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Landscape diversity promotes landscape
functioning in North America
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Biodiversity–ecosystem functioning experiments have established generally positive species
richness-productivity relationships in plots of single ecosystem types, typically grassland or forest.
However, it remains unclear whether these �ndings apply in real-world landscapes that resemble a
heterogeneous mosaic of different ecosystem and plant types that interact through biotic and abiotic
processes. Here, we show that landscape-level diversity, measured as number of land-cover types
(different ecosystems) per 250×250 m, is positively related to landscape-wide remotely-sensed
primary production across all of North America, covering 16 of 18 ecoregions of Earth. At higher
landscape diversity, productivity was temporally more stable, and 20-year greening trends were
accelerated. These effects occurred independent of local species diversity, suggesting emergent
mechanisms at hitherto neglected levels of biological organization. Speci�cally, mechanisms related
to interactions among land-cover types unfold at the scale of entire landscapes, similar to, but not
necessarily resulting from, interactions between species within single ecosystems.

Hundreds of biodiversity–ecosystem functioning (BEF) experiments across
a vast range of experimental systems1 have provided broad evidence that
plant communities containing more species on average have higher levels of
ecosystem functioning, for example higher biomass production2–4. This
finding has raised concerns that the ongoing global loss of biodiversity could
impair ecosystem service delivery to humans5. Indeed, observational studies
have shown that, after accounting for environmental drivers of productivity,
ecosystem functions such as productivity are reduced when species diversity
is low6–8.

An important feature of real-world landscapes is their mosaic of dif-
ferent, spatially integrated ecosystem types (e.g., grasslands, forests, aquatic
ecosystems, urban areas). A consequence of this structural heterogeneity is
that the diversity present in such landscapes can vary at levels of organi-
zation not found in small experimental plots that each represent only a
single ecosystem type. First, species turnover occurs between ecosystems,
giving rise to higher landscape-level (γ) species diversity than found within
each component ecosystem (α-species diversity), and leading to complex
dispersal and extinction dynamics in such interconnected communities9.
Such meta-population10 and meta-community11 dynamics can promote
local species richness, which in turn could promote local and, therefore,

landscape-wide functioning. Second, there is evidence that ecosystems also
interact via abiotic exchanges, e.g., energy and matter (carbon, water, and
nutrients), which sometimes greatly modifies the functioning of
ecosystems12–15.

The need to study diversity–productivity relationships in the real-
world and at large scales is uncontested5,16–18. The few studies conducted at
correspondingly large scales mostly focused on the effects of species
diversity7,18. Here, we explored whether real-world landscape diversity—
landscape functioning (LD-LF) relationships also emerged at levels of bio-
logical organization higher than species15. Specifically, we were interested in
the effects of the diversity of land-cover (LC) types (a proxy for ecosystem-
type diversity) found in a landscape. Early indications for such effects ori-
ginate from a pilot study covering Switzerland19, but it is unclear whether
such effects are general and important across continents and biomes.
Analyzing a 20-year time series of satellite-sensed primary production
covering North America, we found that landscape-level productivity
increased with LCR and that productivity became temporally more stable.
We further found landscape productivity increases over the observation
period, and that this greening trend was accelerated in more LC-rich
landscapes. Finally, species inventory data suggested that the landscape
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diversity effects we report here occurred in addition to the positive effects of
local (α-)species richness.

Results and discussion
Decorrelation of environmental drivers from landscape diversity
To test the hypothesis that LCR benefits landscape-wide productivity, we
divided the entire continent of North America into 250 × 250 m entities
(hereafter referred to as “landscapes”) and derived their LC-type compo-
sition and richness (LCR) from 30-m-resolution LC maps. To isolate LCR
effects from effects of co-varying environmental conditions20,21, we sys-
tematically chose landscapes that formed a quasi-experimental set-up22. In
brief, we first blocked North America into 3° latitude × 6° longitude tiles and
further by climate (ecoregions sensu23) (Fig. 1), in analogy to randomized
plot-scale BEF experiments that use blocks to statistically absorb spatial
variation. We then constructed replicated LCR gradients within each block
(starting from a richness of one, a single LC-type landscape, to a maximum
of four LC-types in a landscape), using the LC types prevailing in that area.
In addition to grassland, shrubland, forest, and wetland, we also considered
urban and agricultural areas as LC types, given that real-world landscapes
contain anthropogenic elements that may also interact with their more
natural surroundings. Within each block, and for each pre-determined
LCC, we then used a stochastic optimization process (Methods) to select a
set of landscape plots for which LCR was decorrelated from abiotic factors
known to be related to productivity (Fig. 2). In this way, we are isolating the
effect of richness while keeping all else constant within each block. When we
could not obtain a full richness gradient with all these conditions met, we
removed individual LCs not replicated frequently enough in the mixtures
that were part of the gradient. If this did not help, we dropped the entire
block from the analysis.

