor-
ological sensors were mounted on the EC tower at 6 m above the
ground. Half-hourly soil water content was measured at four depths
(10, 30, 70, and 120 cm) within 20 m of the tower, with three replicate
sensors (ECH,O-5TE, Decagon Devices, USA) at each depth. We only
used soil water content at 30-cm depth (SWCs) in this study as our
previous analyses have demonstrated that soil water at this depth was
most closely related to ecosystem C, water, and energy exchange at this
site (Jia et al., 2014, 2016a, b). Details on instrumentation and sam-
pling procedures can be found in Jia et al. (2014, 2016b).

2.3. Flux calculation, quality control, and gap-filling

Half-hourly CO, fluxes were calculated from raw records using the
EddyPro 4.0.0 software (LI-COR Inc., USA). Processing steps included
spike removal, double coordinate rotation, time delay corrections, fre-
quency response corrections, detrending (block averaging), and flux
computation (Burba, 2013). The Webb-Pearman-Leuning (WPL) cor-
rection was not required because the LI-7200 outputs CO, and H,O
mixing ratios directly, i.e., thermal expansion and water dilution of the
sampled air have already been accounted (Burba, 2013). CO, fluxes
were despiked following Papale et al. (2006). We also screened night-
time flux values to exclude periods of insufficient turbulent mixing
(friction velocity u” < 0.18 m s, Jia et al., 2016a). CO, fluxes passed
the quality control criteria were considered acceptable as estimates of
NEE. Downward CO, fluxes are indicated by negative NEE values (sink)
and upward fluxes by positive values (source).

Instrument failure and maintenance resulted in 3, 16, 5, 1, and 7%
missing CO, flux values for the five study years (2012-2016), respec-
tively. The quality control procedure excluded 21-27% of annual CO,
flux values (mostly nighttime values). Consequently, 5-18% daytime
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data were gap-filled to obtain complete annual time series, compared to
nearly 50% during nighttime.

Small gaps (= 2h) were filled using linear interpolation. A light-
response function accounting for photoinhibition was used to fill larger
daytime (incident PAR = 5 ymol m ™2 s~ ') missing values (Jia et al.,
2014, 2016a):

1-8Q
1+7yQ €8]

where NEE,, is daytime NEE (umol CO,m~? s~ "), Q is incident PAR
(umol photons m~2 s1), Q. is the light compensation point (umol
photons m~2 s1); @, B, and v are fit parameters. Seasonal variation in
parameter values was taken into account by fitting Eq. (1) to con-
secutive windows of 500 non-missing daytime data points. To estimate
missing nighttime NEE values (NEE,;,,.), we fit an exponential function
(Jia et al., 2016a) to the relationship between half-hourly NEE,;g, and
soil temperature at 10-cm depth for each year. Missing values in en-
vironmental factors (PAR, T,, VPD, and soil water content) were esti-
mated using either complementary measurements at the site or the
mean diurnal variation method (Falge et al., 2001). Detailed descrip-
tions of flux calculation, quality control, and gap-filling procedures can
be found in Jia et al. (2014, 2016a).

NEEyq, = &

(Q - Qc)a

2.4. Data analysis

Wavelet analysis has been widely applied to the geophysical and
ecological time series (Grinsted et al., 2004; Cazelles et al., 2008;
Vargas et al., 2012). We here only briefly describe some basic concepts
related to wavelet transform and coherence. Detailed reviews on the
theory and application of wavelet analysis can be found in Torrence and
Compo (1998), Grinsted et al. (2004), Cazelles et al. (2008), and Vargas
et al. (2010).

