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Abstract
1. Plant below-ground organs perform essential functions, including water and
nutrient uptake, anchorage, vegetative reproduction and recruitment of mutualistic soil microbiota. Recently, multivariate analyses showed that root traits of
species can largely be linked to a ‘conservation’ and a ‘collaboration’ gradient.
Here, we tested whether this species-level bidimensional below-ground trait
space also exists at the community level in grasslands. Furthermore, we tested
whether the position of grassland communities in below-ground trait space relates to environmental variables.
2. For a total of 313 species, we collected data on eight below-ground traits in
greenhouse and common garden experiments and supplemented it with data on
bud-bank size and specific leaf area from databases. We calculated community
weighted means (CWMs) of these 10 traits for 150 temperate grassland plots
to investigate below-ground plant-trait dimensionality and its variation along 10
soil and land-use parameters.
3. Using PCA, we found that about 55% of variance in CWMs was explained by two
main dimensions, corresponding to a mycorrhizal ‘collaboration’ and a resource
‘conservation’ gradient. Frequently overlooked traits such as rooting depth, bud-
bank size and root-branching intensity were largely integrated in this trait space.
The two plant-strategy gradients were partially dependent on each other, with
communities that do ‘outsourcing’ of resource uptake to mycorrhizal fungi along
the collaboration gradient also being more ‘slow’ along the conservation gradient. (i.e. high root tissue density and high root weight ratio). ‘Outsourcing’ communities were also more often deep rooting and associated with soil parameters,
such as low moisture and sand content, high topsoil pH, high C:N and low δ15N.
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‘Slow’ communities had large bud banks and were associated with low land-use
intensity, high topsoil pH and low nitrate but high ammonium concentration in
the soil. Surprisingly, we did not find an association of phosphorus availability
with the mycorrhizal ‘collaboration’ gradient.
4. Synthesis. The ‘collaboration’ and ‘conservation’ gradients previously identified
among species scale up to the community level in grasslands, encompass more
traits than previously described, and vary with the environment.
KEYWORDS

bud-bank traits, environmental filtering, land-use, mycorrhiza, nitrogen, phosphorus, plant
economics spectrum, root traits
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I NTRO D U C TI O N

et al., 2013), while variation therein seems to be independent from
collaboration and conservation strategies (Díaz et al., 2016; Weigelt

Plant traits are of major interest as they determine plant function-

et al., 2021). On the one hand, herbaceous species with superfi-

ing (Solbrig, 1993), covary with environmental conditions (Garnier

cial root systems, such as crops growing on highly fertile topsoils

et al., 2016), and influence ecosystem functions (de Bello et al., 2010;

(Thorup-Kristensen et al., 2020) are considered to have a ‘fast’ strat-

Hanisch et al., 2020). Nevertheless, traits frequently have low pre-

egy. On the other hand, as species with deep roots are able to take

dictive power (Klimešová et al., 2016; van der Plas et al., 2020), be-

up nutrients and water from deeper soil layers, those species might

cause there is limited understanding of which and how many traits

also have a ‘fast’ strategy (Figure 1a). Further integration of these

are needed in ecological studies (Shipley et al., 2016). An important

root traits in the below-ground trait space is needed for a compre-

step forward has been the grouping of multiple traits into a limited

hensive understanding of the plant–soil interface.

number of syndromes, with continuous variation in the form of

Below-ground organs other than roots add another layer of

plant-strategy gradients (Bergmann et al., 2020; Chave et al., 2009;

complexity in terms of form and function to the plant-trait space.

Díaz et al., 2016; Klimešová, Martínková, & Herben, 2018; Pierce

Rhizomes, root buds and tubers play important roles in storage and

et al., 2013; Roddy et al., 2020; Westoby et al., 2002; Wright

vegetative reproduction (Klimešová, Martínková, & Ottaviani, 2018).

et al., 2004). For example, Díaz et al. (2016) showed that variation in

Species with a large bud-bank size are more likely to be perennial

above-ground traits can be captured by a ‘size’ gradient representing

and ‘slow’ growing (E-Vojtkó et al., 2017). Furthermore, although

the size of whole plants and plant organs, and an ‘economic’ gradient

not strictly a below-ground trait, the root weight ratio, that is, the

representing the leaf economics spectrum. Similar attempts have

proportion of biomass allocated to roots, is a useful indicator of

recently addressed variation in root traits and identified a ‘conserva-

plant investment into the uptake and storage of different resources

tion’ gradient and a ‘collaboration’ gradient as two independent axes

(Reynolds & D’Antonio, 1996). According to the Optimal Partitioning

of below-ground plant economy (Bergmann et al., 2020; Kramer-

Theory, plants should allocate biomass to the organ that acquires the

Walter et al., 2016; Weemstra et al., 2016).

