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The invasion of woody vegetation into deserts, grasslands and
savannas is generally thought to lead to an increase in the amount
of carbon stored in those ecosystems. For this reason, shrub and
forest expansion (for example, into grasslands) is also suggested
to be a substantial, if uncertain, component of the terrestrial
carbon sink1–14. Here we investigate woody plant invasion along a
precipitation gradient (200 to 1,100 mm yr21) by comparing
carbon and nitrogen budgets and soil d13C profiles between six
pairs of adjacent grasslands, in which one of each pair was
invaded by woody species 30 to 100 years ago. We found a clear
negative relationship between precipitation and changes in soil
organic carbon and nitrogen content when grasslands were
invaded by woody vegetation, with drier sites gaining, and wetter
sites losing, soil organic carbon. Losses of soil organic carbon at
the wetter sites were substantial enough to offset increases in
plant biomass carbon, suggesting that current land-based assess-
ments may overestimate carbon sinks. Assessments relying on
carbon stored from woody plant invasions to balance emissions
may therefore be incorrect.

One-third to one-half of the Earth’s land surface has been
transformed by human action2,4. Many continuing transformations
exchange woody and herbaceous plants15–18, including deforesta-
tion, desertification, and woody plant invasion (the expansion of
woody species into grasslands and savannas). Shifting dominance
among herbaceous and woody vegetation alters primary pro-
duction, plant allocation, rooting depth and soil faunal commu-
nities, potentially metres underground15,18, in turn affecting
nutrient cycling and carbon storage19,20. The two carbon pools
most likely to change are woody plant biomass and soil organic
matter, the dominant pool of carbon and nitrogen in grasslands10,20–

23. New woody biomass stores carbon in amounts that depend on
the age, productivity and density of the stand. Changes in soil
organic carbon (SOC) over the entire rooting zone are much harder
to predict, and have the potential to enhance or offset biomass
carbon gains, complicating projections of ecosystem carbon
storage.

On the basis of a global analysis of more than 2,700 SOC
profiles20, we examined where increased biomass C in woody plants
might be offset by SOC losses (see Methods). Across the global data
set, the slope of the relationship between SOC and precipitation was
2.6 times higher for grassland vegetation than for shrublands/
woodlands (P ¼ 0.001; see Supplementary Information). Whereas
grassland SOC was statistically indistinguishable from values for
woody plants at 200 mm mean annual precipitation, woodlands had
43% less total SOC than grasslands at 1,000 mm (P , 0.01).
Although suggestive, this analysis lacked a direct test of vegetation
change independent of other covarying factors, including soil
properties. So we also examined the direct effect of vegetation
change at six paired grassland and invaded woody sites along a
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rainfall gradient in the southwestern USA (see Methods), testing
relationships of biomass C gains and SOC losses for such common
native woody invaders as Prosopis (mesquite), Larrea (creosote) and
Juniperus (juniper) spp. (Table 1).

Along the precipitation gradient, woody plant invasion increased
contents of SOC and soil organic nitrogen (SON) at the drier sites,
and decreased them at the wetter sites (Fig. 1, Table 2). Jornada
gained approximately one-quarter of total SOC after woody plant
invasion (9 Mg ha21), but the two wettest sites lost one-fifth to
almost one-half of total SOC (Table 2). Differential changes along
the gradient resulted in a clear linear decline for the amounts of SOC
and SON in the top 3 m of soil after conversion to woody plants
(Fig. 2; P # 0.01 for both). Absolute changes in SOC and SON were
also greater at the wetter sites; whereas none of the three desert sites
gained more than 13 Mg ha21 of SOC, the three wetter sites lost
about 8, 32 and 61 Mg ha21 (or about 0.25–0.8 Mg C ha21 yr21;
Tables 1 and 2). The close agreement between the loss of SOC at
Engeling (a 44% reduction in SOC at 1,070 mm precipitation) and
the database prediction (43% reduction in SOC at 1,000 mm

precipitation) is notable.
SOC and SON were also more deeply distributed at the woody

sites. Compared to the top metre of soil, there was 60% as much
SOC at 1 to 3 m depth in the woodlands but only 40% in the
grasslands (Table 2). Riesel lost 65 Mg C ha21 and 3.9 Mg N ha21

with woody plant invasion in the top metre of soil, but gained C and
N slightly from 1 to 3 m depth; the CPER shrubland had 50% more
SOC and SON between 1 and 3 m, but one-fifth less from 0 to 1 m
compared to the grassland (Table 2).

