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Abstract

Some vegetation patterns have aridity-dependent morphology'. On low-angle arid hillslopes, vegetation organises into bands which follow
topographic contours?. Terraces emerge with these bands due to vegetation’s drag on sediment-laden runoff®, creating a topographic signature of
life* diagnostic of precipitation rate®. Another widespread feature of arid environments is desert pavement, surficial pebbles that armour finer-
grained sediments, which is considered a hallmark of landscape stability®. Banding and pavement often co-occur”8, however their interaction has
not been studied. Here we show that vegetation-induced topographic terracing is stabilised by pavement development. In proximal field sites with
varying pavement coverage, we illustrate that pavements suppress seed germination and reduce sediment erosion between vegetation bands,
stabilising terrace morphology. Despite sites experiencing consistent contemporary precipitation, they exhibit relationships between terrace
morphology, topographic slope, and band spacing consistent with patterns formed under wetter conditions at sites with greater pavement
coverage, implying aridity has increased as pavements emerged. This suggests that pavements preserve terracing and spacing diagnostic of
paleoprecipitation. Because pavement age®, band spacing®, and topographic slopes are readily observable, we believe our study identifies a new
widespread paleo-precipitation proxy in arid environments where conventional alternatives are often unattainable®.

Main text

Periodic vegetation patterns are highly sensitive to climatic shifts>'". Banded vegetation appears as laterally continuous vegetated bands (or
‘groves’) separated by bare interbands (or ‘intergroves’) that extend along topographic contours on shallow hillslopes'? (Fig. 1, Extended Data
Fig. 1). Runoff-runon processes drive the persistence of these bands in which overland water flow runs off from highly impermeable interbands
and infiltrates into permeable, vegetated bands™. Observed upslope germination and downslope senescence (plant decay) are thought to be a
spatial depiction of the temporal upslope migration of bands™, and evidence of this phenomenon is mostly restricted to models'"". Gradients in
downslope sediment transport, produced by the overland flow that maintains the pattern, can generate a stepped terrace microtopography'® with
flatter, eroding interbands and steeper, depositional bands (Fig. 1g).
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Fig. 1: Study site and methodology. a, Location of Boolcoomatta Reserve within Australia (red dot). Representative interband surface images
of sites showing b, Moderate, ¢, High, and d, Low site desert pavement fractions. e, Satellite image of Boolcoomatta Reserve (black outline) with
the three study sites marked (colours as b-d). f, An example downslope path (blue, 16.2 m) from j on orthomosaic, defined from the top of an
interband (left) and finishing at the bottom of a band (right), and automatically defined band edges (white). g, Stacked median surface cover
fraction across normalised path length for all paths in the Moderate site. h, Normalised median downslope profile (black), for all paths in the
Moderate site, with red shaded area indicating the terracing metric. i, Probability density function (PDF) histogram of relief for paths in each site,
with sites coloured as in e. j, Example map of the Moderate site showing relative elevation (grey shading) and vegetation bands (translucent
green). Automatically defined downslope paths (only 1/20™ shown for clarity) coloured by path length. For a, e, f, and j, north is orientated upward.
Scale bars provided for b-e, i and j.
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Previous research has not considered the influence of desert pavement (or ‘gibber’; Fig. 1b-d)—widespread in arid regions® and thought to be a
hallmark of surface stability’®2?'—on band migration or terrace development in these systems. The production and distribution of these pebble-
sized clasts that mantle some interbands in a monolayer?? is poorly understood. Desert pavement is known to significantly alter soil surface
conditions in non-banded environments?®-%, and while this is likely also true for pavement in banded vegetation, no study has yet addressed these
implications with regard to the temporal development of these systems. Here, we present evidence demonstrating the influence of desert
pavements on banded vegetation development from three sites across Boolcoomatta Reserve with equivalent precipitation (Fig. 1a,e,j; Extended
Data Fig. 2-3; Methods M1). The reserve is located on Australia’s arid fringe, a region that has been subject to substantial climatic shifts during
glacial-interglacial cycles'®?728,