most limiting resource (Bloom et al., 1985). When soil resources are

Bergmann et al. (2020) suggested that in the root economic space

abundant, investment in roots usually decreases in favour of above-

the ‘conservation’ gradient, ranging from ‘slow’ to ‘fast’, is related

ground organs, and a low root weight ratio could thus indicate a

to carbon conservation and determined by root tissue density and

‘fast’ strategy where few roots are needed for a high uptake capac-

nitrogen (N) content. In contrast, the ‘collaboration’ gradient, rang-

ity of nutrients (McCarthy & Enquist, 2007). As a high investment

ing from ‘do-it-yourself’ to ‘outsourcing’ of resource uptake to fun-

in roots may allow for deeper roots and more root buds, the root

gal partners, is reflected by specific root length and root diameter

weight ratio may additionally be linked to rooting depth (Schenk &

along with mycorrhizal colonization (Figure 1a). Despite this recent

Jackson, 2002a) and bud-bank size. It remains to be tested whether

progress, several root traits with a potentially high importance for

these below-ground traits are aligned with the ‘conservation’ or ‘col-

plant functioning (Laliberté, 2017) have not been integrated into the

laboration’ gradient, or rather represent independent gradients.

existing framework yet. For example, a high root-branching intensity

The few studies on below-ground traits and their variation

could be an alternative to the reliance on mycorrhiza, and may be

along environmental gradients are generally limited to root mor-

associated with a high specific root length for better soil exploitation

phological traits and only use a limited set of coarse environmen-

(Kong et al., 2014; Freschet et al., 2020; Ding et al., 2020). Thus,

tal parameters (Craine et al., 2001; Erktan et al., 2018; Prieto

a high root-branching intensity and high specific root length may

et al., 2015). Analyses of the relationships between above-ground

both be indicative of a ‘do-it-yourself’ strategy. Rooting depth is also

traits and various types of environmental factors, such as climate,

considered to be an important trait (Mommer et al., 2010; Mueller

soil properties and land-use intensity, have already improved our
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F I G U R E 1 Hypothesized relationships between (a) community weighted means (CWMs) of below-ground traits in grasslands aligned on
two potential plant-strategy gradients. A ‘conservation’ and a ‘collaboration’ gradient are expected as the main dimensions of plant variation,
as our trait selection contains mostly traits of the root economics space. A ‘vegetative reproduction’ and ‘vertical space occupancy’ aspect
could represent additional plant-strategy gradients, or be embedded within the ‘conservation’ and ‘collaboration’ gradients. The two
known below-ground dimensions are represented as two orthogonal axes (‘conservation’ and ‘collaboration’) with the traits that have been
previously shown to be associated with them in black font. The positions of four other traits, bud-bank size, root weight ratio, branching
intensity and rooting depth 50% (grey font), are yet unknown. (b) As a result of environmental filtering, each plant-strategy gradient could
be associated with different environmental variables. The signs and colours indicate the hypothesized directions of the relationships. The
references on which these hypothesized relationships are based can be found in Appendix S4

understanding of trait variation in grasslands (Garnier et al., 2007),
and should also be applied to below-ground traits. In particular,
plants may have various strategies to deal with nutrient deficits

2
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M ATE R I A L S A N D M E TH O DS

2.1 | Data on grassland vegetation composition

and imbalances in soils. For example, it is likely that mycorrhizal
collaboration becomes more important in soils with limited phos-

The plant-community data used as a baseline for Central European

phorus (P) availability (Ma et al., 2020). Similarly, the form of plant-

agricultural grassland vegetation originate from the ‘Biodiversity

available mineral soil N (ammonium vs. nitrate) could also select for

Exploratories’ project (Fischer et al., 2010). In each of three re-

different below-ground traits, as species vary in their preference

gions of Germany, the Schwäbische-Alb (south-western Germany),

for different forms of N (Maire et al., 2009; Pornon et al., 2007;

Hainich-Dün (central Germany) and Schorfheide-Chorin (north-

Weigelt et al., 2005).

