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Abstract

Background and Aims: Current grassland management including fertilization, mowing and
livestock grazing, substantially influences plant communities, however it is not fully understood
how management can affect plant growth at the individual level. Most herbaceous
dicotyledonous plant species form distinct annual rings in the xylem that reveal age but their
annual width may also respond to changes in environmental conditions. Further is unclear at
what scale, from the local plot level to the regional level, such secondary growth varies most.
Methods: Using cross sections of the oldest well-preserved detectable part of the rhizome of
Galium mollugo agg., we determined the response of secondary growth to the intensity, timing,
and type of grassland management for 1220 individuals across 60 populations in three different
regions in Germany. In addition, we used environmental variables to examine the effects of
climatic, soil, and diversity-related characteristics on ring width variation.

Key Results: The age of the studied G. mollugo individuals ranged between one and 17 years
(average age six years). Secondary growth varied most among individuals within sites and only
slightly among sites within regions and among regions, indicating a strong influence of local
plant-plant interactions. Increasing overall management and land-use intensity decreased
secondary growth while a late start of annual land use increased it. In addition, summer soil
moisture was positively related while neighbour species richness was negatively related to
secondary growth.

Conclusions: Our results indicate that annual secondary growth of a widespread herbaceous
grassland species is sensitive to timing and intensity of land use and season water regimes. The
results imply that trends of increasing land-use intensity along with prolonged summer heat
waves will further hamper growth of G. mollugo which may translate to reduced performance

and subsequently affect the overall plant community.
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Introduction

Grasslands are globally an important biome, which occupies more than one third of the
terrestrial surface and provides many ecosystem functions and services (Bengtsson et al., 2019).
In Central Europe, most grassland originated as a result of human management. Traditional
low-intense agricultural practices like grazing of domestic animals or haymaking have created
plant communities, which belong to the most diverse ecosystems in Europe (Hejcman et al.,
2013). However, land-use change involving homogenization, abandonment and/or
intensification has caused a notable decrease in grassland diversity, especially in the second
half of the last century (Poschlod and WallisDeVries, 2002, Jandt et al., 2022). Land-use
intensification of grasslands includes higher fertilizer input, more frequent cuts in meadows or
increased livestock densities in pastures. Changes in grassland management can affect plant
demography and species coexistence due to altered resource competition (Hautier et al., 2009,
Socher et al., 2013). Fertilization generally increases biomass production and vegetation
density and intensifies competition for light (Hautier et al., 2009, Socher et al., 2012). Both,
grazing and mowing can be seen as disturbances affecting vegetation structure, the occurrence
and distribution of gaps and the availability of resources such as light and nutrients. Livestock
grazing involves processes such as trampling, selective foraging and deposition of excreta by
grazing animals and creates more heterogeneous swards, while mowing is a non-selective, more
uniform process of biomass removal which can lead to homogenization of the vegetation (Télle
etal., 2016).

Temperate grasslands are facing growing seasons characterized by much warmer temperatures
as well as increased spring and reduced summer precipitation (Hari et al., 2020, IPCC, 2021,
Regionaler Klimaatlas Deutschland, 2022). While the severe impacts of prolonged droughts,
increased temperatures and more extreme climate events on plant productivity in grasslands has

been shown in various studies (e.g. Ciais et al., 2005, Korell et al., 2024), it is not well
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understood how climate change affect the growth dynamics of individual species under natural
conditions.

One rather hidden aspect of plant growth is the formation of rings in the xylem of perennial
herbaceous dicotyledonous grassland species. It is well known from dendroecology that xylem
growth responds sensitively to variation in environmental conditions, i.e. poor growth
conditions may be reflected by narrow annual growth rings, while better growth conditions are
related to wider rings (Fritts, 1966). So far, only few studies attempted to explain differences
in growth ring width in perennial dicotyledonous forb species among plant individuals within
or between populations or fluctuations of ring widths among years (e.g. Dietz and Fattorini,
2002, Dietz and von Arx, 2005, von Arx et al., 2006). In grassland species, this secondary
growth, which can be derived from stem sections, has been found to respond to fertilization and
clipping in an experimental context (Dee and Palmer, 2016, Dee and Palmer, 2019), but the
effects of “real-world” anthropogenic land use on secondary growth are still unknown. Another
important aspect in relation to land use is the timing of its application. Since growth ring
formation starts with the main increment early in the growing season (Dietz and Ullmann, 1997,
von Arx and Dietz, 2005), land-use activities in spring may have a greater impact on secondary
growth than those implemented later in the year. However, the effects of timing in land use on
ring width have not yet been studied.

