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Abstract Land degradation is holding back attainment of

the Sustainable Development Goals and exacerbating

global heating. Land degradation and improvement since

1981 have been assessed by proxy using remotely sensed

Normalised Difference Vegetation Index (NDVI),

translated into net primary productivity. The quantitative

data show the extent and trends of changes over four

decades and identify where further action is needed. During

1981–2021, 28.5% of land was degrading—most notably

through megafires in boreal forests, land clearance and

cultivation in sub-Saharan Africa and the East Indies and

across the steppes. The degraded area increased by 4.5%

compared to 1981–2003 yet affected fewer people—1.2

billion compared to 1.5 billion. Consistent policies on

sustainability increased biological productivity on 26% of

land (10.5% more than 1981–2003), particularly cropland

in China, India and the European Union; 2.9 billion people

now live in the improved areas compared with 0.8 billion

in the improving areas of 1981–2003.

Keywords Carbon capture � Land degradation &

improvement � NDVI � NPP � Sustainability

INTRODUCTION

Land degradation encompasses long-term decline of pro-

ductivity, environmental integrity, or social value (Folke

et al. 2002; Millennium Ecosystem Assessment 2005; Bai

et al. 2008; Shukla et al. 2019; Grinand et al. 2020). Most

of this degradation is man-made, including impoverish-

ment of vegetation and soil erosion that diminish infiltra-

tion of rainfall and recharge of springs and groundwaters;

also, nutrient depletion, salinity, sodicity and/or acidity. On

a grand scale, we have seen the transformation of the Aral

Sea to Aralkum Desert (Gafurova and Juliev 2021), the

same actions playing out in the Murray-Darling Basin

(Beasley 2021), and continuation of the Dust Bowl of the

1930s across drylands on every continent. Away from the

headlines, farm by farm, year on year, these processes are

driving millions of people who cannot make a living on

their land to leave it—and challenge the frontiers and

politics of the wealthy world. This is a global issue

(McCammon 1992; Amundson et al. 2015; Borrelli et al.

2017; Olsson et al. 2019; Wang et al. 2023) looming over

the Sustainable Development Goals (SDGs), in particular

(1) no poverty, (2) zero hunger, (6) clean water and sani-

tation, (13) climate action, and (15) land degradation

neutrality. Monitoring land degradation and sustainability

are both necessary for informed decision-making—and

challenging (Tóth et al. 2018; Zhang et al. 2018; Prince

2019; Tziolas et al. 2020).

The normalised difference vegetation index (NDVI)

recorded by weather satellites measures absorption of

photosynthetically active radiation and reflection of unus-

able heat (Yengoh et al. 2016), thereby capturing photo-

synthetic capacity and the intensity of life. If more is better,

then increased NDVI translated into net primary produc-

tivity (NPP) provides an index of land improvement: and a

decrease indicates degradation. James Lovelock’s Gaia

hypothesis (1979) conceptualises Earth as a self-regulating

system where biological, chemical and physical processes

interact to maintain conditions favourable for life. Within

this frame, NPP plays a crucial role in stabilising
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atmospheric composition and regulating the carbon cycle.

Terrestrial and marine ecosystems constitute planetary-

scale feedback by capturing and storing carbon but this

activity is disrupted by human-induced land use change

and soil degradation. Estimates of annual NPP vary sig-

nificantly from 53.2 billion or 109 tonnes carbon (GtC)

(Melillo et al. (1993) to more recent figures of 112–169

GtC (Sha et al. 2022). Effective management strategies,

particularly in agricultural landscapes with big yield gaps

or historic soil organic carbon losses, could enhance this

natural regulatory capacity with an extra 13.7 GtC (Ame-

lung et al. 2020; Tiefenbacher et al. 2021) and mitigate

some of the impacts of anthropogenic CO2 emissions,

which surpassed 10 GtC in 2021 (United Nations 2024a).

Good-practice guidance for assessing SDG indicator

15.3—the proportion of land that is degraded—considers

trends in land cover, land productivity and carbon stocks

(Sims et al. 2021). As a proxy for land productivity, we

employ the Global Inventory Modelling and Mapping

Studies (GIMMS) dataset of remotely sensed NDVI, now

comprising 40 years of consistent data. NDVI has been

widely applied to assess land degradation (Tucker et al.