Banded vegetation morphology

Using UAV LIiDAR (Methods M2), we observe terracing associated with vegetation banding (Fig. 1g), and desert pavement forming in the
interbands of these systems (Fig. 1f; Extended Data Fig. 4; Methods M3). Desert pavement is most prevalent at the High site, moderately abundant
at the Moderate site, and largely absent at the Low site (Fig. 1b-d). The median relief of one wavelength of the pattern is 0.15 m, with the High
site exhibiting both the greatest variation and the largest values of path relief (Fig. 1h).

For constant slope, band spacing (Fig. 2a-c, Methods M4-5) and terracing (Fig. 2d-f, Methods M6) increase with interband desert pavement,
although the magnitude of this relationship differs between sites. The results also reveal substantial inter-site differences in band spacing and
terracing (Fig. 2g), where the High site supports banded vegetation with a narrower, flatter morphology compared to the Low and Moderate sites
which have wider bands with a more pronounced stepped topography. The Moderate site exhibits both the largest band spacing and terracing.

It is well understood that slope has an inverse relationship with band spacing®?° as overland flow becomes less efficient on lower slopes,
delivering less water to vegetated bands, a finding reflected in our results for constant interband pavement fraction. The presence of a desert
pavement mantle may produce a similar effect by increasing drag on overland flow®', thereby reducing the water reaching vegetated bands. This
would increase water residence time, and therefore infiltration in the interbands, forcing band spacing to widen to maintain vegetation.
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Fig. 2: Banded vegetation morphology as a function of slope and interband desert pavement fraction. Median a-c, band spacing and d-f, terracing
across slope and interband pavement fraction bins, for the three sites (columns; labelled above, with titles coloured as in Fig. 1). g, Scatterplot of
band spacing and terracing, showing the median value for paths within each pavement fraction and slope bin in a-f. Points are coloured by site
as above. h, Annotated median profile (black line) of the Moderate site for 35% + 5% interband desert pavement fraction and 0.625% + 0.125%
slope (2,371 paths). Median interband (brown) and band (green) width, band spacing (blue), relief (yellow), terracing (grey hatching), and slope
(purple dashed line) variables are indicated. For a-g, only bins containing more than 0.5% of all paths within that site are shown (Low: 67,065
paths; Moderate: 79,740 paths; High: 57,034 paths).

The effect of pavement on terracing is more complex. The positive relationship between terracing and pavement fraction may imply that terrace
formation accelerates pavement development, potentially via argillipedoturbation (or ‘shrink-swell’) processes®?® that lever clasts upward during
cyclic soil expansion and contraction (Extended Data Fig. 5). By reducing interband slopes and increasing water retention®, terraces likely intensify
the wetting-drying cycles that drive this vertical particle transport. However, the absence of deep cracking®® in interbands, observed within
vegetated bands (Extended Data Fig. 6), challenges this mechanism. Alternatively, erosion associated with terrace formation may lower interband
surfaces to reveal subsurface pebbles, exhuming the pavement rather than uplifting it®.

Terracing in banded vegetation is a measure of band persistence and stability*® generated by gradients in sediment flux®”-*, Analogous to a Froude
number transition, terrace morphology reflects the competition between the upslope ‘wave’ of vegetation band migration and the downslope ‘flow’
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of sediment. When these rates are near-equal, terraces remain small because vegetation cannot stabilise the sediment flux long enough to build
significant relief*®. Because we find that terrace relief increases with pavement cover (Fig. 2d-f), we infer that desert pavement has a stabilising
effect on banded vegetation systems, immobilising bands and allowing the accumulation of sediment in terraces®. However, we still see
differences between sites for constant pavement and slope.