Regarding the effects of climatic variables, it is already known that there can be a correlation
between ring width and temperature in cold-limited grassland ecosystems (Liu and Zhang,
2010, Dolezal et al., 2020, Rai et al., 2024). However, this relationship might be different in
temperate ecosystems, where the formation of growth rings may be under stronger control of
water availability, as the xylem formation can be water dependent (von Arx et al., 2012, Olano
et al., 2013). The impact of climate on ring width also likely depends on other site- or even
microsite-specific conditions (Dietz et al., 2004, KlimeSova et al., 2013, Dolezal et al., 2020).

In general, not much is known about variation in secondary growth in response to
5
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environmental conditions at different spatial resolutions. Some studies have found little
variation across different geographic regions (Dietz and von Arx, 2005, Béar et al., 2008)
pointing to the importance of site-specific conditions determined by soil (e.g., soil texture,
nutrients or acidity) or vegetation characteristics such as species richness. These factors
influence resource availability and consequently plant-plant interactions such as competition
which can alter annual ring growth (Dee and Palmer, 2016, Dee and Palmer, 2019). Even
though some aspects influencing secondary growth are known, its potential has not been fully
explored in ecological studies.

In the present study, we selected the widespread forb species Galium mollugo agg. to investigate
the annual rings in the rhizome of 1220 individuals. The individuals originated from 60
populations from grassland areas in three different regions of Germany with different land-use
types, intensities and times of application (Biodiversity Exploratories) (Fischer et al., 2010).
We also assessed effects of site-level climatic, edaphic and diversity-related variables on
secondary growth variation. We asked 1) Does secondary growth of G. mollugo respond to
different land-use types and varying land-use intensity and timing between years? 2) Does
secondary growth of G. mollugo respond to between-year and site variation in spring and
summer precipitation and/or temperature? 3) Do additional local site and/or microsite
characteristics such as soil or diversity-related variables determine secondary growth in G.

mollugo?

Methods

Study species
Galium mollugo agg. (Rubiaceae) is a widely distributed perennial grassland forb. It reproduces
both sexually and vegetatively and is, because of its tall stature (30-100 cm; Jager et al., 2013),

highly competitive with other meadow forb species (Mersereau and DiTommaso, 2003).
6
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Originating from a bulbous cotylonedar node young individuals produce adventitious roots
which form plants with a clumpy growth, while well-developed plants may also grow with
longer belowground rhizomes (Mdrchen, 1965). Compared to other forbs in temperate
grasslands, individuals are relatively long-lived and growth rings are mostly clearly
distinguishable (Roeder et al., 2017), which makes the species particularly suitable for the
analysis of secondary growth. Across Germany G. mollugo agg. has different subspecies
(Bundesamt fur Naturschutz, 2022). According to the results of a recent study about genetic
diversity across multiple temperate grassland species (Durka et al., 2025), Galium album Mill.
(G. mollugo ssp. album) is the much more common species, but G. mollugo s. str. is also found
almost everywhere in Germany. Both species show smooth transitions in their expression of
morphological characteristics used for their identification (Krendl, 1967) . We did not further

determine the subspecies and therefore refer to G. mollugo L. agg.

Field sites and experimental design

The study was conducted in the so-called Biodiversity Exploratories (Fischer etal., 2010). They
are implemented in three different regions in Germany: Schorfheide-Chorin region (an
UNESCO biosphere reserve embedded in a young glacial landscape in the lowlands of north-
eastern Germany), the Hainich-Din region (located in the National Park Hainich with
surroundings in the hilly areas of Central Germany on calcareous bedrock), and Schwéabische
Alb region (an UNESCO biosphere reserve in the low mountain area of south-western Germany
on calcareous bedrock). The regions represent different landscape types and reflect a gradient
with rising altitude, increasing precipitation and slightly decreasing annual mean temperatures
from north-east to south-west Germany (Fig. 1A). Fifty grassland study plots within each region
were established along local land-use gradients, where mean and range of land-use intensities
were comparable among regions (Fischer et al., 2010, Bluthgen et al., 2012) and are typical for

managed grasslands in Central Europe. They are managed by mowing or grazing, or a
7



