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ABSTRACT ARTICLE HISTORY
Investigating changes in belowground functional plant traits is an important step toward a better Received 4 August 2020
understanding of vegetation dynamics during primary succession. However, in alpine glacier fore- Revised 18 November 2020

lands, we still lack an accurate assessment of plant rooting patterns. In this study, we established Accepted 1 December 2020
two proglacial chronosequences with contrasting bedrocks to investigate changes in rooting KEYWORDS

patterns and biomass allocation with terrain age. We extracted soil cores up to 1 m depth and Biomass allocation;
measured root traits every 10 cm of each drilled core. Furthermore, we sampled aboveground chronosequence; glacier
biomass determining the contributions of functional groups to total aboveground biomass. We forelands; root traits; plant
found that root traits associated with the root economics spectrum varied significantly along the community composition
chronosequences. Vertical root distribution coefficients revealed that early successional commu-

nities had more evenly distributed root systems compared to late successional communities.

Biomass allocation showed diverging patterns. We found evidence for both the isometric allocation

and optimal partitioning hypotheses. In addition, we observed a significant correlation between

rooting parameters and plant community composition, suggesting that the dominance of distinct

plant functional groups was one important factor explaining the observed rooting patterns. Our

results shed light on the often neglected belowground compartments during plant succession and

contribute to a better understanding of hillslope functioning.

Introduction Although pioneer species must deal with high abiotic stress
levels, such as low nutrients, extreme temperatures, and
high ultraviolet radiation levels, vegetation cover and
aboveground biomass are increasing quickly and a fully
vegetated surface is normally observed after a few centuries
(Matthews 1992; Walker and Del Moral 2003; Erschbamer
and Caccianiga 2017). During succession in alpine glacier
forelands, not only do cover and biomass change quickly
but species composition does, too (Matthews and
lands, ecologists have frequently used this approach to Whittaker 1987; Chapin et al. 1994; Raftl and Erschbamer
study plant succession, which is defined as the turnover ~ 2004 Raffl et al. 2006; Robbins and Matthews 2009, 2010;
of species and communities over time in response to ~ Burgaetal. 2010). Because of the site-specific differences in
a disturbance (Matthews 1992; Walker and Del Moral ~ abiotic and biotic conditions, successional seres are known
2003; Prach and Walker 2020). to be highly variable (Caccianiga and Andreis 2004;

Retreating glaciers expose young soils that have little ~ Schumann, Gewolf, and Tackenberg 2016). Nevertheless,
biological legacy (Matthews 1992; Prach and Walker  patterns of vegetation dynamics show similarities in their
2020). Such barren surfaces represent a very inhospitable ~ main features. Young moraines are often covered by scree
habitat for early colonizers (Caccianiga et al. 2006).  plantcommunities, followed by patches of initial grasslands

Since the late Pleistocene, glaciers in alpine regions have
been shrinking dramatically (e.g., Boxleitner et al. 2019).
Former glacier positions can be identified by moraines
representing distinct ages of substrate exposure (e.g.,
Egli, Fitze, and Mirabella 2001; Musso et al. 2019;
Maier et al. 2020). This space-for-time substitution,
called a chronosequence approach, enables scientists to
test hypotheses related to terrain age. In glacier fore-
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and snowbed communities (Andreis, Caccianiga, and
Cerabolini 2001). Subsequently, densely covered alpine
grasslands are formed. Late successional communities in
alpine glacier forelands often show elements of dwarf shrub
communities or even subalpine forest stands, depending on
elevation (Liidi 1955, 1958; Burga et al. 2010). For example,
because of more stressful conditions, on higher elevations,
the speed and success of plant colonization, especially of
shrub species, are reduced compared to lower elevations
(Schumann, Gewolf, and Tackenberg 2016).

In addition to analyses of species turnover, trait-based
approaches have increasingly gained attention for studying
succession in recent years (Prach, Pysek, and Smilauer
1997; Fukami et al. 2005; Weppler and Stocklin 2005;
Caccianiga et al. 2006; Franzén et al. 2019). Functional traits
reflect species’ strategies to meet the local requirements
during succession, such as environmental conditions or
spatiotemporal isolation. Therefore, investigating func-
tional plant traits offers the potential to mechanistically
understand the underlying ecological processes of succes-
sion (Schleicher, Peppler-Lisbach, and Kleyer 2011; Raevel,
Violle, and Munoz 2012; Prach and Walker 2020). Until
now, most research dealing with functional trait changes
along successional gradients has focused on aboveground
compartments of plants, whereas our understanding of
belowground plant traits has lagged far behind (Holdaway
et al. 2011; Erktan, McCormack, and Roumet 2018).
However, belowground traits play a key role in understand-
ing ecosystem functioning and for preserving ecosystem
services (Bardgett, Mommer, and de Vries 2014; Garnier,
Navas, and Grigulis 2016; Erktan, McCormack, and
Roumet 2018). For instance, roots are involved in the
regulation of plant-soil interactions (van der Putten et al.
2013), crucial for carbon as well as nutrient cycling
(Hendricks, Nadelhoffer, and Aber 1993), and essential
for maintaining slope stability (Freschet et al. 2017).