eastern Germany), 50 grasslands covering a wide range of land-

To better understand how below-ground plant traits relate to en-

use intensities were selected. From 2008 to 2019, the vegetation

vironmental variation, we investigated (1) how community weighted

composition of a 4 m × 4 m plot in each of the 150 grasslands was

means (CWMs) of different below-ground traits align along known

assessed annually in May/June by identifying all vascular plant spe-

plant-strategy gradients, and (2) how the shifts of CWMs along

cies and visually estimating their above-ground cover. To align the

these strategy gradients depend on environmental variables. Thus,

species names between the vegetation and trait datasets, we stand-

we complemented traits known to define the gradients of the root

ardized the species names according to the accepted names in The

economics space with additional below-ground traits that might

Plant List (www.theplantlist.org, accessed 15 June 2019, using the

represent independent strategies of plant functioning. Therefore,

Taxonstand

we used species traits that we measured on plants grown in pots

plant species have been identified in the 150 grassland plots.

r

package (Cayuela et al., 2012). In total, 319 vascular

or extracted from databases. We combined these trait data with
vegetation-relevé data from 150 grassland plots in Germany to calculate CWMs of a total of 10 traits. We then assessed the dimen-

2.2 | Plant species traits

sionality of the variation in these CWMs with principal component
analysis (PCA) and related the principal components to 10 land-use

We obtained mean species values for eight traits from four pot

intensity and soil variables. A priori hypotheses on the relationships

experiments that we performed, and for two further traits from

between traits, plant-strategy dimensions and environmental vari-

already existing databases. For 291 of the 319 grassland species,

ables are presented in Figure 1.

we were able to obtain seeds from commercial seed suppliers or
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|

LACHAISE et al.

Journal of Ecology

botanical gardens. We then performed four pot experiments to

physicochemical indicators related to soil fertility of the topsoil (0–

measure species traits. Taraxacum spp. are abundant in the grassland

20 cm). Soil-moisture content and sand content were measured to

plots, though, due to their complex taxonomy, rarely identified at

capture soil water availability and texture respectively. Soil pH was

the species level. We here used trait values of Taraxacum campylodes

chosen, as it affects the availability of essential plant nutrients such

for Taraxacum spp. The trait values are part of a previously published

as P in soils. We used soil extractable NO3, extractable NH4 and

dataset (Lachaise, Bergmann, Rillig, & van Kleunen, 2021) and an un-

δ15N as indicators of soil nitrogen availability and related processes

published dataset (Bergmann et al., unpublished data), and compre-

(Kleinebecker et al., 2014; Robinson, 2001), and the C:N ratio as a

hensive descriptions of the experiments are provided in Appendix S1.

coarse indicator of stoichiometry and organic matter decompos-

In brief, we did one greenhouse experiment in which we grew 2659

ability (Schachtschabel et al., 1998). We further made use of resin-

individual plants, representing 216 species, for 4 weeks after which

bag-adsorbed P and the N:P ratio to capture phosphorus availability

we weighed the roots and analysed scanned images of the roots with

in soil (Güsewell, 2004). Because soil volume is a central element

WinRHIZO 2017a software (Regent Instruments Inc., Canada) to de-

in soil fertility and root-system distribution, we used data on bulk

termine root tissue density, specific root length, fine root diameter,

densities to convert per-mass nutrient concentrations to per-volume

root weight ratio and root-branching intensity (Lachaise, Bergmann,

concentrations (Appendix S2). Few of the grassland-site descriptors

Rillig, & van Kleunen, 2021). Because these traits were measured on

were measured for each of the years for which we had vegetation-

young root systems, most of the roots could be considered fine roots

composition data (i.e. for the period 2008–2019). However, we tried

with principally a resource uptake function rather than a transport

to maximize the coverage for this period by using all available census

or storage function. We did a second greenhouse experiment using

dates for these variables (see Appendix S2 for years covered) and

2007 plants, representing 196 species, to determine the N content of

averaging the values per plot.

fine roots (fine roots %N) using isotope-ratio mass spectrometry. In a
third greenhouse pot experiment, we determined mycorrhizal colonization rates for 225 plants, representing 75 species that are among

2.4 | Statistical analyses

the most common ones in the grasslands plots (mean cover of 65%,
Appendix S3). Six weeks after inoculation with spores of Rhizophagus

All the statistics were done using R v 4.0.1 (R Core Team, 2020).

irregularis (Bergmann et al., unpublished data), roots were harvested
and washed, and the percentage of mycorrhizal colonization was determined using the line-intersect method (McGonigle et al., 1990). In

2.4.1 | Community weighted trait means

a fourth experiment, we grew 752 plants, representing 183 species,
outdoors in growth tubes to determine the depth above and below