The CWT of a discrete time series x, (n = 1, ..., N) sampled at a
constant time interval (§,) is defined as the convolution integral of x;,
with a scaled and translated mother wavelet, yo(7):

oy [0 S e[ (0 =t
M(s)—\/?zlxnzpo[ - ] @

where " denotes the complex conjugate, s is the wavelet scale at which
the transform is applied (Grinsted et al., 2004). We used the Morlet
wavelet as it provides a good balance between the localization of time
and frequency (Vargas et al., 2012; Ouyang et al., 2014). Moreover, it is
a complex function (i.e., with both a real and an imaginary part), thus
allowing for separate investigations of phases and amplitudes (Grinsted
et al., 2004). The wavelet power spectrum (S,) of x, is defined as:

Sa(s) = WX (s)PP. 3)

For the relationship between two time series, namely X, (environmental
variables) and y, (NEE), the cross-wavelet power spectrum (C,), phase
angle spectrum (A,), and WTC spectrum (R,2) are defined, respectively,
as:

Ca(s) = W7 ()l = IW ()W (s)I, 4
ot )
Re(W2(5)) )
2 IS (s™IW2 (s))1?
B = W GRS OF ®)

where W, is the cross-wavelet transform, S denotes a smoothing in
time and scale, Im [W,”(s)] and Re [W,? (s)] are the imaginary and real
part of W2 (s), respectively (Terrence and Compo, 1998; Grinsted et al.,
2004). A, can be drawn as arrows in the time-frequency space for C, or
R, Arrows pointing down indicate x, leading y, by 90° or lagging y, by
270°, while arrows pointing up indicate x, lagging y, by 90° or leading
Yn by 270°. Arrows pointing left (right) indicate x, and y, vary anti-
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phase (in-phase), respectively. However, the interpretation of phase
differences should be the opposite in this study (e.g., arrows pointing
left for the NEE-PAR relationship mean that they vary in-phase) be-
cause more negative NEE values indicate higher CO, uptake.

We also calculated the PWC spectrum (RP,) (Ng and Chan, 2012)
and ecosystem spectral transfer (EST) (Stoy et al., 2009). RP,? is defined
as:

|Rn (y, xl) - Rn (y, XZ)Rn(y, xl)*lz
[1 = R, %) P1 = Ry (e, )

RP? L X, ) =

n (V 1 2) (7)
which indicates the coherence between y, and x,; after removing the
effect of x,,. EST is defined as:

Wi (s)

ESTyx(s) = W)

I
o8 ®

where y, is more (less) variable than x, at scale s if EST,, ,(s) is positive
(negative).

The results of wavelet analysis can be presented either as local
wavelet power spectra in the time-frequency domain, or as global
power spectra averaged over time. A global wavelet spectrum provides
information on the timescales which contribute the most to the varia-
bility of a time series, while a global cross-wavelet power spectrum (or
common power) quantifies the amount of covariance that occurs be-
tween two variables across a spectrum of frequencies (Baldocchi et al.,
2001; Vargas et al., 2010). WTC can be considered as a measure of local
correlation between two time series in the time-frequency domain
(Vargas et al., 2010; Stoy et al., 2013), while PWC is analogous to
partial correlation in the time-frequency domain (Ng and Chan, 2012).

The phase angle spectrum measures the time delay between two time
series as a function of frequency. A statistically significant, phase-
locked coherence provides a strong indication of causality (Koebsch
et al., 2015). Moreover, phase angles can be used to infer causal links
between processes, on the assumption that the effect must follow the
cause (Vargas et al.,, 2010). If more than one variable showed sig-
nificant coherence with NEE at a given timescale, we considered the
variable leading NEE by the smallest amount of time as the primary
control variable, assuming that a short response time is the best in-
dicator of a close cause-and-effect relationship (Koebsch et al., 2015). In
this study we focused mainly on WTC for examining environmental
controls on NEE, as WTC is considered a better measure of the inter-
relation between two variables than cross-wavelet transform (Vargas
et al., 2010). In particular, WTC can find regions in the time-frequency
domain where two variables are correlated but do not necessarily have
high common power (Grinsted et al., 2004).