Two important belowground traits are specific root
length (SRL, length of root per unit mass) and root tissue
density (RTD, root mass per root volume). SRL and RTD
are commonly used as equivalents to the functional leaf
traits specific leaf area and leaf dry matter content (Ryser
and Eek 2000; Ryser 2006; Freschet, Swart, and Cornelissen
2015). Because SRL and RTD are correlated with root life
span, both are frequently used as key traits for the root
economics spectrum (RES) hypothesis (Ryser 1996; Reich
2014; F. Li et al. 2019). Under the RES hypothesis, roots are
assumed to follow a gradient in trait syndromes from fast
foraging and short life span (acquisitive strategy) to slow
foraging and long life span (conservative strategy; Freschet
etal. 2010; Reich 2014; Kong et al. 2019). Such plant strategy
types can be also identified using aboveground leaf traits
(Hodgson et al. 1999; Wright et al. 2004). This approach has
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been tested on primary succession in glacier forelands,
showing that pioneer communities are dominated by fast-
growing species with high nitrogen leaf levels (Caccianiga
et al. 2006). During succession, these species are progres-
sively replaced by those with lower growth rates and denser
leaves (Caccianiga et al. 2006; Gobbi et al. 2010).
Theoretically, these findings should also apply to below-
ground traits when assuming that SRL and RTD behave like
their aboveground equivalents.

Another belowground trait that is poorly investigated is
vertical root distribution. This trait provides information
about the morphology of rooting systems, which are highly
plastic in response to abiotic and biotic changes and deter-
mine the efficiency of different rooting functions, such as
water and nutrient uptake as well as anchoring in the soil
(Bardgett, Mommer, and de Vries 2014). The spatial dis-
tribution of roots in the soil varies inter- and intraspecifi-
cally and reflects plant strategies of local adaptation to
different physical and hydrological soil conditions (P.
Hartmann and von Wilpert 2013). Furthermore, root dis-
tribution is linked to root architecture, which is known to
influence hillslope functioning by creating networks of
preferential flow (Ghestem, Sidle, and Stokes 2011;
A. Hartmann et al. 2020). The most prominent model
dealing with root distribution was proposed by Gale and
Grigal (1987). It assumes an asymptotic relationship
between root biomass and soil depth, as described by the
extinction coeflicient 8. Gale and Grigal (1987) found that
early successional tree species had the potential for a deep
exploitation of the soil, which was hypothesized to be an
adaptation to the homogenous distribution of nutrients
and water in the substrate of early successional habitats.
Jackson et al. (1996) and Schenk and Jackson (2002) con-
ducted a global comparison of root distributions across
different biomes, revealing that tundra, boreal forest, and
temperate grasslands had the shallowest rooting profiles.
Furthermore, they showed that plant functional groups
differed significantly in their root systems, with grasses
having 44 percent of their biomass allocated in the topsoil,
followed by trees at 26 percent and shrubs at 22 percent.
Consequently, communities consisting of different func-
tional groups are suspected to exhibit distinct rooting
patterns. Moreover, in diverse habitats, niche differentia-
tion concerning resource requirements and uptake or spe-
cies interactions may cause differences in rooting patterns
compared to less diverse plant communities (de Kovel,
Wilms, and Berendse 2000; Mommer et al. 2010; Poorter
et al. 2012). In alpine habitats, however, studies on rooting
systems are very scarce (Pohl et al. 2011). To our knowl-
edge, there is no study on vertical root distribution devel-
opment along chronosequences and, therefore, we lack
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a general understanding of how vertical root distribution
changes during primary succession.

Measuring vertical root distribution enables research-
ers to calculate belowground biomass (BGB). If compared
to the aboveground equivalent (AGB), this parameter
provides information about biomass allocation, which is
an important topic in plant ecology (McConnaughay and
Coleman 1999; Poorter et al. 2012). In general, two con-
trasting hypotheses are debated (Shipley and Meziane
2002; McCarthy and Enquist 2007; Zeng, Wu, and
Zhang 2015). The isometric allocation hypothesis
assumes that AGB and BGB are related in an isometric
manner; that is, the slope of the log-log relationship
between AGB and BGB is not significantly different
from one (Enquist and Niklas 2002; Niklas 2006; Yang
etal. 2009). This is true for a diverse range of plant species
and community types (Miiller, Schmid, and Weiner 2000;
Yang et al. 2009; Yang and Luo 2011). In contrast, accord-
ing to the optimal partitioning hypothesis, plants respond
to a gradient of environmental conditions (Nie et al. 2016;
Dai et al. 2019, 2020) by allocating biomass among var-
ious organs to capture nutrients, water, and light (Bloom,
Chapin, and Mooney 1985; Freschet et al. 2018). This
hypothesis suggests that plants allocate more biomass to
photosynthetic tissues under nutrient-rich conditions and
invest more biomass into belowground organs in nutri-
ent-poor conditions (McConnaughay and Coleman
1999). During primary succession, environmental condi-
tions are expected to change considerably and a strong
turnover of plant strategy types is observed (Caccianiga
et al. 2006). In these habitats, biomass allocation should
reflect the turnover of plant strategies and therefore opti-
mal partitioning is expected during primary succession.

