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Alley cropping systems are known as more sustainable land use alternatives

compared to monoculture cropland. In addition to the improvement of above-

ground structures and creation of biotopes relevant to nature conservation, the

improvement of resource development through various root systems plays a

major role. We studied the interaction of the root systems in an alley cropping

system combining permanent grassland and willows and at a reference grassland

site. The system was established 12 years prior to our study on a site with a

shallow groundwater table at 130 cm depth. We measured carbon stocks in the

topsoil and determined the share of root-bound carbon relative to the total

carbon pool and extracted soil cores up to a depth of 150 cm along a distance

gradient to the trees and at a reference grassland site with no tree influence. The

maximal rooting depth of the grassland roots increased with increasing distance

to the tree lines and total root biomass was higher than under the grassland

reference up to a distance of 2.5m from the tree line. Tree roots extended up to a

distance of 5.5 m from the trees and we could distinguish zones of tree root

dominance very close to the trees, zones of grassland root dominance at

distances ≥ 8.5 m and an interaction zone in between those two extremes.

We conclude that alley cropping increases belowground biomass as compared

to grassland and has therefore a higher potential to store carbon in the subsoil.

KEYWORDS

fine roots, alley cropping, agroforestry, root system, root competition, fine root density,
maximal rooting depth, permanent grassland
1 Introduction

Alley cropping systems are considered a more sustainable land use alternative

compared to monoculture cropland to increase carbon storage and ameliorate climate

change (Quinkenstein et al., 2009). They combine woody perennials arranged in alleys on

the same area as agricultural crops or grassland. Fast growing tree species were shown to

increase soil organic carbon in the tree line (Tsonkova et al., 2011) and improve soil
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physical properties (Kahle and Janssen, 2020). Soil water availability

for crops is likely increased by hydraulic lift (Richards and Caldwell,

1987), as shown by Gerjets et al. (2021) in a greenhouse experiment.

Crops are likely to benefit from hydraulic lift in a zone where both

tree and crop roots are present.

Planting rows of trees on grassland creates a zone of

competition for resources between both systems (Jose et al.,

2004). Interactions of root systems of woody perennials and

agricultural crops in alley cropping are not yet completely

understood, but documented e.g. by Mulia and Dupraz (2006)

who found lower fine root densities (FRD) of trees in the upper

soil horizons when annual crops were present. Fine root density

relates the root mass to the volume of soil. Plant water and nutrient

uptake is largely proportional to the surface area of fine roots (≤2

mm) (Coners and Leuschner, 2005) and therefore, quantifying root

parameters is crucial to estimate below-ground interactions

between the components of mixed cropping systems. The

diameter-based definition does not consider functionality or root

order and therefore limits our understanding of root processes

(McCormack et al., 2015). Hajek et al. (2014) interpret higher fine

root densities as dominance and advantage in below-ground

competition between two poplar species. However, in a system

where root architecture and especially the fine root diameter differs

widely, using the root mass to estimate dominance might lead to the

wrong conclusions. Fine root length density (FRLD) relates the total

length of the roots to the volume of soil and is therefore less

sensitive to differences in root mass. Therefore, we used fine root

length density as a direct proxy of surface area after Weemstra et al.

(2020) and estimate the interactions of two competitive root

systems based on this parameter.

The subsoil is an important carbon sink with up to 50% of soil

organic carbon (SOC) stored at depths >30 cm (Antony et al., 2022).

New SOC in the subsoil is mainly added by the root system, whereas

in more shallow soil horizons, both above- and belowground plant

tissue contributes to soil carbon storage (Angst et al., 2016). An

increased rooting depth potentially increases the depth at which C

can be stored in the soil, but the process of root C sequestration is

still poorly understood (Rumpel and Kögel-Knabner, 2011). The

subsoil C storage capacity of alley cropping systems is not directly

related to the fine root biomasses found in the system. Cardinael

et al. (2015) found increased SOC under trees, but no effect of

distance to the trees in a Mediterranean alley cropping system and

Angst et al. (2016) report the same for a forest site. Similarly,

Siegwart et al. (2023) found correlations between root C stocks and

SOC for depths of up to 50 cm, but not for the subsoil. Direct

predictions on root C input in the subsoil based on measurements

of FRD are not possible with the present state of knowledge on the

stability and turnover times of the C pools.