We applied wavelet analysis to both gap-filled and non-gap-filled
(zeros were padded in gaps) NEE time series. It turned out that gap-
filling had little effect on our results (see Results and Supplementary
On-line Materials). All time series were normalized before wavelet
analyses to have zero mean and unit variance. The statistical sig-
nificance (at 5% level) of wavelet spectra was tested using Monte Carlo
methods against red noise (Grinsted et al., 2004; Vargas et al., 2010).
We only presented results outside the “cone-of-influence” (COI), in
which the wavelet transform suffers from edge effects due to in-
complete time-locality across frequencies (Vargas et al., 2012). We
performed all wavelet analyses using Matlab codes distributed by
Grinsted et al. (2004) and Ng and Chan (2012).
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Our previous studies at the same site identified a SWC5, threshold of
0.10 m® m ™3, below which both ecosystem CO, fluxes and sap-flow of
the dominant shrub species A. ordosica were significantly depressed (Jia
et al., 2014; Zha et al.,, 2017). More specifically, a cut point of
SWC3 = 0.10 m® m ™3 best demonstrated the differences between high
and low SWCjs, levels when analyzing the responses of NEE or sap-flow
of A. ordosica to other environmental factors. Therefore, we here used
SWCs0 = 0.10 m® m~2 as a reference value to indicate drought con-
ditions during the growing season. This reference value is close to the
stomata closure point for sandy soils (0.11 m® m~3) estimated from
parameters provided in Laio et al. (2001). Using this reference point,
however, does not affect our main results and conclusions.

3. Results

3.1. Variations in NEE and environmental factors in the time-frequency
domain

The semiarid shrubland showed similar seasonal patterns of T,
PAR, and VPD during the study period (2012-2016) (Fig. 2a—c). PAR
had minimum values of less than 5mol m~2 day ' in winter and
maximum values of 55-60 mol m 2 day ~! in mid-summer. Daily mean
T, ranged from about —10.0°C in winter to 27.0°C in summer, and
daily mean VPD varied from low winter values of about 0.2kPa to
summer peaks of 2.0-2.5 kPa.

Seasonal variations in SWC3o showed clear pulse dynamics and wet-
dry cycles as driven by rainfall events usually larger than 20 mm day ~*
(Fig. 2d). The five years were characterized by contrasting seasonal
patterns of SWCso. Episodes of low SWCj, (i.e., < 0.10 m® m %) were
evident in the spring of 2014, and in the summer of 2012, 2015, and
2016. In addition, SWC5, was below 0.10 m® m™ during most of the
growing season in 2013, despite a pulse in mid-summer (DOY
188-207).

The five years also differed markedly in the seasonal pattern of NEE
(Fig. 2e). Daily NEE varied in the ranges of —4.71 to 1.63, —2.38 to
2.13, —2.11 to 1.51, —2.41 to 1.77, —3.27 t0 3.00g C m ™2 day ! in
2012-2016, respectively, where negative values indicate seasonal
maximum strengths of C sink. By looking at time series, it is clear that
changes in SWCj3, influenced the dynamics of NEE (Fig. 2d-f). SWCsq
pulses coincided with NEE peaks (positive), which were followed by
stimulated C uptake (i.e., negative NEE). In contrast, drought episodes
with low SWCso (i.e., < 0.10 m®> m~%) were characterized by re-
markably depressed C sink. Multiple seasonal peaks and valleys in C
uptake were observed in years (e.g., 2015 and 2016) with mid-season
droughts, which caused declines in NEE.

As expected, the global wavelet power spectra of PAR, T,, VPD, and
NEE all showed strong peaks at 1-day and 1-year (365-day) periods
(Fig. 3a). PAR also displayed strong variability (i.e., periodicity) at the
0.5-day (i.e., diurnal) period, but the power was much lower than that
at the 1-day period. T,, VPD, and NEE had smaller diurnal peaks than
PAR. SWC5, showed neither daily nor diurnal spectral peak, but oscil-
lated strongly at seasonal (i.e., around 200-day) and annual scales. In
addition, these variables oscillated at intermediate (i.e., days, weeks,
months) scales.