Total ecosystem C stocks shifted both in size and in distribution
above and below ground. Plant biomass C increased with woody
plant invasion at all sites (0.3–44 Mg C ha21), but the changes were
smaller than for SOC at five of them (Table 2). The most notable
shift in C from below-ground to above-ground pools was at the
wettest site, Engeling, where 44 Mg C ha21 of new plant C offset the
SOC loss of 32 Mg ha21 in the ,40 years since juniper invasion.
Such shifts make C stocks more vulnerable to loss from fire, biomass
harvesting and other disturbances. The biggest total change in C
storage was for the Riesel tallgrass prairie site. There, a slight
increase in plant biomass C was an order of magnitude smaller
than SOC losses, resulting in a net loss of 56 Mg C ha21 (Table 2).
Total changes in ecosystem C pools at the other sites were more
modest (23 to 13 Mg C ha21; Table 2).

Table 1 Descriptions and comparisons of the six study sites

Site Location MAP* Age† Mean 95% Nematodes Mean depth of
(8N, 8W) (mm) (yr) rooting depth‡ (m) max. depth‡§ (m) Sr uptake‡k (m)

...................................................................................................................................................................................................................................................................................................................................................................

Jornada, NM 32.5, 106.8 230 .50 1.7, 5.4 1.8, 0.6 2.8, .3.0
Sevilleta, NM 34.3, 106.7 277 40 0.6, 2.0 0.6, 7.4 1.9, ,1.2
CPER, CO 40.9, 104.7 322 .50 0.9, 4.0 2.5, 3.7 0.2, 1.4
Vernon, TX 33.9, 99.4 660 30 0.9, 5.8 4.3, 4.3 0.2, 0.1
Riesel, TX 31.5, 96.9 840 75–100 0.8, 2.8 1.8, 6.8 0.1, 2.4
Engeling, TX 31.9, 95.9 1,070 40 3.3, 2.5 1.2, 1.2 NA
...................................................................................................................................................................................................................................................................................................................................................................

*Mean annual precipitation.
†Approximate age of the woody stands at each site.
‡Values given are for grasslands, woodlands.
§Maximum depth of soil nematode occurrence at each site.
k Integrated depth of soil Sr uptake (87Sr/86Sr ratios; see Methods and Supplementary Information). NA, not available.

Figure 1 Concentrations of total soil organic carbon with depth. Data are shown for six

paired grassland (filled circles) and woody sites (open circles) along the precipitation

gradient (mean ^ s.e.; n ¼ 3–8). The panels are arranged from driest on the left to

wettest on the right (analogous to the west-to-east precipitation gradient). The insets

present the data for the top 1.5 m of soil at higher resolution. See Methods and Table 1 for

additional information.

Figure 2 The proportional change in total soil organic carbon (a) and nitrogen (b) to 3 m

depth with woody plant invasion of native grasslands. Values .1 are for those sites that

gained soil organic carbon (SOC) and soil organic nitrogen (SON) after woody plant

invasion, and values ,1 denote a loss. See Table 1 for the key to the sites, mean annual

precipitation, and the woody species.
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Examining in more detail the wetter sites where the greatest shifts
occurred, we found that changes in C isotope signatures (Fig. 3) and
N concentrations (see Supplementary Information) mirrored those
for SOC pools (Fig. 1). The d13C data, reflecting differences in the
photosynthetic pathway of C fixation for C3 woody species and C4

grasses17, show that the differences observed for grasslands and
shrublands were not simply the result of losses of original SOC: new
SOC was clearly incorporated into the system (Fig. 3). Using the
assumptions of a two-layer mixing model (see Methods), ,57% of
the SOC in the Engeling woodland came from the juniper trees in
the ,40 years since invasion, with 43% of SOC in the woodland
attributable to the original grassland SOC. At Riesel, about 20% of
the SOC in the mesquite stand was attributable to the trees (Fig. 3).

