Biogeosciences, 11, 3053668 2014
www.biogeosciences.net/11/3057/2014/
doi:10.5194/bg-11-3057-2014

© Author(s) 2014. CC Attribution 3.0 License.

Climate-mediated spatiotemporal variability in terrestrial
productivity across Europe

X. Wul, F. Babst?3, P. Ciais*, D. Frank?®, M. Reichstein', M. Wattenbach®, C. Zang’, and M. D. Mahecha

IMax Planck Institute for Biogeochemistry, Hans-Knoll-Str. 10, 07745 Jena, Germany

2Swiss Federal Research Institute WSL, Dendroclimatology, Ziircherstrasse 111, Birmensdorf 8903, Switzerland
SLaboratory of Tree-Ring Research, University of Arizona, 1215 E Lowell St, Tucson, AZ 85721, USA
4CEA-CNRS-UVSQ, UMR8212-Laboratoire des Sciences du Climat et de 'Environnement (LSCE), Orme des Merisiers,
91191, Gif-Sur-Yvette, France

SOeschger Centre for Climate Change Research, University of Bern, Bern, Switzerland

SHelmholtz Centre Potsdam GFZ German Research Centre For Geosciences, Deutsches GeoForschungsZentrum GFZ,
Telegrafenberg, 14473, Potsdam, Germany

"Technische Universiat Munchen, Hans-Carl-von-Carlowitz-Platz 2, 85354, Freising, Germany

Correspondence toX. Wu (wuxiuchen2000@163.com) and M. D. Mahecha (mmahecha@bgc-jena.mpg.de)

Received: 2 October 2013 — Published in Biogeosciences Discuss.: 8 November 2013
Revised: 13 April 2014 — Accepted: 16 April 2014 — Published: 11 June 2014

Abstract. Quantifying the interannual variability (IAV) of the 1975-2009 period. In the same regions, a simultaneous
the terrestrial ecosystem productivity and its sensitivity toincrease in the 1AV of water availability was detected. These
climate is crucial for improving carbon budget predictions. findings suggest intricate responses of carbon fluxes to cli-
In this context it is necessary to disentangle the influence ofnate variability in Europe and that the 1AV of terrestrial pro-
climate from impacts of other mechanisms underlying theductivity has become potentially more sensitive to changes
spatiotemporal patterns of 1AV of the ecosystem productiv-in water availability in the dry regions in Europe. The chang-
ity. In this study we investigated the spatiotemporal patternsang sensitivity of terrestrial productivity accompanied by the
of IAV of historical observations of European crop yields changing IAV of climate is expected to impact carbon stocks
in tandem with a set of climate variables. We further eval- and the net carbon balance of European ecosystems.

uated if relevant remote-sensing retrievals of NDVI (normal-

ized difference vegetation index) and FAPAR (fraction of ab-

sorbed photosynthetically active radiation) depict a similar

behaviour. Our results reveal distinct spatial patterns in thel Introduction

IAV of the analysed proxies linked to terrestrial productiv-

ity. In particular, we find higher IAV in water-limited regions ©One of the largest sources of uncertainty in modelling the fu-
of Europe (Mediterranean and temperate continental Europejre global climate and carbon cycle changes is the response
compared to other regions in both crop yield and remote- hereafter called sensitivity) of the terrestrial ecosystem pro-
sensing observations. Our results further indicate that variductivity to climate change and variability. Comprehensive
ations in the water balance during the active growing Sea_understanding of the SenSitiVity of the interannual variabil-
son exert a more pronounced and direct effect than variation§y (IAV) in different productivity terms to climate will pro-

of temperature on explaining the spatial patterns in 1AV of vide crucial insights into future features of the terrestrial
productivity-related variables in temperate Europe. Overall,carbon balance and its climate feedbacks (Cox et al., 2013;
we observe a temporally increasing trend in the 1AV of ter- Govindasamy et al., 2005). During the past decades, great
restrial productivity and an increasing sensitivity of produc- €fforts were devoted to investigating the IAV in biosphere—

tivity to water availability in dry regions of Europe during atmosphere net carbon exchange and the underlying mech-
anisms (Kaplan et al., 2012; Moors et al., 2010; Schimel et
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al., 2001). From these studies, itis evident that the terrestria2 Data and methods
carbon uptake responds to climate variations and trends at
a global scale (Heimann and Reichstein, 2008). The factorg.1 Data sets
controlling terrestrial productivity, its magnitude and spa-
tiotemporal variability are still poorly quantified (e.g. Keenan
et al., 2012) and understanding them better is a prerequisit
for constraining the variability of net carbon fluxes.