Landscape productivity and stability increase with landscape
diversity
As a metric of landscape functioning, we determined productivity proxies
from 20-year time series (2000–2019) of a satellite-sensed vegetation index

[MODIS Enhanced Vegetation Index (EVI)24, 250-m resolution, see
Methods]. To account for productivity differences among ecoregions, we
calculated a standardized vegetation index (EVI’) by dividing EVI values by
themeanof all EVIdataof the respective ecoregion.We then integratedEVI’
values over the growing seasons (see “Methods”), yielding EVIgs’. EVIgs’
statistically significantly increased with LCR (Fig. 3a, F1,53 = 9.4, P = 0.003).
We then determined the net diversity effect (NE), i.e., the gain in EVIgs’ in
the LC mixture relative to the average EVIgs’ of the corresponding single-LC
landscapes25. Again, values of EVIgs’ in mixed landscapes significantly
exceeded the ones of single-LC landscapes (Fig. 3c, t49 = 9.3, P < 0.001), and
NE increased progressively with the number of LC types present in mixed
landscapes (Fig. 3b, F1,51 = 8.7, P = 0.005). Similar effects were detected for
growing-season peak and mean values of EVI’ (Table 1). We further found
that landscape productivity was temporally more stable in mixed LC-type
landscapes, evidenced in a larger inverse coefficient of inter-annual variation
in mixed landscapes (Fig. 3d, F1,54 = 9.5, P = 0.003, Table 1).

In our study, mixed LC landscapes had, on average, 4.2% higher EVIgs’
than single-LC landscapes. This effect may appear small compared to the
increases in primary productivity in the range of a few ten percent that often
are reported for traditional BEF experiments26. In these experiments,
communities are usually established with an equal initial density of species.
However, as communitiesdevelop, the relative abundance of species adjusts,
with typically a few plant species that dominate cover and drive high
community-level functioning after a few years27. A related phenomenon is
species that fail: these are included in the calculation of the monoculture
average, which serves as a reference when determining net biodiversity
effects, but in mixtures, the space and resources they originally used become
available to successful species that increase in abundance during the plot’s
‘internal’ community assembly28,29. Inour study, sucheffects couldnotoccur
because the area covered by each LC type was held constant in the land-
scapes, i.e. no landscape-level EVI gain could be achieved by an expansion of
the area covered by productive LC types. In this light, the net diversity effects
in EVIgs’ of up to 5.4% (which we found at the highest LCR levels of 4,
compared to single-LC landscapes) are highly conservative estimates and

Fig. 1 | Quasi-experimental study design. North
America was divided into blocks defined by the
combination of climate (ecoregions) and space (3˚

latitude × 6˚ longitude grid). In total, the study
design encompassed 298 blocks, with a total of
58,280 250×250 m landscape plots. These plots were
composed of six different land-cover (LC) types (A:
agriculture, F: forest, G: grassland, S: shrubland, U:
urban, and W: wetland), resulting in 56 unique LC
compositions. Thereby, gradients in land-cover type
richness (LCR) were constructed within each block
so that the different land covers were represented
equally at all levels of LCR (e.g., if a block containing
the LC types A, G, and U, the 2-LC mixtures AG,
AU, GU were included, and the 3-LC mixture AGU;
see Methods and Supplementary Table 1). Each LC
composition was replicated 20 times per block.
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compare to yield gains deemed important in application contexts such as
agriculture30–32.

Landscape diversity is associated with accelerated decadal-
scale greening trends
Over the 20-year observation period, all our measures of productivity
increased. For EVIgs’, the average gain across the entire study region
amounted to 8.7% (an increase from 2000 to 2019 based on linear model

predictions). This decadal trend varied among ecoregions and was generally
larger in cooler and higher-latitude areas than in warmer and lower-latitude
areas (Fig. 4a), in line with recent global analyses33–35. Importantly, we
detected a statistically significant positive effect of LCR on these trends
(F1,52 = 4.1, P = 0.048), i.e., the decadal increase in productivity was accel-
erated in mixedLC-type landscapes compared to single-LC-type landscapes
(Fig. 4b). This association of landscape diversity with more pronounced
signatures of global change on productivity resembles earlier finding that

Fig. 2 | Decorrelation of land-cover type diversity
from other potential drivers of productivity. To
avoid a statistical confounding of landscape diver-
sity, here measured as land-cover type richness
(LCR), with other potential drivers of productivity,
we used a stochastic subsampling technique that
minimized correlations between these (Methods).
The panels on the left show, in the full set of land-
scape plots, and for each block (Fig. 1), the correla-
tions of LCR with the altitude, the north gradient of
the slope, and the fraction of a landscape plot cov-
ered with a particular land-cover (only forest shown
here as an example). With such a quasi-
experimental study design and by probabilistic
subsampling we obtained a dataset where the cor-
relations of the landscape’s properties with LCR
were minimized. Histograms at the right of the
panels show the distribution of each variable.

Fig. 3 | Higher productivity in mixed LC-type
landscapes. Land-cover-type richness (LCR) effect
on a normalized growing-season-integrated pro-
ductivity (EVIgs’), b the net diversity effect (NE)
calculated as the difference between observed and
expected EVIgs’ in mixed landscapes, with (c) the
distribution of the NE{EVIgs’} values of each LC type
compositions shown as histogram, and (d) inverse
coefficient of inter-annual variation of EVIgs’

(CV-1{EVIgs’}). Black lines and areas shaded in blue:
model-predicted mean ± s.e.m; dots: averages for
each land-cover composition. See Table 1 for cor-
responding statistical significance tests.
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more species-rich landscapes—quantified as γ-diversity—show an accel-
erated growing-season lengthening8.