1975; Bai et al. 2008; Bai and Dent 2009; Higginbottom and

Symeonakis 2014; Yengoh et al. 2016; Kirui et al. 2021;

Rivera-Marin et al. 2022; Schillaci et al. 2023), translating

into leaf-area index (Myneni et al. 1997), the fraction of

photosynthetically active radiation absorbed by vegetation

(Asrar et al. 1984), and NPP (Alexandrov and Oikawa 1997).

So, we are employing a proxy for a proxy: NDVI for NPP and

NPP for land productivity. And declining NDVI or NPP does

not necessarily indicate land degradation; nor does increase

necessarily indicate improvement. Biological productivity

depends on several factors: climate—especially rainfall,

sunshine and length of growing season; land use; large-scale

ecosystem disturbances such as fires; and the global increase

in atmospheric carbon dioxide and active-nitrogen deposi-

tion. So, to interpret NDVI and NPP trends in terms of land

degradation or improvement, we must eliminate false alarms

from climatic variability and land use change. To account for

variability of rainfall and, to some extent, soil characteristics,

we consider, rain-use efficiency (RUE), the ratio of NPP to

precipitation (Le Houérou 1984); the combination of remo-

tely sensed NPP and station-observed rainfall has been used

to assess land degradation at various scales (Prince et al.

2007; Ibrahim et al. 2015; Chen et al. 2023). We use the same

principle to adjust for temperature with energy-use efficiency

(EUE).

The aim of this study is to identify where sustainability

investments and policies may, or may not be, succeeding

(at least in terms of biological productivity), and where

future efforts should be directed. Understanding land

degradation trends is useful for designing effective land

management strategies, and by assessing long-term

changes in biological productivity, we can judge the suc-

cess, or otherwise, of current policies. The updated global

assessment of land degradation and improvement applies

the same procedure as our 1981–2003 assessment (Bai et al

2008; Bai and Dent 2009) which was validated by field

observations (Bai et al. 2005; Bai and Dent 2006; Chen and

Rao 2008). By drawing on four decades of consistent data,

this study supports evidence-based decision-making to

achieve land degradation neutrality and other Sustainable

Development Goals.

MATERIALS AND METHODS

We derived trends of NPP (carbon capture) at national and

global levels from the GIMMS 3rd generation V1.2

(GIMMS–3G ?) dataset of global NDVI measurements by

the Advanced Very High-Resolution Radiometer

(AVHRR) carried on polar-orbiting satellites since 1978.

GIMMS compiles corrected and calibrated data from 1982

up to 2021 at a spatial resolution of 0.0833 degree. Max-

imum NDVI values are composited fortnightly from the

sequence of AVHRR sensors, taking account of calibration

loss, orbital drift and volcanic eruptions, and provided in

Network Common Data format (NetCDF) (Pinzon et al.

2023). Figure 1 summarises our procedure. Some useful

terms and definitions appear in Table 1.

RUE and EUE were calculated at the same resolution as

GIMMS–3G ? data using monthly precipitation and tem-

perature values since January 1981 abstracted from the

University of East Anglia Climatic Research Unit Time

Series (CRU TS v4.0.6) gridded at 0.5� resolution (Harris

et al. 2020).

MODIS NPP data at 500 m resolution (MOD17A3HGF

Version 6.1, Running and Zhao 2021) were used to translate

GIMMS NDVI data to NPP by re-sampling MODIS data to

the same resolution as GIMMS using nearest-neighbour

assignment. Correlation between annual sum NDVI and

annual NPP at pixel level was calculated for the overlapping

period (2000–2021) according to the equation: y = Ax ? B,

where y is NPP for a given year (kgC/ha/year); x, annual sum

NDVI for the given year; A, gradient or slope of the linear

regression; B, intercept of the linear regression. NPP loss and

gain were calculated by multiplication of multiple-year

average of annual NPP (2000–2021) and percentage change

of annual sum NDVI from 1981–2021. The percentage

change of NDVI was calculated by 100*gradient of annual

sum linear trend/multiple-year average of annual sum NDVI

1981–2021.