It has been demonstrated that several processes includi

2.1.1 EUROSTAT yield data

fVe obtained the annual EUROSTAT regional crop yield
statistics (according to administrative boundaries at the
QQUTS 2 level) for the period 1975-2009 from the European
Commission fittp://epp.eurostat.ec.europg.ebhis data set
documents all primary crop types, such as barley, wheat,
grain maize, etc. However, data for most of these crops are
Zscheischler et al., 2014). Among those processes, lang ' ce- Inthis study we thus focus on four m'ajor crops with
rather continuous spatiotemporal coverage: barley, wheat,

use changes and GON fertilization contribute primarily to . . .
long-term changes in terrestrial productivity, i.e. on decada 9" Maize and potatoes. In the EUROSTAT database, yield

to centennial timescales (Houghton et al., 1999; Jungclau%sorne‘()&gg?sa:tt;e zrgfg)nt of dry matter suitable for consump-
et al., 2010; Kaplan et al., 2012; Schimel e.t al., 200.1; .Za— We first examined the length of the available yield records

ehle etal,, 2010). In coptrast, the effects of C"m‘?‘te vanatpnsfor each crop and region, thereby discarding time series be-
are prol:_)a}bly the most important drivers of AV in te_rrestrlal low 10yr in length. We sijbsequently filled gaps in the crop

productivity on shorter (e.g. seasonal to de_cadal) tlm_esc_ale§ield time series for the remaining regions using a simple
(Barford et al., 2001, Houghton, 2(.)00)' This categonzgtlon(gnear interpolation method. Only short data gaps (length of
has been supported by data from diverse ecosystems, includ-

ing forests (Richardson et al., 2007; Tian et al., 1998; Yuang]igggil{'iﬁlugiztsa (gsipmf :Z%/r);o; rlesgc'; nzfv;/rl]tg trgtlglt'\{;l]}é fg\év_
et al., 2009), grassland (Craine et al., 2012; Flanagan et al. gap

2002, Jonge e . 2011 Suyker e, 2003) croplan (L= 1eC i Inarinerpolator, wheress egons it
and Yang, 2010), and tundra (Schuur et al., 2009). However ger gap ’

few studies have systematically investigated the :sensitivitygap filling exgrts only minor gffects on crop yield 1AV (dat_a
i ’ o -~ _.”not shown). Finally, we rasterized the yield data for each kind
of terrestrial carbon uptake to interannual variations in cli-

. X . .~ of crop from the regions at NUTS2 level to obtain 0:60.5°
mate during past decades, especially on regional to continen- . ! : . ;
tal scales (Schwalm et al., 2010). gridded yield data matching the resolution of the climate,

. L . land cover, and other productivity proxy data (see below).
Despite some progress, the sensitivity of terrestrial pro-, : .
o . . o We calculated the gridded average crop yield for each crop
ductivity to climate IAV continues to be a significant source

of uncertainty hindering accurate carbon cycle predictionstype’y’ using the following equation:
across biomes. For instance, northern high-latitudinal veg- ; n

etation not only showed non-linear responses to climate variy = (Zk:l Aka) /ZAk

ability in recent decades, but also showed biome-specific k=1
characteristics of feedback response (Fang et al., 2005; Jeong, hare A

oo _ " is the area fraction of thith region in one grid
et al., 2013). These studies indicate that the climate sensitivy g C, is the crop yield of regiort obtained from EURO-

ity of the IAV of terrestrial productivity may even depend gyaT |n cases where extreme values were present;in

upon climate state — a characteristic with important impli- ; & “ahove or below three standard deviations of the crop
cations in the context of projected climate change ('Pcc'yield series for regiork during 1975-2009), we assigned

2012)_' . . the correspondingi; as zero to minimize possible bias in-
In§|ghts into the pas'F IAV of e.cosys_tem.producn.\nty can k,)e troduced by unrealistic yield records prior to the rasterizing

obtained frpm comparing multiple hIStOI‘.Ica| proxies. In this process. We only retained grid points with a cropland frac-

study, we investigate the 1AV of crop yield records cover- o - 594 hased on the International Geosphere Biosphere

ing the past four decades and their sensitivity to intera””“abrogramme (IGBP) vegetation classification scheme (Love-
climate variability in Europe. In order to obtain a more ro- |54 et al. 2000).