Rooting depths, nematode distributions, and the integrated
depth of soil cation uptake all changed substantially with woody
plant invasion (Table 1). Mean 95% rooting depths were .2 m
deeper on average for the woody vegetation at the six paired sites
(P # 0.01), with increases of 3 to 4 m at Jornada, CPER and Vernon.
Only Engeling showed no evidence of increased rooting depths with
invasion. We also examined the representative soil biota most
closely dependent on roots as indicator taxa—parasitic nematodes
and nematodes feeding on rhizosphere bacteria and fungi. Their
maximum depth of occurrence increased from 2.1 m on average in
grasslands to 4.0 m for the woody sites (Table 1), and the compo-
sition of the nematode food web at this depth was markedly reduced
from five trophic groups to two (bacterial- and root-feeding
nematodes). Invaded woody sites also had lower species richness,

26 compared with 31 taxa, with the difference primarily due to the
loss of root-feeding species. These responses of the nematode
community to plant invasions are similar to changes in the soil
food web with other disturbances, such as conversion to agriculture,
that can alter rates of herbivory and decomposition24.

We estimated the integrated depth of nutrient uptake using
natural isotopes of Sr, an element geochemically similar to Ca
(ref. 25) that is taken up by the same transporters in plants and
undergoes negligible biological fractionation. Sr isotope ratios of
the grasses at the wetter sites closely matched soil signatures in the
shallowest layers, but at the two driest grasslands the integrated
depth of uptake was a surprising 2 to 3 m (Table 1; see Supplemen-
tary Information). Just as importantly, woody plant invasion
increased the depth of Sr uptake at three sites by as much as 2 m
(Table 1).

Our global database analysis and fieldwork both suggest an
important role for precipitation in understanding the consequences
of desertification and woody plant invasions. Nonetheless, the
database also showed significant unexplained variation in SOC
storage. Many biotic and abiotic factors determine SOC sto-
rage13,20,26,27. Soil factors can influence SOC concentrations and
the occurrence of woody encroachment28. In a south Texas savanna,
for example, soil texture and the presence of an argillic horizon
strongly influence where Prosopis establishes28. The condition and
productivity of grasslands before invasion are also important.
Relatively wet grasslands are often highly productive, allocating a
large proportion of C below ground, and have high SOC concen-
trations13,20,23. An analysis of 115 studies concluded that sites
originally dominated by woodlands showed the greatest potential
of all biomes for storing C as managed pastures29, in part because of
high grassland productivity and below-ground allocation there. A
similar meta-analysis of land conversion from managed pastures to
plantations in New Zealand also documented soil carbon losses13.
Historical factors and disturbance, including erosion and fire
frequency, play additional roles26,27. Modelling simulations of the
Prosopis savanna mentioned above28 suggest that one-fifth of SOC
could be lost with grazing before woody plant invasion. Of these
many potential factors, our experimental design isolated the role of
vegetation change for C storage and ecosystem functioning in the
absence of background differences in soils.

Potential C storage in plant biomass is common as woody plants
invade grasslands. Nonetheless, current uncertainties for net
changes in C stocks are large, as are the uncertainties in regional
extrapolations of woody plant invasions11,12. Recent analyses have
nevertheless concluded that the US carbon budget is approximately
balanced11. Our data suggest that this conclusion may be premature.

Table 2 Soil organic C and N to 3 m depth and total changes in C pools after woody plant invasion

Soil organic carbon (Mg ha21) Soil organic nitrogen (Mg ha21)
Net D C (Mg ha21)

Site Depth Grassland Shrub- or woodland Change (%) Grassland Shrub- or woodland Change (%)
...................................................................................................................................................................................................................................................................................................................................................................