146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

combination of both. Grazing involves different livestock types, mostly cattle or sheep, and less
often horses (Vogt et al., 2019). Land-use intensity was assessed yearly by gathering
information from farmers to create a land-use intensity (LUI) index with the aim to reduce the
complexity of three land-use components, i.e. mowing, grazing and fertilization, into a single
dimension (Bllthgen et al., 2012). The grazing part of the land-use index accounts for different
livestock types by converting the grazing animals to livestock units (depending on type and age
of the grazing species) and the duration of grazing (= number of livestock units per days and
hal). The mowing part of the land-use index quantifies the frequency of mowing (and
mulching) as intensity (= number of cuts per year), which varies between no mowing and the
maximum of four cuts per year, while one or two cuts per year are more typical (Vogt et al.,
2019). Fertilization includes the use of different fertilizer types such as mineral fertilizer,
farmyard manure or slurry. In most cases manuring is done in early spring at the beginning of
the growing season (between late February and mid-April) and can be expected to influence the
current year's growth. However, in some cases, manuring is done later in spring (until June), in
autumn to early winter (between September and December) or several times per year. The
fertilizer component of the land-use index also incorporates that nutrients are not immediately
available from all manure types, but could also be later released for example from farmyard
manure. In this case, the nitrogen input from manuring enters the fertilizer intensity of the next
(two) growing season in the fertilization index (Vogt et al., 2019). For each study site and year,
the compound land-use intensity (LUI) was quantified as a continuous variable using the

following equation,

F,

G, M
Li=2L+-r+-2
Gg Mg F"g

where Gp is grazing intensity, Mp is mowing intensity and Fp is fertilization intensity on a study
plot p for a given year. The three components are divided by the global mean (across all regions

and years) of the respective component (Gg, Mg and Fg, respectively), and the square-root of the
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summed standardized components was extracted, according to Blithgen et al. (2012).
Information on mowing, grazing and fertilization was obtained from land owners (Vogt et al.,
2019), and calculations were done using the LUI calculation tool (Ostrowski et al., 2020)
implemented in BEXIS (http://doi.org/10.17616/R32P9Q). Values of each component were
used to quantify fertilization, mowing and grazing intensity, respectively (Supplementary
Information Fig. S1A-D). We also calculated the intensity of management (MI) as square-
rooted sum of standardized mowing and grazing (Supplementary Information Fig. S1E). In
addition, we had data on the timing of land use per plot per year (i.e. the month, when first or
the last mowing or grazing was done in a year) (Ayasse et al., 2022), which we used in the
statistical analysis as ordinal variable. Typical time for first mowing or grazing is May or June,

but it also varies among sites and years (Supplementary Information Fig. S2).

Sampling, growth ring analyses and set-up of time series

Vegetation records from all grassland study plots of the Biodiversity Exploratories (Bolliger et
al., 2020) were screened to choose the study plots for sampling of G. mollugo with the aim to
equally represent the regions of the Biodiversity Exploratories and to cover different grassland
management types and land-use intensities within each region. Due to the lower occurrence of
G. mollugo we sampled only ten plots in the region Schorfheide-Chorin, while in the Hainich-
Din region and Schwabische Alb region, samples were collected on 26 and 25 grassland plots,
respectively. On each grassland plot with a total size of 50 x 50 m, a strip of 50 x 2 m on the
eastern side of the plot was available for sampling. Sampling was conducted between 2017 and
2019 in summer or early autumn (July to September) when the growth ring of the current year
is formed and the vegetation is well developed to easily identify species. On each plot, 20
individuals were sampled along a transect with a minimum distance of one meter to each other
taking the individual growing with the clumpy part closest to the sampling point. First, we

identified all neighbouring species rooting within a minimum distance of 10 cm to the clumpy
9
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part of the focal individual to get an estimate of local species richness and composition.
Afterwards, we carefully excavated the focal individual with a weeding trowel or small shovel
and transported the plants in sealed plastic bags to the laboratory. There, we cleaned the samples
from soil with tap water. A segment of the oldest stem portion (5-15 cm long; dependent on the
growth of the individual) comprising the part with the cotyledon node if available (see Fig. 1B
for a typical specimen) was excised from each plant and placed in plastic tubes with 70%
ethanol. Later, the samples were cut using a microtome (Microtome type GSL1; Gértner and
Schweingruber, 2013). In cases, where the oldest part of the specimen could not be clearly
assigned, especially when several rhizomes grew from the cotyledon node, cuts were made at
different parts. Microtome sections were put on a slide into a drop of a glycerol-water mixture
(1:1) and covered with a cover glass. Ring width was measured directly under the microscope
(Axio-Scope Al Microscope, Carl Zeiss Microscopy GmbH, Jena, Germany, equipped with a
microscopic camera, Axiocam 105 colour; Carl Zeiss Microscopy GmbH, Jena, Germany) and
analysed with the built-in measuring function of the microscope software (ZEN 2, blue edition,
Carl Zeiss Microscopy GmbH, 2014). Images of the microsections were taken for
documentation (Fig. 1C). If necessary, a polarized light filter was used to facilitate ring
visibility and measure annual radial growth.

