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Responses of LAI to rainfall explain
contrasting sensitivities to carbon
uptake between forest and non-

forest ecosystems in Australia

Longhui Lit, Ying-Ping Wang@®?22, Jason Beringer*, Hao Shi*, James Cleverly®?, Lei Cheng®?®,
Derek Eamus®?, Alfredo Huete?, Lindsay Hutley®¢, Xingjie Lu?3, Shilong Piao’, Lu Zhang®?®,

Yonggiang Zhang®?® & Qiang Yu'#

Non-forest ecosystems (predominant in semi-arid and arid regions) contribute signifcantly to the
increasing trend and interannual variation of land carbon uptake over the last three decades, yet

© the mechanisms are poorly understood. By analysing the fux measurements from 23 ecosystems

in Australia, we found the the correlation between gross primary production (GPP) and ecosystem
respiration (R,) was signifcant for non-forest ecosystems, but was not for forests. In non-forest

: ecosystems, both GPP and R, increased with rainfall, and, consequently net ecosystem production

(NEP) increased with rainfall. In forest ecosystems, GPP and R, were insensitive to rainfall. Furthermore

. sensitivity of GPP to rainfall was dominated by the rainfall-driven variation of LAl rather GPP per unit

LAl in non-forest ecosystems, which was not correctly reproduced by current land models, indicating

© that the mechanisms underlying the response of LAI to rainfall should be targeted for future model
. development.

Recent studies have demonstrated that both the trend and inter-annual variation (IAV) of terrestrial carbon
uptake over the past three decades were dominated by global non-forest (not covered with forest) ecosystems,

. and that Australian non-forest ecosystems (Types | and 11 as shown in Fig. 1 include grassland, savanna, woody
: savanna, shrubland and cropland) accounted for 57% of global terrestrial carbon uptake during the very wet year
- 0f 2010/2011%2,  ese results are supported by remote sensing based estimates of vegetation biomass change over
. this period (estimated to be 0.05Pg C year™?) in semi-arid savannas and shrublands of Australia and southern
: Africa®. Compared with temperate and tropical forest ecosystems in the world, these non-forest ecosystem gen-
. erally are much less productive, and their signi cant contributions to both the trend and IAV of global terrestrial
. carbon uptake were unexpected. e underlying mechanisms driving this large contribution are not well resolved.

Net ecosystem production (NEP) isasmall di erence between two large uxes, namely gross primary produc-

© tion (GPP) and ecosystem respiration (R.). Identifying the main drivers of these component carbon uxes (GPP
- and R,) is critical for understanding the global carbon cycle, predicting future trajectories for atmospheric CO,
:concentration and therefore climate change. At an inter-annual scale, variation of NEP substantially depends on
. the variability of climatic drivers and the di erent responses of GPP and R, to those drivers*. GPP was found to

be more sensitive to drought events than R.°. Globally, annual rainfall and mean annual temperature drive much

© of the inter-annual variability in GPP and R.5®, particularly for non-forest ecosystems. For example decrease

inrainfall a er 2011 resulted in the the savanna ecosystems in central Australia switching from a strong sink to

- aweak source of C°. Furthermore, previous studies found that the net ecosystem carbon balance of Australian
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Figure 1. Distribution and de nition of climate (Képpen-Geiger) and biome (IGBP land cover) space across
Australia (total area=7.56 %< 108km?). Type | is non-forest and semi-arid ecosystems (77.6% of total area).
Type Il is non-forest and not semi-arid (18.8%). Type I11 is forested ecosystems and not semi-arid (3.5%).
Combination of Type I and Il is de ned as non-forest ecosystems in our study. Solid points are locations of the
23 uxsites across Australia. Map was drawn using R version 3.2.4 (http://www.R-project.org/).

non-forest ecosystems was principally driven by year-to-year uctuations in rainfall via changes in both ecosys-
tem GPP and R},

Australia is the driest permanently inhabited continent on Earth, and is dominated by non-forest ecosys-
tems. To identify the key mechanisms controlling the 1AV of NEP for Australian terrestrial ecosystems, we ana-
lyzed carbon uxes from 23 Australian eddy ux sites, which together covered all major Australian ecosystem
typest®. is study will identify the key mechanisms causing interannual variability in terrestrial ecosystem C
balances of Australian forest and non-forest ecosystems, and assess whether those mechansims are correctly
represented by some of the most advanced global land models. To achieve the second aim, we also compared the
observed variances of log-transformed GPP, LAI, GPP/LAI and the covairnace between log-transformed LAI
and GPP/LAI with the simulations from four process-based ecosystem models from the TRENDY (Trends in net
land-atmosphere carbon exchange) compendium?4,