We conducted a root sampling study to understand the spatial

dynamics between tree and grassland roots in an alley cropping

system. We examined the influence of distance to the tree line on

maximum rooting depth of grassland fine roots, grassland and total

fine root density and fine root length density and determined the

lateral extent of the tree root system below the grassland. We

furthermore quantified root C stocks in absolute terms and

relative to the C stock present in the topsoil. We hypothesized
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that total fine root biomass decreased with increasing distance to the

tree line and that the maximum rooting depth and fine root density

of grassland plants increased with increasing distance to the trees.

Based on the fine root densities of trees and grassland species, we

delineated zones of tree- and grassland root dominance and a zone

where both root systems are present with similar densities

(mixing zone).
2 Materials and methods

The study was conducted at an alley cropping site combining

osier willow clones (Salix schwerinii x Salix viminalis) and

permanent grassland close to Hannover (52°33’51”N 9°27’50”E).

Trees were planted in alleys with a tree density of 15000 trees ha-1.

The tree lines consisted of double rows (0.75 m distance to the next

row) with a distance of 0.75 m between trees of one row. Spacing

between double rows was 2 m and the total width of the tree line was

11 m. The width of the permanent grassland between the trees was

50 m at the experimental area (white rectangle, Figure S1). The

willows were planted in 2008 and harvested the first time in winter

2015/16. Tree height measurements took place in spring 2019,when

the trees had an average height of 5.3 m (personal communication

Langhof, Julius-Kühn-Institut, Institute for Crop and Soil Science).

The soil has not been ploughed since the onset of the study 2008,

when the tree lines were established. It was formed from alluvial

sand under a peat layer and the groundwater level was at an average

of -130 ± 10 cm between July and December 2020. The organic layer

had an average thickness of 47 ± 4 cm across the study site and the

soil was described as Dystric Folic Histosol (Table 1) according to

the World Reference Base for Soil Resources (IUSS working group

WRB, 2015). The most dominant species in the grassland were

Arrhenatherum elatius, Holcus lanatus, Ranunculus repens and

Rumex acetosa.

Soil sampling was conducted in the year before root sampling

with a Pürckhauer soil corer to a depth of 20 cm to quantify the

carbon (C) contents in the topsoil in two intervals (0-10 cm and 10-

20 cm). Samples were taken at distances of 0 m, 1.5 m, 5.5 m, 8.5 m

and 25 m from the tree line with six replications at the locations

indicated as orange transects in Figure S1 and the C contents were

determined in the vario EL cube elemental analyzer (Elementar

Analysensysteme GmbH, Langenselbold, Germany). C stocks were

calculated for each interval. Soil cores for root sampling were taken

in the end of June 2020 using a hydraulic soil corer with a maximum

depth of 150 cm and a diameter of 6 cm at 7 distances to the tree line

(0 m, 1.5 m, 2.5 m, 3.5 m, 4.5 m, 5.5 m, 8.5 m and 25 m) and at a

reference site at > 30 m distance to the trees with three repetitions,

resulting in a total of 27 cores. Transects for soil coring were located

at the Northern and Southern edge of the experimental area (white

rectangle) and one transect was established equidistantly (distance

22 m to the next transect) in between to avoid spatial auto-

correlation between transects (Figure S1). Soil cores were divided

into intervals of 10 cm up to 1 m and in 25 cm intervals between 1 m

and 1.5 m depth, resulting in 12 depth intervals per core. Roots were

washed manually and dead roots were excluded from the analysis.