CWT clearly revealed localized features of examined variables in the
time-frequency domain (Fig. 4). Except for expected diel and annual
variations (Fig. 4a and b), NEE also oscillated at periods between 16-
days and 1-year as indicated by a few bands or hotspots in the time-
frequency domain. Areas of significant wavelet power for PAR, T,, VPD,
and SWCs (Fig. 4c—f) corresponded to their spectral peaks in global
power spectra. Notably, SWC3, showed non-continuous areas of sig-
nificant wavelet power at intermediate periods (between 4- and 256-
days).
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Fig. 3. Global wavelet power spectrum (a) for net ecosystem CO, exchange
(NEE), soil water content at 30-cm depth (SWCs), incident photosynthetically
active radiation (PAR), vapor pressure deficit (VPD), and air temperature (T,);
global cross-wavelet power spectrum (b) for NEE-PAR, NEE-T,, NEE-SWC, and
NEE-VPD relationships; ecosystem spectral transfer (EST) (c) of PAR, T,
SWCs, and VPD.

3.2. Correlations between NEE and environmental factors at sub-daily to
daily scales

High common power was found between NEE and environmental
factors at daily and diurnal scales (Fig. 3b), occurring mostly during
growing seasons (Figs. S1 and S2). At these scales, the variability of NEE
was smaller than that of PAR (EST < 0), but greater than those of T,,
SWCs0, and VPD (Fig. 3c). NEE was more variable than all examined
environmental variables (EST > 0) at shorter timescales (e.g., hours).
At the 1-day period, PAR, T,, and VPD were tightly correlated with NEE
throughout growing seasons, whereas SWCs, showed significant WTC
with NEE on much fewer days (Figs. 5 and S3). The phase angle be-
tween NEE and PAR was 160.82 + 51.12° (mean =+ standard devia-
tion) at the 1-day period, i.e., PAR lagged NEE by 1.25 + 3.32h (Figs.
5a and 6a ). In comparison, the phase angles for NEE-T, and NEE-VPD
relationships were 126.00 + 49.56° (T, lagging NEE by
351 + 3.21h) and 124.56 + 50.09° (VPD lagging NEE by
3.60 + 3.25h), respectively (Figs. 5b—d, 6a). Significant PWC was
hardly observed for examined relationships at sub-daily to daily scales
(Figs. 7 and 8).
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3.3. Correlations between NEE and environmental factors at timescales of
days to months

High common power was observed between NEE and SWCj, at
periods from days to months (Figs. 3b, S1d, S2d). Other environmental
variables showed little common power with NEE at intermediate scales
(Figs. S1 and S2). NEE was generally less variable than T,, VPD, and
SWCs3¢ (EST < 0) at periods between multi-days and multi-months
(Fig. 3c). In comparison, NEE oscillated at a similar amplitude to that of
PAR at multi-day periods, but was much more variable than PAR
(EST > 0) at periods between 50- and 200-days. Non-continuous areas
of significant WTC were observed between NEE and environmental
factors over a wide range of periods (Figs. 5 and S3). These inter-
mediate-scale WTC varied with time. Notably, significant WTC was
observed between NEE and PAR during growing seasons at periods
between 4- and 32-days (Figs. 5a and S3a). PWC revealed a greater
modulating effect of PAR than that of T, on NEE at intermediate periods
during growing seasons (Fig. 7). However, the intermediate-scale PAR
effects were largely weakened during spring or summer drought periods
(i.e., SWCs less than 0.10 m® m™3) (Figs. 5a and S3a). In addition,
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drought effects were identified as hotspots of WTC between NEE and
SWC3 at monthly or longer timescales (Figs. 5d and S3d). The persis-
tent drought during the growing-season of 2013 was also indicated by
significant PWC between SWCso and NEE at the bimonthly timescale
(Fig. 8).