To characterize the plant communities of each of the 150 grassland

which plants have 50% of their root biomass (Rooting depth 50%,

plots based on values of functional traits of their species, we calcu-

see Appendix S1 or Schenk & Jackson, 2002b for the calculation

lated community weighted means (CWMs) as.

method) for about 16 weeks. In addition, to have an estimate of the
below-ground regeneration potential, we extracted bud-bank size,
including stem and root-derived buds occurring below-ground or at

CWMTrait =

S
∑

pj Traitj .

j=1

the soil surface, from the CLO-PLA database (Klimešová et al., 2017)
for 313 of the 319 species. Finally, to also have a reliable indicator of

Here pj is the relative above-ground cover of species j in the commu-

the plant communities' acquisitive side of the plant economics spec-

nity, Traitj is the trait value of species j and S is the number of species

trum (Allan et al., 2015; Busch et al., 2019), we extracted specific leaf

in the community with available trait data. Because some plots had

area, the one and only above-ground trait in our analyses, for 279 of

patches of bare soil in some of the annual vegetation surveys, and be-

the 319 species from the LEDA database (Kleyer et al., 2008).

cause for some species trait data were missing, we normalized plant
cover to cumulate to 100% for all species with available trait data in

2.3 | Environmental variables of grassland plots

each plot before calculating the CWMs. As trait data for most of the
abundant grassland species were available, this analysis includes about
90% of the total plant cover in most plots, for most traits (Appendix

To relate the different dimensions of variation in trait CWMs to the

S3). The only exception is mycorrhizal colonization, which is only avail-

abiotic environment, we used 10 environmental variables related

able for 78 species, but, even for that trait, the average cover of species

to land-use intensity and soil conditions. The goal was to capture a

included is 65% (range 32%–87%, Appendix S3).

relatively independent set of descriptors likely to drive the below-
ground functioning of plants. A detailed description of each variable can be found in Appendix S2. We used the land-use intensity

2.4.2 | Principal components of CWM variation

index (Blüthgen et al., 2012), which aggregates information on the
intensity of mowing, fertilization and grazing, and is a major driver

As the CWMs of several traits were correlated (Appendix S9), we

of ecosystem properties (Allan et al., 2015). We used a variety of

performed PCAs to reduce the dimensionality of the data. To assess
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how robust the resulting dimensions are to the inclusion of addi-

distribution of the predictor values. To account for the fact that the

tional information, we performed four separate PCAs. Each of these

grassland plots are located in three different regions of Germany,

PCAs included all nine below-ground traits, but they differed in

we also included region as a predictor in the models. However, to

that we also included or excluded

CWMSpecific leaf area, as one of

avoid overfitting of the models, we did not include interactions be-

the major traits associated with the above-ground ‘fast’ side of the

tween regions and other predictors. For model reduction, backward

plant economics spectrum, and that we included or excluded plant

stepwise model selection based on AIC was performed using the

functional type information, that is, the percentage cover of grasses

function step(). This procedure selects a parsimonious set of pre-

(Poales), N-fixing forbs (Fabaceae) and non-N-fixing forbs. So, one

dictors while minimizing the variance inflation factor (max VIF = 3.6

PCA included CWMs of below-ground traits only (‘Below-ground

for Above–Below-ground PCA). Because the two first axes (PC1 and

PCA’), one additionally included

leaf area (‘Above–

PC2) of the four PCAs produced similar scores for the CWMs of the

Below-ground PCA’), one additionally included the proportions of

grassland plots (all pairwise correlations of the PC1s were >0.98 and

Poales, Fabaceae and non-N-fixing forbs, and one included all. To

those of the PC2s were >0.67), we present the results of the analysis

increase the separation of the variable loadings (the trait CWMs) on

of the ‘Above–Below-ground PCA’ in the main text (based on the PC

the two first axes, we performed an ‘oblimin’ rotation on these axes

axes of Figure 2; see Figure 3), and the results for the other three

for the Below-ground PCA and the Above–Below-ground PCA. To

PCAs in Appendix S7. We did the same for the PC3 to PC6 scores

complement the information provided on taxonomic or phylogenetic

from the Above–Below-ground PCA (Appendix S11), and for each of

influence on community trait values, we also looked at the 10 most

the 10 CWMTraits (Appendix S12). We further tested if the proportion

dominant species or taxa in the trait space formed by PC1 and PC2

of the three plant functional types (Poales, Fabaceae, non-N-fixing

and the indicator species or taxa that associated with each quadrant

forbs), as related to the trait dimensions, responded to environmen-

of the two-dimensional space formed by PC1 and PC2 (Appendix

tal variables in a similar way.