During primary succession, changes in root traits, root
distribution, and biomass allocation are widely expected to
occur, but both the patterns of these changes and their
causes remain largely unexplored. The objective of this
study was to shed light on the belowground features of
plant succession. For this purpose, we examined the vertical
root distribution and biomass allocation in two glacier
forelands with distinct bedrocks. We also analyzed the
influence of vegetation composition on vertical root distri-
bution and root biomass. Chiefly, we tested the following
hypotheses: (a) We expected that functional root traits vary
along the chronosequences accordingly to the RES, indicat-
ing an acquisitive strategy at young moraines and
a conservative strategy at old moraines. (b) We assumed
that roots are more evenly distributed in early than in late
successional habitats. (c) Due to the strong environmental
heterogeneity along the chronosequences, biomass alloca-
tion patterns should follow the optimal partitioning
hypothesis. (d) Finally, we hypothesized that vertical root

distribution should be correlated with plant community
composition.

Material & methods
Study sites

The present study made use of two long-term glacier fore-
land chronosequences with different bedrocks, each incor-
porating four moraines that span an age gradient from 30
a (a = years) to 13.5 ka (ka = thousands of years; Figure 1,
Table 1; Musso et al. 2019). Both glacier forelands (Stein
Glacier, Griess Glacier) are situated in Central Switzerland
and are formed over siliceous and calcareous parent mate-
rial. A summary of soil data along the two chronosequences
is provided in Musso et al. (2019). An overview of some
important vegetation characteristics is provided in Table 1.
It is important to note that because of differences in species
composition, the moraines represent different stages along
the successional gradients.

(1) Stein Glacier: This study site is located west
of the Susten Pass in the Canton Bern (47°43’
N, 8°25" E). The chronosequence of this site
consisted of four moraines with estimated
terrain ages of 30 a, 160 a, 3 ka, and 10 ka
(Figure 1, Table 1). The four moraines of this
site were dated in previous studies using
radiocarbon dating, surface exposure dating
as well as historical maps (Schimmelpfennig
et al. 2014; Musso et al. 2019). The local bed-
rock at the Stein Glacier foreland is covered
by glacial till on pre-Mesozoic silicate parent
material, comprised of metamorphosed meta-
granitoids,  gneisses, and  amphibolites
(Schimmelpfennig et al. 2014; Musso et al.
2019). All four moraines are situated above
the timberline at elevations between 1,880 and
1,990 m.a.s.l. The soil types of this chronose-
quence were classified as Hyperskeletic
Leptosols (30 a, 160 a) to Skeletic Cambisols
(3 ka) and Entic Podzols (10 ka; Table 1; see
also Musso et al. 2020).

(2) Griess Glacier: This chronosequence is situated
25 km away from the Stein Glacier site. It is located
near the Klausen Pass, in the glacier foreland of
Griess Glacier, Canton Uri (46°50’ N, 8°49' E). The
moraines of the Griess Glacier foreland had esti-
mated terrain ages of 80 a, 160 a, 4.9 ka, and
13.5 ka (Figure 1, Table 1). The determination of
terrain ages of the moraines was done by radio-
carbon dating of bulk soil and by using historical
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Figure 1. Location of (A) the Griess Glacier foreland (46°50" N, 8°49’' E) and (B), (C) the lower and upper parts of the Stein
Glacier foreland (47°43’ N, 8°25’ E). The terrain age of the moraines is given in years (a) and thousands of years (ka). Insetin
(A) Switzerland with locations of both study sites. Satellite images: Google Maps, 2020, https://google.de/maps/place/Schweiz/@46.

6192509,7.4679619.

Table 1. Study site characteristics with terrain ages of the moraines, elevation, slope exposition, slope, bedrock, vegetation cover,
species richness, and vegetation type of Stein Glacier (Susten Pass) and Griess Glacier (Klausen Pass) forelands.