Surface sediment characteristics

To explain these inter-site differences, we analysed surface sediment characteristics (Extended Data Fig. 3a-c, Methods M7), finding that non-
pavement near-surface sediment in the Moderate site interbands is coarser than that of the Low site (Fig. 3a). Unlike finer-grained sediment that
coheres to form hard surface crusts, this coarser sediment remains readily transportable by overland flow*’, thereby accelerating terrace
development. The coarser substrate also increases soil permeability, enhancing infiltration across the interband. This supports the wider band
spacing that we see in the Moderate site, exacerbated by the presence of the terraces themselves, which reduce both the interband slope and
overland flow capacity.

In contrast, because only a small fraction of the High site dataset falls within the lowest interband pavement fraction bin (Extended Data Fig. 7,
Extended Data Table 1), a direct comparison with the Low site is unfeasible. The High site overlaps more significantly with the Moderate site,
where sediment is marginally finer and less sorted (Fig. 3a). While these more permeable sediments should generate wider band spacing and
larger terraces in the Moderate site, we observe the opposite trend (Fig. 2g). We therefore suggest that the emergence of the pavement (Fig. 3b)
is the catalyst for this morphological disparity.
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Fig. 3: Surface sediment characteristics. a, Cumulative grain size distribution of interband surface sediment samples. Lines are coloured as in
b: Low (purple), Moderate (cyan), High (brown). b, Median desert pavement fraction across a normalised downslope profile where 0 is the upslope
margin of an interband and 1 is the downslope margin of a band. Annotations indicate the fraction of total valid site area (Extended Data Fig 3)
covered by desert pavement.

System stabilisation

Because terrace relief scales with desert pavement fraction, we surmise that the presence of pavement has a stabilising effect on the migration
of banded systems. Our results indicate that the fraction of vegetation growing within interbands is inversely related to the amount of interband
desert pavement (Fig. 4a; Extended Data Fig. 8). Several studies have shown that desert pavement armours the surface, creating xeric,
inhospitable environments for plant germination'*'~%. These surfaces have high bulk densities®>*4, reducing the rate and depth of infiltration?54!,
and creating a physical restriction to root penetration®. Additionally, these pavemented surfaces have low unsaturated hydraulic conductivity®s,
restricting the amount of water that can reach the surface by capillary rise. We therefore interpret that the inability of plants to germinate in
pavemented interbands stabilises these paved systems by halting upslope migration of bands, as pioneer species are no longer able to colonise
the lower interband®.
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Fig. 4: Interband surface cover relationships and modelled palaeoprecipitation. a, Median interband vegetation fraction as a function of
interband desert pavement fraction, calculated within pavement-fraction bins for each site (Low, Moderate, High). The dashed line demonstrates
the complementary cover relationship (vegetation fraction = 1 - pavement fraction). b, Modelled mean annual regional precipitation from five
climate models**~® spanning the last Pleistocene to the present (Methods M8). Points show model means for each time slice, vertical bars indicate
the interquartile range across monthly values.

As band spacing depends on precipitation—a drier environment forces the spacing to increase as a longer fetch is required to sustain the
vegetation in the bands'>**—this armouring effect may also prevent band spacing from adjusting to subsequent changes in precipitation. This
may explain why the band spacing in the High site is narrower than that of the Moderate site (Fig. 2g), despite the understanding that a higher
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desert pavement fraction should result in a wider spacing. Instead, once the pavement reaches a critical fraction, the extensive surface cover
impedes the ability of the vegetation bands to adjust to subsequent changes in regional precipitation, preserving a legacy configuration.

Terrace relief reflects the balance between band migration and downslope sediment transport, thus providing a proxy for pattern mobility. Applying
this framework to our results, we would expect to see large terraces in the High site where the sediment is most transportable (Fig. 3a), and the
pavement fraction is greatest (Fig. 3b), thus the pattern is the most stable. However, we find the opposite, suggesting instead that a sufficiently
high pavement mantle also influences sediment transport (Extended Data Fig. 9). This idea is supported by several studies determining that
pavement mantles reduce sediment transport through both a supply limitation®®®', by covering erodible grains, and a transport limitation®?, as
pebbles increase resistance to overland flow. Indeed, the presence of large terraces in the Moderate site (Fig. 2e), where there is less desert
pavement cover, may result from a combination of sediment transportability and desert pavement surface armouring. The lower pavement cover
fraction may reduce downslope sediment transport without fully inhibiting it. This partial stabilisation of band positions relative to sediment transport
could allow terraces to continue building over time, although the relative importance of these mechanisms remains unclear.

