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Abstract
Background: Two approaches mark the difference between the “ecological” and “agricultural” view of the biodiversity/
growth relation. In ecology the trend is averaged by taking monocultures of all species as baseline to evaluate mixtures.
This contrasts the “agricultural” view focusing on the most productive species or species combination as baseline to
evaluate mixtures. The present study investigates the change of highest rates (maximum) productivities in grasslands
and forests with increasing plant (or tree) diversity, and compares these with the average response.
Methods: We base our analysis on existing published datasets relating the growth of plant stands (growth rate per
land area) to the diversity on the same plot. We use a global dataset (Ellis et al. 2012 and MODIS-data, see Fig. 1), the
grassland experiment in Jena (Buchmann et al. 2017), the regional study on forests in Romania and Germany by
Bouriaud et al. (2016), and data from the German National Forest inventory (BWI 3, see Fig. 3). In all cases the average
response of growth to changes in biodiversity as well as the boundary line of the maximum values was calculated.
Results: In both vegetation types a decreasing trend of maximum productivity with any added species emerges,
contrasting the average trend that was positive in grassland, but absent in forests. The trend of maximum values
was non-significant in grasslands probably due to the fact that not all combinations of species mixtures were available.
In temperate forests, maximum productivity decreases significantly by about 10% in regional studies and by 8%
at national scale with each added species. Maximum biomass per area was the same for managed and unmanaged
conditions. A global assessment of NPP and biodiversity could also not confirm a general positive biodiversityproductivity relationship.
Conclusions: Managed grasslands and forests reach highest productivity and volumes at low diversity. Also globally
we could not confirm a biodiversity effect on productivity. Despite this, for long-living organisms, such as trees, the
incentive for land managers exists to reduce the risk of failure due to climate extremes and diseases by taking a loss in
productivity into account and to actively maintain a mixture of species.
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Background
Mankind faces an increasing number of conflicting demands for maintaining global integrity. There is the need
for mitigating climate change, the demand for maintaining global diversity, and the necessity to supply an ever
increasing amount of biomass for human needs of food,
wood, energy and fiber. In this context, the observation
that biomass production can be increased by increasing
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plant diversity is highly important. Hector et al. (1999)
summarized the results from a European Grassland Experiment by the simple equation, namely that doubling
plant diversity increases biomass production of grasslands by 20%. However, despite an overwhelming confirmation of this observation from other ecosystems
(Scherer-Lorenzen in Schulze et al. 2017), the acceptance by land-users in agriculture and forestry remains
low. Monocultures remain the main source for food and
fiber worldwide perhaps of conflicting interpretations of
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Fig. 1 a Global map of diversity and of the genetic centers for agricultural crops (Hilger et al. 2015). b Global map of Net Primary Production,
NPP, in gC∙m−2∙yr.−1 (from Schulze et al. 2017, based on Cramer et al. 2001)

the same results, or because of practical reasons, since
maintaining diversity can be very work-demanding.
In the following we try to explore the basis for these
opposing views, namely the demand for increasing biomass production via diversity and the resilience by land-

users to discard monocultures. In this process, we
should be aware, that the relation between biomass production and diversity is not direct, but mediated by numerous parameters, including human management, and
by variations in site conditions. In an initial step we will
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evaluate global distributions of diversity and productivity
in order to re-inspect in a second step grassland and forest
experiments.

Methods
In this study we re-asses existing data by Bouriaud et al.
(2016), Buchmann et al. (2017), Schall et al. (2017) and
Liang et al. (2016) specifically in terms of biodiversity
effects. In the past, the productivity/diversity relations
were studied with a focus on the average change of
productivity with plant species numbers. In most cases,
an increase with diversity was observed and interpreted
by the effects of selection and complementarity (Loreau
and Hector 2001). However, Schmidt et al. (2008)
already pointed out that average (or 0.5 percentile) functions overestimate the diversity effects due to high numbers of monocultures in experimental assembles. In the
present study, we try to overcome the problems of nonnormal distributions of data, by inspecting the maximum
value or values of productivity at each level of species
number, and we compare this function with the average
diversity response. The statistical problem remains that
the sample size changes with the level of species number,
but taking the maximum values can avoid unwanted
effects of management on maximum productivity.
Results and Discussion
Global diversity and productivity

