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Abstract Short-rotation coppices (SRC) and alley

cropping agroforestry systems (ACS) provide ecosys-

tem services and environmental benefits. Particularly,

their role in improving soil quality has frequently been

emphasised. However, the economic lifetime of fast

growing tree plantations may be limited, making a

transition indispensable. Since information on effects

of such land-use changes on soil microbial properties

is scarce, the aim of this study was to assess effects of

converting a German poplar-based SRC to a silvo-

arable ACS, comprising rootstock incorporation and

reduced tillage, on soil quality indicators after one

year. Soils were sampled under poplars and within the

re-converted alleyway. Distance transects were con-

sidered to further include potential beneficial effects of

remaining trees on alleyway topsoil quality. We

analysed soil organic carbon (SOC), total nitrogen,

soil microbial biomass C and N, ergosterol, microbial

activity (enzyme activities, multi-substrate-induced

respiration rates), ratios relative to SOC, fungal

abundance and microbial functional diversity at two

topsoil depths (0–5, 5–20 cm). Repeated measures

mixed effects models were calculated for each depth,

considering spatial dependence structures and poten-

tial heterogeneity of abiotic factors (pH, clay con-

tents). SRC to ACS conversion decreased SOC,

microbial biomass and activity in upper topsoils

within the arable alleyway, irrespective of tree

distance. Furthermore, shifts in the composition of

main microbial groups towards a lower fungal abun-

dance and functional diversity were observed. Reduc-

tions of fungal indices were also identified in lower

topsoils. Unexpectedly, results demonstrated that

partial conversion of a SRC back to arable cropping

decreased soil quality within as little as one year.

Keywords Ergosterol � Land-use change �Microbial

biomass � Soil enzymes � Multi-substrate-induced

respiration rates

Introduction

Positive effects of short-rotation coppices (SRC) and

alley cropping agroforestry systems (ACS) on soil

quality are being increasingly described in the tem-

perate zone (Don et al. 2012; Jose 2009). Both land-

use concepts include the implementation of trees with
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vigorous juvenile growth (e.g. poplars: Populus spp.,

willows: Salix spp.) in agricultural land for energy

production (Holzmueller and Jose 2012; Kauter et al.

2003). Since tree implementation is related to changes

in microclimate and above-/belowground organic

matter inputs, improvements of physical, chemical

and biological properties have frequently been

reported (e.g. Jose 2009; Tsonkova et al. 2012). For

instance, Georgiadis et al. (2017) and Beuschel et al.

(2019) observed ameliorative effects of incorporated

trees on SOC and microbial properties in upper

topsoils under trees at various SRC and silvo-arable

ACS in Denmark and Germany, respectively.

Nevertheless, the economic lifetime of tree stands

may be limited to 25–30 years, as biomass yields

decline probably due to increased occupied space of

old non-vigorous rootstocks (Don et al. 2012; Kauter

et al. 2003), making re-establishing or re-converting

indispensable. However, re-conversion effects on soil

properties—especially, when considering microbial

parameters—have rarely been investigated before.

Poeplau et al. (2011) and Toenshoff et al. (2013a)

reported a decline in SOC and microbial biomass C in

topsoils, respectively, after deforestation and re-con-

version to arable land. Kahle et al. (2013) and

Toenshoff et al. (2013b) observed no changes or even

higher topsoil SOC stocks under former SRC, sug-

gesting that ecological benefits of implemented trees

may be conserved on arable soils. Conversion proce-

dure and subsequent management can influence the

magnitude of change. For example, rootstock incor-

poration and reduced tillage probably counteract soil

deterioration (Don et al. 2012; Murty et al. 2002;

Wachendorf et al. 2017). Moreover, a partial conver-

sion of tree stands might further counterbalance

deteriorating effects on soil properties, as remaining

trees potentially allow the maintenance of the provi-

sion of environmental benefits (e.g. nutrient inputs via

leaf litter fall, shading, water/nutrient retention, ero-

sion protection) (Schoeneberger 2009; Tsonkova et al.

2012).