The age of the individuals was assessed by counting the number of annual rings. In total, 1219
individuals of G. mollugo were analyzed (500 individuals in Schwéabische Alb region, 519
individuals in Hainich-Dun region as measurements were not possible for one individual due
to low ring distinctness, and 200 individuals in Schorfheide-Chorin region) (Roeder and
Roscher, 2024). Due to low sample depth in the early years and the beginning of land-use and
climate data availability starting in 2008, we decided to truncate our time series from 2008 to
the respective year of sampling (i.e., 2017, 2018, or 2019) for the analyses of annual secondary

growth.

10
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Plot-level soil, climate and diversity-related data

Plot-level information on soil, climate and plant diversity was derived from the publicly
available data of the Biodiversity Exploratories. Climate data were collected from weather
stations located on each plot that record observations every ten minutes (Hénsel et al., 2024).
Here, we used air temperature measured 2 m above the ground, soil temperature measured 10
cm below the surface, soil moisture measured 10 cm below the surface, and precipitation based
on RADOLAN (Weigl, 2017). For the statistical analyses, we calculated mean values for spring
(March to May) and summer (June to August) for soil moisture, soil and air temperature, or the
summed the values for precipitation across the respective months. Soil data were collected in
repeated soil sampling campaigns. Here, we used Corg:N ratio (Schoning, 2023), soil pH
(measured in CaCl,) (Schoning, 2024) and clay and sand content (Schdning et al., 2021) from
soil cores of the upper 10 cm of the soil horizon. For species richness as diversity measure at
plot level, we used species surveys conducted within a 4 x 4 m subplot of each plot yearly in
spring (Bolliger et al., 2020). For species richness in close proximity to the harvested G.
mollugo individuals, we assessed species numbers recorded around the individual (see above)
(Roscher and Roeder, 2024). For an overview of all variables see Table S1 in the Supplementary

Information.

Statistical analysis

All statistical analyses were conducted with the statistical software R (version 4.2.2; R Core
Team, 2022). The data were structured in a long format so that each ring width measurement
was associated with the respective year of the ring.

To assess variation in plant age, mean ring width and to detect possible correlations of ring
width series within regions, within plots and within individuals (i.e. first order autocorrelation),
we used the function Rwlinfo from the detrendeR package (Campelo, 2012). This function can

calculate the age, the ring width, the correlation between series of a given data set based on a
11
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master series which is derived from all series in the data set and the first order autocorrelation
(i.e., testing if there is a temporal dependency between ring width of two consecutive years) of
each series. For the determination of age and mean ring width we used the entire data set with
1219 individuals, for the determination of inter series and first order autocorrelation we had to
exclude 17 one-year-old individuals, because calculation of correlations was not possible. We
double checked the output from the Rwlinfo function by re-calculating all variables by hand.
We tested for an effect of region on plant age, mean ring width, inter series and first order
autocorrelation using mixed-effects models with plot as random effect to account for statistical
dependencies of individuals collected on the same plot (i.e. the same population) using the Ime4
package (Bates et al., 2015). We tested for differences between the regions using post-hoc
Tukey’s test from the emmeans package (Lenth, 2022).

To assess the effects of different land-use types and intensities, as well as the effects of land-
use timing on secondary growth, we applied generalized additive mixed models (GAMM) using
the packages mgcv (Wood, 2011) and nlme (Pinheiro and Bates, 2000). GAMMs allow to model
both linear and nonlinear effects, which is useful when dealing with plant age because of
nonlinear ontogenetic effects (Olano et al., 2013). Fixed effects assuming a linear relationship
were the overall land-use intensity, management intensity and the single components grazing,
fertilization and mowing intensities of the year when the growth ring was formed as well as the
timing (month) of the first management activity (i.e. grazing or mowing) in the respective year
as ordinal variable. The components grazing, fertilization and mowing intensities were log-
transformed after adding 1 (there were many zeros in the data), because of their non-normal
distribution. We also lagged all variables by one year to test for potentially delayed effects on
secondary growth (data not shown). The random effects in all models were sample (i.e.
individual from which the ring widths were measured) nested in plot nested in region to account
for the hierarchical design of the sampling. In addition, to account for temporal dependency,