Evidence of aridification?

Given these findings, we propose that these systems may illustrate evidence of aridification. The narrower band spacing in the High site (Fig. 2)
suggests that the desert pavement mantle may have reached a stabilising cover fraction during a wetter climatic period, as more rainfall would
have been necessary to generate the observed band spacing'®. The Moderate site, partially stabilised by an intermediate cover of desert
pavement, likely reflects drier interim conditions, evidenced by the wider band spacing. However, it may retain some capacity to adapt to changes
in precipitation. The Low site by contrast, with minimal desert pavement, is theorised to be in equilibrium with the current regional precipitation
conditions, modulated by its finer sediment composition.

Testing this hypothesis remains challenging due to the lack of age constrains on when desert pavement reached a cover threshold sufficient to
stabilise the vegetation pattern, compounded by disagreements among selected coupled paleoclimate models (Fig. 4b). Obtaining absolute ages
for pavement emplacement in the landscape would assist in constraining which models accurately reflect the trend in precipitation. For example,
HadCM3 could be consistent if pavement development occurred in the High and Moderate sites sometime since ~15 ka, prior to the modelled
decline in precipitation.

In addition, a quantitative relationship between precipitation and band spacing is yet to be established®®. If such a relationship can be established,
alongside an evolutionary model for desert pavement cover, pavemented banded vegetation patterns may serve as a novel geomorphic archive
of paleoclimate in arid regions where conventional proxies are often absent. Furthermore, the presence of desert pavement preserves the
magnitude of terracing in the system, providing a signature of band migration prior to the pavement maturation. If dated, terraces may provide
insight into the duration of band stability and the rate of desert pavement development.

The findings help us understand the broader implications for how these arid landscapes evolve over time by providing clues about the
environmental factors that influence the pattern expression. This is essential for understanding climate dynamics and the history of human
occupation across Australia, as well as for conservation efforts aimed at preserving these striking ecosystems.

Methods
M1. Study area

Boolcoomatta Reserve is a 63,000-hectare conservation property in central-eastern South Australia (Fig. 1a), located on the traditional lands of
the Adnyamathanha & Wilyakali people, actively managed by Bush Heritage Australia. The reserve has an arid climate and receives an average
of 190 mm of annual precipitation, with substantial interannual variability®*. The geology is comprised of Precambrian igneous and metamorphic
bedrock, with eroding outcrops visible in places, overlain by sedimentary rocks from the Mesozoic and Tertiary periods®. At the surface, sub-sand-
sized sediments are interspersed with weathering-resistant quartz and iron oxide concretion pebbles which form the desert pavement®.

The landscape is dominated by extensive chenopod shrublands on low-angle slopes, associated with gilgai soils dissected by ephemeral drainage
channels®. These shrublands support the banded vegetation on the reserve. Three banded vegetation sites, Low, Moderate, and High, referring
to their bulk pavement fraction, were selected across the property to capture the variability in vegetation banding and desert pavement cover (Fig.
1b-e). The Low site has a consistent, shallow slope with wide band spacing, and a minimal pavement surface fraction. The Moderate site has
variable slope around dissecting ephemeral drainage channels, wide band spacing, and a moderate pavement surface fraction. The High site has
a consistent, steeper slope with narrow band spacing, and a high pavement surface fraction. Differences in the long-term rainfall between sites
are assumed negligible due to their proximity (Fig. 1e). The site boundaries were defined either by the extent of continuous vegetation bands or
by a maximum site size of 710,000 m?, constrained by drone flight time restrictions.