3.4. Correlations between NEE and environmental factors at the annual
scale

High common power was found between NEE and environmental
factors around the 1-year scale throughout the study period (Figs. 3b,
S1, S2). At this scale, the variability of NEE was smaller than its in-
fluencing factors (EST < 0, Fig. 3c). At the 1-year period, NEE was
tightly correlated with PAR, T,, and VPD throughout time, but did not
show consistent WTC with SWC3o (Figs. 5 and S3). The phase angle
between NEE and T, was —161.42 * 6.58° (mean * SD) at the 1-year
period, i.e., T, led NEE by about 20 + 7 days (Figs. 5b, 6b, S3b). In
comparison, the phase angles for NEE-PAR and NEE-VPD relationships
were —140.95 = 5.08° and —141.79 = 7.34°, respectively (Figs. 5a,
¢, S3a, c¢). That is, NEE led PAR and VPD by about 40 = 6 days
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(Fig. 6b). At the 1-year period, both T, and PAR showed significant
coherence with NEE after removing the effects of the other (Fig. 7). No
significant PWC was found between NEE and SWCj, at the annual scale
(Fig. 8).

4. Discussion
4.1. Environmental controls on NEE at daily and annual scales

Spectral peaks at daily and annual timescales are a general feature
of NEE time series, due to the influences of solar cycles on biological
activities (Baldocchi et al., 2001; Stoy et al., 2005; Ouyang et al., 2014).
We found that NEE was more tightly correlated with PAR than with
other environmental factors at the daily scale, as indicated by strong
WTC and short lag time between NEE and PAR (1.25 * 3.32h)
(Figs. 5, 6a, S3). C uptake is largely a function of PAR, while C release is
usually more controlled by temperature (Jia et al., 2014). Therefore,
the greater importance of PAR at the daily scale suggests that it was
photosynthesis, rather than respiration, dominates the diel variations in
NEE (Ouyang et al., 2014). In line with our results, Hong and Kim
(2011) found that in a temperate deciduous forest the CWT spectrum
for NEE was almost the same as that for gross ecosystem production
(GEP), indicating that processes driving GEP were mainly controlling
NEE. Moreover, canopy photosynthesis, which is a function of PAR, may
also regulate C release at the diel scale (Tang et al., 2005; Vargas et al.,
2011; Han et al., 2014). For example, WTC revealed that at the 1-day
period soil CO, production responded to PAR with a mean time lag of
about 5h, but led soil temperature by 3-4h in a mixed conifer-oak
forest (Vargas et al., 2010). The regulation of C release by photo-
synthesis can accentuate the role of PAR while overshadow the role of
temperature in driving NEE at the diel scale.

The phase difference between NEE and PAR (1.25 + 3.32h) agrees
with our previous study (Jia et al., 2014) showing that net C uptake
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peaked before noon (at 9:00-10:00 LST, LST = GMT + 8) during the
growing season, while PAR was highest between 12:30 and 13:00 LST.
Many studies in arid and semiarid areas have also observed that canopy
photosynthesis peaked a few hours earlier than light availability (e.g.,
Tang et al., 2005; Zhang et al., 2007). In water-limited ecosystems, CO,
assimilation usually peaks at morning hours due to higher leaf water
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potential and photosynthetic capacity in early morning than later in the
day, whereas PAR usually reaches maximum at noon. In addition, the
diurnal asynchrony between NEE and PAR can be ascribed to mid-day
and afternoon depression of net C uptake caused by high-VPD-induced
stomatal closure and/or high-temperature-induced increases in eco-
system respiration (Jia et al., 2014). These mechanisms could also ex-
plain our result that T, and VPD lagged NEE by ~3.5h at the daily
scale. In ecosystems with high water availability, NEE simply follows
PAR on a diurnal scale. For example, WTC analysis by Ouyang et al.
(2014) revealed that NEE oscillated in-phase with PAR (i.e., no time
lag) at the 1-day period in an oak-dominated forest in Northwest Ohio,
where MAP is 840 mm. Koebsch et al. (2015) reported a nearly in-phase
diurnal relationship between NEE and PAR (a lag time of 0.2 * 1.6h)
in a temperate wetland.

