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Supplementary Text

1. Comparing our findings with global studies

In the main part of this article we compare our results to two recent global studies by Song et al.,! and Zhu et
al.,2 which have examined the drivers of global vegetation change. Zhu et al.,2 used a 10 model ensemble with
change attribution performed by running models with and without different drivers and then comparing the
results. Song et al,,! used AVHRR derived vegetation fractions to look at change in vegetation types, then
performed attribution using high resolution imagery at 1500 locations across the globe. At each location, Song
at al.,! looked for “visible signs of human activity” and if these signs where present then the observed change
was attributed to land use and if not then it was attributed to “indirect drivers such as climate change”.

These two studies highlight the existing inconsistency in the published literature, with the literature showing
that the broad trends in vegetation change are consistent but there are large differences in attribution. The
comparison between our study and these studies is not perfect due to different spatial domains. Our study only
looks at the dryland biomes, with these making up only ~50% of land area that these global studies cover. Both
global studies found that the importance of drivers varies between biomes. This section provides additional
discussion and support for our argument that that the underlying assumptions made, and methods used in the
attribution of change, are the source of much of the discrepancy between our findings and these previous
studies.

1.1 The CO: fertilisation effect

The impact of COzin drylands is well documented3 and as discussed in the main text, Song et al,,! does not
attribute change to CO; which leads to Song et al., identifying Land Use and Climate as the dominate drivers of
change. Supplementary Figure 1 shows a detailed breakdown of the results of our attribution approach if we
assumed no CO; fertilisation effect. An example of this can be seen in eastern China where Song et al.,! finds
land use driven change. Our C3 ensemble, which ignores CO; comes to the same conclusion. However, our
mixed C3/C4 ensemble which includes CO; finds that the CO; is the dominant driver in this region (Figure 1b
and Supplementary Figure 8c). Similarly, in the southern part of South America, our C3 ensemble which ignores
CO; finds Climate Change and Climate Variability to be the dominant drivers, (Supplementary Figure 1 and
Supplementary Figure 8c) which is consistent with Song et al.,!. However, when CO; is included, large areas of
negative land use become apparent (Figure 4d and Supplementary Figure 8a). Our conclusion that CO>
fertilisation is the dominate driver of vegetation change, is consistent with the findings of Zhu et al.,2. Figure 1b
does not show areas where ‘Other Factors’ was dominant to be comparable to Song et al.,!. For interested
parties, Supplementary Figure 8 shows the dominant driver in all three ensembles with Other Factors included
which is more comparable to the result of Zhu et al.,2.

1.2 Land use

When comparing the attribution performed by Song et al.,! to the Land Use changes detected by our approach
(Figure 4d), there was generally broad agreement between large clusters of points. For example, in India and
China where Song et al., found change was dominated by Land Use , we also found large land use driven
changes, though in some places the changes attributed to Land Use were smaller in magnitude than the changes
driven by CO». This highlights the value of quantifying the impact and direction of all the drivers, not just the
dominant one. Directly comparing our findings is not possible in all regions as the point-based attribution
approach used by Song et al.,! has large gaps between attribution sites in places like Mongolia. In Mongolia
there is strong evidence that grazing is the main Land Use impact 4, a result supported by our attribution
approach which finds Land Use to be the dominant driver.

These findings differ considerably from the results of Zhu et al.,2 who found a significantly smaller Land Use
effect. The models used by the Zhu et al., study do not calculate the land use changes but instead rely on
prescribed datasets to incorporate processes like deforestation 25-9. Existing work has shown that models are
very sensitive to the land use data used to force them 1011, The data used to drive the TRENDY models used by
Zhu et al,, (the HYDE dataset) is national data downscaled to the model’s grid and does not include many
important processes like grazing which is dominant land use in many dryland region’s 267. An example of this
issue can be seen when looking at Mongolia where grazing of goats is known to be driving widespread change *.