CWMSpecific

S13). CWMs are mainly determined by the values of the abundant
species in a plot, which may differ in some of their average trait
values from less abundant species (Lachaise, Bergmann, Rillig, &
van Kleunen, 2021). As measure of abundance, we used the above-
ground cover of species which only provides a two-dimensional es-

3
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R E S U LT S

3.1 | Dimensionality of CWMs

timate of abundance (i.e. area instead of volume). Moreover, it has
recently been argued that the relative above-ground cover of a spe-

The Above–Below-ground PCA (Figure 2, Appendix S5) and the

cies might deviate from its relative below-ground cover (Ottaviani

other three PCAs (Appendices S5 and S6) revealed that the two

et al., 2020). Therefore, to assess how robust our analyses are with

first axes generally explained about 55%–60% of the total vari-

regard to weighting the species trait values, we also did our four

ance in CWMs of traits, and that each of the 10 trait CWMs had

PCAs using community arithmetic means (CArMs), where the trait

intermediate to strong loadings on at least one of these two axes

values are not weighted by the species above-ground cover in the

(Appendix S8). PC1 had strong negative loadings of

community (Appendix S15). Furthermore, to compare the relation-

root length and

ships observed at the community level and at the species level, we

of

also did the Above–Below-ground PCA using trait means of the spe-

diameter. PC2 had strong positive loadings of

cies instead of CWMs (Appendix S14). For each PCA,

CWMRoot

CWMRoot

tis-

CWMSpecific

CWMBranching intensity, and strong positive loadings

CWMMycorrhizal

colonization,

weight ratio and

CWMFine

CWMRoot

roots %N and

CWMFine

root

CWMBud-bank

size,

tissue density, and strong nega-

sue density was log10 transformed and for each trait or proportion

tive loadings of CWMSpecific leaf area. PC1 thus overall captured the

of plant functional type, data were standardized by subtracting the

mycorrhizal ‘collaboration’ gradient of the root economic space, with

mean and dividing by the standard deviation to conform to the mul-

the main exception of CWMFine roots %N being positively associated

tinormality requirements.

with the other ‘collaboration’ traits, and PC2 captured the resource
‘conservation’ gradient. When we used the unweighted CArMs instead of CWMs, PC1 and PC2 largely corresponded to the ‘collabo-

2.4.3 | Associations of the principal components of
CWMs with environmental variables

ration’ and ‘conservation’ gradients (Appendix S15), indicating that
the results are relatively robust with regard to the weighting of the
species trait values. The ‘collaboration’ and ‘conservation’ gradients,

To test for associations between the principal components of

however, were only partially independent (see CWM correlations

CWMs of the grassland plots and the environmental variables, we

in Appendix S9) as the ‘fast’ strategy tended to associate with the

performed multiple regressions. The PC1 and PC2 scores from each

‘do-it-yourself’ strategy. Furthermore, CWMRooting depth 50% loaded

of the four PCAs on CWMs of the functional traits were used as

rather strongly on both of these two PCs (Figure 2a; Appendix S8),

response variables, and the environmental variables were used as

suggesting that deep-rooting communities were associated with the

predictors. Soil C:N, N:P, sand content, NH4, NO3 and δ15N were

‘outsourcing’ side of the ‘collaboration’ gradient as well as the ‘fast’

log-transformed before analysis to get a more regular (less clumped)

side of the ‘conservation’ gradient.
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‘do-it-yourself’ side, but their effects were not significant (Figure 3a).
The pH and C:N ratio, on the other hand, were associated with the
‘outsourcing’ side of the ‘collaboration’ gradient (i.e. had positive effects on PC1; Figure 3a).
Among the environmental variables, NO3 content and land-use
intensity were significantly associated with ‘fast’ communities (i.e.
had negative effects on PC2; Figure 3b). Phosphorus content was
also associated with ‘fast’ communities, but this effect was only
marginally significant (Figure 3b). NH4 content and pH, on the other
hand, were significantly associated with ‘slow’ communities (i.e.
had positive effects on PC2; Figure 3b). The effects and variance
explained by the different models are comparable among the four
PCAs (i.e. the PCAs with and without CWMSpecific leaf area and with
and without the plant functional types; Appendix S6).