While we have recently presented effect sizes and

spatial range of incorporating poplar trees in former

arable land on soil quality indices within three silvo-

arable ACS (Beuschel et al. 2019), the aim of this

study was to estimate effects of converting a poplar-

based SRC to a ACS, comprising rootstock incorpo-

ration and reduced tillage within the newly established

arable alleyway, on soil quality indices after one year.

Soil quality is defined as the capacity of soil to

function within ecosystem boundaries, maintaining

productivity, water and air quality and supporting

human health and habitation (Karlen et al. 1997).

Since microorganisms are proportionally linked to

ecosystem functioning (Bardgett et al. 2005), the

composition and activity of the soil microbial com-

munity are regarded as suitable indices for soil quality

(Joergensen and Wichern 2008; Schloter et al. 2003).

Fungi, in particular, which dominate the soil microbial

biomass of all terrestrial ecosystems, represent a vital

component of food webs and critically contribute to

soil properties and processes, making fungal abun-

dance crucial to soil quality and sustainability of

agroecosystems (Joergensen and Wichern 2008; Stahl

et al. 1999). Enzymes are involved in biogeochemical

cycling, like organic matter degradation or nutrient

mineralisation, which include multi-enzyme stepwise

processes (Nannipieri et al. 2018). Enzyme activities

are often thought to trace short-term dynamics of soil

organic matter, due to their immediate response to

land-use changes (Caldwell 2005; Stott et al. 2010).

Furthermore, the assessment of land-use change

effects on C dynamics requires the calculation of

SOC stocks by considering bulk densities (BD) (Don

et al. 2011; Lee et al. 2009). In order to elucidate

conversion effects on SOC stocks, two BD datasets,

which have independently been collected within the

newly established silvo-arable ACS, were used for

calculation of stocks. In addition, distance transects

were analysed to include potential beneficial effects of

trees on alleyway topsoil quality. Since abiotic factors

can influence microbial properties (e.g. Wu et al.

2012) and potential site-specific heterogeneity of soil

properties within/between distance transects may

explain a considerable proportion of variation of soil

quality indices (Beuschel et al. 2019), we further took

pH and clay contents into account. We hypothesise

that after SRC to ACS conversion levels of SOC, soil

microbial biomass and activity, functional diversity

and fungal abundance are conserved in the arable

alleyway, since rootstock incorporation, reduced

tillage and remaining trees counteract soil quality

deterioration.
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Material and methods

Study area

At Reiffenhausen (51�400N, 9�590E, Lower Saxony,
Germany), a 0.4 ha SRC was established in 2011 on

arable land by planting poplars (cloneMax 1, Populus

maximowiczi 9 P. Nigra) in double rows in north–

west to south–east orientation. Spacings between

double and single rows were 1.5 and 0.75 m, respec-

tively. Within row spacing was 1 m, resulting in a tree

density of 8890 trees ha-1. After four years, in autumn

2015, a 10-m-wide and 100-m-long tree section of the

SRC (0.1 ha), containing five double rows, was

harvested and re-converted to arable land for crop

production, resulting in a silvo-arable ACS. Root-

stocks were chopped up to 20 cm soil depth using a

rotary cultivator. Reduced tillage was performed using

chisel plough and disc harrow. In the alleyway, winter

barley (mineral fertilizer: 238 kg N ha-1) was culti-

vated (harvest: July 2016), before winter oilseed rape

was seeded (August 2016). Soils were classified as

Eutric Cambisols (IUSS Working Group WRB 2015),

revealing 59% sand, 26% silt, 15% clay and a pH

(H2O) of 6.9. The site is characterised by a mean

annual temperature and precipitation of 9.2 �C and

651 mm, respectively (Göttingen, 1981–2010,

Deutscher Wetterdienst).