Terrain Slope Species
age  Elevation exposition Slope Vegetation richness
Moraine (years) (m.as.l.) (°) (%) Bedrock Soil type cover (%) (n) Vegetation type
Stein Glacier (Susten Pass, Central Switzerland)
30a 30 1,990 ENE 40  Gneiss Hyperskeletic Leptosol 49 23 Pioneer vegetation
160 a 160 1,990 ENE 31 Gneiss Hyperskeletic Leptosol 98 43 Initial grassland and Salix shrubberies
3 ka 3,000 1,890 SW 25  Gneiss Skeletic cambisol 94 33 Carex sempervirens grassland
10 ka 10,000 1,880 N 22 Gneiss Entic Podzol 100 29 Rhododendron ferrugineum
shrubberies and Nardus grassland
Griess Glacier (Klausen Pass, Central Switzerland)
80a 80 2,200 WNW 27  Limestone Hyperskeletic Leptosol 21 31 Pioneer vegetation
160 a 160 2,030 NE 31  Limestone Hyperskeletic Leptosol 48 32 Scree vegetation
49 ka 4900 2,010 N 37  Limestone Calacaric Skeletic Cambisol 98 19 Carex ferruginea grassland
13.5ka 13,500 2,000 NW 44  Limestone Calacaric Skeletic Cambisol 100 1 Rhododendron hirsutum shrubberies

and Carex ferruginea grassland

maps (Musso et al. 2019). In this glacier foreland, the
deep-lying gneiss bedrock of the Griess Glacier is
covered with limestone scree (Oechslin 1935; Musso

et al. 2019). The elevation of the four moraines of
this site is between 2,000 and 2,200 m.a.s.l. The soil
types ranged from Hyperskeletic Leptosols (80 a,
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160 a) to Calacaric Skeletic cambisols (4.9 Kka,
13.5 ka; Table 1; see also Musso et al. 2020).

Sampling strategy

On each moraine, we established three plots (each
4 m x 6 m) that were selected based on a structural vegeta-
tion complexity measure. Briefly, structural vegetation
complexity was defined as an index based on vegetation
cover and functional diversity data (Maier et al. 2020).
Functional diversity was calculated based on the following
eight traits characterizing species along the main axes of
plant performance (Garnier, Navas, and Grigulis 2016):
specific leaf area, nitrogen content, leaf dry matter content,
Raunkiaefs life form, seed mass, clonal growth organ, root
type, and stem growth form. For the plot selection, we
conducted a vegetation mapping differentiating between
vegetation units classified according to the characteristic
recurrent combination of species. In each unit, we recorded
all vascular plant species with proportion cover and calcu-
lated the vegetation complexity index. On every moraine,
the three plots were placed within the surface units with the
lowest, intermediate, and highest vegetation complexity.

On every plot, we conducted vegetation surveys, record-
ing percentage plant cover of every single species by visual
estimation. From these data, we calculated total plant cover
and the cover of the different functional groups (grasses,
forbs, shrubs). Species richness was computed as the total
number of species per plot. Furthermore, we selected four
10 cm X 50 cm stripes and harvested AGB, distinguishing
between grasses, forbs, and shrubs. The biomass samples
were then dried (60°C, 72 hours) and weighed.

In addition, we extracted at least four soil cores per plot
using a stainless steel soil column cylinder
(diameter = 5 c¢m) that was drilled into the soil with
a heavy, electrically powered percussion hammer (Makita
HM 1800, Ratingen, Germany). The extracted cores were
analyzed to a maximum core length of 1 m to maintain
consistency. Each core was separated into 10-cm samples
(0-10, 10-20, 20-30, 40-50, 60-70, 80-90, 90-100 cm). In
total, we analyzed 394 samples at the Stein Glacier site and
432 samples at the Griess Glacier site. Sampling was done in
July and August 2018 (Stein Glacier) and 2019 (Griess
Glacier).

Processing and analyzing the roots

The roots were cleaned of soil and sorted into three dia-
meter classes: <1 mm (i.e., fine roots), 1-2 mm (i.e., fibrous
roots), and >2 mm (i.e., coarse roots). The samples were
scanned in water with a flatbed scanner (Epson Perfection
V700 Photo, Seiko Epson Corporation, Nagano, Japan,
resolution 800 dpi). We used the software WinRHIZO

Table 2. List of traits investigated in the present study.
Root trait Unit
FRMD

Description

Dry weight of fine roots (diameter <1 mm) per
unit soil volume

FRLD cm cm™>  Root length of fine roots (diameter <1 mm) per

unit soil volume

SRL cm g™ Root length per unit dry weight of fine roots

RTD gcm™>  Dry weight per root volume of fine roots

B Measure for shallow and deep rooting,
respectively: Y =1 — Bd

Belowground biomass

Aboveground biomass

Root-to-shoot ratio

gcm™

BGB kg m™2
AGB kg m™2
R:S ratio %

Reg 2013e (Régent Instruments Inc. 2013) to measure
the root length and root volume from the scans.
Thereafter, each sample was dried (60°C, 72 hours) and
weighed. To reduce workload, where more than ten scans
would be necessary to capture all fine roots, material was
subsampled.

For each sample, fine root mass density (FRMD), fine
root length density (FRLD), SRL, and RTD were calculated
(Table 2). FRMD and FRLD were obtained by dividing the
root mass and root length, respectively, of the fine roots by
the soil volume, which was determined by subtracting the
volume of stones (mesh size of sieve >2 mm) from the
volume of the corresponding soil cylinder. SRL was calcu-
lated as the length of fine roots per fine root mass of the
sample and RTD as root mass per root volume of fine
roots. Furthermore, we calculated the total root biomass
by adding up the root dry weight of every soil depth
increment and relating them to the area of 1 m? (Table 2).