Live fine roots (diameter ≤ 2 mm) were separated into grassland-
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and tree roots based on morphological features to determine the

maximum rooting depth of the grassland plants. All grassland roots

showed diameters ≤2 mm and were treated as fine roots. Roots

were scanned using the WinRhizo software (Regent Instruments)

and root length densities (cm cm-3) were calculated. The dry weight

of each sample was determined after drying at 60°C for 48 h in a

forced-air oven and fine root densities (g m-3) were calculated as

FRD =
Dry root weight (g)
Soil volume (m3)

(1)

and

FRLD =
Root length (cm)
Soil volume(cm3)

(2)

Carbon content in roots was determined by C/N analysis at the

Thünen Institute of Climate-Smart Agriculture. The C content of

tree coarse and fine roots was determined and grass root samples

were pooled to obtain enough biomass for analysis based on their

distance to the tree line ( ≤ 3.5 m; 4.5 m and 5.5 m; 8.5 m and 25 m

and reference site) to determine possible tree effects on C content.

The effect of distance to the trees on the maximum rooting

depth of grassland plants, fine root densities of grassland and on the

total fine root densities was evaluated by Kruskal-Wallis tests in the

statistical software R (R core team, version 4.0.2). In case of

significant effects, distances were compared with a Wilcoxon rank

sum test.

The C stocks in coarse and fine tree roots and grassland roots

along the profile were calculated based on the C contents and root

biomasses. For the uppermost 20 cm, we calculated the share of

root-bound carbon relative to the total carbon stock of our soil. We

evaluated the effect of distance to the tree line on the carbon stock

integrated over depth (kg C m-2) with a Kruskal-Wallis test and

Wilcoxon rank sum tests in case of significant differences between

distances as described above.
3 Results

The grassland root distribution was significantly (p = 0.019)

influenced by the distance to the trees with a lower rooting depth

close to the trees (Figure 1). Grassland maximum rooting depth

differed significantly (p ≤ 0.05) between distances ≤ 4.5 m and ≥

8.5 m. The grassland fine root density was significantly (p = 0.031)

influenced by the distance to the trees, with lower grassland fine

root densities at distances ≤ 3.5 m (p ≤ 0.05).
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We showed that the lateral extension of tree roots was at least

5.5 m from the tree line and likely lower than 8.5 m. Corresponding

to the lateral extension of the tree roots, we found that distance to

the trees significantly (p = 0.026) influenced the total fine root

density. The total fine root density was significantly (p = 0.05)

higher at distances ≤ 2.5 m due to the presence of tree roots

compared to the grassland reference.

If we interpret FRD as proxy for root dominance as in Hajek

et al. (2014) of one functional group (trees or grassland) and define

dominance as > 66% of fine root biomass, we observed

complementarity of root systems with areas with a clear spatial

(vertical as well as horizontal) separation of the soil in tree- or

grassland-dominated areas (Figure 2, top). The tree roots

dominated in the uppermost 10 cm only up to 1.5 m distance

from the tree line. In contrast, in the subsoil from about 40 cm soil

depth, the trees opened up a much larger area up to 5.5 m. The

dominance of the grass roots was limited to the top 10 cm in the

range 2.5 to 4.5 m, while without the influence of the trees the grass

rooting reaches > 80 cm. The intermixing zone, with

approximately equal proportions of roots of both trees and

grassland species, was restricted to the 10-30 cm soil depth-range

at 2.5 to 5.5 m intervals. The root systems tended to overlap (with

similar proportions of fine root biomass) more frequently at larger

distances to the tree line. The zones of co-dominance were

comparatively small.

The results regarding root dominance when evaluated based on

FRLD were similar to the evaluation of dominance based on FRD.

The zone of grassland dominance increased to depths of ≤ 20 cm

for distances > 1.5 m up to 4.5 m. At 5.5 m distance the dominance

of grassland plants extended up to 30 cm. Furthermore, we observed

that the areas of co-dominance are shifted to greater depths

(Figure 2, bottom).