MODIS global NPP data for 2000–2022 were used in

Fig. 2 to provide context for the changes revealed over the

longer term by the GIMMS data.
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Land cover The Copernicus Climate Change Service

provides global land cover maps from 2016 to the present

at 300 m resolution consistent with the global annual land

cover maps from 1992–2015 produced by the European

Space Agency Climate Change Initiative land cover project

(ESA Copernicus 2023). Land cover 2020 was used to

compare with identified land degradation and improvement

and to mask urban areas and bare ground.

Population The Gridded Population of the World, ver-

sion 4 (CIESIN 2018) provides UN World Population

Projection-adjusted population count and population den-

sity at various resolutions. The gridded population counts

for 2005 and 2020 at 2.5 arc-minutes resolution were

compared with indices of land degradation and

improvement.

Trend analysis Trends were determined by linear

regression. The absolute change (D) is the gradient of the

regression; relevant or percentage change (%) is 100*(the

absolute change/multiple-year average of annual sum

NDVI 1981–2021). Data were tested for temporal and

Table 1 Terms and definitions

Terms Definitions Acronyms

Advanced Very High-Resolution

Radiometer

Instrument carried by the US National Aeronautics and Space Administration (NASA)

weather satellites

AVHRR

Global Inventory Modelling and Mapping

Studies

AVHRR dataset maintained by the University of Maryland GIMMS

Energy-Use Efficiency Ratio of annual sum NDVI to annual accumulated temperature EUE

Moderate Resolution Imaging

Spectroradiometer

Instrument carried by the NASA Terra and Aqua satellites MODIS

The Normalised Difference Vegetation

Index

Ratio of (Near Infra-red – Red) / (Near Infra-red ? Red) spectral bands reflected by

vegetation

NDVI

Net Primary Productivity Energy stored by photosynthesis less energy used for respiration and maintenance per

unit area and time

NPP

Rain-Use Efficiency Ratio of annual sum NDVI to annual rainfall RUE

Fig. 1 Sequences of data analyses
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spatial independence following Livezy and Chen (1983).

When the absolute values of the autocorrelation coeffi-

cients of lag-1 to lag-3, calculated for a time series con-

sisting of n observations, are not larger than the typical

critical value, i.e. 1.96/
ffiffiffi

n
p

corresponding to the 5% sig-

nificance level, the observations in this time series can be

accepted as being independent. The T–test was used to

arrange the slope values in classes showing strong or weak

positive or negative trends:

T ¼ b=se bð Þ

where b is the estimated slope of the regression line

between the observation values and time and se(b) repre-

sents the standard error of b.

R language (R Core Team 2023) was used for data

processing, trend and correlation analysis; ESRI ArcGIS

was used for statistics and map visualisation.

Degrading areas were identified, first, by a negative

trend of sum NDVI. To distinguish between productivity

decline caused by land degradation and declining produc-

tivity due to other factors, rainfall variability and irrigation

have been accounted for by:

1. Identifying pixels with a positive relationship between

NDVI and rainfall

2. For those pixels, RUE has been considered: where

productivity declined but RUE increased, the decline

of productivity was attributed to declining rainfall;

those areas were masked (urban areas and bare ground

were also masked)

3. NDVI trends have been calculated for the remaining

areas as RUE-adjusted NDVI: i.e., pixels where there

was a negative relationship between NDVI and

rainfall. NDVI trends were also calculated for pixels

with positive relationship between NDVI and rainfall

but declining RUE.

Improving areas were identified by: (1) a positive trend

in sum NDVI and a negative correlation with rainfall; (2) a

positive trend in sum NDVI and positive RUE and EUE.

Again, urban areas and bare ground were masked.

Net primary productivity loss in the identified degrading

areas or gain in the improving areas was calculated using

the translation of NDVI into NPP. The number of people

affected was estimated by overlaying the degrading or

improving areas with population maps.

Fig. 2 Mean annual NPP 2000–2022, MODIS data from Running and Zhao (2021)
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RESULTS AND DISCUSSION

Context

As context for considering changes in NPP, Fig. 2 shows

current global land productivity. Figure 3 then shows cli-

mate-adjusted change in NDVI over the period 1981–2021

with urban and barren land masked. This is our measure of

land degradation (in red) and improvement (in green). It

presents a different picture from earlier assessments that

compounded historical land degradation with ongoing

changes (Sonneveld and Dent 2007). By focussing on data

since 1981, this analysis highlights recent trends but does

not capture the extent of past land degradation, much of

which is irreversible.