Soil sampling

In October 2016, topsoils were sampled in four

replicate transects using a steel corer (diameter:

4.2 cm): under poplars and at 1 and 4.5 m tree

distance from tree canopies (0.5 m distance from tree

trunks). At each transect position, six soil cores were

combined depth-wise (0–5, 5–20 cm) to obtain com-

posite samples. Soils were transported to the labora-

tory on ice and sieved\ 2 mm. No coarse woody

residues were identified in soil samples. Aliquots were

frozen at - 20 �C for ergosterol and enzyme activity

quantification. Remaining material was stored at 4 �C.
For all soil samples, soil pH, SOC, total N (TN) and

soil texture were analysed. Soil pH was quantified at a

soil to water ratio of 1–2.5. Methodical details of SOC,

TN and soil texture determination are described in

Beuschel et al. (2019). To assess conversion effects on

SOC stocks at upper topsoils, two bulk density (BD)

datasets (I, II) have independently been collected at all

transect positions (n = 4) within the silvo-arable ACS

by two working groups using 100 and 250 cm3

cylinders, respectively. SOC stocks were separately

calculated using BD I and II, resulting in SOC stock

datasets I and II, respectively. All results were

presented on an oven-dry soil basis (105 �C, 24 h).

Microbial biomass and ergosterol

Microbial biomass C (MBC) and N (MBN) were

determined according to Brookes et al. (1985) and

Vance et al. (1987). MBC was calculated as EC/kEC,

with EC = (organic C extracted from fumigated

soil)—(organic C extracted from non-fumigated soil)

and kEC = 0.45 (Joergensen 1996; Wu et al. 1990).

MBN was calculated as EN/kEN, where EN = (total N

extracted from fumigated soil)—(total N extracted

from non-fumigated soil) and kEN = 0.54 (Brookes

et al. 1985; Joergensen and Mueller 1996). Ergosterol

was quantified by reverse-phase HPLC (wavelength:

282 nm) after extraction of 2 g soil with 100 ml

ethanol (Djajakirana et al. 1996).

Multi-SIR

Multi-SIR (substrate-induced respiration) rates were

obtained by theMicroRespTMmethod (Campbell et al.

2003) as described by Beuschel et al. (2019). Besides

water (H2O) for basal respiration, 16 substrates were

applied to upper topsoils. H2O, D-glucose, D-glu-

cosamine, L-alanine and protocatechuic acid were also

analysed in lower topsoils to assess their vertical

distribution. Colour change was measured at 572 nm

(4 h incubation, 25 �C) using a FLUOstar Omega

microplate reader (BMG, Offenburg, Germany). Res-

piration rates were calculated as lg CO2-C g-1 dry

weight h-1. SOC normalised multi-SIR rates are

presented in Online Resource 1.

Soil microbial functional diversity was estimated

by calculating the Shannon evenness index (Esoil):

Esoil = –
P

(pi ln(pi)) / ln(k), where pi = (SIR rate of

i-th substrate) / (sum of all SIR rates) and k = number

of substrates (Zak et al. 1994). Metabolic quotient

(qCO2) was calculated by dividing basal respiration by

MBC (Anderson and Domsch 1990), expressed as lg
CO2-C mg-1 MBC h-1.
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Hydrolytic enzyme activities

Enzyme activities were determined according to Marx

et al. (2001), using three fluorescently labelled substrates

based on 4-methylumbelliferone (MUF) and one based

on 7-amino-4-methylcoumarin (AMC): 4-MUF-b-D-
glucopyranoside (b-glucosidase), 4-MUF-b-D-xylopy-
ranoside (b-xylosidase), 4-MUF-N-acetyl-b-D-glu-
cosaminide (N-acetyl-b-glucosaminidase) and

L-tyrosine-7-AMC (tyrosine-aminopeptidase). Selected

enzymes contribute to the degradation of organic

substances (e.g. cellulose, hemicellulose, chitin, peptido-

glycan, protein), resulting in the release of carbohydrates,

amino sugars and amino acids (Ekenler and Tabatabai

2003; Kögel-Knabner 2002).

The soil assay was conducted as reported by

Beuschel et al. (2019). Fluorescence intensity was

measured at 30 min intervals for 180 min at 355 nm

excitation and 460 nm emission wavelengths using a

FLUOstar Omega microplate reader (BMG, Offen-

burg, Germany). Enzyme activities were expressed as

MUF/AMC release in nmol g-1 soil h-1.