Statistical analyses

As a first step, we calculated the per plot averages of all
samples. To test hypothesis (a), we built linear mixed effect
models. We used a three-way interaction of site (Griess
Glacier, Stein Glacier), soil depth, and terrain age as fixed
effects to investigate the changes of root traits (FRMD,
FRLD, SRL, RTD) as a response of terrain age and soil
depth. As such, soil depth was fitted as a factor variable.
The affiliation of the plots to the moraines was included as
a random term. To meet model assumptions, response
variables were log-transformed. Linear mixed models
were created using the R package Ime4 (Bates et al. 2007).
The model outputs are shown in Appendix SI.

To test hypothesis (b), we calculated the vertical root
distribution coefficient according to the model of Gale
and Grigal (1987):

Yzl_ﬁdv

where Y is the cumulative root fraction, d is the soil depth
(cm), and f is the fitted extinction coeflicient. The model
suggests a nonlinear asymptotic relationship between root



measures and soil depth. We used the fine root measures
of FRMD and FRLD to calculate the cumulative root
fraction (Y) for any 10-cm step from the surface to
1 m soil depth and derived the extinction coefficient (f).
The cumulative root fraction represents the percentage of
FRMD/FRLD from the soil surface to the depth consid-
ered relative to total FRMD/FRLD of the soil profile. The
extinction coefficient B is a measure of vertical fine root
distribution and may be interpreted as the allocation
pattern of FRMD/FRLD. The values of  range from 0
to 1, where 1 indicates that the whole root biomass or root
length, respectively, is located in deep soil and 0 indicates
that the whole root biomass or root length, respectively, is
concentrated at the surface.

To test the isometric allocation hypothesis (c), we
performed simple linear models fitting log AGB as
a function of log BGB. To investigate the change of
AGB, BGB, and root-to-shoot (R:S) ratio along the
chronosequences, we computed one-way analyses of
variance and subsequent post hoc comparisons using
the least significant difference (LSD) test. Significance
levels were corrected according to the Bonferroni
adjustment for multiple testing (Scheiner 1993).

The relationships between aboveground vegetation
characteristics and vertical root distribution (hypoth-
esis (d)) were analyzed using Pearson correlation
coefficients. All analyses were performed with
R version 3.5.1 (R Core Team 2018).

Results
Functional root traits along the chronosequences

The vertical distribution of the investigated func-
tional root traits (FRMD, FRLD, SRL, RTD) showed
large variations across all moraines and soil depths
(Figure 2). At the Stein Glacier, FRMD ranged from
0 to 2.06 g cm >, FRLD from 0.03 to 12.51 cm
cm™>, SRL from 3.3 to 157.3 m g_l, and RTD
from 0.01 to 0.67 g cm . At the Griess Glacier,
FRMD ranged from 0 to 3.35 g cm >, FRLD
from 0.02 to 24.68 cm cm >, SRL from 6.5 to
200.0 cm g ', and RTD from 0.24 to 0.65 g cm ™
(Figure 2). Across all moraines, FRMD and FRLD
decreased  exponentially  with  soil  depth
(Figures 2a-2d). In the top 20 cm of the soil pro-
files, FRMD and FRLD were considerably higher on
old moraines (2.21 g cm™>, 16.48 cm cm ) than on
young moraines (0.14 g cm™>, 1.58 cm cm ). This
finding was also reflected by positive effect sizes,
indicating the rate of change with terrain age at
certain soil depths (Figures 3a-3d). In the topsoil,
SRL decreased, and deeper in the soil it increased
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with terrain age (Figures 2e and 2f, Figures 3e and
3f). An opposite pattern was observed for RTD,
showing positive effect sizes in upper soil layers
and negative effect sizes deeper in the soil (Figures
3g and 3h).

B coefficients along the chronosequences

The vertical root distribution coefficient p ranged from
0.818 to 0.974 for FRMD and from 0.838 to 0.963 for
FRLD (Table 3). At the Griess Glacier site, the coeffi-
cients changed significantly, whereas at the Stein Glacier
site no significant changes were found. The coefficients
showed a similar pattern along both chronosequences
(Figure 4, Table 3). We found the highest B values at the
30 a, 80 a moraines and the lowest values at the 3 ka and
4.9 ka moraines (Figure 4, Table 3). On the oldest
moraines of both sites, more than 90 percent of the
root biomass was allocated in the uppermost 30 cm of
soil, versus approximately 68 percent on the youngest
moraines (Table 3).