Despite of a general trend with higher plant diversity in
tropical and sub-tropical climates than in boreal zones,
Hilger et al. (2015) show that biodiversity is not uniformly
distributed in any climatic region (Fig. 1a). There are “hotspots” of diversity with unusually high species numbers,
mainly of endemic plant species. However, even in the tropics there are regions of plant diversity as low as in boreal
forest. In addition, there are genetic centers of origin
(Vavilov centers) for agricultural crops. It is of interest to
see, if the patterns, as observed by Hilger et al. (2015)
emerge in global maps of productivity. Taking the global
map of net primary production (NPP) of terrestrial ecosystems (Fig. 1b), the pattern of decreasing productivity
with latitude remains, but, the regions with highest productivity in South America and Africa do not match the
hotspots of diversity. Also, in the Mediterranean climate
and in the temperate zone, NPP distribution does not
match the diversity hotspots. The same discrepancy
between plant diversity and productivity emerges with
agricultural crops, which reach maximum rates in the
temperate zones (West et al. 2010). However, agricultural
cropping takes place on a different parcel of land than natural diversity, and can therefore not directly be compared.
The global patterns of diversity and NPP contain variations in numerous additional factors, such as soils,
water and nutrient supply, and elevation, which could

Page 3 of 8

dim the diversity effect, and increase the variation.
Thus, the relation between NPP and vascular plant diversity was investigated on 16,805 hexagonal grid cells
(pixels of ~ 7800 km2) for which the presently existing
plant diversity (anthropogenic species richness) has
been quantified (Ellis et al. 2012, Fig. 2). Diversity
ranges between 0 and about 5000 vascular plant species
per pixel, and the 10-year averages of mean annual
NPP, as measured by Modis (https://e4ftl01.cr.usgs.gov/
MOLT/MOD17A3.055/, accessed 27 July 2017), reach
2500 gC∙m−2∙yr.−1 (equivalent to about 50 t dry weight
ha−1∙yr.−1). The data show a higher density of datapoints at low diversity. Cumulatively, 90% of the species
number and about 90% of the total sum of NPP is
reached at about 60% of maximum local diversity. The
0.5 percentile dots indicate that following an initial increase with diversity NPP remains constant or even decrease beyond 2500 species per pixel. Diversity levels >
2500 species per pixel represent the global hotspots of
diversity (Additional file 1: Figure S1). Maximum NPP
(0.9 percentile dots) saturates at the same level of diversity. The variation of NPP at each level of diversity is
large, and increases with increasing species diversity. In
fact, the variation of the 0.9 percentile value gets almost
random at high diversity. Thus, high diversity does not
enhance NPP beyond a certain level, and the contribution of global diversity hotspots for the global total of
NPP appears to be low.
Obviously, the NPP-diversity relation is not linear
across the range of diversity, where the global distribution of diversity is left-skewed towards low diversity. The
increasing variation and the final decline of NPP with diversity may be explained by the fact, that many hotspots
are located in alpine and semi-arid regions.
The relation of NPP and global diversity does not allow
an assessment of the effects of a loss of species. The effect
on NPP may be detrimental, if a dominant species is lost
(e.g. Picea abies during forest decline by SO2 emissions).
In this case NPP may collapse despite high diversity at the
pixel level. On the contrary, if an auxiliary species is lost
(e.g. Ulmus ssp., by Duch elm disease) there may be no effect on NPP. Therefore, in the following we try to separately assess the NPP productivity relations for grasslands
and for forests at greater detail.
Grasslands