4
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DISCUSSION

We investigated the below-ground trait dimensionality of grassland
plant communities and found that a ‘collaboration’ (do-it-yourself
F I G U R E 2 The two first principal components (PCs) of
the above–Below-ground PCA, explaining 56.4% of the total
variance in community weighted means (CWMs). Each CWMTrait
has a strong loading on either of the two first PCs (Appendix
S8). The subsequent PCs, including PC3 explaining 14.8% of the
total variance (Appendix S5), mainly captured variation among
the three regions, probably describing differences in regional
species pools, but did not strongly relate to any environmental
parameter (Appendix S11). The sole above-ground trait that we
included, CWMSpecific leaf area, is shown in green. The scores of
the 150 grassland plots used for the PCA are shown in different
colours for each of the three regions (red for the Schwäbische
Alb, brown for Hainich, blue for Schorfheide, each with N = 50).
PC1 is mostly characterized by CWMs of traits related to the
mycorrhizal ‘collaboration’ gradient of the root economic space,
with on the left, the ‘do-it-yourself’ strategy and on the right,
the ‘outsourcing’ strategy. PC2 is more characterized by CWMs
of traits related to the ‘conservation’ gradient of a ‘root and leaf
economic spectrum’, with at the top, the ‘slow’ strategy and at the
bottom, the ‘fast’ strategy. Bud-bank size, as a surrogate of the
vegetative regeneration potential, is associated with the ‘slow’
strategy. Correlation coefficients between the CWMs are provided
in Appendix S9 and corroborate the relationships observed for PC1
and PC2. The loadings onto PC1 to PC6 (90% of variance explained)
are in Appendix S8

3.2 | Associations of the dimensions of CWMs with
environmental variables

vs. outsourcing) and a ‘conservation’ (slow vs. fast) gradient (sensu
Bergmann et al., 2020) explained most of the trait variation. Three
traits that had not been considered previously in the below-ground
trait space were largely belonging to these two dimensions. Namely,
CWMRooting

depth 50% was associated with the ‘outsourcing’ and

‘fast’ strategies,

CWMBranching

intensity with the ‘do-it-yourself’

strategy, and CWMBud-bank size with the ‘slow’ strategy. Surprisingly,
CWMFine

roots %N was associated with the ‘outsourcing’ strategy.

Both gradients responded to environmental variables related to soil
conditions, and fertile soils were generally associated with the ‘fast’
and the ‘do-it-yourself’ strategies.

4.1 | Trait relationships and dimensionality of
below-ground traits
Variation in CWMs of below-ground traits separated along two dimensions that largely corresponded to the two ecological root-trait
gradients recently identified for variation among species. PC1 related
to the collaboration of plants with mycorrhizal fungi. This ‘collaboration’ gradient (sensu Bergmann et al., 2020) ranged from ‘outsourcing’ communities with high mycorrhizal colonization rate and
thick roots, but surprisingly also with high root nitrogen content, to
‘do-it-yourself’ communities with high specific root length and root-
branching intensity. PC2 corresponded with the construction cost
of roots and leaves, and the vegetative regeneration potential. This

The positions of a grassland community along the ‘collaboration’

‘conservation’ gradient (sensu Bergmann et al., 2020) ranged from

(PC1) and the ‘conservation’ gradient (PC2) were significantly re-

‘slow’ communities with high root tissue density, high root weight

lated to several environmental variables (Figure 3). The δ15N isotopic

ratio and large bud-bank size to ‘fast’ communities with high spe-

signal, sand content and moisture of the topsoil were associated

cific leaf area. Rooting depth related to both PCs, with deep-rooting

with the ‘do-it-yourself’ side of the ‘collaboration’ gradient (i.e. had

communities being ‘outsourcing’ and ‘fast’. Also, many of the other

negative effects on PC1). Land-use intensity and NO3 content were

traits associated with both PCs (Appendix S9), and consequently the

retained by the model-selection procedure, associating with the

‘fast’ strategy and ‘do-it-yourself’ strategy partly coincided. This is in
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F I G U R E 3 Estimates from
linear models testing the effects of
environmental variables on PCA scores
for (a) PC1—‘collaboration’ gradient
and (b) PC2—‘conservation’ gradient
from the Above–Below-ground PCA on
community weighted means of traits.
On the y-axis are the nine environmental
variables that were retained in the most
parsimonious models (region and N:P
were not retained). The error bars around
the estimates depict standard errors.
Significant (* for p < 0.05; ** for p < 0.01;
*** for p < 0.001) negative and positive
estimates are marked in red and blue
respectively. Non-significant (p > 0.05)
estimates are marked in grey. Marginally
significant (0.05 ≤ p < 0.10) estimates are
marked with †

accordance with recent global analysis by Laughlin et al. (2021) who

level, root N content related to the ‘fast’ as well as to the ‘outsourc-

found that cold climates enhance the probability of occurrence of

ing’ strategy (Appendix S14). Trait–performance relationships have

‘fast’ and ‘do-it-yourself’ plant species.