Biomass allocation patterns along the
chronosequences

AGB showed diverging patterns in the two glacier fore-
lands. At the Stein Glacier site, AGB increased signifi-
cantly along the chronosequence (Figure 5a), ranging
from 0.16 to 1.29 kg m~2 (Table 4). At the Griess Glacier
foreland, it remained constant at around 0.40 kg m 2
(Figure 5b, Table 4). Along both chronosequences,
shrubs accounted for the largest proportions of AGB
(Table 4). At the Stein Glacier foreland, the proportion
of shrubs to total AGB increased with terrain age (except
for the 3 ka), whereas grass and forb proportions
decreased. At the Griess Glacier foreland, the proportion
of grasses to total AGB increased with terrain age, forb
proportion remained constant, and shrub proportion
decreased (Table 4).

BGB increased along both chronosequences and
showed significant changes across the moraines
(Figures 5c-5d, Table 4). At the Stein Glacier site, BGB
showed minimal values at the 30 a moraine (0.16 kg
m?), reaching maximal values at the 10 ka moraine
(2.29 kg m~% Table 4). Similarly, at the Griess Glacier
site, BGB increased constantly from the youngest mor-
aine (0.09 kg m™?) to the oldest moraine (2.03 kg m%
Table 4). On young moraines (terrain age <160 a) of
both sites, fine roots (<1 mm) accounted for the largest
proportion of BGB. On old moraines (terrain age >3 ka),
contributions to BGB depended on vegetation composi-
tion. Where grasses dominated, fine roots constituted
the main percentage of BGB. In contrast, coarse root
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Figure 2. Vertical distributions of mean FRMD, FRLD, SRL, and RTD per soil depth increment across the moraines of (a), (c), (e), (g) Stein
Glacier and (b), (d), (f), (h) Griess Glacier forelands. Error bars show the standard error of the mean. The terrain age of the moraines is

given in years (a) and thousands of years (ka).

fraction (>2 mm) was highest where shrubs dominated
(Table 4).

The R:S ratio showed a diverging pattern between the
two study sites (Figures 5e-5f, Table 4). At the Stein
Glacier site, the R:S ratio did not show significant
changes between the moraines (range: 0.96-2.32;
Figure 5e, Table 4), whereas at the Griess Glacier site,
the R:S ratio increased significantly along the chronose-
quence (Figure 5f), ranging from 0.22 at the youngest
moraine to 5.29 at the oldest moraine (Table 4).

At the Stein Glacier site, we found a significant rela-
tionship between log AGB and log BGB, with a slope of

approximately one (R*> = 0.7, p < .05, Figure 5g). At the
Griess Glacier site, no such trend was observed
(Figure 5h).

Correlations between rooting parameters and
vegetation composition

The Pearson correlation matrix showed different corre-
lations between P coefficients, BGB, and vegetation mea-
sures (Table 5). The AGB of grass species correlated
negatively with 8 coefficients and positively with BGB
(p <.05). We also found a significant positive correlation
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Figure 3. Effect sizes of FRMD, FRLD, SRL, and RTD of (a), (c), (e), (g) Stein Glacier and (b), (d), (f), (h) Griess Glacier forelands. Effect sizes
indicate the rate of change of the root traits per 100 years of terrain age. The response variables are on a log scale.

(p < .05) between BGB and AGB as well as between BGB
and shrub cover (Table 5).

Discussion
Functional root traits along the chronosequences

The large differences in root densities across the mor-
aines are related to a set of parameters linked to terrain
age. Because AGB and BGB are typically positively

correlated, the observed increase in FRMD and FRLD
should be a function of vegetation dynamics; for exam-
ple, increasing plant cover and biomass along the chron-
osequences (Y. Li, Luo, and Lu 2008; Yang et al. 2009;
Dai et al. 2019, 2020). Furthermore, various soil proper-
ties are known to influence root growth (Unger and
Kaspar 1994; Ho et al. 2005). For example, an increase
in bulk density leads to an increase in soil resistance,
which can impede root penetration. Musso et al. (2019)
and A. Hartmann et al. (2020) reported a strong gradient
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Table 3. Mean vertical root distribution coefficient, B, and root
fractions in the soil top 30 cm (RFrop30cm) across the moraines of
the study sites.

Site Moraine Bravb RF1op30cm Berio RFrop3ocm
Stein Glacier 30a 0.974*  70.15° 0961 54612
Stein Glacier 160a  0942°  80.63° 0.947°  83.22
Stein Glacier 3 ka 0.921° 92.08° 0.919° 91.50°
Stein Glacier 10ka  0936°  87.38° 0933  86.09°
Griess Glacier 80a 0961  67.46° 0963  69.71°
Griess Glacier 160a  0956°  7253° 0.958°  73.68%
Griess Glacier ~ 49ka  0818°  99.50° 0.838°  99.76
Griess Glacier ~ 135ka  0922° 8831 09317  91.34%®

Notes. The model of Gale and Grigal (1987) was used to calculate B coeffi-
cients from FRMD and FRLD. A post hoc LSD test was conducted to
compare root distribution measures among the moraines. The significance
level was adjusted according to the Bonferroni method. Superscript letters
indicate significant differences. The terrain age of the moraines is given in
years (a) and thousands of years (ka).

in bulk density along the chronosequences of Stein
Glacier and Griess Glacier. According to Musso et al.
(2019), bulk density showed values close to 2 g cm ™ on
the youngest moraines, which is considered to be limit-

ing for root growth (Unger and Kaspar 1994). With
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ongoing succession, bulk density decreased due to an
accumulation of root biomass and organic matter
(Musso et al. 2019, 2020). Such soils are richer in fine
material and hence provide better conditions for roots to
penetrate the substrate. Thus, we conclude that the
observed root density patterns are an expression of
both the increasing colonization of plants and the chan-
ging physical soil conditions.