since the ring width and land-use data were time series data, we added a temporal
12
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autocorrelation structure of order 1 with the grouping factor sample nested in plot nested in
region (Zuur et al., 2009). To meet the assumptions of heteroscedasticity and normality of errors
ring width was log-transformed. Prior to fitting the land-use variables we entered plant age at
the ring level (i.e. the age of the individual, when the ring was formed) as a smoothed fixed
effect modelled with a penalized cubic regression spline to account for a potential, nonlinear
age-related effect on secondary growth and validated this by checking against the null model.
We set k = 5 in the smoothing term to prevent the smoothing term from overfitting due to a
skewed age distribution (i.e. limited number of individuals older than ten) (Wood, 2017). All
models were fitted using maximum likelihood and were evaluated on a comparison of AIC and
log likelihoods ratios. To provide the coefficients of determination showing the variance
explained by fixed and random effects in the models we used the MuMIn package (Barton,
2024). We used the same approach to test for effects of climatic variables on secondary growth.
Fixed effects tested against the model with only age as a smoothed fixed effect were air and
soil temperature, soil moisture and precipitation separately for spring (March to May) and
summer (June to August). We exclusively tested for an effect of climate variables in spring and
summer since these represent conditions during the active growing season. Previous growth
ring analyses have also found these seasons to be most influential (Olano et al., 2013). To also
test for effects of diversity-related and soil variables on secondary growth we ran further models
with the same random effects using neighbour species richness (i.e. number of species in close
proximity to the harvested individual) and plot species richness (from a 4 x 4 m area), as well
as soil carbon to nitrogen ratio (Corg:N), clay and sand content and pH as explanatory variables.
Neighbour species richness and plot species richness were log-transformed.

In a final step we started with the best performing (based on AIC) model of the previously
mentioned models and added explanatory variables which had no correlation issue
(Supplementary Information Fig. S3) in a stepwise manner always checking for significant

improvement of the model, based on change in loglikelihood values, p-values and AICs, with
13
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the previous best model (forward model selection). The resulting final model had the same
random effect and temporal autocorrelation structure as described above. Fixed effects in the
final model were plant age modelled as a smoothed term, timing of the first land use, summer
air and soil temperature and moisture, spring soil temperature and neighbour species richness
(log-transformed) (Table 1). The final model was fitted using restricted maximum likelihood,
as this is more conservative against overfitting than maximum likelihood in a GAMM context
(Wood, 2017). Significance of the parametric and the smoothed terms in the final model was
assessed with the summary function.

To understand the importance of environmental conditions of contrasting spatial resolution (i.e.,
hierarchical levels of the experiment; region, plot, individual plant) for secondary growth we
estimated the variance explained by the random factors using the rptR package and rpt function
with 1000 bootstrap iterations and 1000 permutations from the final model coded according to
the model framework of Ime4 (Stoffel et al., 2017). This function calculates the repeatability R,
which can explain variance in data, as variance among group means over the combined group

and residual variance (Stoffel et al., 2017).

Results

Characteristics of regional chronologies

On average, individuals in the Schwéabische Alb were 5.9 (x 0.1 s.e) years old, in the Hainich-
Din 6.4 (£ 0.1) years old, and in the Schorfheide-Chorin 5.4 (+ 0.2) years old (Fig. 2A,
Supplementary Information Table S2). The oldest individual across the experimental regions
was sampled in the Hainich-Diin region at 17 years of age. Individuals in the Schwéabische Alb
region had a mean ring width of 199.87 (x 2.89) um, in the Hainich-Dun region a mean ring
width of 183.81 (+ 3.20) um and in the Schorfheide-Chorin region a mean ring width of 216.56

(£ 6.96) um (Fig. 2B, Supplementary Information Table S2). The mean correlation among the
14
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chronologies of individuals from the same plot and region was low: 0.29 (x 0.02) for
Schwébische Alb and Hainich-Din and 0.32 (x 0.04) for Schorfheide-Chorin (Fig. 3A,
Supplementary Information Table S2). In addition, the mean first order autocorrelation for
individuals of each plot and region was low: -0.09 (+ 0.01) for Schwéabische Alb, -0.06 (+ 0.01)
for Hainich-Din and -0.10 (£ 0.02) for Schorfheide-Chorin (Fig. 3B, Supplementary
Information Table S2), expressing high interannual variation of radial growth independent from
growth ring width of the previous year. Mean ring width from individuals in Hainich-Duin was
significantly smaller than from individuals in Schorfheide-Chorin (Tukey HSD test: p = 0.011).

None of the other characteristics measured differed significantly between the three regions.

Effects of land-use type, intensity, and timing on annual growth ring width

Plant age at the year of growth ring formation was nonlinearly associated with secondary
growth (Table 2, Supplementary Information Fig. S4). After accounting for variation dependent
on plant age, overall land-use intensity and management intensity were negatively associated
with secondary growth, while of the single land-use types only grazing negatively affected
secondary growth (Supplementary Information Table S3). Regarding the timing of land use,
the timing of the first land use (mowing or grazing) in the year had a significant effect on
secondary growth (Table 2). The later in the year the first land use occurred, the wider the
annual growth rings became (Fig. 4A). Land use in the previous year did not affect secondary

growth in the following year (analyses not shown).