M2. Data collection

A DJI M350 drone flown over each study area at 8 m/s and 100 m altitude captured LiDAR and imagery data using a nadir-pointing Zenmuse L1
sensor in parallel paths. A digital terrain model (DTM) was produced using minimum-elevation LiDAR points with less than 10° azimuth at 0.5-m
resolution, and an RGB orthomosaic was produced at 2.5-cm resolution. All data was projected in EPSG 32754.

M3. Surface type classification

Typical RGB values for soil (open and bioturbated), vegetation (shrubs and herbs), gibber, and shadow were manually identified for each study
area orthomosaic. Each 2.5-cm wide pixel was then type-classified using minimum distance in RGB-space, then this raster was coarsened at 0.5-
m resolution to fractional-type, excluding shadows, aligned with the DTM (Extended Data Fig. 3).

M4. Band identification

Bands were identified by first computing pixels where the vegetation fraction smoothed (using FFT convolution with a circular kernel) at 5-m radius
exceeded that smoothed at 10-m radius. Connected regions smaller than 52r m?were removed, and only those where the 75" percentile vegetation
fraction exceeded 0.5 were retained as bands. Band boundaries were sampled at 0.5-m intervals, and boundary segments were classified as
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upslope or downslope edges based on whether the inward-pointing edge normal was within 90° of the local topographic dip direction (20-m radius
smoothed).

M5. Path identification

Paths were defined downslope along local 20-m radius smoothed dip between pairs of downslope band edges, where along-path length of band
and interband each exceed 2 m. Per band, paths were calculated every 0.5-m along downslope band edges. Properties such as surface cover
and elevation were then interpolated from rasters onto 400 equidistant steps along paths which cover one pattern wavelength (Fig. 1i).

M6. Terracing degree

The degree of terracing was defined as the integral of the absolute residual between the normalised topography profile and z/n=-x/L, where n is
the terrace relief over its wavelength L (Fig. 1g). This number therefore varies strictly between 0 and 1 but with a realistic maximum of 0.5.

M7. Sediment sampling

Sediment samples from <5-cm depth were collected from the midpoint of 3 interbands along a transect in each site (Extended Data Fig. 3a-c).
Samples were prepared using a sieve stack to remove organic matter, then soaked in a 3% sodium hexametaphosphate solution to deflocculate
grains. Samples were then stirred and passed through a 250-micron sieve to separate the fine and coarse fraction. The fine fraction was analysed
using a Camsizer X2 X-Flow module, while the coarse fraction was dried and analysed using a Camsizer X2 X-Fall module. All reasonable care
was taken to reduce the unintentional loss of dust as sediment was moved. The two grain size distributions were merged based on the initial mass
fraction of the fine and coarse subsamples.

M8. Climate model precipitation

Monthly precipitation predictions from the 4 CMIP6/PMIP4 Earth System Models (ESM) with data available across all 3 of the ‘historical®® (0 ka),
‘midHolocene’® (6 ka), and ‘lgm™7 (21 ka) scenarios (AWI-ESM-1-1-LR, MIROC-ES2L, INM-CM4-8, and MPI-ESM1-2-LR), and the HadCM3 ESM
for intervals over the last 120 ka*®, were averaged over a spatial region of 34°S-28°S and 136°E-144°E around the study area (larger due to model
resolution).

Data availability
Data during the review process is available here and will be provided with a DOI on acceptance.
Code availability
Code during the review process is available here and will be provided with a DOI on acceptance.
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Extended Data Fig. 1: Banded vegetation examples. Banded vegetation systems in a, the United States of America, b, Sudan, ¢, Ethiopia, and
d, Kazakhstan. Their locations are shown on a e, Képpen-Geiger climate map®’. Satellite images are from Google Earth Pro. North is orientated
upwards, scale bars are provided.
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Extended Data Fig. 2: Site maps with automatically identified downslope paths. Map of the a, Low site and b, High site, showing relative
elevation (grey shading) and vegetation bands (translucent green; Methods M4). Automatically defined downslope paths (only 1/20" shown for