Depending on soil depth, the results for RTD and
SRL presented an ambiguous picture. In the topsoil of
the youngest moraines (30 a, 80 a), the comparatively
high values of SRL and the tendency for low RTD values
reflect a fast water and nutrient uptake strategy of early
colonizers (Caccianiga et al. 2006; Erschbamer and
Caccianiga 2017). In contrast, species of late succes-
sional communities seem to invest more biomass into
strengthening root tissues. This trait pattern supports
the RES hypothesis postulating a gradient in trait syn-
dromes from an acquisitive to a conservative strategy
(Ryser 1996; Reich 2014; Kong et al. 2019; F. Li et al.
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Figure 4. Vertical distribution of (a), (b) root mass and (c), (d) root length across the moraines (see Table 1) of the (a), (c) Stein Glacier
and (b), (d) Griess Glacier forelands. The vertical root distribution was fitted using the model proposed by Gale and Grigal (1987). The
resulting B coefficients are shown in Table 4. The cumulative root fraction represents the percentage of roots from the soil surface to
the depth considered relative to the total roots of the soil profile. Models are plotted showing the 95 percent confidence intervals.
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Table 4. Mean BGB, AGB, and R:S ratio across the moraines of the study sites.

BGB (kg m™) AGB (kg m™?)
Site Moraine (<1 mm/1-2 mm/>2 mm) (grasses/forbs/shrubs) R:S ratio
Stein Glacier 30a 0.16 (82/11/16) 0.16 (14/23/63) 0.96
Stein Glacier 160 a 0.99 (48/14/38) 0.84 (6/11/84) 1.18
Stein Glacier 3 ka 0.96 (82/10/8) 0.41 (28/51/20) 2.32
Stein Glacier 10 ka 2.29 (40/10/49) 1.95 (5/5/91) 1.17
Griess Glacier 80 a 0.09 (55/21/24) 0.44 (2/19/80) 0.22
Griess Glacier 160 a 0.37 (82/7/31) 0.34 (14/35/51) 1.07
Griess Glacier 49 ka 1.21 (75/9/15) 0.48 (37/17/46) 2.50
Griess Glacier 13.5 ka 2.03 (71/6/23) 0.38 (37/22/62) 5.29

Notes. Percentage contributions of root diameter classes (<1 mm, 1-2 mm, >2 mm) and functional groups (grasses, forbs, shrubs) are given in parentheses. The
terrain age of the moraines is given in years (a) and thousands of years (ka).

2019). Similarly, from a belowground perspective, our
findings confirm the shift from ruderal to stress-tolerant
plant strategies as being derived from aboveground
traits along glacier foreland succession by Caccianiga
et al. (2006). In deeper soil horizons, we found an oppo-
site SRL/RTD pattern compared to the upper layers.
Here, SRL increased and RTD decreased with terrain
age, which could be attributed to physical soil condi-
tions. Typically, bulk density increases with soil depth
and on young moraines, with stony soils, it is expected
to reach very high levels. In these habitats, roots of early
colonizers might have to face a trade-off between
resource acquisition and mechanical resistance
(Freschet et al. 2020).

B coefficients along the chronosequences

The vertical root distribution coefficients p showed
a pattern that was in accordance with our second
hypothesis. We found evidence that early successional
habitats in glacier forelands have more evenly distribu-
ted root profiles in contrast to late successional commu-
nities. Our findings suggest that vegetation of young
moraines is adapted to sites with limiting resources
because of the potential to exploit larger volumes of
soil (Gale and Grigal 1987). We further assume that
late successional vegetation develops shallow root sys-
tems to exploit the resources that are concentrated in the
upper soil layers as a result of biocycling and soil devel-
opment (Gale and Grigal 1987; Gao et al. 2014; Ma et al.
2020). The vertical root distribution coefficients { of this
study covered a wide range of values compared to a great
variety of biomes, from tundra ecosystems to sclerophyl-
lous shrublands (Jackson et al. 1996). At the second
oldest moraines (3 ka, 4.9 ka) of both glacier forelands,
we found exceptionally low B coefficients, Here, a lot of
tufted species occurred (e.g., Carex sempervirens,
Festuca sp.), forming a dense net of roots in the upper
soil layers. B values of the oldest moraines (10 ka,
13.5 ka) were similar to those of Yang et al. (2009)
from grasslands of the Tibetan plateau. The vegetation

of these moraines was characterized by alpine grassland
species and dwarf shrubs (e.g., Rhododendron sp.,
Vaccinium sp.), which are known to have deep-
growing roots (Kutschera and Lichtenegger 2002).
These differences in vegetation composition might be
a further explanation for the emerging root distribution
patterns.