already been shown to differ between common garden and field

Many

species

traits

are

phylogenetically

conserved

conditions in the grasslands included in our study (Breitschwerdt

(Felsenstein, 1985) and this might also be reflected in the trait di-

et al., 2019). Notably, the dominance of grasses, which are known

mensions revealed by the CWMs. Indeed, the three plant functional

to have lower root N than other plant functional types, might drive

types we considered, and which largely reflect different systematic

this pattern (e.g. Tjoelker et al., 2005). The differences in relation-

groups (i.e. Poales, Fabaceae, non-N-fixing dicotyledons), contrib-

ships among species traits and among CWMs of traits could also

uted largely to the two main plant-strategy gradients. Communities

reflect the multiple constraints exerted by environmental filtering

with a high proportion of Poales were typical of ‘do-it-yourself’ strat-

and competition on the trait values selected in a field context, which

egy; communities with a high proportion of Fabaceae represented

could result in traits relationships that reflect the realized niches of

‘outsourcing’ and ‘fast’ strategy, and communities with a high pro-

species.

portion of non-N-fixing forbs were typically ‘outsourcing’ and ‘slow’

We found that communities with large bud banks were on the

(Appendix S6). The trait clustering we found for CWMs was generally

‘slow’ side of the ‘conservation’ gradient. Previously, bud-bank size

in accordance with previous findings of trait clustering among spe-

was shown to be rather independent of the plant economics spec-

cies, both for trees and herbaceous plants (Bergmann et al., 2020;

trum, as specific leaf area—a key trait in this spectrum—explained

Kramer-Walter et al., 2016; Weemstra et al., 2016). The main excep-

less than 2% of variation in bud-bank size among 1359 herbaceous

tion was

roots %N, which in our study associated with the

species (Klimešová et al., 2016). In our study, the correlation between

‘outsourcing’ side of the collaboration gradient instead of with the

species mean values of bud-bank size and specific leaf area was sig-

CWMFine

‘fast’ side of the conservation gradient. This might be particular to

nificantly negative (−0.17, p < 0.01; Appendix S14b), though still

our study using CWMs, because when we did the PCA at the species

weaker than between the corresponding CWMs (−0.34; Appendix
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S9). Because all of our species were selected based on their presence

the PCA diagram (Figure 2) originate from calcareous grasslands on

in permanent grasslands, it could be that the association between

shallow, infertile Rendzic Leptosols, which are often used as unfer-

bud-bank size and ‘conservation’ traits is a feature of this specific

tilized sheep pastures and characterized by P or NP limitation (Klaus

habitat. A smaller bud-bank size was also observed in communities

et al., 2011). Our results are thus largely in agreement with those of

with a ‘fast’ strategy, typical of resource-rich grasslands, where

Fort and Freschet (2020) who concluded from a global meta-analysis

competition for light might be more intense (Hautier et al., 2009).

that herbaceous species with fine root traits typical of fast resource-

This could indicate that ‘fast’ plants invest more in immediate above-

use strategies tend to occur in more productive soil environments.

ground light-harvesting structures at the cost of resprouting ability.

The relationships we encountered between the ‘collaboration’

In line with this, we also found that low root weight ratios are indic-

gradient and environmental variables are generally in accordance

ative of ‘fast’ communities.

with current ecological knowledge. Numerous studies have demon-

Although we focussed on PC1 and PC2, which together ex-

strated that mycorrhiza have a positive effect on plant growth under

plained ~56% of the variation in CWMs, PC3 explained an ad-

water-limited and nutrient-poor conditions (Augé, 2001). In addi-

ditional ~15% of the variation. The strongest loading on PC3 had

tion, we found that dry habitats are associated with deep-rooting

depth 50% (−0.7), which might suggest the existence of

communities (Appendix S12), most likely because they have access

a third below-ground plant-strategy gradient related to size as sug-

to water in deeper soil layers (Fan et al., 2017). Moreover, our re-

gested by Weigelt et al. (2021). However, variation in PC3, as well

sults show that ‘outsourcing’ communities occur on soils with low

as in

CWMRooting depth 50%, was mainly explained by differences

δ15N isotopic ratios, which are related to nitrogen origin and cycling

between the three regions (Appendices S11 and S14). This pattern

(Robinson, 2001). It has been shown for our grassland plots that a

most likely reflects that the regions Hainich and Schorfheide have

low δ15N is linked to lower above-ground productivity and higher

significantly deeper soils, which might facilitate deep-rooting spe-

plant species richness (Kleinebecker et al., 2014). So, if we interpret

cies, than the Alb region (Appendix S2).