Statistics

Statistical modelling was carried out with SAS

(Statistical Analysis System, version 9.4; SAS Insti-

tute Inc. 2013, Cary, NC, USA) according to the

approach reported by Beuschel et al. (2019). In brief,

repeated measures mixed effects models (proc

MIXED, GLIMMIX) were calculated for each depth,

modelling distances as repeated measures. In order to

account for spatial dependence (e.g. serial correlation

of observations within a transect, considering obser-

vations of different transects as being independent and

assuming a decay of correlation of observations within

the same transect with increasing distance), a set of

candidate models with different variance–covariance

structures (independent model, transect-effect model,

spatial power law model) were tested (Littell et al.

2006; Piepho and Edmondson 2018). Model selection

was conducted by the Akaike Information Criterion

(AIC). Clay contents and pH were used as covariates

to consider potential variability of abiotic factors

within/between distance transects. Effects of

Table 1 Mean values of soil organic carbon (SOC), total nitrogen (TN), microbial biomass C (MBC) and N (MBN), ergosterol and

the ratios SOC to TN and MBN to TN at different distances from the trees at two soil depths after SRC to ACS conversion

SOC TN SOC/TN MBC# MBN# MBN Ergosterol

(mg g-1 soil) (lg g-1 soil) (% TN) (lg g-1 soil)

0–5 cm

Trees 15.1a*** 1.36a*** 11.2a*** 459 (6.1)a*** 59 (4.1)a*** 4.31a*** 4.53a***

1 m 11.5b 1.05b 10.3b 279 (5.6)b 38 (3.6)b 3.64b 1.23b

4.5 m 10.8b 1.09b 10.3b 273 (5.6)b 40 (3.7)b 3.68b 1.39b

SED 0.3 0.03 0.1 0.09$ 0.05$ 0.20 0.15

P-values

Clay 0.01 ns ns 0.04 ns ns ns

pH ns ns ns ns ns ns ns

5–20 cm

Trees 10.6a 1.03a 10.2a 242 (5.5)a 30 (3.4)a 2.68a 1.73a

1 m 10.8a 1.05a 10.2a 240 (5.5)a 32 (3.4)a 3.09a 1.34b

4.5 m 11.1a 1.14a 10.2a 237 (5.5)a 35 (3.5)a 3.26a 1.24b

SED 0.4 0.04 0.1 0.11$ 0.10$ 0.26 0.12

P-values

Clay 0.02 0.008 ns ns 0.01 ns ns

pH ns ns ns ns ns ns ns

Means with no letter in common within a column indicate significant differences between distances of each depth (n = 4); asterisks

show significant differences between depths at each distance (***P\ 0.001, **P\ 0.01, *P\ 0.05); SED: mean standard error of

differences between distances of each depth; ns: not significant; if covariates were significant, covariate-adjusted means are presented
#Back-transformed data from the logarithmic scale are presented as medians and data on the logarithmic scale in brackets
$Mean standard error of differences between distances on the logarithmic scale
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covariates and interactions were tested by forward

selection. If residuals did not match requirements

(normal distribution, variance homogeneity), the

response variable was transformed logarithmically,

restarting modelling and verifying from residual plots

that assumptions were approximately met. The

LSMEANS (least squares means) statement was

applied to obtain adjusted means. The option PDIFF

and Tukey–Kramer tests (P\ 0.05) were used for

distance comparisons. Means on the logarithmic scale

were back-transformed, providing estimates of medi-

ans on original scales (Piepho 2009). For comparisons

of depths at each distance, the LSMEANS statement

was applied using differences of response variables

and abiotic factors for modelling, before P-values of

t-tests were Bonferroni-Holm-corrected.