Jornada 0–1 m 24.6 32.9 þ33% 3.2 3.8 þ21% Soil 8.7
1–3 m 9.2 9.6 þ5% 1.3 1.3 þ6% Plant 1.4
0–3 m* 33.8 42.5 þ26% 4.4 5.2 þ16% Total 10.1

Sevilleta 0–1 m 38.0 38.0 0% 4.8 4.7 24% Soil 1.4
1–3 m 14.6 16.0 þ10% 1.5 1.5 þ4% Plant 0.4
0–3 m* 52.6 54.0 þ3% 6.3 6.2 22% Total 1.8

CPER 0–1 m 89.3 70.8 221% 10.5 7.6 227% Soil 12.8
1–3 m 60.8 92.1 þ52% 6.2 9.6 þ55% Plant 0.3
0–3 m* 150 163 þ9% 16.7 17.3 þ3% Total 13.1

Vernon 0–1 m 72.4 65.0 210% 9.4 8.4 211% Soil 27.6
1–3 m 13.7 13.5 21% 5.4 5.2 24% Plant 4.7
0–3 m* 86.1 78.5 29% 14.8 13.6 28% Total 22.9

Riesel 0–1 m 229 164 228% 20.2 16.4 219% Soil 261.4
1–3 m 48.4 51.9 þ 7% 6.2 7.4 þ19% Plant 5.3
0–3 m* 278 216 222% 26.4 23.7 210% Total 256.1

Engeling 0–1 m 47.9 20.7 257% 4.0 1.6 259% Soil 232.2
1–3 m 26.0 21.0 220% 2.9 2.8 25% Plant 44.4
0–3 m* 73.9 41.7 244% 6.9 4.4 237% Total 12.2

...................................................................................................................................................................................................................................................................................................................................................................

*Values of SOC and SON for 0–3 m depth are the sum of the respective values at 0–1 and 1–3 m depth.

Figure 3 d13C values of soil organic carbon for the three wettest sites—Vernon, Riesel

and Engeling. See Methods and Table 1 for additional information. Reference standard is

Pee Dee Belemnite (V-PDB).
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On the basis of the database analysis presented here and on the
observed losses of SOC in the wetter grasslands, further field studies
and modelling integration will be needed to evaluate the net
effects of woody plant invasions for the C cycle and to close the C
budget. A

Methods
Database analysis
The global analysis of the variation of SOC with precipitation was derived from the
National Soil Characterization Database of the USDA and the World Inventory of Soil
Emission Potential Database of the International Soil Reference and Information Centre
(see ref. 20). Mean annual precipitation for each location was obtained with a resolution of
0.58 £ 0.58 from the International Institute for Applied Systems Analysis. The analysis
considered soils to 1-m depth (insufficient data existed for deeper depths) at all sites with
,1,000 mm mean annual precipitation except Histosols (for example, organic soils in
bogs and marshes) and Udi/Ustipsamments (dune soils). Herbaceous-dominated
communities excluding riparian meadows and tundra were considered grasslands, and
woodland, brush, chaparral, scrub, shrub steppe, or shrub desert communities were
considered woody sites. The final regression statistics for SOC (kg C m22) with mean
annual precipitation (mm) were as follows. Grasslands: y intercept, 3.253; slope, 0.0152;
r 2 ¼ 0.33; P , 0.001; n ¼ 75. Woody vegetation: y intercept, 4.629; slope, 0.00595;
r 2 ¼ 0.12; P , 0.001; n ¼ 167 (see Supplementary Information). Because many factors
change or are correlated with rainfall, this analysis merely suggested a strong interaction
with precipitation.