δ15N as an indicator of plant-available nitrogen, the negative rela-

CWMRooting

The below-ground traits we included in the dimensionality anal-

tionship between δ15N and the ‘outsourcing’ strategy is in line with

ysis indicated the preponderance of a two-dimensional trait space.

the finding of reduced mycorrhizal colonization in response to nitro-

It is thought that plant-trait space does not exceed six dimensions

gen addition (Ma et al., 2020) and with our finding that ‘outsourc-

(Laughlin, 2014) and that different plant organs might represent

ing’ communities tend to be on the ‘slow’ side of the ‘conservation’

different dimensions. Our finding that specific leaf area is part of

gradient.

the ‘conservation’ gradient points towards the possibility of an in-

Although arbuscular mycorrhizal fungi are well known to help

tegration of traits across multiple organs (Reich, 2014; Weigelt

plants with the uptake of P, we did not find a link between soil plant-

et al., 2021). Similarly, seed mass has also been related to ‘outsourc-

available P content and the ‘collaboration’ gradient (or mycorrhizal

ing’ traits such as root diameter (Bergmann et al., 2017), and plant

colonization; Appendix S12). This could partly be a consequence of

height tends to be related to ‘slow’ traits (Díaz et al., 2016) and to

the availability of N, as N addition generally decreases the degree of

rooting depth at the global scale (Schenk & Jackson, 2002a). All

mycorrhizal colonization in conditions of high P availability (as in the

these results suggest that there is a certain degree of integration

study area) and increases it under low P availability (Ma et al., 2020).

between traits of different organs.

Indeed,

CWMMycorrhizal

colonization was marginally significantly as-

sociated with the soil N:P ratio (Appendix S12), although there was

4.2 | Variation in community trait dimensions
explained by the environment

no association between the ‘collaboration’ gradient and the N:P
ratio. As arbuscular mycorrhizal fungi also help plants with the uptake of N, it could be that the large variation in N availability among
plots overrides the effect of P availability. Moreover, the nature of

About half of the variation in the ‘collaboration’ and ‘conservation’

plant-available P in soil is still debated (Barrow, 2021), and P is more

gradients revealed by our PCAs was explained by environmental

available in moderately acidic soils (Alt et al., 2011). In line with this,

variables. Along the ‘collaboration’ gradient, the ‘do-it-yourself’

‘outsourcing’ communities with high degrees of mycorrhization were

strategy was found on moist, moderately acidic soils with high sand

more likely to occur on non-acidic soils.

content and intense N cycling (i.e. low C:N-ratio, high δ15N and mar-

High land-use intensity and lower soil pH with high P and NO3

ginally high NO3), and tended to be associated with a high land-use

levels were associated with the ‘fast’ strategy, which is in line with

intensity (although not significantly). Along the ‘conservation’ gra-

expectations on how soil fertility should relate to the plant eco-

dient, the ‘fast’ strategy was found on moderately acidic soils with

nomic spectrum. The decrease in bud-b ank size at higher soil fer-

high P and NO3 but low NH4 availabilities, and in sites with high land-

tility (Figure 3, Appendix S12) is congruent with recent findings

use intensities. Hence, although the ‘do-it-yourself’ and ‘fast’ strate-

that land-use intensity and N addition decrease total bud density

gies belong to two different plant-strategy gradients, they both tend

and rhizome biomass in temperate perennial grasslands (Ottaviani

to be associated with fertile, intensively used sites, while the ‘out-

et al., 2021; Qian et al., 2021). In contrast to the negative effect

sourcing’ and ‘slow’ strategies are associated with infertile sites of

of soil NO3 on the ‘conservation’ gradient, we found a positive

low land-use intensity. In fact, all plots in the upper right section of

association with soil NH 4. It has also been shown that there might
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be a trade-off between NO3 and NH 4 uptake in grassland species

of the other three; M.R. contributed to the design of the experi-

(Boudsocq et al., 2012). In conclusion, in our study, the form of N

ments; N.H., V.H.K. and T.K. collected environmental data; M.v.K.

available in the soil has contrasting effects on below-ground traits,

designed three of the experiments, advised on data analysis and ex-

with NH4 being more related to the ‘slow’ strategy and NO3 more

tensively revised the paper. All authors contributed to revisions of

related to the ‘fast’ strategy.

the manuscript.
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