Caveats concerning global application of the data

(1) NDVI performs best as an indicator of NPP in areas

with sparse to moderate vegetation cover. Under a

dense canopy, additional biomass below the canopy is

hidden and its increase brings no detectable change in

the signal (Ripple 1985).

(2) In compiling the GIMMS database, cloud cover is

screened by reading the maximum NDVI values

within twice-monthly compositing periods (Pinzon

et al. 2023). Even so, prolonged cloud cover may

result in an underestimation of NDVI.

(3) The spatial variability of rainfall in drylands makes

interpolation of point measurements problematic, and

meteorological stations are sparse in many of these

areas.

(4) NDVI is only a proxy. It tells us nothing about the

kind of degradation or improvement. What is hap-

pening in, say, burning boreal forests is different from

what happened in New Zealand when price support

for agriculture was abandoned in 1984. However,

because the index is mapped as a continuous surface,

the drivers may be revealed by correlation with other

geo-located biophysical and socio-economic data.

(5) As a measure of land degradation or improvement,

loss or gain of NPP has been calculated for those

areas where both NPP and RUE are declining (i.e.

land degradation) or where NPP, RUE and EUE are

increasing (i.e. land improvement). This is likely to be

a conservative estimate since, globally, NPP has

increased over the study period. However, in areas

where NPP is increasing while RUE and EUE are

declining, some land degradation may already be

occurring, even if it is not yet reflected in declining

NPP. If we only consider areas where both indices are

decreasing, such early-stage degradation would go

undetected. For this reason, RUE or EUE should be

used alone for early warning of land degradation or a

herald of improvement; otherwise, we might overlook

promising interventions that increase RUE or EUE

but have not yet brought about increasing NPP.

(6) Additionally, some degradation or improvement,

notably concerning biodiversity and consequently

resilience, is not fully captured by NPP.

We acknowledge these caveats and return to them in the

Discussion and Conclusions.

Land degradation

Global analysis reveals that, over the period 1981–2021,

28.5% of land has been degrading—4.5% more than our

previous assessment over 1981–2003 (Bai et al. 2008). But

26.2% of land has been improving—10.5% more than

earlier. About 1.2 billion people live in the 1981–2021

degrading areas—0.3 billion less than in areas so identified

earlier. Considering the global population increased by one

quarter over the last 20 years (United Nations 2024b), this

might be considered a positive result but can be attributed

in large measure to abandonment of the land.

Table 2 lists by country areas of land degradation and

improvement, NPP loss and gain, and directly affected

people. Directly affected people refers to the rural popu-

lation of the degraded or improved areas although, of

course, city dwellers in these catchments are not unaf-

fected, not least those recently relocated from these same

areas (Tables 3 and 4).

Breaking down the degrading land by cover type (ESA

Copernicus 2023) reveals that 33% of all degraded land is

scrub (shrub and herbaceous land in the ESA Copernicus

listing), 24% is broadleaved forest, 21% is needle-leaved

forest, 13% is grassland, and 9% is cropland (Table 5). As

a proportion of each land cover type, degradation affects

30% of global scrublands, 32% of broadleaved forest, 38%

of needle-leaved forest, 30% of grassland, and 24% of

cropland. Needle-leaved forest stands out with the highest

proportion of land affected because of the incidence of

megafires in boreal forests: it might be overly optimistic to

take the lower proportion of cropland affected as a policy

success since severely degraded cropland often ceases to be

classified as such because it is not cropland anymore.

Of the areas degrading over 1981–2003, 41% have

continued to degrade through 1981–2021 (Fig. S1): mainly

in the Democratic Republic of Congo (DR Congo), Angola,

Zambia, swaths of boreal forest in Siberia and North

America, mainland Southeast Asia, the East Indies, parts of

North-central Australia, the Eurasian Steppes, and the

Pampas and Chaco in South America.

Figure 4 shows NPP loss in the degrading areas. Glob-

ally, annual loss of NPP over the period 1981–2021 is 40.7
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million tonnes of carbon (MtC); somewhat less than the

annual loss of 41.5 MtC during 1981–2003. Overall, the

degrading area has been increasing but the annual loss of

NPP has declined.