The soil at the present site is extremely rich in C (Table S1)

because of post-glacial peatland growth. The background C contents

are much too high to reflect the recent land use change by

introducing the alley cropping system and we did not find a

significant influence of the tree line on C contents in the topsoil

(data not shown). The size of the C pool of the roots relative to the C

pool of the soil is displayed in Figure 3. The tree roots account for a

higher, but still very low percentage of carbon compared to the

grassland. The total C stock integrated over the profile (compare

Figure S2 for root C stocks along the profile) was significantly lower at

distances ≥ 8.5 m compared to the C stock in the tree line. On the

other hand, the C stock of the grassland reference was significantly

lower than the C stock of the roots from distances ≤ 3.5 m.
TABLE 1 Chemical properties (pH in water and KCl, carbon (C) and nitrogen (N)-content and C:N ratio) in the horizons with given bulk density.

Depth [cm] Horizon pH(H2O) pH(KCl) C [%] N [%] C:N Bulk density [g cm-3]

0 – 22 Hp 4.85 4.70 12.57 0.59 21.44 0.83

22 – 47 Ha 4.00 3.77 54.35 1.14 47.87 0.34

47 – 77 Bhl 4.23 3.72 3.14 0.10 31.43 1.36

> 77 Cr 4.76 4.72 0.66 0.03 21.24 1.71
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4 Discussion

We found that the rooting depth of grassland species is affected

by the distance to the tree line. The lower rooting depth of grassland

species up to a distance of 4.5 m from the tree line is likely attributable

to the interaction between the root systems also documented by

Mulia and Dupraz (2006). The effects seem to depend heavily on the

tree species as they found that wheat roots exhibit a lower rooting

depth close to walnut trees, while the effect was much lower close to

poplars. Especially the second maximum of the tree roots below the

maximum grassland rooting depth (Figure 1) demands attention. The

vertical displacement of tree roots was previously reported for walnut

and poplar trees grown with an intercrop and with tillage up to 20 cm

depth (Mulia and Dupraz, 2006). Here we show that the vertical

displacement of tree roots in alley cropping systems might be

independent of tillage and occur frequently in alley cropping

systems. However, we cannot exclude an influence of the

heterogeneous soil on this site. The soil conditions did not

influence the grassland root biomass that declined exponentially

with depth. Surprisingly, the second maximum of tree roots

occurred below the organic horizon in a zone with more acid pH

(Table 1) and less water storage capacity. According to the functional

equilibrium hypothesis Poorter et al. (2012), plants increase their

aboveground biomass relative to the belowground biomass in case of

aboveground competition (e.g. by shading). Data not shown reported
Frontiers in Agronomy 04
that aboveground biomasses are largely unaffected by the tree line.

With equal aboveground biomass irrespective of distance to the trees,

the belowground biomass is expected to be lower close to the trees to

match the shift in aboveground relative to belowground biomass. The

observed lower grassland belowground biomasses close to the trees

up to a distance of 3.5 m correspond well to the functional

equilibrium hypothesis.

Even though the root systems were very heterogeneous as reported

by Mulia and Dupraz (2006), the lateral extent of the tree roots was

similar to values found by Plante et al. (2014) for willow trees where the

root distribution was studied in trench-profiles. This study did not

detect a second rooting maximum even though the willows were

grown with annual cereals. The authors found an influence of soil

texture with higher fine root densities on lighter-textured soils. We

therefore conclude that under the given circumstances with a shallow

water table at 130 cm depth and a relatively coarse-grained substrate,

willow roots extend laterally not more than 8.5 m.

When grown in mixtures, root systems tend to form patterns of

spatial dominance (Leuschner et al., 2001). If we consider a root

mass > 66% as dominant, a quite differentiated picture emerges.