Results

Soil quality indicators after SRC to ACS

conversion

SOC and TN showed a significant decline at 0–5 cm

depth in the re-converted alleyway with respect to

soils under trees (Table 1). MBC, MBN, ergosterol

(Table 1), enzyme activities (Table 2) and multi-SIR

rates (Table 3) displayed the same spatial pattern. In

addition, ergosterol contents, N-acetyl-b-glu-
cosaminidase activities and protocatechuic acid rates

also reflected differences at 5–20 cm depth, with

lower values under annual crops. At upper topsoils,

higher BD were observed under trees with respect to

arable land for dataset I, whereas dataset II showed the

reverse trend (Table 4). SOC stocks, calculated from

BD I, showed significantly higher values in soils under

trees compared with annual crops, while no

Table 2 Back-transformed values from the logarithmic scale

(in brackets) presented as medians of enzymes activities b-
glucosidase (b-GLU), b-xylosidase (b-XYL), N-acetyl-b-

glucosaminidase (NAG) and tyrosine-aminopeptidase (TYR)

at different distances from the trees at two soil depths after

SRC to ACS conversion

b-GLU b-XYL NAG TYR

(nmol g-1 soil h-1)

0–5 cm

Trees 399 (6.0)a*** 55 (4.0)a*** 112 (4.7)a*** 144 (5.0)a***

1 m 232 (5.4)b 31 (3.4)b 46 (3.8)b 81 (4.4)b

4.5 m 231 (5.4)b 31 (3.4)b 45 (3.8)b 83 (4.4)b

SED 0.04 0.04 0.05 0.06

P-values

Clay ns ns ns ns

pH ns ns ns ns

5–20 cm

Trees 216 (5.4)a 29 (3.4)a 67 (4.2)a 74 (4.3)a

1 m 225 (5.4)a 30 (3.4)a 45 (3.8)b 76 (4.3)a

4.5 m 229 (5.4)a 30 (3.4)a 45 (3.8)b 80 (4.4)a

SED 0.04 0.05 0.04 0.04

P-values

Clay 0.03 ns 0.03 0.02

pH ns ns ns ns

Means with no letter in common within a column indicate significant differences between distances of each depth (n = 4); asterisks

show significant differences between depths at each distance (***P\ 0.001, **P\ 0.01; *P\ 0.05). For further statistical details

and abbreviations, see Table 1
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differences in SOC stocks have been identified

between land-uses, when BD II was used for

calculation.

At 0–5 cm depth, ratios of MBC to SOC, ergosterol

to MBC (Fig. 1) and MBN to TN (Table 1) showed a

significant decrease in re-converted soils compared

with soils under trees. Similarly, SOC normalised

enzyme activities (Fig. 2) and multi-SIR rates as well

as Esoil (Table 3) displayed the same trend. This

pattern was also observed at 5–20 cm depth for

ergosterol/MBC ratios and SOC normalised N-

acetyl-b-glucosaminidase activities and protocate-

chuic acid rates. qCO2 showed significantly higher

values under arable land-use for both depths (Fig. 1c).

All indices did not significantly differ between differ-

ent alleyway distances.

Differences between depths

In arable soils, no differences of SOC and TN were

detected between depths, whereas contents signifi-

cantly decreased with depth under trees. A similar

vertical distribution was also mirrored byMBC,MBN,

ergosterol (Table. 1), enzyme activities (Table 2) and

multi-SIR rates (Table 3). Patterns remained

unchanged when data were normalised to soil organic

matter (Figs. 1a and 2, Table 1). Ergosterol/MBC

Table 3 Mean values of multi-SIR (substrate-induced respira-

tion) rates of D-glucose (GLC), D-glucosamine (GLCN),

L-alanine (ALA), protocatechuic acid (PRO) and basal respi-

ration (H2O) and Shannon evenness indices (Esoil) using 16

substrates at different distances from the trees at two soil

depths after SRC to ACS conversion

GLC GLCN ALA PRO H2O Esoil

(lg CO2-C g-1 soil h-1)