Table 2 shows that the most extensive degrading areas

are in Russia, Canada, USA, DR Congo, and Kazakhstan—

not entirely according to the size of the countries: in terms

of absolute NPP loss, the ranking is Russia, Canada, DR

Congo, Kazakhstan, and China. Inevitably with their

numerous inhabitants, China and India head the list of

affected population with 119 and 110 million, respectively,

but in both cases land degradation directly affects only 8%

of their total population. In contrast, the 95 million people

living on degrading land in Indonesia, 61 million in

Ethiopia and 57 million in DR Congo comprise 34, 49 and

57% of their respective populations.

Comparing the two time periods (Table 3), there are big

proportional increases in land degradation in Russia,

Canada, USA, DR Congo, and Kazakhstan while there are

big decreases in China, Indonesia, and Australia. The

numbers of people involved reveal both triumphs and

disasters. In China, the number of people directly affected

fell from 437 to 119 million, in India from 177 to 110

million, and in Bangladesh from 73 to 5 million. In each

case, millions have moved to the cities; by one estimate,

China’s rural population decreased by 241 million between

1995 and 2014 (Kundu et al. 2020) but there has also been

internal migration to the cities in Nigeria where the number

of people in degrading areas still rose from 17 to 60 mil-

lion, in DR Congo from 32 to 57 million, in Uganda from 4

to 25 million, and in Afghanistan from 0.7 to 8.8 million.

And in scores of low- and middle-income countries, land

degradation went from bad to worse without much effect

on the global aggregate but with a devastating toll on their

people and societies.

Land improvement

In contrast, 26.2% of global land has improved over

1981–2021, 10.5% more than over 1981–2003. By area,

Russia leads with 4.9 million km2, followed by Australia

with 3.6 million km2 and China with 3.4 million km2. But

the proportions of improved land in these huge countries

are otherwise: Russia 29%, Australia 48%, China 36% and,

by this measure, Portugal is preeminent its 83 thousand

km2 of improved land constitutes 89% of the country.

Comparing improving areas with global land cover (ESA

Copernicus 2023), Table 5 shows that 31% is scrub, 24% is

broadleaved forest, 18% is needle-leaved forest, 14% is

cropland, and 11% is grassland. By proportion of each land

cover type, improved land constitutes 27% of all scrub-

lands, 31% of broadleaved forest, 32% of needle-leaved

forest, 36% of cropland, and 24% of grassland.

Figure 3 and Table 4 highlight dramatic recent

improvements in cropland in China, India, and the Euro-

pean Union that confirm optimism about the potential of

consistent, effective policies. Figure 5 depicts the global

trend in the annual sum NDVI between 1981 and 2021,

also distinguishing cropland and non-cropland and, indi-

vidually, China and India. Globally, annual sum NDVI

increased by 2.3% (P\ 0.05), 5.8% in cropland and 1.8%

in non-cropland, but both China and India exceeded the

global trends threefold, most notably in their improving

cropland.

Since the 3rd Plenum of the 11th Central Committee of

the Chinese Communist Party in 1978, policy has promoted

transformation of the peasantry to a ‘new type of profes-

sional farmer’, supported by the world’s largest public

agricultural extension service (Babu et al. 2015). At the

same time, between 1978 and 2022, the proportion of

China’s population living in cities rose from 17.9 to 61.4%.

In the first decade of the new millennium, the built-up area

rose by 78.5% (Bai et al. 2014), half of it by building

directly on arable land and, yet, the sown area increased

from 146 million ha in 1980 to 166 million ha in 2019 and

gross production doubled (NSBC 2020a, 2020b). In India,

agricultural input subsidies and price support have been

critical. The European Union has operated a common

agricultural policy since 1962; its focus has changed over

the years but support for farmers has been unstinting.

Australian farmers are not subsidised but they apply well-

informed common sense; in recent years, nearly all of them

have adopted no-till Conservation Agriculture, otherwise

known as regenerative agriculture (Dent and Boincean

2023; Kassam and Kassam 2023)—forsaking the plough;

maintaining ground cover by cash crops and cover crops

and, between crops, a mulch of crop residues; and planting

directly through the protective surface mulch. Australians

have also learned not to allow accumulation of tinder on

their forest floors, reverting to the previous successful

practice of controlled burning. Countries with unaccept-

able levels of land degradation must surely consider whe-

ther any of these avenues of improvement is open to them.