Results
Contrasting sensitivities of non-forest and forest ecosystems to rainfall. We rst calculated the
anomalies of annual ux variables (AGPP, AR, and ANEP) by subtracting each annual mean value from the
multi-annual mean of each ecosystem type (non-forest or forest ecosystem, see Table 1). e range of AGPP
and AR, anomalies of the non-forest ecosystems were 2.22 and 1.47 times larger than their respective values
of forest ecosystems (Fig. 2a).  is was despite the fact that the range in precipitation anomalies for non-for-
est (—800~1400 mm) was smaller thant that for forest (—1200~4000 mm). e linear correlation between AR,
and AGPP anomalies was signi cant for the non-forest ecosystems (AR, =0.76 AGPP, r2=0.93, P <0.001), but
not signi cant (we took P <0.05 as signi cant) for the forest ecosystems (AR, =0.2AGPP, r?=0.004, P=0.29,
Fig. 2a). ANEP were signi cantly and positively correlated with AGPP for both non-forest (ANEP = 0.24AGPP,
r2=0.55, P <0.001) and forest (ANEP = 0.8 AGPP, r?=0.36, P <0.001) ecosystems (Fig. 2b). ANEP was sig-
ni cantly and positively correlated with AR, for non-forest ecosystems (ANEP =0.22AR,, r?=0.29, P <0.001)
but negatively correlated with AR, for forest ecosystems (ANEP = —0.82AR,, r?=0.42, P <0.001) (Fig. 2c).

erefore GPP and R, are positively correlated, and they together a ect the internnual variation of NEP in
non-forest ecosystems. However GPP and R, are not signi cantly correlated, and they a ect NEP independently
in forest ecosystems (Fig. 2).

edi erent correlations among the component carbon uxes between non-forest and forest ecosystems are

important for identifying the di erent key driver of interannual variations of NEP. Among all climatic variables
in Australia, coe cient of variation of annual rainfall is greatest. Both AGPP and AR, were positively and sig-
ni cantly correlated with Arainfall (r?=0.58, P <0.001 for AGPP and r?=0.60, P <0.001 for AR,, Fig. 3a) in
non-forest ecosystems but not signi cantly in forest ecosystems. Sensitivity of GPP to rainfall anomalies (slope
of linear regression equal to 0.96 gC m~2 mm~! H,0) for the non-forest ecosystems was larger than that for R,
(0.78gC m~2mm~1H,0), although the di erence was not statistically di erent (P=0.09).

Because of the systematically greater sensitivity of AGPP to rainfall than AR, to rainall and high correla-
tion between AGPP and AR, for non-forest ecosystem, AR.//AGPP is relatively conservative (0.79 +0.54), and
ANEP is also found to increase signi cantly with an increase in rainfall for non-forest ecosystems (see Fig. 3a).

erefore the non-forest ecosystems are stronger carbon sink (more positive NEP) when annual rainfall is above
the multi-year mean, (see Fig. 3a). For forest ecosystems, we found no signi cant correlation between AGPP, or

SCIENTIFICREPORTS 1820 awvawvy~ ezw{e~a2vw}lewwv|ye™ 2



www.nature.com/scientificreports/

Site Lon(°) |Lat(’) Timean Fange (°C) | P, range (mm) | LAI(m?m 2) | IGBP type | Ecosystem type OoP

Adelaide River 131.18 | —13.08 26.7-26.9 1778-1935 1.04 SAV Non-forest 2007-2008
Alice Springs 133.25 —22.28 21.7-24.3 143-415 0.30 WSA Non-forest 2011-2013
Calperum 14059 | —34.00 17.3-18.8 211-511 0.44 OSH Non-forest 2010-2016
Cow Bay 145.45 —16.10 23.5-245 2494-5566 418 EBF Forest 2009-2015
Cumberland 150.72 | —33.62 18.0-18.8 733-977 1.36 WSA Non-forest 2013-2016
Daly Pasture 131.32 —14.06 24.4-26.0 1002-1704 1.50 GRA Non-forest 2008-2012
Daly Uncleared 131.39 —14.16 25.7-27.6 759-1602 121 SAV Non-forest 2007-2016
Dry River 13237 | —15.26 25.1-28.2 694-1449 1.16 SAV Non-forest 2008-2012
Gingin 115.71 —31.38 17.3-20.0 525-667 0.89 WSA Non-forest 2011-2015
GWW 120.65 | —30.19 18.7-20.1 208-379 0.38 WSA Non-forest 2013-2016
RDMF 132.48 —14.56 26.5-26.5 791-791 1.04 CRO Non-forest 2012-2012
Riggs Creek 145.58 —36.65 15.0-16.1 92-552 1.26 GRA Non-forest 2011-2014
Robson Creek 145.63 —17.12 19.1-19.7 2346-2387 453 EBF Forest 2014-2015
Howard Springs 131.15 —12.50 25.7-28.3 813-2286 1.53 WSA Non-forest 2001-2016
Samford 152.88 | —27.39 18.9-19.7 672-1908 1.96 GRA Non-forest 2010-2015
Sturt Plains 133.35 —17.15 24.2-27.8 404-992 0.49 GRA Non-forest 2008-2016
Ti Tree 13364 | —22.29 23.0-23.7 366-674 0.32 WSA Non-forest 2013-2016
Tumbarumba 148.15 —35.66 7.4-10.6 424-1502 417 EBF Forest 2001-2015
Wallaby Creek 14519 | —37.43 10.3-11.3 531-2384 3.80 EBF Forest 2006-2011
Warra 146.65 —43.10 10.0-10.2 1047-1291 1.74 EBF Forest 2014-2015
Whroo 145.03 —36.67 15.4-16.1 912-491 0.94 WSA Non-forest 2012-2016
Wombat 144.09 —37.42 11.0-12.0 694-1242 4.00 EBF Forest 2010-2015
Yanco 146.29 —34.99 16.4-17.9 343-1119 0.64 CRO Non-forest 2013-2016