bust picture of the underlying dynamics, we accompany the

study with an analogue analysis of remote-sensing observag. 1.2 NDVI, up-scaled GPP, and FAPAR

tions. Specifically, we aim to (1) identify the spatiotemporal

patterns in 1AV of terrestrial productivity across Europe from Bimonthly normalized difference vegetation index (NDVI)

crop yields and remotely sensed observations, and (2) asseasd fraction of absorbed photosynthetically active radiation

the possibly changing sensitivity of terrestrial productivity to (FAPAR) data derived from the Advanced Very High Res-

climate IAV over the past decades. olution Radiometer (AVHRR) of the National Oceanic and
Atmospheric Administration (NOAA) at a spatial resolution

climate change and extreme events, as well ag Gfia-
tions contribute to the variability of terrestrial productivity
(Houghton, 2000; Kaplan et al., 2012; Schimel et al., 2001;
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of 8km during the period 1982—2008 were obtained from off of 50 % at 32 yr to each series of crop yield and produced
the NASA GIMMS (Global Inventory Modeling and Map- a set of dimensionless indices for different kinds of crops
ping Studies) group. The GIMMS NDVI and FAPAR data with a mean of one. This was achieved by dividing each crop
sets have been thoroughly corrected for orbit drift, cloudsyield time series by the fitted values, which is analogous to
and atmospheric aerosols (Tucker et al., 2005), and have aktandard dendrochronological procedures, where climate un-
ready proved useful to identify long-term changes in vege-related low-frequency trends occur as an effect of tree geom-
tation greenness/activities (Myneni et al., 1997; Nemani etetry (Babst et al., 2012; Cook and Peters, 1981).
al., 2003; Zhou et al., 2001). In this study, we resampled the Accordingly, we used the same normalization method to
GIMMS NDVI and FAPAR data into monthly data with a subtract long-term trends in NDVI, GPP, FAPAR and cli-
spatial resolution of 05x 0.5°. The cumulated NDVI and mate data on each grid. The resulting indices mainly pre-
FAPAR during the active growing season is regarded as aerve high-frequency (i.e. interannual) variability, but not the
good indicator for vegetation activity (e.g. Barichivich et al., trends or low-frequency signals (Babst et al., 2012; Cook and
2013). Note that for comparison with other data streams, thé”eters, 1997).
NDVI and FAPAR data were averaged across all vegetation The growing season we refer to here is the season of active
types present in each grid cell. growth, which is vital for vegetation activity and crop pro-
Gridded monthly gross primary production (GPP) dataduction. Although phenology differs across Europe, even for
over Europe at 05x 0.5° spatial resolution during the the same kind of crop (Sacks et al., 2010), we attempted to
1982-2008 period were obtained from Jung et al. (2011)define the growing season in a consistent way. Our approach
This data set was constructed by integrating in-situ meais supported by observational data showing that the differ-
surements of FLUXNET data from the La Thuile 2007 ences in both the planting and the harvest dates for crops
synthesis \fww.fluxdata.orgy with satellite remote-sensing are generally within 1 month between central and southern
data and meteorological reanalysis (Beer et al., 2010). Thig€urope (Sacks et al., 2010). The active growing season is
observation-based estimation has been demonstrated to aédtimated in this study at monthly rather than daily resolu-
confidence and spatial detail to the global terrestrial GPRion, which could further mitigate the differences in the active
(Beer et al., 2010). The gridded GPP product is not indepengrowing-season intervals among regions in Europe. Conse-
dent of FAPAR, given that FAPAR is a key variable in the quently, we defined the active growing season as March—June

upscaling of point-wise FLUXNET measurements. for barley and wheat (hereafter, spring crops) and as March—
September for grain maize and potato (hereafter, summer
2.1.3 Climate data crops).

Monthly temperature (TMP) data from 1975 to 2009 at 2.2 Methods

0.5° x 0.5° spatial resolution were derived from the CRU

(Climatic Research Unit) TS (time series) 3.1 gridded global2.2.1 Spatiotemporal patterns of the AV for crop yield,
data set Ifttp://www.cru.uea.ac.uk/ The 0.3 x 0.5 grid- NDVI, GPP and FAPAR