The Australian way has the advantage of requiring minimal

government intervention—it has been adopted across 15%

of the world’s cropland as a farmers’ movement (Kassam

et al. 2023).

Only one quarter of improving areas showed improve-

ment throughout both periods (Fig. S2). Figure 6 shows

NPP gain in improving areas over the whole 41 years:

globally, the annual NPP gain is 57.8 MtC, significantly

greater than the 1981–2003 figure, leading to a total NPP

gain of 2.36 GtC.

If we take the net NPP gain or loss as an indicator of

SDG15 land degradation neutrality, then Canada falls

farthest short with a net NPP loss of 237.3 MtC. There
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Fig. 3 Trends in climate-adjusted annual sum NDVI, 1981–2021: top, absolute; bottom, relative
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were further big losses in DR Congo, Kazakhstan and

Angola, amounting to 59, 47 and 41 MtC, respectively

(Table 2). The greatest net gains have been in China,

Australia, and Russia at 286, 123 and 96 MtC, respectively.

However, when treated as a single entity, the European

Union achieves the largest net gain at 300 MtC with no

individual member state showing a net loss.

The improving areas more than doubled from 2003 to

2021 (Table 4). Many more people now live in improving

areas—2.9 billion in 2021 compared with 0.8 billion in

2003: 664 million more people live on improving land in

China, 538 million more in India, 118 million more in

Bangladesh, 58 million more in Vietnam, and 20 million

more in Nepal.

Interpretation of NDVI/NPP; limitations and policy

considerations

Serendipitously, weather satellites hold up a mirror to

biological productivity just as much as to weather systems.

While these data illustrate interesting vegetation dynamics,

it is worth reiterating that changes in climate-adjusted

NDVI/NPP serve only as a proxy for land degradation or

improvement. In particular, ambiguous data from the bor-

eal forest belt almost certainly reflect catastrophic forest

fires, as recorded by the special fire channel on MODIS

Terra and Aqua satellites (Szpakowski and Jensen 2019;

CAS 2023; You 2023), and outbreaks of pests like the

mountain pine beetle (Kurz et al. 2008). These are part of

the natural cycle. Therefore, we might expect recovery but

ecosystem recovery is slow in cold and dry regions and if,

as seems likely, these events are themselves related to

climate change, the ecosystem may not recover. Moreover,

changes in land use from forest to cropland, increases in

grazing pressure, or market adjustments to a less-intensive

management will all decrease NDVI. These changes might

or might not be accompanied by soil erosion, salinity, or

other symptoms of land degradation that require acute

attention. In the same vein, pastoralists will not consider

bush encroachment as land improvement although it may

increase biomass.

So, how is Gaia doing? Over the period of study, gains

have generally outpaced losses: global biological produc-

tivity has been increasing, and increasing faster in the last

20 years than in the twenty years before—benefitting from

increasing atmospheric carbon dioxide concentration,

nitrogen deposition, temperature, and rainfall. This state-

ment requires qualification. First, Fig. 3 illustrates signifi-

cant regional disparities: between improvements in the

European Union, China and India; and big losses across

boreal forests, sub-Saharan Africa, parts of southeast Asia,

the Steppes, Cerrado, Pampas, and Chaco. The green rev-

olution involved unprecedented application of fertilisers,

irrigation, and new crop varieties that can respond to these

Fig. 4 NPP loss in degrading areas 1981–2021
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inputs by economies that could afford them: people that

could not afford them have been bypassed. Secondly, crude

global and national accounting conceals significant land

degradation. The patterns of megafires in boreal forests and

degradation of globally significant grain-producing areas

on the steppes were already evident in the 1981–2003 data.

They are more prominent in the extended data, which may

be attributed to enhanced global heating and accompanying

drought in continental areas where rainfall has not also

increased. Crop yields across the steppes have stalled or

even decreased during the study period; air temperatures

have been increasing by 0.45 �C every decade but precip-

itation has remained much the same so, e.g. in southern

Ukraine the soil water deficit has increased from 300 mm

in 1990 to 400 mm in 2000 and is heading for 550 mm in

2050 and 700 mm in 2100. This trend will render half of

Ukraine’s current arable land unsuitable for rainfed crops

by 2050 and two-thirds by 2100 (Romaschenko et al.