Biomass allocation patterns along the
chronosequences

The development of biomass allocation patterns along
the Griess Glacier chronosequence met our expectation
that biomass allocation should follow the optimal parti-
tioning hypothesis (Kang et al. 2013; Nie et al. 2016; Dai
etal. 2019, 2020). In contrast, at the Stein Glacier site, we
found support for the isometric allocation hypothesis,
which has been confirmed by Yang et al. (2009), Yang
and Luo (2011), and Peng and Yang (2016). The differ-
ences in the allocation patterns between the two study
sites are because AGB scaled differently with terrain age:
AGB remained constant at the Griess Glacier and
increased at the Stein Glacier. At the latter site, the
vegetation was composed of more woody species, pro-
ducing higher amounts of AGB (de Kovel, Wilms, and
Berendse 2000), which in turn resulted in a balanced R:S
ratio. The comparatively high occurrence of species
belonging to subalpine mesic dwarf shrub heathlands
on siliceous bedrock has been attributed to a higher
subsurface water availability compared to locations
with calcareous bedrock (Michalet et al. 2002).
Percentage contributions of root diameter classes to
total BGB were related to the community composition at
certain moraines as reflected by the AGB fractions of
grasses, forbs, and shrubs. The different proportions of
coarse roots present in the soil are expected to have
implications for hillslope functioning. Roots with
a large diameter are known to create networks of pre-
ferential flow via root channels, thus affecting subsurface
flow (Mitchell, Ellsworth, and Meek 1995; Ghestem,
Sidle, and Stokes 2011). To illustrate that, at the Stein
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Figure 5. AGB, BGB, and R:S ratio across different moraines and the relationships between AGB and BGB of (a), (c), (e), (g) Stein Glacier
and (b), (d), (f), (h) Griess Glacier forelands. A post hoc LSD test was conducted to compare biomass measures among the moraines. The
significance level was adjusted according to the Bonferroni method. Superscript letters indicate significant differences.

Table 5. Pearson correlation coefficients of vertical root distribu-

tion coefficients and vegetation composition.

BRD BRLD BGB
Species richness -03 -0.35 0.23
AGB -0.01 0.02 0.61
Grass AGB -0.65 -0.59 0.54
Forb AGB 0.02 0.04 0.05
Shrub AGB 0.06 0.08 0.55
Vegetation cover -0.33 -0.33 0.38
Grass cover -0.29 -0.35 0.32
Forb cover -0.25 -0.25 0.13
Shrub cover -0.16 -0.13 0.57

Note. Bold numbers indicate significant correlations (p < .05).

Glacier site, A. Hartmann et al. (2020) found different
flow types at the different moraines, ranging from
matrix flow at younger terrain ages to macropore flow
via root channels at the oldest moraine.

Correlations between rooting parameters and
vegetation composition

Concerning the relationship between vegetation charac-
teristics and rooting parameters, we found evidence that
the occurrence of distinct functional groups drove ver-



tical root distributions, therefore supporting our fourth
hypothesis. Grass species seemed especially influential to
the rooting patterns due to their generally high root
biomass allocation in the uppermost soil horizons
(Jackson et al. 1996). Thus, we conclude that the func-
tional group composition of the plant communities had
a major influence on the development of root distribu-
tion and BGB. However, because we did not measure the
distributions of available nutrients and water in the
profiles, there is still some uncertainty about how abiotic
factors shape the rooting patterns of such ecosystems.

Conclusions

This study is the first accurate assessment of rooting
patterns including vertical root distribution along pro-
glacial chronosequences. The presented data set is of
interest for a broader understanding of functional root
traits in alpine communities and provides comprehen-
sive information on the hidden half of succession-
related vegetation dynamics. We illustrated remarkable
differences in rooting patterns of alpine plant commu-
nities growing along two alpine chronosequences. We
found a strong variation in root traits along the succes-
sional gradients, which reflected a turnover of plant
strategy types. Furthermore, we showed that plant com-
munity composition was correlated with the investi-
gated root parameters. Our findings contribute to
a deeper understanding of plant succession in glacier
forelands and may also have implications for hillslope
functioning in these areas. However, because we did not
measure nutrient availability and water status, there
remains some uncertainty as to whether plant composi-
tion or environmental conditions caused the site-specific
patterns. Both nutrient and water resources in the soils
are hypothesized to have a large impact on root char-
acteristics and, therefore, we encourage the measure-
ment of these parameters and their interrelations with
root patterns in follow-up research.
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