ded water availability index (WAI) data from 1975 to 2009

were estimated based on a simple formula modified fromWe evaluated the IAV of detrended crop yield, and growing-
Kleidon and Heimann (1998). Monthly reanalysis data of season NDVI, GPP and FAPAR (called NQ¥IGPRys, and
the number of consecutive frost days (CFD) and the maxi-FAPARgys hereafter) for each grid by calculating the coef-
mum of daily maximum temperature within a month (MMT) ficient of variation (CV), which has been demonstrated as
for more than 8000 stations over the globe were acquiredan effective measure of year-to-year variability (Cao et al.,
from the European Climate Assessment (ECA) projbttp( 2003; Galloway, 1985). Regions with extensive irrigation
IlIwww.ecad.ey We then constructed monthly gridded data (with irrigated area fractiop- 15 %) were masked out in our
for CFD and MMT at a spatial resolution of 0.5 0.5° for analysis to minimize the effects of human management on
the period 1975-2009 by performing a cubic spline spatialthe 1AV of productivity proxies. All data sets are compared

interpolation (Tabor and Williams, 2010). on an annual basis. We subsequently quantified spatial pat-
terns of the AV for different productivity proxies.
2.1.4 Data preprocessing Spearman’s rank correlation coefficients were used to as-

sess the relationships between the IAV of crop yield, NfaVI
Long-term trends in specific crop yield series during the pe-GPRysand FAPARsfor each grid. Correlations of the 1AV in
riod 1975-2009 in different regions of Europe are likely these different observations allowed us to investigate possi-
caused by technical progress (e.g. breeding), land use poble intrinsic common signals and hence provide insight into
icy changes and changes in management practices. The latie general patterns of 1AV of terrestrial productivity across
ter could alter the photosynthetic capacity among differentproxies.
crops, even at the same location (Moors et al., 2010). There- The temporal changes in the 1AV of crop yield, NQV|
fore, we fitted cubic smoothing splines with a frequency cut-GPRys and FAPAR;s in each grid were investigated by

www.biogeosciences.net/11/3057/2014/ Biogeosciences, 11, 3W6R-2014
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calculating the moving CV of the respective time series using The distributions of differences ipay of carbon prox-

a 10 yr window with 1 yr lag during the 1975-2009 period (if ies to TMP and WAI between all 10 yr sliding windows in
applicable). The choice of the moving window length is a 1982-1995 and those in 1995-2008 (difference matrix of 15
compromise between a large sample size within each winelementsx 15 elements fopay ) were analysed for different
dow and a sufficient number of windows to evaluate chang-climate zones to further illustrate regional differenceg iy

ing IAV. The sign and magnitude of the monotonic trends in trends.

moving CVs for the productivity proxies in each grid are es-

timated by the Theil-Sen slope method, which can provide

an accurate estimation of trends in time series with strong® Results

autocorrelation (in detail see Yue et al., 2002). Differences
in spatiotemporal patterns in the 1AV of each productivity
proxy among different Képpen—Geiger climate zones are in-

vestigated (Kottek et al., 2006). We consider mainly threetpa |av of different productivity proxies shows a consis-
dominant cli_mate zonesin ourgtudyincludingthe warm tem-yo spatial pattern, except for potato yield (Fig. 1). Evi-
perate humid zone (Cf, grouping of Cfa, Cfb and Cfc), the gence from historical yield observations reveal a much larger
warm tempergte arid zone (Cs, _cluster of Csa and Csb) antjp < 0.05) IAV in southern (e.g. south of 88l) than in cen-
the snow humid zone (Df, grouping of Dfa, Dfb and Dfc). {4 Europe, especially for spring crops 68 and~ 80 % for
barley and wheat, respectively) (Fig. 1). Similar patterns are
also observed in the IAV of both March—June- and March—

September-summed NDVI, GPP and FAPAR (Supplement

Response function and genera}izgd Iinear. mod_el analysel§ig. S1). Frequency distribution analyses confirm that the
were performed to assess the principal relationships betweemv of crop yield is 36.5 and 70.8% and 30.6 and 97.8 %

Fhe AV of different productivity proxies_and the correspond- larger (p < 0.05) in drier climate zones (i.e. climate zone
ing IAV of detrended climate varlabl_es |nclud|n_g .TMP' WA_‘I’ Cs) than that in the Cf and Df climate zones for barley and
CFD and MMT. The response function analysis is a mumplewheat, respectively (Supplement Fig. S2). However, we did

(rjegtretssmr:_tecthntlﬂue ulsmg 2r(|jn0|paldcortnpor_1et?lts o;c_ltltmat ot find such patterns in the yield IAV for the two summer
ata to estimate the values of dependent variables (Fritts an ops: maize and potato (Supplement Fig. S2).