Experimental design and soil sampling
Field measurements were made in adjacent communities at the six locations in Table 1.
The 200,000-ha Waggoner ranch is the long-term research site for the Vernon, Texas,
Research Station of Texas A&M University. The Riesel site maintained by the USDA/
Agriculture Research Service, and the Gus Engeling Wildlife Management Area operated
by the Texas Parks and Wildlife Department, have been maintained by these agencies for
.50 years. The other sites are part of the international Long Term Ecological Research
(LTER) network. On the basis of aerial photographs and additional records, the youngest
age of the woody stands was 30 to 40 years (Sevilleta, Vernon and Engeling). The dominant
grasses at each site were Bouteloua eriopoda at Jornada and Sevilleta, Bouteloua gracilis at
CPER, Stipa sp. at Vernon, Schizachyrium scoparium at Riesel, and Andropogon sp. at
Engeling.

Each site contained adjacent grassland and shrub/woodland communities where
management practices have contributed to woody plant expansion into native
grasslands on one side of a fence. The goal of this paired experimental design was to
compare the effects of herbaceous and woody communities without initial differences in
soil properties. The one site where initial differences may have existed was the Shortgrass
Steppe LTER (CPER), as revealed by the background soil profiles of Sr isotopes (see
Supplementary Information).

In each of the two communities per site, four to nine 6-cm-diameter cores were taken
with an environmental drilling rig to 10-m depth. The cores were extracted between May
and October 1997 (the approximate time of peak biomass at each site) in 61-cm
increments, and were subsequently air-dried and passed through a 2-mm sieve, where
roots were extracted and quantified. To remove soil inorganic C (present in a subset of
samples at all sites except Engeling), soil samples were treated with 1 N H2SO4/5% FeSO4

and double-checked for complete inorganic C removal. Total SOC and N were measured
as in ref. 30 using a CE Instruments NC 2100 elemental analyser (ThermoQuest Italia),
with a subset of measurements confirmed independently. The d13C SOC measurements
were run on a Finnigan MAT DeltaPlusXL mass spectrometer at Duke University. The
grasslands generally had a mixture of C3 and C4 species, so the grassland d13C signatures
were used as one end of a two-layer mixing model for the approximate calculations of C
derived from the woody plants after invasion. The shrubs were estimated to have a d13C
signature of 226‰, typical for C3 plants. Total SOC and N concentrations were converted
to ecosystem estimates using the bulk density at each depth and correcting for the presence
of any rocks (.2 mm) (see Supplementary Information). To help address any spatial
heterogeneity and to supplement data from the deep cores, 25-cm-diameter soil pits were
dug to 50-cm depth randomly in each community (n $ 4 per community). The soil
subsamples for nematodes were sent immediately to Colorado State University for
analysis24. Sr isotope analyses of soil and plant material were determined at the University
of Texas at Austin using a Finnigan-MAT 261 thermal ionization mass spectrometer in
automated, dynamic multi-collection mode (see Supplementary Information).

Proportional changes in total SOC and SON to 3-m depth with woody plant invasion
(Fig. 2) were analysed by regression (n ¼ 6), using precipitation as the dependent variable.
Other statistical determinations were calculated by paired t-test.

Plant biomass C
Herbaceous biomass in grassland communities was estimated by harvesting all material in
random 0.5 m £ 0.5 m plots (n $ 4 per community). Live and dead standing biomass
were separated, oven dried, weighed, and converted to biomass C. At the drier end of the
precipitation gradient, significant herbaceous biomass also occurred in the shrubland
communities. There, four under-canopy and four open positions were randomly selected
for 0.5 m £ 0.5 m herbaceous harvest plots. The proportions of under-canopy and open
positions were estimated using three randomly located 60-m Canfield transects per
community, with mean herbaceous biomass adjusted by the proportional cover of each
position. For woody plant biomass, the density of plants was determined in each of three

random 10 m £ 20 m plots per community, with plant biomass harvested in each plot.
Wood and leaf samples were separated, oven dried, weighed, and converted from total
biomass to biomass C. Fine root biomass estimates were obtained from the soil cores after
sieving, drying and ashing the root samples. Large woody roots (.1 cm diameter) were the
only C pool not quantified in this study.
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