Grasslands have been the model system for studying the
relation between NPP and diversity. Experimental systems were established by Tilman et al. (1996), by Hector
et al. (1999), and by Weisser et al. (2017, the JenaExperiment) to avoid confounding effects of soils. Here
we take the data of Buchmann et al. (2017) because they
combine the data of the Jena-Experiment with data from
surrounding semi-natural grasslands in the same year
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Fig. 2 Relations between mean annual NPP (10-yr average of Modis) and “anthropogenic species richness”, which is the number of presently
existing vascular plant species per grid cell of ~ 7800 km2 (Ellis et al. 2012), including effects of human land use and land use change. The dots
show 10 species averages along the x-axis, and the 0.1 (green), 0.5 (blue) and 0.9 (brown) percentiles along the NPP y-axis. The closed lines show
the cumulative number of species as fraction of total species number (green line), and the cumulative NPP as fraction of total global NPP (yellow line)

(Fig. 3). Biomass is taken as measure for aboveground
NPP in grasslands.
The data-cloud shows a significant increase of average
biomass with increasing plant species number, explaining
21% of the variation. The increase is caused by a selection
and by a complementarity effect (Loreau and Hector
2001). However, there is a tendency for more data points
at low diversity (monoculture of each species as reference)
than at high diversity, which may affect the slope of the
NPP/diversity relation (Schmid et al. 2008). The analyses
of Buchmann et al. (2017) of the mechanisms of this positive relation shows that biomass-production via diversity
is mainly determined by the availability of nitrogen, where
nitrogen is supplied by legumes. In managed grasslands
nitrogen is added by fertilizer.
Neither the grassland experiments nor the ambient
semi-natural grasslands contain all possible species combinations. Therefore we try to assess the diversity effect
in a reverse approach, by viewing selectively the maximum rates at each density level, even though the problem exists that not all species combinations contain the
species of highest productivity (a kind of negative

Fig. 3 Relations between biomass in May 2013 and plant species
diversity in the Jena Experiment and semi-natural surrounding
grasslands. Biomass is taken as measure for aboveground NPP in
grasslands (Buchmann et al. 2017). The lower line and the lower
equation describes the average response based on all data-points,
while the upper line and equation describes the response of biomass
with plant species number of the 5 maximum values at 2, 10, 18, 27
and 32 species
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selection effect). The highest biomass values (5% percentile) shows decreasing biomass with diversity (r2 =
0.31), but the number of available data is too small to
be significant. The maximum biomass was observed at
10 species mixtures. Biomass of a single species in a 3
species mixture may be as high as the species mixture
of 17 and more species, as known from fertilized
meadows (Buchgraber and Grindl 2004). The data set
does not contain a high-yielding monoculture. The
average loss in maximum productivity is 0.5% loss with
each absent species, but it remains unclear, if the initial
response is linear. A positive effect of species mixtures
apparently remains at low species numbers, most likely
by over-yielding.
The two approaches mark the main difference between the “ecological” view of the average trend taking
monocultures of all species as baseline, and the “agricultural” view focusing on highest productivity. Also,
agriculturist would be interested to know, which features result in highest biomass production. We will not
evaluate the two approaches but point at genuine differences. In the case of the Jena-Experiment, the highest
NPP was reached by Onobrychis viciifolia (esparsette) as
dominant species with few additional subdominant species. Onobrychis also contributes to a large extent to the
high NPP at experimental species mixtures. It is a nitrogen fixing species. At the same time, it grows tall and
forms a dense canopy of sun-leaves that out-shade most
competitors. Obviously, maintaining high yielding grasslands with few species requires additional management
(Buchgraber and Grindl 2004).
Forests

Relations between forest growth and tree diversity are
difficult to assess because, in many studies only stand
volumes and not growth are documented, and the main
species of the canopy and not all species are recorded.
Therefore, we restrict our analysis to temperate zone
central European forests where all data are available.
The relation between stand growth and tree diversity
for a regional study in Romania and Germany (Bouriaud
et al. 2016) based on grid-based inventory of 1000 m2
plots in Picea abies and Fagus sylvatica-dominated forests shows for the average of all data no response of
growth with increasing tree species number (Fig. 4,
lower response line). However, there is a significant decrease of the maximum productivity with increasing tree
species number of about 10% with each additional tree
species (Fig. 4, upper response line). Since this is an observational study, the decrease could also be caused by
variations of site conditions with respect to nutrition
and water supply. Generally, in temperate Europe poor
site conditions have more open canopies and thus contain more species at lower productivity. The highest
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Fig. 4 Growth of managed age class coniferous and deciduous forest in
Thuringia, Germany, and Boisoara, Romanian as related to tree species
number (Bouriaud et al. 2016). The lower vertical line and equation
describes the average change of volume increment with tree species
number while the upper blue line and equation describes the change
of volume increment with tree diversity of the single highest value at
each level of diversity