Landscapediversity effectsoccur independentof local α-species
diversity
The positive LC-type diversity–landscape functioning relationship we
found resembles the species diversity–ecosystem functioning relation-
ships reported from individual plot-scale experiments to a remarkable
extent, suggesting that similarly-shaped diversity effects also occur at
higher levels of biological organization. To test whether the LCR effects
found were caused indirectly by higher local species richness, we used a
separate dataset of landscapes that included tree-species inventory data
from the Forest Inventory and Analysis Database of the United States of
America (FIA)36. We adopted the same quasi-experimental design, but
due to the lower number of available replicates, we blocked landscape plots
at the level of ecoregions instead of the ecoregion × latitude/longitude tile
combination. Modeling the net diversity effect, we detected independent
positive effects of both local (α) tree-species richness (EVIgs’ F1,1.2 = 162.6,
P = 0.035) and of LCR (EVIgs’ F1,0.1 = 170.6, P = 0.035). Yet, tree-species
richness and LCR were not significantly correlated (Pearson’s product-
moment correlation r = 0.04, t268 = 0.6, P = 0.5). This indicates that tree
diversity promotes forest functioning, as has been demonstrated in
observational studies6,37. More importantly, it further suggests that addi-
tional effects independent of local tree-species richness support
landscape-level functioning. This demonstrates beyond species-level
diversity effects on landscape-wide ecosystem functioning across an entire
continent. Forests are the most productive LC type in our dataset and we
therefore consider it unlikely that the local species diversity of other
ecosystem types, which here were not available for analysis, would fun-
damentally change this conclusion.

Robustness of landscape diversity effects
Our study, while leveraging the benefits of systematic experimental designs,
remains observational by nature. We, therefore, challenged our findings in
several ways. First, to verify that our findings did not depend on the parti-
cular LC map we chose, we repeated all analyses with an independent
dataset constructed using a different 30-m resolution global LC map with a
different and coarser LC-type classification38. The results quantitatively and
qualitatively confirmed the benefits of LCR for all measures of productivity,
althougheffect sizes and significances varied to some extent (Supplementary
Fig. 1; Supplementary Table 2). Second, we tested whether our findings
depended on the presence of any particular LC type (Methods). To this end,
we dropped each individual LC type from our dataset using a jack-knife
approach and re-ran all analyses. Again, the results stayed consistent
(Table 2), with net diversity effects that remained statistically significantly
positive in all cases. Hence, this indicates that interactions among dissimilar
LC types, whatever the nature of the specific underlying mechanisms, add
up to higher functioning levels in landscapes with heterogeneous land cover,
and that this effect does not depend on a single particular LC type but is
spread across a wide set of LC combinations. To test whether specific LC
combinations were particularly beneficial, we compared the net diversity
effects of all 50 distinct LC mixtures present in our study. Indeed, these
differed (NE EVIgs’: F1,49 = 6.6, P < 0.001), with responses ranging from
neutral to positive, and none of the statistically significant effects being
negative (Fig. 5).

Potential mechanisms underpinning landscape diversity effects
Which mechanisms, in addition to the diversity of primary producers, could
promote the productivity of mixed LC landscapes? To date, this topic is not
well investigated in the frame of diversity–functioning research, but evi-
dence of beneficial interactions among different ecosystem types exists.

Table 1 | Landscape-diversity effects on landscape functioning

Productivity metric Effect of LCR NE > 0 Effect of LCR on NE Effect of LCR on CV−1

F-value P-value t-value P-value F-value P-value F-value P-value

EVIgs0 F1,53 = 9.4 0.003 t49 = 9.3 <0.001 F1,51 = 8.7 0.005 F1,54 = 9.5 0.003

EVI0 F1,54 = 8.3 0.006 t49 = 9.4 <0.001 F1,51 = 8.2 0.006 F1,54 = 9.5 0.003

EVImax0 F1,54 = 3.1 0.088 t49 = 7.6 <0.001 F1,53 = 5.1 0.027 F1,54 = 4.7 0.034

Measures of landscape productivity [normalized growing-season-integrated EVI (EVIgs’); average growing-season EVI (EVI0); peak EVI (EVImax’)] as a function of land-cover type richness (LCR), the net
diversity effect (NE) on productivity in mixed LC-type landscapes, the increase in NE with LCR, and the stability of productivity (CV−1) with LCR (Fig. 3). Bold indicates relationships statistically signi�cant
at P < 0.05.
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Fig. 4 | Decadal trends in productivity and their dependence on landscape
diversity. a 20-year trend (years 2000–2019) in growing-season-integrated EVI’
(EVIgs’) shown by ecoregion (see Fig. 1). b Net diversity effect on 20-year trend in

EVIgs’. Data are shown as modeled linear trends relative to model-predicted values
for the first year (2000). The gray areas represent the blocks that were dropped from
the analysis.
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