WTC and phase differences between variables revealed that NEE
was more tightly coupled with T, than PAR and VPD at the annual scale
(Figs. 5a—c, 6b, S3a—c). This result is consistent with that found in a
temperate deciduous forest (Ouyang et al. 2014). In addition, many
studies have found that T, was more important than PAR in controlling
the spatial and temporal variations in annual CO, fluxes in temperate
forests (Yu et al., 2013; Keenan et al., 2014). Plant phenology (e.g., leaf
emergence and senescence), which influences the seasonality of NEE, is
determined mostly by temperature instead of solar radiation (Keenan
et al., 2014; Ouyang et al. 2014). We also observed earlier leaf emer-
gence of the dominant shrub A. ordosica in response to warmer springs
at the study site (unpublished data). In addition, temperature influences
seasonal and annual variations in ecosystem respiration (Zhang et al.,
2007; Jia et al., 2014, 2016a). Considering the continuing global
warming trend (Huang et al.,, 2017), temperature may play an in-
creasingly important role in driving plant phenology and thus NEE at
seasonal and longer timescales. Despite the dominant role of T, at the
annual scale, both T, and PAR showed significant PWC at the 1-year
band throughout time (Fig. 7). In contrast, Ouyang et al. (2014) only
found significant PWC for T,, but not for PAR, at the same timescale.
This difference suggests that solar radiation may be more important in
regulating seasonal and annual C dynamics in semiarid shrublands than
in temperate deciduous forests.

4.2. Environmental controls on NEE at intermediate scales

Our results are consistent with previous findings that variations in
CO, fluxes at timescales of days to months were associated with
changes in environmental factors (Baldocchi et al., 2001; Hong and
Kim, 2011). For example, NEE has been reported to vary on synoptic
timescales (i.e., days to weeks) associated with weather patterns and
their effects on radiation, temperature, and moisture (Baldocchi et al.,
2001; Koebsch et al., 2015). Wavelet analysis revealed monsoon-in-
duced oscillations in NEE at periods of days to months in a deciduous
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forest in Korea (Hong and Kim, 2011). We found that PAR was the
primary controlling factor of NEE at daily to monthly timescales,
especially during the growing season of 2012 and 2013, and in the late
growing-season of 2014-2016 (Figs. 5a, 7a, S3a). These effects of PAR
may be related to changes in solar radiation and thus photosynthetic
activity induced by weather patterns. Our previous study at the same
site (Jia et al., 2014) found that insufficient PAR on rainy days de-
pressed ecosystem C uptake because of low photosynthesis rates, while
excessive PAR on clear summer days depressed ecosystem C uptake
partially due to photoinhibition of CO, assimilation. Similarly, Hong
and Kim (2011) reported that in a temperate deciduous forest changes
in net radiation during the summer monsoon season regulated NEE
oscillations at timescales of weeks and months.

Our results showed localized impacts of soil moisture on CO, ex-
change, i.e., drought events were identified as hotspots of WTC and
PWC between NEE and SWC3, at monthly or longer timescales (Figs. 5d,
8, S3d). This is in line with our previous studies demonstrating the role
of seasonal water deficit in limiting canopy photosynthesis (Jia et al.,
2014) and soil respiration (Wang et al., 2014) of the shrub ecosystem.
Vargas et al., (2010) also found that in a semiarid mixed conifer-oak
forest soil moisture and CO, production were significantly coherent at
intermediate periods (2-32-day) as driven by discrete rain pulses.
Ouyang et al. (2014) reported that drought events were responsible for
NEE hotspots in the time-frequency domain at weekly to monthly and
even longer timescales. Baldocchi et al. (2001) found that in a tempe-
rate forest the effects of summer droughts accounted for a periodicity of
10 days in the power spectrum of CO, fluxes. More interestingly, we
also found that SWCs, appeared to indirectly affect NEE by regulating
PAR effects at intermediate scales, i.e., WTC between PAR and NEE
largely faded when the ecosystem experienced a spring or summer
drought (SWCso < 0.10 m® m™3, Figs. 2d-f, 5a, S3a). This finding
agrees with our previous analysis showing that the responses of NEEq,
to PAR were markedly weakened when SWC5, was below 0.10 m®m~3
(Jia et al., 2014). Drought-induced stomatal closure and reductions in
leaf area often depress canopy photosynthesis in semiarid ecosystems
(Jia et al., 2014, 2016), obscuring PAR effects at timescales of days,
weeks, and months. Vargas et al. (2012) also found that in a Chihua-
huan Desert grassland the temporal relationship between PAR and soil
CO,, efflux was modified by changes in the frequency and size of rainfall
events.