observed productivity is a monoculture of Picea abies in
Germany at 30 m3∙ha−1∙yr.−1. Fagus sylvatica monocultures reach only 40% of the productivity achieved by
Picea. The second highest value of productivity is found
in a 3 species mixture with > 90% spruce and < 10%
Betula and Sorbus. The most productive mixture including Fagus and Picea is also a 3 species mixture with
Sorbus as additional species, but this mixture reaches
only about 60% of maximum productivity. Apparently,
the grid-based inventory shows various mixture effects
but no over-yielding. The closer inspection of the diversity effects indicates that the sheer number of tree species does not reflect the level of mixture, which may be
biologically important. The distribution of observations
in Fig. 4 shows a maximum with monocultures and an
exponentially decreasing number of plots with increasing tree species numbers. The observation of decreasing
productivity capacity with increasing mixtures is confirmed by a biodiversity experiment of Van der Plas et al.
(2016a) who compared European forest types and found
the highest levels of ecosystem functions related to production for monocultures of Picea abies. Also results
from long-term experimental plots similarly concluded
to a higher maximum productivity in monocultures of
Picea abies in deciduous temperate forests (Pretzsch,
2009). More generally though, tree species diversity can
promote the simultaneous delivery of multiple ecosystem functions. The so-called “Jack-of-all-trades” effect in
European forests generates a low level of functioning in
highly diverse forest stands (Van der Plas 2016b).
The observations at regional scale are confirmed by
the National Forest Inventory of Germany. There is no
effect of tree diversity on average tree volume increments, but the upper border line of the data shows a
steady decrease with tree diversity of about 8% (Fig. 5).
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Fig. 5 Growth of forests in Germany based on data from the National
Forest Inventory (BWI 3: https://www.forstwirtschaft-in-deutschland.de/
forstwirtschaft/bwi3/) encompassing 52,263 datasets. The lower vertical
line and equation describes the average change of volume increment
with tree species number while the upper blue line and equation
describes the change of volume increment with tree diversity of the
10 highest values at each level of diversity. Positive numbers indicate
an increase in stand volume over the repeated inventory over 10 years,
while negative numbers indicate a loss in stand volume, mainly
by harvest

Similar to the study at regional scale, increasing species
numbers are associated with site conditions, mainly
water limitations. The highest growth rate was reached
in monocultures of Picea abies.
The inventory study in a temperate European forest
reached 9 tree species per inventory plot as highest level
of tree diversity on 1000 m2 plots. We would expect that
this number would be higher in East Asia or North
America having higher regional tree diversity (Schulze et
al. 2015). In order to make sure that the tree species
number reached in Figs. 3 and 4 is representative, we analyzed the data of Schall et al. (2017) on 1 ha plots in
the same region of Germany, but confined to deciduous
forest (See Additional file 1: Figure S3). This study
reached 8 tree species as maximum tree diversity. Thus,
the small inventory plots and the relatively low level of
tree diversity are representative for European forests.
In the regional study and in the national inventory,
stand volumes reached highest levels with monocultures
of Picea abies (Fig. 6). In order to discard the possibility
that the highest volumes were only reached by management, we included data from Nera, an old National Park
in Romania (presently named as Semenik), for which only
volume data exist, and it can be seen that highest volumes
were reached also in the case of a national parks with
monocultures of Fagus sylvatica (Turcu 2012).
Apparently, in forests, tree diversity is maintained either by disturbances, including human management
(Reich et al. 2001; Schulze et al. 2009), or by open canopies when environmental conditions are limiting, and it
could be both, namely that NPP determines diversity
(Reich et al. 2001) or that species composition determines NPP (Schulze et al. 2009).
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Fig. 6 Stand volumes as related to species numbers in age class
forests of Picea and Fagus dominated stands in Germany, and of the
national Parks Hainich in Germany and Nera in Romania