Effects of plot-level climate, soil and diversity-related variables on annual growth ring width

Modelling of plot-level climate variables resulted in spring air temperature and summer
precipitation as well as spring and summer soil moisture being positively associated with
secondary growth, while spring precipitation and soil temperature and summer air and soil

temperature were negatively associated with secondary growth (Supplementary Information
15
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Table S3). Modelling of diversity-related variables revealed that neighbour species richness as
well as plot-level species richness had a significant negative association with ring width
(Supplementary Information Table S3). None of the soil variables included in the modelling
process had a significant effect (Supplementary Information Table S3).

In the final model nonlinearly modelled plant age, timing of the first land use, spring and
summer soil temperature, summer air temperature and soil moisture as well as neighbour level
species richness significantly improved the model (Table 1). However, only nonlinearly
modelled plant age, timing of the first land use and neighbour level species richness remained
significant on a predictor level (Fig. 4, Table 2). Variation partitioning of the random effects in
the full model showed that only little of the variance expressed as the repeatability R (see
Methods) in secondary growth was explained by region (R = 0.017) and plot (R = 0.06) whereas
the individual sample, i.e., the G. mollugo individuals from which secondary growth was

measured, explained more variation (R = 0.243) (Supplementary Information Fig. S5).

Discussion

Variation in secondary growth of herbaceous plant species is increasingly used as a valuable
“archive” to deduce plant responses to temporal or spatial changes in growth conditions,
particularily in terms of climate (Liu and Zhang, 2010, Shi et al., 2016, Dee and Stambaugh,
2019, Dolezal et al., 2020). Investigating time series of ring width in G. mollugo across
managed grasslands in three different regions in Germany, we have found that overall land-use
and management intensity negatively affected secondary growth and that secondary growth
positively responded to first land-use application happening late in the year. The negative
response of ring width to land use was mainly driven by grazing. Furthermore, neighbour and
plot-level species richness had a negative relation to secondary growth. This highlights that
variation in secondary growth can also be attributed to the intensity and timing of land use and

to environmental conditions other than climate. Still, water availability, here precipitation in
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summer and soil moisture in spring and summer, did additionally increase secondary growth,
whereas higher air and soil temperatures in summer decreased secondary growth. We also show
that the variation in ring width is greatest within plots (i.e., among individuals of the same

population), in contrasts to differences among regions or different study plots within regions.

Land-use intensity and timing of application related to ring width

We found that when the first management activity (i.e., grazing or mowing) was later in the
year, this was associated with wider rings of the same year. Since the formation of growth rings
IS restricted to the active growing season a time bound effect of land management is plausible.
Management that disturbs the shoot by removing photosynthetically active plant parts interrupts
the transport of resources for plant growth and makes it necessary to invest primarily in the re-
growth of the above-ground structures. This is important as ring width is strongly linked to the
emergence of the shoot and was shown to be largest when the shoot has reached maximum size
and assimilated carbon is allocated to root growth (Dee et al., 2018). Consequently,
management happening before the shoot is well developed will have a detrimental effect on
secondary growth, while later management creates a longer period of disturbance free growth.
We found no evidence of a carryover effect from late management to ring width of the next
year (data not shown), underpinning the within year effect of land management on secondary
growth. This shows that timing of grassland management is not only important to aboveground
plants parts (Vermeire et al., 2023), but also to the otherwise hidden aspect of secondary growth
which can feed back to plant fitness and performance (Strock and Lynch, 2020).

Overall land-use and management intensity as well as grazing intensity were negatively
associated with secondary growth. Furthermore, land-use intensity and management intensity,
were equally important for ring width (Supplementary Information Table S3). The grasslands
we examined in our study include pure pasture and meadows, but often both management types

are combined. Therefore, our results suggest that both types of disturbance through land
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management (i.e., grazing and mowing), which is included in both variables, is driving the
reduction of ring width. Again, this can be linked to the removal of the photosynthetically active
aboveground plant parts hampering the resource supply needed for secondary growth and
consequently leading to narrower rings. In addition, Galium has been observed to thrive well
in unmanaged grasslands (Pavlu et al., 2007) suggesting that it may benefit from its relative tall
stature in undisturbed conditions. It remains to be tested if other perennial grassland forb species
also exhibit intensity- and time-dependent management responses of secondary growth.
Nonetheless our species-specific results suggest that low-intensity land use starting later in the

growing season supports secondary growth.