Wu, 1986; Guiot, 1991). CFD only during spring (March~ Spearman’s rank correlation analysis shows a good rela-

ng) was considered i.n this gqalysis becau;e frOSt.dam"’,‘get?onship between the IAV of different productivity proxies
primarily affect vegetation activity and crop yield during this during the 1982-2008 period, especially for regions/crops

season. that have a larger 1AV in yield records (Figs. 2, 3). No-
tably, there is a tendency towards much stronger relation-
ships between 1AV of crop yield and IAV of NDV4,
GPRys and FAPARys in the drier regions of Europe (Supple-
ment Fig. S3). In these dry regions, a much higher fraction
(~45.5-60.7 %) of grid cells shows significapt £ 0.1) and
positive correlations+{ 0.4—0.9) between the IAV of produc-
tivity proxies than in other regions<(15-30 %) (Fig. 4).
Despite large differences in the spatial patterns of the lin-
ear trends in temporal changes of crop yield AV, the 1AV
of most crops (except potato) displays a markedly increas-
ing trend in water-limited regions (e.g. the Cs climate zone
e i and some regions in eastern Europe) (Fig. 5). In these dry
ther TMP or WAI) for periodj, ande; is taken as random  egigns; the linear trends in CV of accumulative growing-
noise. Strong linkage betwedl; and7; yields higher ab-  gea50n NDVI, GPP and FAPAR also show a consistent in-

solute values ofiav ;. In this analysis, only the growing sea- e5se during both March—June and March—September sea-
son’s mean temperature and total growing-season WAI werg, o (Supplement Figs. S4, S5).

taken into account, since these two climate variables are the
most important factors determining the IAV of terrestrial pro- 3.2 Relationships between spatiotemporal 1AV of
ductivity (see result section). productivity proxies and climate

Temporal trends imay for each grid were evaluated using
moving least-squares regressions with a 10 yr sliding windowA response function analysis reveals that the 1AV of terres-
(1yr lag). The Theil-Sen slope method was again applied tdrial productivity in most parts of temperate and Mediter-
estimate the magnitude and significance of the trends in theanean Europe responds strongly to the 1AV of water avail-
changes ofav (Yue et al., 2002). ability and negatively to the 1AV of temperature, as illustrated

3.1 Spatiotemporal patterns of IAV in crop yield, NDVI,
GPP and FAPAR

2.2.2 Climate relations of 1AV of productivity proxies

2.2.3 Changing climate sensitivity of 1AV of
productivity proxies

For each grid, we estimated the interannual sensitivity of

each productivity proxy to each climate factppy, based
on the least-squares regression formula:

Clj=yav,;Tj +¢j, (1)

whereCl; is the detrended time series of each productivity
proxy for periodj, T; is the detrended climate variable (ei-

Biogeosciences, 11, 3053868 2014 www.biogeosciences.net/11/3057/2014/
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of IAV of terrestrial productivity to changes in WAI in south-
ern and eastern Europe (Figs. 7, 8, Supplement Figs. S12—
S18). Further analysis illustrated that the |AV of productivity

in dry-summer temperate and Mediterranean climate zones
(i.e. the Cs climate zone) is more sensitive to changing tem-
perature and water availability in the more recent 1995-2008
period than during the 1982—-1995 period (Fig. 9, Supplement
Fig. S19).

Latitude
Latitude

Latitude
Latitude

4 Discussion

Longitude Longitude

4.1 Spatiotemporal patterns of 1AV of terrestrial

Figure 1. Spatial patterns of CV of detrended crop yield data during productivity and its linkage to climate variations

the 1975-2009 period for barl€g), wheat(b), grain maizgc) and
potatoegd). Blank region indicates that there is intensive irrigation
(with irrigated area fractiop 15 %), no crop yield records or a very
low (< 5 %) fraction of croplands in those pixels.

Evidence from most crop yield observations and remote-
sensing retrievals clearly indicates that the IAV of terrestrial
productivity in Europe is spatially heterogeneous, with much
higher 1AV in water-limited regions (e.g. southern and east-