In this region we find large areas where Land Use is the dominate driver of change, while Zhu et al,, attributes
change in the region to Other Factors. Furthermore, the way the TRENDY models implement Land Use varies
significantly which leads the estimates to “differ significantly in magnitude, and sometimes also in sign”2. The
tendency for modelling approaches to underestimate Land Use has been documented by several recent
studiesz223,

1.3 Climate change and variability

By definition, dryland areas are very sensitive to water availability and are predominantly found in areas with
high natural climate variability!2. Climate Change and Climate Variability is another area where our findings
differ significantly from the results of Zhu et al.,2. The TRENDY models are not able to measure climate
variability and the estimate of climate change impacts vary considerably between models2. A good example of
the difference between our findings and that of Zhu et al.,2 can be seen in the Sahel where Zhu et al., attribute
much of the change in vegetation to Climate Change, while our findings, as well as previous work in that region,
attribute it to decadal climate variability (see Supplementary Text 1.1). The approach used by Song et al.,! does
not distinguish between climate change and climate variability. Previous studies have raised serious concerns
about the validity of trend detection and attribution in dryland vegetation, especially in short vegetation like
grasses, that is performed without properly accounting for natural climate variability!2-14.

1.4 Nitrogen deposition

Nitrogen deposition is driver of vegetation change that our approach was not able to quantify but was included
in the Zhu et al.,2analysis. Zhu et al.,2 found nitrogen deposition to be the second largest driver globally, but
noted that this finding was uncertain given that only two of their models could be run with and without the
nitrogen deposition. There is good evidence that nitrogen deposition is not an important driver of vegetation
change in drylands. A recent meta-analysis on the impacts of nitrogen deposition on plant species found that
drylands are not sensitive to increased N loads because they are overwhelmingly water limited and, with the
exception of a small part of the southwestern United States, “are mainly present in regions with very low N
deposition” 15 This conclusion is supported by the findings of Zhu et al.,2 who found that Nitrogen played little to
no role in dryland areas.

2.5 Fires

The impact of fire on long-term dryland vegetation change is not quantified by our method or by either of the
global studies undertaken by Song et al., and Zhu et al. Dryland fires are an important contributing factor to the
carbon cycle and on atmospheric aerosols 6. The natural fire return interval in drylands is very short, with
many dryland tree species having evolved adaptations, such as epicormic resprouting (the rapid
reestablishment of extensive leaf area) to survive and recover after fires!’. The grasses and shrubs are also
adapted to recover rapidly after fires. This rapid recovery is not apparent in all ecosystems, with growing
evidence that the dry forests in the alpine parts of the southwestern United States are experiencing fire-driven
desertification 18. Similarly, when developing the TSS-RESTREND method used in this study, Burrell et al., 14
found that while fire did not seem to impact long term vegetation trends or change the ecosystem structure in
most locations, in the southeastern alpine zone extreme fire events had caused permanent forest loss. In this
case, TSS-RESTREND detects the change and attributes it to Land Use.

2. Validating our findings against regional studies

In this section we discuss our findings compared to regional studies. When discussing the impact of climate
change we report the regional means of the accumulated precipitation anomaly (APA) and accumulated
temperature anomaly (ATA) driven by climate change and climate variability. The calculation of these
anomalies is described in the methods and a full regional time-series is included in Supplementary Figure 3 and
Supplementary Figure 4.

2.1. Hotspots of desertification

a. Central and Western Asia



Over parts of central and western Asia, primarily Turkmenistan, Kazakhstan and Uzbekistan though to the
southern border of Russia, we observe widespread desertification driven mostly by land use and to a lesser
extent climate change (see Figure 4 and Supplementary Figure 2). In this region there is documented evidence
of long-term degradation driven by unsustainable land use practices, widespread farm abandonment after the
breakup of the Soviet Union and the over utilisation of water resources resulting in soil salinization 19-21. These
negative drivers have been compounded by a long-term climate change driven increase in temperature (mean
ATAcc =1 from 1982 to 2015) resulting in the so called ‘Aral Sea disaster’ 22. We found large clusters of
breakpoints in this regions (Supplementary Figure 5) which is consistent with previous findings 23 though
methodological and data variations make a direct validation of timings difficult. Similarly, over the Middle East
we observed negative impacts of climate change and land use (Figure 4) which is consistent with regional
studies that have documented the impact of climate change intensification of droughts 24 which has been
amplified by unsustainable agriculture and ground water extraction 25-28, The Middle East and the western
part of Central Asia was responsible for almost 3% of the global net permanent water loss 2°.