clarity; Methods M5) coloured by path length. North is orientated upwards, scale bars provided.
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Extended Data Fig. 3: Site maps. a-c, Orthomosaic maps of each site (labelled above), gridded at 2.5-cm resolution (Methods M2). Soil sampling
transects are shown (yellow line; Methods M7). d-f, False colour surface cover maps of each site, gridded at 5-cm resolution (Methods M3), where
blue is vegetation, green is soil, and red is desert pavement. Valid survey region is shown in all panels (black outline). Scale bars provided for

each site (columns).
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Extended Data Fig. 4: Normalised median downslope profiles. a-c, Desert pavement fraction, d-f, vegetation fraction, and g-i, normalised
relief for the Low, Moderate, and High sites (columns, labelled above), binned by slope.
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Extended Data Fig. 5: Typical sub-surface sediment profile beneath a desert pavement surface. a and b, Images of exposed sediment
profiles with sub-surface pebbles labelled within the profile. A ruler is provided for scale in a, and a small axe (handle is ~45 cm in length) is
provided in b. ¢, Image showing the location and size of the profile from a, which was dug with a hand auger. d, Image showing the sub-surface
pebbles extracted from a. e, Image showing the location and size of the exposed profile from b, which was dug with a hand trowel. Both profiles
were dug in the middle of an interband in the Moderate site.
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Extended Data Fig. 6: Representative band (vegetated) and interband (unvegetated) surfaces. a, Image looking along a
perpendicular to the slope), from the High site. b, Image of the typical ground cover in a vegetated band. Vegetation is predominantly Atriplex and
Sclerolaena species, up to 30 cm in height. ¢, Image showing deep soil cracks visible on the surface within vegetated bands. d, Image of a typical
surface cover in an interband where desert pavement is present. e, Image showing typical shallow cracks in an interband. Surficial cracking was
observed in interbands where desert pavement is largely absent, and sometimes at the downslope margin of pavemented interband. Scale bars

are provided in b-e.
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Extended Data Fig. 7: Fraction of site datasets for slope and interband pavement fraction values. Plots are coloured by the percentage of
the total dataset that falls within a given slope and interband pavement fraction bin, for the a, Low site, b, Moderate site, and ¢, High site. Note
that these plots show the complete dataset however in Fig. 2a-f, only bins which represent more than 0.5% of the dataset are coloured.
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Extended Data Table 1: The fraction of downslope paths that contain less than 0.1% interband gibber fraction per site.

Site Total Number of Paths Paths with < 0.1% Interband Gibber Fraction Fraction of Dataset (%)

High 57,034 3,015 5.29
Moderate 79,740 36,245 45.45

Low 67,065 58,223 86.82
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Extended Data Fig. 8: Observational evidence of desert pavement inhibiting interband vegetation growth. a, A representative interband in
the High site covered with a desert pavement fraction, with no vegetation cover. b, A representative interband in the Low site where there is very
little desert pavement, showing a relative abundance of plants. Band spacing is approximately a, 10 m and b, 30 m, respectively. Both photos are

., £

taken looking downslope.
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Extended Data Fig. 9: A vertically exaggerated cross-sectional schematic representation of the expected terracing development,
dependent on slope, in banded vegetation sites. a, The expected development of a terracing profile in a site without desert pavement, for
bands that either migrate upslope slowly relative to downslope sediment transport or remain stationary, such as in the Low site. b, The expected
lack of terracing profile development in a site without desert pavement, for bands that migrate upslope rapidly relative to downslope sediment
transport. This migration is illustrated by the offset in band and interband positions in the upslope direction as the system progresses. ¢, The
expected development of a terracing profile in a site where the bands may have migrated upslope (evidence by relatively flat initial terracing
profile) but are now fixed in place due to the presence of desert pavement. The absence of substantial terracing development despite this
stabilisation (indicated by the red cross), as seen in the High site, suggests that desert pavement inhibits downslope sediment transport, preventing
terrace development.