by a significant positive (negative) productivity IAV response €N Europe) compared to humid oceanic regions (Figs. 1-4,
coefficient to WAI (TMP) 1AV (Fig. 6, Supplement Figs. S6— Supplement Figs. S1, S2). Varlatl_ons in the water balance
S11). This conclusion is confirmed by the results of a gen-(@Pproximated here by the WAI simple index) exert much
eralized linear model, which reveals that the spatial patterngnore important and direct controls (signified by stronger
in 1AV of productivity proxies generally show significant and rank colrglallons) on the spatial palterng in AV of terrestrial
positive relationships to the spatial patterns in IAV of WAI in Productivity in temperate Europe (i.e. climate zones Cs and
water-limited regions (such as Cs climate zone) and even iff-f) (Table 1) than temperature variations. Water availability
some of the temperate humid climate regions (Table 1). TheS & crucial factor cqntro_lllng_terrestrlal .pl‘(.)dUCtI.VIty at re-
response of different productivity proxies to IAV of CFD did gional scales, especially in arid and semiarid regions (Austin
not show unequivocal spatial patterns (Fig. 6, Supplemengt &l-, 2004; Huxman et al., 2004), whereas temperature af-
Figs. S6-S11). In contrast, all productivity proxies show afects productivity in such regions mainly by modifying the
consistently significant negative response to the IAV of MMT Water availability, evaporative demand and vapour pressure

in most parts of Europe (Fig. 6, Supplement Figs. S6-S11). deficit (Williams etal., 2013; Zhao and Running, 2010).
Despite these common patterns, the spatiotemporal pat-

3.3 Changes in the climate sensitivity of productivity terns of terrestrial productivity 1AV across Europe derived
proxies from various proxy data sets differ to some extent (Figs. 1, 3,
Supplement Figs. S1, S2). In particular, the 1AV of summer
Despite the great spatial heterogeneity, a generally negativerop yield are not consistent with the 1AV in the other pro-
crop yield sensitivityyjay to mean growing-season tempera- ductivity proxies. Summer crops are expected to be strongly
ture 1AV was obtained during the 1975-2009 period, partic-controlled by intensive human management (e.g. irrigation),
ularly in eastern and southern Europe (Fig. 7, Supplementvhose effects on IAV of crop yields cannot be completely
Fig. S12). Consistent with this finding, a positiygy of eliminated even though we filtered our analysis in less in-
IAV of crop yield to total growing-season WAI was obtained tensively irrigated areas, and different phenological develop-
(Fig. 7, Supplement Fig. S12). Uniform patterns in the gen-ment stages compared to natural or less intensively managed
eral climate sensitivity of productivity proxies such as NDVI, vegetation. They have also a shorter growing season, which
GPP and FAPAR were also observed (Supplement Fig. S13)nakes crop yield sensitive to climate anomalies only during
Notably, there is a pronounced change/ir, of 1AV of short periods.
crop yield in Europe towards present (Fig. 8). Specifically, The 1AV of terrestrial productivity proxies in temperate
there is a generally increasing crop yieidy for both TMP Europe appears to be more sensitive to variations of ex-
and WAI in water-limited regions in Europe (Fig. 8, Supple- treme temperature conditions (such as MMT), rather than to
ment Figs. S14, S15). Increasing climate sensitivity of IAV variations in mean temperature (Table 1). This conclusion
of cumulated March—September NDVI, GPP and FAPAR s confirmed by increasing evidence from ground-truth ob-
to mean March—September temperature and total Marchservations and remote sensing (Babst et al., 2012; Ciais et
September WAI is also observed in these regions (Suppleal., 2005; Reichstein et al., 2007). Importantly, there is an
ment Figs. S16-S18). Additionally, there seems to be a genincreasing trend in the 1AV of productivity proxies (except
erally increasing (but spatially variable) climate sensitivity summer crop yields) especially in water-limited regions in

www.biogeosciences.net/11/3057/2014/ Biogeosciences, 11, 3W6R-2014
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Latitude

Longitude Longitude Longitude

Figure 2. Spatial distribution of Spearman correlation coefficients between the 1AV of barley yield and IAV of the corresponding growing
season’s (March—June for barley) summed Najl GPP(b), and FAPAR(c). Significant relationships are marked by black points. Blank
region indicates that there is intensive irrigation (with irrigated area fractinh %), no crop yield records or a very low & %) fraction of
croplands in those pixels.
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mate zones: Cf (yellow bars), Cs (light blue bars), and Df (brown
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season’s summed NDVI, GPP, and FAPAR are shown in the inset
figures.

o

o
o

-0.8

0.8

0.4

Rerop-cpp
=)

-0.4

-0.8

0.8

0.4

ReropFapar
o

-0.4

-0.8

-08 -04 0 04 08 -08 -04 0 04 08 -08 -04 0 04 08

Reropnov Roropaep Roroprapar changes in water balance are expected to exert great effects
on the productivity in such regions. This finding suggests that

Provis. Scater ot of he refaonahips beween the soreiaon col"® PrOUUCIY is becoming more vulnerable (o the chang.
efficients of 1AV of barley yield and IAV of the growing season’s Ing climate AV, especially in water-limited regions. Infer-