b. South America

The largest hotspot of desertification in South America is the semi-arid Caatinga forest in north-western Brazil.
In this region, we observed negative changes in both the climate change and land use components (Figure 4).
In this region, widespread deforestation and grazing intensification has compounded the effect of a long term
decline in precipitation 30-3¢ driven by climate change (mean APA¢c = -0.2 from 1982 to 2015) which has led to
widespread desertification 35. The second hotspot of desertification in South America is over Argentina. Our
results suggest that this change is predominantly driven by unsustainable land use which is consistent with
some regional studies 3637, though a more thorough validation is currently difficult because of documented
issues in the publishing of desertification studies from this region 38.

2.2. Greening hotspots

a. Sahel

The greening of the Sahel has also been the focus of a large number of both remote sensing and field
observation studies 39. Over the Sahel we find the vegetation greening (ANDVInyax: 0.050 = 0.052) is dominated
by CO2 (ANDVInax: 0.018%0.007), climate variability (ANDVImax: 0.012+0.017) and land use (ANDVInax:
0.010+£0.028) which play larger roles than climate change (ANDVIax:0.005+£0.0249) (Figure 3). Our attribution
of greening over the Sahel, is consistent with the conclusion that the greening is driven by increased rainfall
caused by the wet phase of the natural decadal variability reinforced by the CO; effect 39-45. The shift from the
dry phase to the wet phase of climate variability can be seen in Supplementary Figure 3. Between 1982 and 1988
the Sahel had below average rainfall (mean APA < 0) including 1984 which had the largest negative
precipitation anomaly observed in any region over the period 1982 to 2015 (APAcv(1984) * -1.1). In contrast, the
only year from the period 2010 to 2015 with below average precipitation was 2011 with and APAcy = -0.1.

b. India

The greening we observed over India was the largest of any region and has been observed by other studies 4¢.
Since 2000, there has been a well-documented revival of the Indian summer monsoon which has resulted in
increased rainfall*’ that can be seen in Supplementary Figure 3. This, combined with changes in groundwater
policy and better irrigation practices has led to agricultural intensification 48-51, This is consistent with our
findings that land use (ANDVInax: 0.036 + 0.043), CO2 (ANDVInax: 0.028 + 0.011) and climate variability (ANDVI-
max: 0.016 * 0.017) are the dominate drivers of change in the region (Figure 3). India is the only region where
land use had a larger mean positive per pixel contribution than COs.

c. Australia

Australia experienced greening despite the largest negative climate change impact of any region (-0.010 +
0.028) with the greening in this region driven by CO2 (0.018 * 0.010), land use (0.015 * 0.032) and climate
variability (0.010 % 0.023) (Figure 3). The dominance of CO; is consistent with previous findings 3. There is
evidence that the positive land use component is being driven by both agricultural intensification as well as
ecosystem recovery after the release of a viral biological control that killed 95% of Australia’s feral rabbits 1452,



While a lack of large scale field observations makes this hard to confirm, there is evidence for the recovery of
both vegetation and native animal populations 53-56. The evidence for the impact of climate variability is well
documented in Australia. From 2001 to 2009 much of Australia experienced the Millennium Droughts? which
was characterised by below average rainfall and above average temperatures (Supplementary Figure 3 and
Supplementary Figure 4). The drought came to an end in 2010-2011 with extreme precipitation associated with a
strong La Nifna event which is the largest positive precipitation anomaly observed in any region over the period
1982 to 2015 (APA. = 1.1). This rainfall caused a massive increase in vegetation productivity with Australia
accounting for 60% of the global land carbon sink that year®s.

d. Eastern Asia

The greening in eastern Asia is mostly concentrated in northern and central China which we attribute mostly to
land use (Figure 4). The increase in vegetation over China is well documented and is the result of the
implementation of reforestation projects and occurred despite negative effects of climate change and variability
59,60, This provides a case study of how land use intervention can be used to offset the negative impacts of
climate change and variability.