5. Conclusions and implications

We analyzed multi-scale dynamics and environmental controls on
NEE over a semiarid shrubland by applying wavelet methods to a 5-year
EC dataset of CO, fluxes. To our knowledge, this study represents the
first detailed time-frequency analysis of NEE in semiarid shrublands.
Our results indicate that multiple environmental factors may act in
concert to drive NEE over a wide range of timescales. However, their
relative importance varied with both time and timescale. PAR appeared
to be the primary controlling factor of NEE at daily to monthly time-
scales in the studied ecosystem. Temperature may drive plant phe-
nology (e.g., leafout and senescence) and thus modulate NEE at sea-
sonal and annual scales. Besides direct drought effects at monthly or
longer timescales, episodic periods of soil water deficit can obscure the
transfer of PAR variability into NEE at scales from multi-days to multi-
weeks, probably by affecting plant photosynthetic capacity and canopy
leaf area index.

Our findings provide several implications for field studies. We il-
lustrated the usefulness of wavelet analysis as a powerful tool for in-
vestigating the variability and controlling factors of ecosystem pro-
cesses. Wavelet techniques could help design field experiments that aim
to identify processes regulating CO, fluxes at certain timescales (e.g.,
those correspond to rain pulses and extreme weather events). For a
better understanding of regional or global C cycling, future studies
should investigate how WTC patterns (i.e., amplitudes and phases)
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between CO- fluxes and biophysical factors may vary among vegetation
types or successional stages, or along environmental gradients (Vargas
et al., 2010, 2012). Moreover, WTC is well-suited for detecting time
lags and hysteresis between processes at multiple timescales (Vargas
et al., 2010; Ouyang et al., 2014). Detailed information on hysteresis is
crucial for a more reliable prediction of climate-C cycle feedbacks (Niu
et al., 2011; Vargas et al., 2011). Such experimental work could shed
light on the mechanisms controlling spatial and temporal variations in
CO., fluxes. Spectral information on mass and energy exchange also has
the potential to guide gap-filling practices (Baldocchi et al., 2001),
since good gap-filling procedures should preserve the spectral proper-
ties of measured time series.

Modeling efforts should take into account multi-temporal correla-
tions between NEE and biophysical factors in order to improve model-
data agreement across timescales. Information provided by wavelet
analysis can be used in the selection of input variables and para-
meterization methods at different timescales. By identifying the domi-
nant bands of wavelet power and WTC for NEE and its driving factors, it
is possible to create simplified, low-dimensional models which preserve
the spectral characteristics of measured NEE (Stoy et al., 2005, 2013).
Wavelet techniques have been applied to identify structural model
deficiencies over multiple timescales (Vargas et al., 2010; Stoy et al.,
2013). For example, the times and timescales where a model fails can
be indicated by high wavelet power for model residuals (Vargas et al.,
2010), or by significant WTC between modeled and measured NEE
(Stoy et al., 2013). We recommend using wavelet techniques as a
standard approach for evaluating model performance in future studies.
Finally, although this study focused only on CO, fluxes, wavelet tech-
niques are equally applicable to other greenhouse gases (e.g., CHy and
N,O0) (Furon et al., 2008; Hatala et al., 2012; Koebsch et al., 2015) or
water vapor fluxes (Ding et al., 2013).
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