(March—June for barley) summed NDVI, GPP, and FAPAR. Differ- ence of how "?‘ more vulnerable productivity (_:OUId or cou!d
ent colours indicate different Koppen—Geiger climate zones. not translate into a lesser carbon sink remains speculative.
However, if the productivity—sink function is concave, a more
vulnerable productivity could end up decreasing the carbon
sink. Additionally, for crops that are harvested each year, a
southern and eastern Europe (Fig. 8, Supplement Figs. S14nore vulnerable productivity could have negative economic
S18). The underlying mechanisms for the increasing 1AV ofimpacts but only minor effects on the soil carbon balance,
productivity in such regions remain unresolved but could atwhich is controlled by other factors such as tillage, and non-
least partially be attributed to increasing variations in climategrowing-season climate conditions. Furthermore, the region-
(Supplement Fig. S21) and associated changes in vegetati@pecific responses of productivity-related proxies to climate
phenology (e.g. Maignan et al., 2008; Zhang et al., 2006).variations imply that changes in global climate zones and
One possible reason for increased IAV of spring crops couldhence vegetation distributions could indirectly alter the re-
be linked to the general average yield increase of these cropationships between climate variability and carbon balance.
over the past decades, i.e. a larger average yield may exthis could be expressed, e.g. as a northward extension of
hibit a larger risk of being negatively affected by adverse water-limited areas.
climate conditions in a given year. The variations in veg- Notably, climate variations can only explain 20-40 % of
etation carbon uptake and phenology induced by changinghe spatial variance in the |AV of the analysed proxies in most
climate play an important role in regulating interannual vari- of temperate Europe (Table 1). Other factors, such as soil
ability of the growing season’s averaged productivity (Wu water holding capacity, lagged effects, human management
et al., 2013). Remarkably, there seems to be increased asy(ifrigation, fertilization), specific land cover patterns and cli-
chrony between water availability and growing-season lengthmate regimes, likely contribute significantly to the spatial
in water-limited regions (Austin et al., 2004). Hence, subtle IAV of terrestrial productivity (Ciais et al., 2010; Gervois et
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Table 1. Generalized linear model analyses for the relationships between productivity proxies and climate in different climate zones.

Carbon Climate GLM coefficients Explained variance (%)
proxiest zone® TEM WA CFDY  MMT TEM WAl CFD MMT
Barley yield Cf 0.33 0.51 —-0.39 -0.73 0.00 11.65 0.69 2.32
Cs 091 045 0.01 -2.47 0.80 26.00 0.03 7.12
Df —0.25 051 —-41594 -0.74 1.68 752 16.55 2.39
Wheat yield Cf 0.18 0.59 —-0.51 —-0.7 0.10 12.45 0.96 1.64
Cs —-0.26 045 051 -2.11 469 26.28 0.01 6.75
Df -1.10 0.32 -388.36 -0.53 11.43 184 12.40 1.03
Grain maize yield Cf 2.67 0.79 —-0.01 1.47 3.05 13.69 0.01 3.47
Cs —-1.25 -0.01 1.88 —-1.79 1.18 0.00 1.18 5.49
Df 2.71 0.48 5.31 0.61 1.41 6.44  0.00 2.08
Potato yield Cf 1.37 0.16 —0.02 0.44 9.24 4.01 0.04 2.26
Cs —-0.84 0.14 0.83 -0.69 8.34 2.98 143 5.73
Df —0.28 —-0.02 —1.03 -0.26 0.61 0.11 0.15 1.94
NDVlgs Cf 0.07 0.16 —0.02 0.02 0.01 172 0.01 0.00
Cs —-4.73 0.48 —0.05 0.10 6.12 21.75 0.04 0.01
Df 0.18 0.00 0.00 -0.04 522 0.00 0.02 0.75
GPRys Cf 0.08 0.50 0.14 -0.17 0.48 27.41 0.76 0.16
Cs —2.72 0.93 —-0.01 -3.73 1.23 2479 0.01 18.93
Df 0.12 0.17 0.33 -0.09 0.78 13.14 0.33 0.89
FAPARys Cf -0.27 0.3 0.05 0.15 226 20.16 0.25 0.32
Cs —1.87 0.49 -0.01 -2.13 1.32 2423 0.03 19.46
Df 0.01 0.18 0.39 -0.04 425 2296 0.47 0.30

Note: bold values are statistically significapt€ 0.05).