Our results are in accordance with research on tree species’

reactions to interspecific root competition as well as with research

on competition effects on root distributions of grassland plants:

under higher competitive pressure, they tend to increase root

aggregation (Lepik et al., 2021), and consequently spatial
FIGURE 1

Mean fine root densities [g m-3] in depth intervals of 10 cm (0-100 cm) and 25 cm (100 – 150 cm) of trees and grassland species at different
distances from the tree line and at a grassland reference site. Error bars represent minimum and maximum encountered fine root densities.
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separation of root systems. Even though the root systems of

permanent grassland and trees overlapped in the mixing zone, the

absolute root mass was not increased, but was within the range of

tree- or grassroot-dominated areas.
Frontiers in Agronomy 05
Both fine root density and fine root length density are positively

correlated with the root surface area and therefore with a plant’s ability

to take up water. Given the large difference in radius between tree and

grassland fine roots, we might overestimate tree water uptake ability if
FIGURE 3

Percentage of root-bound carbon for grassland fine roots and tree fine and coarse roots relative to the total carbon stock of the topsoil in depths of
0-10 cm and 10-20 cm. Note the different scales of the x-axes to increase visibility.
FIGURE 2

Group depending root dominance ( ≥ 66% of fine root densities [g m-3]) (top) and fine root length densities [cm cm-3] (bottom) in distance from tree
line in an agroforestry system. Dots are scaled according to fine root density (top) and fine root length density (bottom).
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we only considered FRD. Therefore, we compared fine root length

densities as proxies for dominance regarding plant water uptake. We

find the biggest difference between the two parameters at 5.5 m from

the tree line, where trees and grassland species are co-dominant on a

root mass-, but not on a root length basis. Since we did not consider

root functionality but only diameter, the root length is a better

indicator of root function than the weight. The deviation between

FRD and FRLD of tree roots is especially high in the peat layer. Tree

roots in this area fall into our definition of fine roots, but without

determining the root function as summarized by McCormack et al.

(2015), we cannot determine if they absorb water (absorptive fine

roots) or grow through the peat as transport fine roots. Hajek et al.

(2014) considered only fine roots of the first root order as absorptive

fine roots. Differences between the mass- and length-based dominance

metrics might be of importance when modelling the interactions

between the root systems, especially for root water and nutrient

uptake. Grassland roots are most likely to profit from hydraulic lift

in zones with similar root length densities of trees and grassland roots.

The FRLD in the zones of co-dominance are consistently low (Figure 2,

bottom). We estimate that the zone in which grassland roots benefit

from hydraulic lift is largely limited to the zone of root co-dominance.

Alley cropping is often promoted as opportunity to increase above-

and belowground C storage compared to agriculture (Drexler et al.,

2021). For grasslands, the reviewed literature did not confirm

significantly increased soil organic carbon (SOC) compared to alley

cropping. In this meta-analysis, the average sampling depth for studies

with a grassland control was 15.5 cm. Our results showed that even on

a soil where the root zone is confined by ground water, this sampling

depth is not sufficient to capture the C input by tree roots below the

grassland roots. Choosing a low sampling depth will lead to an

underestimation of below-ground C storage by tree roots (Figure S1).

On the other hand, the C turnover in the subsoil is poorly understood

and Siegwart et al. (2023) did not find a positive correlation between

root C stocks and SOC for depths > 50 cm. Our results showed that the

total C stock in the root system was higher up to a distance of 3.5 m

compared to the grassland reference. Therefore, we assume that SOC

stocks in the vicinity of the trees under alley cropping exceed the ones

under cropland [as reported by Drexler et al. (2021)], but also the ones

under permanent grassland in many cases. Table S1 and Figure 3 show

that in our study, the soil C stocks were too high to detect the recent

effect of the land use change and increased C input by trees directly in

the soil. However, the fine root distribution measured in our study

showed that the trees allocated carbon to the subsoil via their root

system. The mechanism of subsoil C storage poses many open

questions (Siegwart et al., 2023) and is especially interesting for

mixed cropping systems that can potentially increase C storage in

soils compared to cropland. High deviations between sampling points

as seen in Figure 1 have to be taken into account when interpreting the

results and show that a high number of repetitions is needed for studies

on complex interactions of root systems.
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