Climate conditions related to ring width

We also found that summer precipitation and spring and summer soil moisture were positively
associated with annual ring width, while summer air and spring and summer soil temperature
were negatively associated with secondary growth. In agreement with our findings, various
studies have already reported on positive effects of summer precipitation on ring width, as well
as region and species-specific negative effects of temperature (e.g. Liu and Zhang, 2010, Shi et
al., 2016, Dee and Stambaugh, 2019, Dolezal et al., 2022). Studying four temperate grassland
forb species, Dolezal et al. (2022) have shown that the climate control of secondary growth can
also vary among species. The shallow-rooting forbs (Lychnis viscaria Borkh., Thymus
pulegioides L.) showed a positive response to higher summer precipitation resulting in wider
rings width, while their secondary growth was negatively affected from high summer
temperatures. From a physiological perspective sufficient water availability as indicated by
levels of precipitation and soil moisture allow herbaceous plants to be more competitive in
terms of growth because of increased hydraulic efficiency in the xylem (von Arx et al., 2012,
Dong et al., 2022). The combination of little precipitation in concert with high temperatures

reduces grassland productivity and vitality due to heat stress, increased evapotranspiration and
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water shortage leading to unfavorable growing conditions (De Boeck et al., 2016, De Boeck et
al., 2008, Obermeier et al., 2018, Kowalski et al., 2024). Our study supports previous studies
that such conditions translate to secondary growth and highlights another aspect of the critical
nature of climate change with heat waves and drought events predicted for Central Europe (Hari
et al., 2020, IPCC, 2021, Regionaler Klimaatlas Deutschland, 2022). In addition, there is
evidence that secondary growth and aboveground biomass production, as well as phenology
timing, are linked (Dolezal et al., 2018, Dee et al., 2018), which may suggest a possible

cascading effect of climate on various aspects of plant growth and performance.

Importance of species richness at the local site scale

Considering vegetation characteristics at different spatial resolutions around the studied
individuals we found a negative relationship between ring width and neighbour species richness
and plot-level species richness. If the main mode of action of higher local richness is increased
competition for resources, plants growing in species-rich surroundings might produce narrower
growth rings, because they may invest more in aboveground than belowground structures to
reduce light competition (Goldberg et al., 2017). In the Biodiversity Exploratories, as in other
agriculturally managed grasslands, species richness declines with increasing productivity at the
community level (Socher et al., 2012), which could point to intensified competition for
belowground resources additionally hampering secondary growth. Furthermore, we cannot
exclude that fast-growing large Galium individuals with wide rings simply occupied more space
in their close vicinity and thus were associated with lower species richness at the local level.
Our finding that most differences in secondary growth of G. mollugo occur between individuals
from the same plot, rather than between plots or regions, underscores the importance of
microsite conditions on ring width in this species. Similar findings about the importance of
local plant-plant interactions on ring width have been shown in forest trees responding to stand

density (Ahmed et al., 2024). For a deeper understanding of the influential drivers of ring width,
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it would be necessary to closely examine growth conditions both above and below ground in
close proximity to plant individuals. This could include traits related to resource competition of
neighbouring plants or nutrient or water availability in the root growth zone. In summary, our
results imply that anthropogenic land use with its global trend of intensification and climate
change with higher temperatures and reduced precipitation during the growing season can be
critical aspects for secondary growth in herbaceous plants. It remains to be tested to what extent
the effects on secondary growth caused by global change are transferred to the performance of
individual plants and how different species respond to these drivers to assess to what extent

entire plant communities might be affected.

Supplementary data

Supplementary data are available and consist of the following

Table S1: Overview of all modelled variables

Table S2: Descriptive statistics of the G. mollugo samples

Table S3: Log likelihood ratios and AICs of the generalized additive mixed models testing
effects of land-use intensity and timing, climate, soil and diversity-related variables

Figure S1: Histograms showing the distribution of the intensity of the three different land use
types, the combined land use intensity and the management intensity

Figure S2: Bargraph of the timing of the first land management activity

Figure S3: Correlation plot showing correlation values between all modelled variables

Figure S4: Bootstrap estimates variances of the different spatial resolutions
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726  Figure captions

Schorfheide-Chorin

Altitude a.s.I: 3—-140m

Annual mean air temperature: 8-8.5°C
Annual mean precipitation: 500-600 mm
Size: 1300 km?

Hainich-Diin

~ , Altitude a.s.I: 285-550m

" Annual mean air temperature: 6.5-8°C
Annual mean precipitation: 500-800 mm
Size: 1300 km?