2025). Thirdly, more primary productivity is not neces-

sarily better and, certainly, not sustainable if is achieved by

sacrificing biodiversity, expending more energy that it

produces, and depleting aquifers. Regenerative agriculture

offers equally productive but more sustainable options.

Gaia’s gains in carbon capture are dwarfed by man-

made carbon emissions: between 1981 and 2021, the land

has captured 694 MtC (Table 2), merely a few per cent of

10 Gt annual fossil carbon emissions. Moreover, the

increasing extent and frequency of megafires and

unremitting forest clearance expose the fragility of the

grand strategy embraced by the Kyoto Protocol of the UN

Convention on Climate Change that relies on forests as a

carbon sink. We should do well to leave fossil fuels in the

ground and invest in carbon storage with a longer half-life,

such as soil organic matter that holds more carbon than all

standing vegetation and the atmosphere combined.

The global assessment and trends over policy-significant

20-year periods show that 1.2 billion people live in areas

that have degraded over the past 20 years, compared with

2.9 billion people living in areas that have improved. This

underscores the power of consistent, targeted policies on

land resilience and sustainability but, remembering Gaia’s

greater domain, the 70% that is ocean does not figure in our

calculations. Nor does the increasing area occupied by

urban and industrial development and infrastructure. Both

cry out for new lines of research. Urban greenness attracts

increasing attention in the field of public health and well-

being, particularly the air-conditioning roles of vegetation,

trapping poisonous pollutants and dramatically lowering

summer temperatures. GIMMS data at 9-km definition are

too coarse to be useful in this case but MODIS data might

be employed and cities have the resources to initiate

specific, street-by-street programmes using drones.

For all the caveats, NPP data are of immediate practical

value to policy makers who need to know exactly where

and to what extent biologically significant changes are

happening. Long-term trends of NDVI/NPP derivatives

provide a globally consistent yardstick. They direct atten-

tion to places that demand investigation and action on the

Fig. 5 Aggregate NDVI, 1981–2022 for the World, China and India for all land cover, cropland and non-cropland
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ground, as intended under the parent programme of the UN

Food and Agriculture Organisation: Land Degradation

Assessment in Drylands (Biancalani et al. 2013). It is hard

to distinguish between statistically significant changes and

practically significant changes—short-term variability

reflects seasonal weather and local management deci-

sions—but maps of long-standing trends should be on the

desks, or pinned to the wall, in front of every policy maker.

They are prescient predictors of political trouble.

CONCLUSIONS

Changes in land degradation and improvement since 1981

have been assessed by proxy using remotely sensed NDVI

translated into net primary productivity. This presents a

different picture from previous qualitative assessments of

land degradation that compounded current and historical

processes but NDVI/NPP is only a proxy—some elements

of land degradation and improvement, such as biodiversity,

are not captured by NPP.

In the period 1981–2021, 28.5% of land was degrad-

ing—most notably through megafires in boreal forests, land

clearance and cultivation in sub-Saharan Africa and the

East Indies, and bare ground across the steppes. The

degraded area was 4.5% greater than in 1981–2003 but

fewer people were affected—1.2 billion compared to 1.5

billion. Over the longer period, consistent policies on

sustainability increased biological productivity on 26% of

land (10.5% more than 1981–2003).

At the present time, political and financial support for

continuation of these policies is uncertain. But evidence-

based decision-making still needs evidence. Developing

any new policies will require quantitative data on the

extent and degree of active land degradation to show where

action is necessary.

Every line of Tables 3 and 4 tells a story but GIMMS

holds more, and more-detailed information; significant

variations within countries can be distinguished by regional

analysis and MODIS NPP can deliver this information at

the field scale.

It remains up to politicians to ask the right questions:

Where, exactly, is productivity better, or worse? And why?

That is to say: What are the proximal and underlying

causes? What can and should be done to solve the problems

or take advantage of the opportunities—in the short term

and in the longer term? Who is responsible? Is it me? And

to act upon the answers. Clearly, information is needed for

the appropriate recommendation domains which, in most

cases, will be nested within the national pictures that we

have presented; and at the landscape level, the defining

Fig. 6 Global NPP gains in the improving areas over 1981–2021
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roles of terrain, soils and drainage, strategy, and imple-

mentation can be incorporated.
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