1.3 The influence of drivers in regions at risk of desertification

Given the positive forcing of the CO; increase it is perhaps surprising that >50 % of dryland areas have not
significantly changed. In these regions, negative changes in the land use and climate change components are
being counterbalanced by the CO; fertilisation effect and the positive phase of natural climate variability. These
areas are at high risk of desertification because climate stress and land use pressure can compound and it
would only take a small increase in the negative effect of these drivers or a shift to the negative phase of natural
climate variability to cause a significant negative change 61. One example of this is over the dryland regions of
Southern Africa where unsustainable land use and negative climate change effects are masked by CO; and
climate variability (Figure 4). This has important consequences for many countries in the region, as they are
among the least food secure in the world. As an example, in Zambia, a country where the CO; adjusted analysis
found wide spread negative climate change and land use components entirely missed by the non-adjusted
analysis, the United Nations World Food Programme estimates that 40% of children under 5 are stunted due to
malnutrition 62.
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Supplementary Figure 1 The Drivers of Global Vegetation Change assuming a C4 photosynthetic mechanism. The
changes in NDVImax between 1982 and 2015 (ANDVImax) attributed to a) climate variability b) climate change and c) land
use assuming all plants follow a C4 pathway with no response to eCO2. Non-dryland regions are masked in dark grey.
Areas where the change did not meet the multi-run ensemble significance criteria detailed in the methods or are smaller
than the error in the sensors (+0.001) are masked in white.
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Supplementary Figure 2 The Drivers of Global Vegetation Change assuming a C3 photosynthetic mechanism. The
changes in NDVImax between 1982 and 2015 (ANDVImax) attributed to a) CO: fertilisation b) climate variability c) climate
change and d) land use assuming all plants follow a C3 response to eCO2. Non-dryland regions are masked in dark grey.
Areas where the change did not meet the multi-run ensemble significance criteria detailed in the methods or are smaller
than the error in the sensors (20.001) are masked in white.
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Supplementary Figure 3 Regional precipitation anomaly and its driver’s. The solid lines shows the observed (teal),
climate change driven (blue) and climate variability driven (purple) mean per pixel ( 1 standard deviation) temperature

anomaly from 1982 to 2015 broken out by region.
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Supplementary Figure 4 Regional temperature anomaly and its driver’s. The solid lines shows the observed
(orange), climate change driven (maroon) and climate variability driven (red) mean per pixel ( 1 standard deviation)
temperature anomaly from 1982 to 2015 broken out by region.
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Supplementary Figure 5 The timing of breakpoints in the mixed C3/C4 ensemble. To determine if a breakpoint was
significant in the ensemble, > 50% of runs had to have a breakpoint of which >80% had to fall within a three-year window.
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Supplementary Figure 6 Comparison of observed vegetation change to the attributable change assuming a mixed

C3/C4 response. a) the observed change in vegetation (ANDVImax) between 1982 and 2015 (Obs) b) The sum of the

attributable change (COz + CC + CV + LU). c) the difference between the observed vegetation change and the attributable
vegetation change (OF = Obs - (COz + CC + CV + LU)). ANDVImax smaller than the error in the sensors (+0.001) are masked

in white.
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Supplementary Figure 7 Monthly mean global dryland GIMMS NDVI values. The Solid lines are the global monthly
mean NDVI values while the upper and lower dotted lines represent the 95t and 5t percentile respectively. The green
line is the observed values (NDVIobs) while the purple and orange lines represent the NDVI values after they have been

adjusted to remove the CO: fertilisation effect (NDVIagj).
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Supplementary Figure 8 Primary drivers of vegetation changes between 1982 and 2015 a-c) Maps showing the
largest absolute driver (COz, land use, climate change, climate variability and other factors) assuming a) assuming a mixed
C3/C4 photosynthetic mechanism b) assuming a C3 photosynthetic mechanism c) assuming a C4 photosynthetic
mechanism. Non-dryland regions are masked in dark grey d) Largest absolute driver by percentage of global dryland area
assuming a C3, C4 and mixed C3/C4 photosynthetic mechanism,
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