2 NDVIgs, GPPgs and FAPARgs are accumulated growing-season (March—September) NDVI, GPP and FAPAR, respectively. All carbon proxies
are detrended by fitting a cubic smoothing spline (in detail see Methods).

b Climate zones used in this study are based on the Képpen—Geiger climate classification.

€ GLM: generalized linear model. TEM, WAI, CFD, and MMT are mean growing-season temperature, total growing-season water availability
index, total spring (March—May) consecutive frost days and mean growing-season maximum of daily maximum temperature, respectively. The
growing seasons are different for different crops. We fixed the growing season as March—June for barley and wheat and as March—September for
potato and grain maize.

dThe scaling factor for the GLM coefficients of CFD is1

al., 2008). However, the magnitude and individual contribu-ment Fig. S12). This is probably linked to the oceanic cli-
tion of these processes to the IAV of the carbon cycle remairmate regime and the lack of a single dominant limitation on

largely unknown. productivity. This finding is supported by previous studies re-
porting a divergent response of western European vegetation

4.1.1 Changing sensitivity of productivity proxies to to climatic fluctuations during the past decade compared with

climate variability in Europe the other parts of Europe (Zhao and Running, 2010). Over-

all, the 1AV of productivity in the water-limited southern and
The changing sensitivity of terrestrial productivity proxies to eastern regions in Europe, which are mainly dominated by
climate is expected to affect the carbon balance and assocshort-rooted grasslands and croplands, show a higher sensi-
ated climate feedbacks (Cox et al., 2013). We observed a corfivity to water availability than in other regions which are less
sistently significant negativgay of the spring’s crop yield, water-limited (Reichstein et al., 2007; Schwalm et al., 2010).
NDVI, FAPAR and GPP to mean growing-season tempera- Interestingly, we observed an increasing sensitivity of pro-
ture and positive,ay to total growing-season WAI, in tem- ductivity to water availability in temperate continental and
perate continental and Mediterranean Europe (Fig. 7, SupMediterranean Europe (Fig. 8, Supplement Figs. S14-18),
plement Fig. S12), indicating that the terrestrial productiv- which may be attributed to the recently increased IAV of
ity in these regions is sensitive to interannual variations ofwater availability in these regions (Supplement Fig. S21)
the water balance. The change)gfy of terrestrial produc- due to the non-linear threshold-like response of productiv-
tivity is ambiguous in western Europe and shows differentity to water availability and to strong land—atmosphere cou-
patterns compared to other parts of Europe (Fig. 7, Supplepling (Seneviratne et al., 2006). These findings suggest that
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in dry regions or to an extension of the total water-limited

area if precipitation does not increase concurrently (Supple-
ment Fig. S20) (Christensen et al., 2007; Kjellstrém et al.,
2011). The increasing sensitivity of productivity to climate

Figure 6. Response function coefficients between barley yield andlAV accompanied by an increasing water deficit (Supplement
mean growing-season temperatieg, total growing-season wa- Fig. S20) and changes in plant phenology could lead to a
ter availability index(b) and consecutive frost days) and mean  weakening trend in productivity and a weaker carbon sink in
growing-season maximum of daily maximum mean temperaturethis region (Hu et al., 2010; Rivier et al., 2010; Wu et al.,

(d). Significant response function cqefficients betV\_/een_ba_rIey yield2013)_ Assimilation is more drought sensitive than respira-
and climate are marked by black points. Blank regions indicate thattion and could further weaken the terrestrial carbon sink in

there is intensive irrigation (with irrigated area fractiori5 %), no such regions (Schwalm et al., 2010), or even turn them into
crop yield records or a very low<(5 %) fraction of croplands in
net carbon sources to the atmosphere.

those pixels.

5 Conclusions
terrestrial productivity in these regions is becoming more

vulnerable to changes in water conditions. Notably, simula-Evidence from different proxies indicates that the 1AV of
tions predict a considerable enhancement of IAV of Euro-terrestrial productivity in Europe is spatially heterogeneous
pean climate, associated with higher risks of heat waves andnd much higher in water-limited regions. Despite consid-
droughts throughout the 21st century (Meehl and Tebaldierable regional differences, the AV of terrestrial produc-
2004, Schar et al., 2004), suggesting that climate-driven protivity and its sensitivity to climate variation showed pro-
ductivity variability will continue to increase in Europe. nounced temporal changes in Europe during past decades. In
Evapotranspiration tends to increase with climate warm-water-limited regions there has been an increase in the 1AV
ing and will likely lead to a more negative water balance of terrestrial productivity and in the sensitivity of terrestrial
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