Q i Schwibische Alb

e Altitude a.s.I: 460-860m

SN Annual mean air temperature: 6-7°C Excavated specimen of Galium mollugo agg.;
Annual mean precipitation: 700—1000 mm red lines mark the location where to cut at the
Size: 422 km? oldest part of the stem

200 pm 200 pm

727

728  Figure 1: A) Location and characteristics of the three study regions, B) excavated G. mollugo
729 individual, and C) exemplary microscopic images of stem cross sections of G. mollugo showing
730 three different individuals with different rings width and age; demarcation of annual rings is
731 marked with red horizontal lines along the examined radii. Source of the map shown in (A):
732 picoStudio/stock.adobe.com.
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Figure 2. Descriptive statistics computed with Rwlinfo separated by region (ALB =
Schwabische Alb, HAI = Hainich-Diin, SCH = Schorfheide-Chorin). A) Age calculated as
number of growth rings counted. B) Mean growth ring width. All values are means (+ 1 SE)
across all samples per region. The numbers show the sample size per region. The asterisks
shows significant differences (p < 0.05) between regions tested with Tukey’s test. If no asterisk
is shown there is no significant difference. One sampled individual in Hainich-Diin had no ring

width measured and was therefore deleted from the data set.
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Figure 3. Descriptive statistics computed with Rwlinfo separated by region (ALB =
Schwabische Alb, HAI = Hainich-Dun, SCH = Schorfheide-Chorin). A) Correlation of ring
widths with the ring width of the master chronology (calculated from the mean ring width per
year from all individuals per plot as the master chronology per plot) B) Mean first order
autocorrelation calculated as the correlation between the current and the previous ring width.
All values are means (+ 1 SE) across all samples per plot and region. The numbers show the
plot sample size per region. Note that the numbers differ from the numbers in Fig. 1 because of
individual level and plot level calculations. There is no statistically significant difference

between any of the measurements per region.
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Figure 4. Log-transformed mean ring width in relation to A) first application time of land-use
(the numbers are modelled ordinally) (R?n = 0.03, R% = 0.52), B) log transformed neighbour
species richness (R?n = 0.02, R% = 0.52). The blue lines represent a significant regression line

derived from fits to the model with age. The data shown represent the years 2009-2019.

30



777

778

779

780

781

782

783

784

785

786

Table 1. Results of the stepwise forward modelling process resulting in the final model. All

models had the response variable log transformed ring width, the random effect sample nested

in plot nested in region and the temporal autocorrelation structure of order 1 with the grouping

factor sample nested in plot nested in region. The base model included plant age modelled as a

smoothed term to allow for non-linear ontogenetic effects of age. Model performance was

evaluated based on a combination of delta loglikelihood values, significant p-values and AICs.

2 log transformed data. Significant effects (P < 0.05) are printed in bold, marginally significant

effects (P < 0.1) are printed in italic.

Step Term added ALogLik P AIC
0 Base model with plant age - - 8595.05
1 First land-use application 113.35 <0.001 8302.29
2 Summer soil temperature 49.11 <0.001 8175.82
3 Spring soil temperature 18.88 <0.001 8117.36
4 Summer air temperature 4.67 <0.001 8090.93
5 Summer soil moisture 291 0.06 8089.41
6 Neighbour species richness 2 0.0 0.016 8085.59
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Table 2. Results of the final generalized additive mixed model combining the fixed factors
which were significant after stepwise forward modelling starting with the best performing
(based on AIC) model of the single factor models (Table S3 in Supplementary Information).
Age was added using a smoothing term to account for a nonlinear ontogenetic effect. The
response variable was log transformed ring width, random effects of the final model were
sample nested in plot nested in region and a temporal autocorrelation structure of order 1 with
the grouping factor sample nested in plot nested in region. The upper part of the table presents
the parametric model results with estimates, standard error (SE) and t-value. The lower part of
the table presents the results of the smoothed term with estimated degrees of freedom (edf),
reference degrees of freedom (Ref. df) and F-value. 2 log transformed data. Significant effects

(P < 0.05) are printed in bold, marginally significant effects (P < 0.1) are printed in italic.

AcCross regions

Estimate SE t-value P
Intercept 5.012 0.173  29.055 <0.001
First land-use application 0.016 0.005 3.524 <0.001
Summer soil temperature 0.001 0.007 0.192 0.848
Spring soil temperature 0.001 0.004 0.126 0.900
Summer air temperature 0.005 0.008 0.587 0.587
Summer soil moisture 0.002 0.001 1.517 0.055
Neighbour species richness ? -0.080 0.032  -2.843 0.013
edf Ref. df F P
s(Age) 7.094 7904  92.88 <0.001
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