Table 1. Information about 23 eddy ux tower sites from OzFlux network (http://www.0z ux.org.au, see
Beringer et al.’®). IGBP biome types savanna (SAV), woody savanna (WSA), shrubland (OSH), grassland
(GRA), evergreen broadleaf forest (EBF) and crop land (CRO). Ecosystem types de ned in this study are
non-forest or forest ecosystems (see Fig. 1). Ranges of mean annual surface air temperature (T, in °C) and
annual precipitation (P, in mm year~") over the respective observation period (OP). Summary information
about 23 eddy ux tower sites from the OzFlux network (http://www.0z ux.org.au, see Beringer et al.*®). IGBP
biome types savanna (SAV), woody savanna (WSA), shrubland (OSH), grassland (GRA), evergreen broadleaf
forest (EBF) and crop land (CRO). Ecosystem types de ned in this study are non-forest or forested ecosystems
(see Fig. 1). Ranges of mean annual surface air temperature (T, in °C) and annual precipitation (P, in mm
year~!) over the respective observation period (OP). LAl is annual mean leaf area index derived from MODIS.

AR, or ANEP with rainfall (AGPP = —0.05ARainfall, r>=0.04, P=0.13 and AR, = 0.05ARainfall, r>=0.03,
P =0.16, see Fig. 3b), and the ratio of AR/AGPP is quite variable (—0.34 £ 1.89), therefore NEP (carbon sink or
source) was independent of inter-annual variation in rainfall.

The response of canopy LAI to rainfall anomalies. Because of the high and positive correlation
between GPP and R,, and GPP and NEP for the non-forest ecystems, we consider that R, is largely limited by
carbon substrate and that NEP is largely driven by the variation of GPP for non-forest ecosystems. To analyse
the variation of GPP for both non-forest and forest ecosystems, we further decompose GPP into GPP per unit
LAl and LAI to determine which component, GPP/LAI or LAl dominates the variation of GPP. For non-forest
ecosystems by normalizing each variable within itsrange.  at method was previously used to study NEP anoma-
liest. We found that GPP/LAI and LAl was not signi cantly correlated (r>=0.009, P=0.18), and variation of GPP
was largely related to both LAI (with a slope of 0.88, r>=0.75, P <0.001) and GPP/LAI (with a slope of 0.86 and
r2=0.33, P<0.001, see Table 2). In contrast, neither GPP/LAI nor LAI per se were signi cantly correlated with
GPP anomalies (r’=0, P=0.27 for GPP/LAI and r>=0, P=0.33 for LAI, r>=0.78, P <0.001 for GPP/LAI and
LA, see Table 2), as a result of the signi cant and negative correlation between GPP/LAI and LAI (with a slope of
—0.84 and r>=0.78, P <0.001, see Table 2) for forest ecosystems. Furthermore, rainfall anomalies explained 49%
of LAl anomalies for non-forest ecosystems (P < 0.001, see Table 2). Because the sensitivity of LAl to rainfall was
large and signi cant for non-forest ecosystems (slope = 0.84, P <0.001) but not signi cant in forest ecosystems
(slope =0.09, P =0.53), we conclude that the main mechanism controlling inter-annual variations of GPP in
non-forest ecosystems is the rainfall driven large variation in canopy LAl and to less extent in GPP/LAI.