Global biodiversity data

The most comprehensive assessment of growth and tree
diversity was made by Liang et al. (2016) who observe,
after filtering a large global dataset, that productivity increased with biodiversity (Fig. 7). The maximum rates of
growth are fairly low, when compared to the growth
rates shown in Fig. 5. The biodiversity/productivity relationship reached an asymptote at 8 m3∙ha−1∙yr.−1 which
is only 13% of the maximum shown in Fig. 5 for temperate forest. Figure 7 also includes managed monocultures
of specific high yielding species growing in temperate
and tropical climates. These monocultures reach growth
rates which are far beyond the growth level of the most
diverse natural stands, and which are higher than the
maximum rates of managed forests in Europe. In fact,
these data indicate that the natural vegetation of Europe,
which assembled more or less by chance after the Pleistocene, has not reached its growth potential.
It is of interest to note that the full dataset of Liang et
al. (2016) shows a distinct peak at low and at intermediate diversity (see Additional file 1: Figure S2). The full
dataset apparently contains a mixture of volumes and
growth rates and thus remains difficult to interpret.
Nevertheless, it remains interesting to see that an envelope function (of volumes) would decline with diversity,
indicating reduced stand growth with increasing diversity. There appears to be a second lower peak at intermediate diversity.

Conclusions
The data indicate that the maximum growth rate of specific monocultures and mixtures is higher than the average diversity effect on productivity. This may be taken as
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Estimates of the cost of losses of species cannot be
based on the average growth/biodiversity function, neither at global nor at local scale, but must contain the
fact, that management will select the most productive
species or species combination, which produce biomass
beyond the level of the growth/biodiversity function.
This study does not intend to clarify the ultimate
causes for correlations between NPP and biodiversity or
NPP and biodiversity, but to point out that by management NPP can be increased beyond the level offered by
natural mixtures of species.

Additional file
Additional file 1: Figure S1. Distribution of areas with plant species
diversity > 2500/pixel, matching the global diversity hotspots. Figure S2.
Volume growth versus tree diversity on 1 ha plots of Fagus sylvatica in
Thuringia, Germany (Schall et al. 2017). Figure S3. Full dataset of the
Liang et al. (2016) database of productivity (P) and tree species richness
(S), and the extracted productivity/diversity relationship. The very large
values of P indicate that these data may be stand volumes rather than
growth rates. The analysis of Liang et al. is driven by a very large number
of plots of low productivity at low diversity. (ZIP 667 kb)

Fig. 7 Forest productivity as related to tree species richness based
on a global survey (Liang et al. 2016) and productivity of a selection
of fast growing monocultures (Liang et al. 2016, supplement)

the main incentive of land-users to using monocultures.
In forests the loss in maximum productivity is about
10% for each added species, and this is less than the potential gain of average productivity in a random mixture.
Highly productive monoculture-trees are also very
strong competitors (e.g. Picea and Fagus) and keeping
admixture species alive requires frequent interventions
by management.
Food industry and bio-economy are additional strong
drivers for monocultures because of a demand for a uniform supply of substrate wanted for uniform products.
This is even true for forestry, where saw mills are specialized to use specific tree species only. Thus, from the
economic side there are few incentives to promote species mixtures.
Opposite to the incentives for monocultures in managed
systems, there are also ecological incentives for species
mixtures, especially in long-lived forests. A mixture of
species results in reduced risk against environmental
extreme events (wind-throw) and diseases (insects). It also
buffers the temporal variations of climate on productivity
(Jucker et al. 2014; Isbell et al. 2015). Thus, in temperate
forests, a species mixture is anticipated in modern forestry, but the level of mixture is generally low.
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