Comparing the observed and simulated mechanisms by the TRENDY models. To quantify the
contributions of GPP/LAI and LAl to the variance of GPP, we used the log-tranformation, ie log(GPP) =log(GPP/
LAI) +log(LAI). erefore var(log(GPP)) can be further decomposed into the contributions by the variations of
log(GPP/LAI) and log(LAI) and their covariance using the observations from 23 ux towers in Australia or the
four TRENDY?** model simulations for both non-forest and forest ecosystems in Australia.
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Figure2. e relationships between annual anomalies of carbon ux anomalies from from the mean of all

sites for each ecosystem type in Australia. (a) e correlation between gross primary production (GPP) and

ecosystem respiration (R.). (b) e correlation between net ecosystem production (NEP) and GPP. (c) e

correlation between NEP and R,. Anomalies were calculated as the annual uxes minus the mean value of

annual uxes at all sites for each ecosystem type. Red and green solid circles denoted the ux anomalies for non-

forest and forest ecosystems, respectively. e solid lines (red for non-forest and green for forest) are the best-
tted linear regression equations with the shaded area for 95% con dence intervals.

On average the TRENDY models failed to reproduce the dominant role of LAI in controlling GPP 1AV for
non-forest ecosystems (Fig. 4a) and overestimated the variances of log(LAI), log(GPP/LAI) and their covariance
for forest ecosystems by more than 100% (Fig. 4b). Furthermore, the observed covariance between log(LAI) and
log(GPP/LAI) was positive, and only contributed about 15% of the variance of log(GPP) in non-forest ecosys-
tems, whereas the covariance of the modelled (log(GPP/LAI) and log(LAl) is negative and nearly as large as the
total variance of log(GPP) and log(LAI) for the non-forest ecosystems (Fig. 4a). As a result, the variance of the
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Figure 3. Responses of gross primary production (GPP) or ecosystem respiration (R,) anomalies to rainfall
anomalies for non-forest (a) and forest (b) ecosystems in Australia. Open circles and triangles represent

GPP and R, anomalies, respectively. e dashed and dotted lines represent the best- tted linear regressions
between the anomalies of annual GPP or R, and rainfall anomalies, and the red or green regions represent 95%
con dence intervals. Ecosystems tended to be source when annual rainfall was below the multi-year mean, or a
sink otherwise. Site measured rainfall were used in the analysis.

Correlation Ecosystem type Slope r? P value
Non-forest 0.88 0.75 <0.001
GPP~LAI
Forest 0.19 0 0.33
Non-forest 0.86 0.33 <0.001
GPP~GPP/LAI
Forest 0.22 0 0.27
Non-forest 0.09 0.009 0.18
GPP/LAI~LAI
Forest —0.84 0.78 <0.001
i Non-forest 0.84 0.49 <0.001
LAl ~rainfall
Forest 0.09 —0.02 0.53
. Non-forest 0.27 0.1 <0.001
GPP/LAI ~rainfall
Forest —0.14 0 0.3

Table 2. Statistics of the best- tted linear regression between GPP anomalies and LAl or GPP/LAI anomalies
and between GPP/LAI and LAl anomalies, and between LAI or GPP anomalies per unit of LAl (GPP/LAI)

and rainfall anomalies. All variables (x) were normalised using the formula (X — x,)/ (X, — X,), where X, and

X, represent the maximum and minimum values of the variable x. Statistics of the best- tted linear regression
between GPP anomalies and LAI or GPP/LAI anomalies, and between LAI or GPP anomalies per unit of LAI
(GPP/LAI) and rainfall anomalies. All variables (x) were normalized using the formula (x — x,)/ (X, — X,,), where
Xm and X, represent the maximum and minimum values of the variable x.

modelled log(GPP) is only 9% of the variance of the observed log(GPP). e contribution of the covariance of
the observed log(GPP/LAI) and log(LAl) to the variance of the observed log(GPP) is di erent, i.e. negative for
non-forest ecosystems and positive for forest ecosystems.  is observed di erence between non-forest and forest
ecosystem was not correctly simulated by the TRENDY models. (see Fig. 4).

Discussion
Most Australian non-forest ecosystems are shrublands and savannas that together signi cantly contributed to the
IAV of global land carbon uptake over the last three decades'. Recent studies demonstrated that the Australian
non-forest ecosystems are well adapted to the climate conditions with highly variable rainfall'>,  is study has
further demonstrated that it is the rapid response of canopy LAI, and to much less extent the response of GPP/
LAl that is the dominant the large contribution of Australian non-forest ecosystems to global land sink IAV. It can
be very di cult to quantify the contributions of GPP/LAI and LAI to the variance of GPP if GPP/LAI and LAl are
strongly correlated, as for the forest ecosystems in this study. For non-forest ecosystems, the correlation between
GPP/LAI and LAl is quite weak (r>=0.009, p=0.18), then decomposing GPP as the product of GPP/LAIl and LAI
allows us to identify whether GPP/LAI or LAl dominate the variation of GPP.

The dominant role of rainfall in controlling GPP of non-forest ecosystems in Australia was consistent
with previous studies on semiarid ecosystems in Africal’”-?° and South America?’. Rainfall IAV in non-forest
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