0–5 cm

Trees 10.5a*** 2.92a*** 6.24a*** 7.38a*** 1.67a* 0.967a

1 m 5.8b 1.38b 3.58b 4.40b 1.65a 0.929b

4.5 m 5.8b 1.37b 3.61b 4.39b 1.57a 0.930b

SED 0.2 0.12 0.10 0.27 0.10 0.004

P-values

Clay ns ns ns 0.04 0.01 ns

pH 0.04 ns ns ns ns ns

5–20 cm

Trees 5.5a 1.36a 3.52a 4.95a 1.44a nd

1 m 5.6a 1.36a 3.59a 4.31b 1.51a nd

4.5 m 5.6a 1.34a 3.67a 4.44b 1.49a nd

SED 0.2 0.05 0.09 0.11 0.11 nd

P-values

Clay 0.02 ns ns 0.01 0.04 nd

pH ns ns 0.03 ns ns nd

Means with no letter in common within a column indicate significant differences between distances of each depth (n = 4); asterisks

show significant differences between depths at each distance (***P\ 0.001, **P\ 0.01; *P\ 0.05). For further statistical details

and abbreviations, see Table 1; nd: not determined

Table 4 Mean values of bulk densities (BD) and soil organic

carbon (SOC) stocks from datasets I and II at different dis-

tances from the trees at 0–5 cm soil depths after SRC to ACS

conversion

BD I BD II SOC I SOC II

(g cm-3) (Mg ha-1)

Trees 1.48a 1.34b 11.3a 9.8a

1 m 1.39b 1.59a 7.7b 8.8a

4.5 m 1.36b 1.55a 7.6b 9.2a

SED 0.03 0.06 0.3 0.7

P-values

Clay ns ns 0.03 0.02

pH ns ns ns ns

Means with no letter in common within a column indicate

significant differences between distances (n = 4). For further

statistical details and abbreviations, see Table 1. Data BD II are

from Marcus Schmidt (personal communication)
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ratios also showed the same trend (Fig. 1b). In

contrast, qCO2 displayed lower values at 0–5 com-

pared with 5–20 cm depth under poplar trees. In re-

converted soils, no differences between topsoil layers

were identified (Fig. 1c).

Discussion

Soil quality indicators after SRC to ACS

conversion

Conversion from SRC to ACS distinctly reduced SOC,

TN, MBC and MBN at 0–5 cm depth in the newly

established arable alleyway within one year. Changes

from perennial to annual plants are often related to

depletion of soil organic matter and microbial biomass

(Poeplau et al. 2011; Stahl et al. 1999; Toenshoff

2013a). The loss of permanent vegetation cover and

re-introduction of tillage may have reduced physical

stabilisation and protection by disturbance of soil

macroaggregates, microbial habitats as well as tree

root and fungal hyphae networks (Guggenberger et al.

1999; Kahle et al. 2013). This might have masked

beneficial effects resulting from rootstock incorpora-

tion. Rowena Gerjets (personal communication) deter-

mined 448 g living and 48 g dead poplar roots under

trees in comparison with 23 g winter oilseed rape roots

and 8 g dead poplar roots m-2 in arable land

(0–20 cm) in May 2017 at Reiffenhausen, indicating

a reduced root biomass after conversion. Schmidt et al.

bFig. 1 Mean ratios of a soil microbial biomass C (MBC) to soil

organic carbon (SOC) b ergosterol to MBCa and c metabolic

quotient (qCO2) at different distances from the trees at two soil

depths after SRC to ACS conversion. Means with no letter in

common indicate significant differences between distances,

where capital and small letters represent 0–5 cm and 5–20 cm

depth, respectively (n = 4); error bars show standard errors

based on mixed effects models; mean standard errors of

differences between distances of depth 0–5 cm for (a) 0.19

(b) 0.10b (c) 0.28 and 5–20 cm for (a) 0.20 (b) 0.10b (c) 0.20;

asterisks show significant differences between depths at each

distance (***P\ 0.001, **P\ 0.01, *P\ 0.05); P-values for

clay for (b) 0.02 (0–5, 5–20 cm) and (b) 0.01 (5–20 cm); if

covariates (clay, pH) were significant, covariate-adjusted means

are presented. aBack-transformed data from the logarithmic

scale are presented as medians. Error bars show variance

approximations by delta-method using standard errors on the

logarithmic scale. bMean standard error of differences between

distances on the logarithmic scale
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(2019) quantified 85.1 g of poplar leaf litter under

trees, declining to 9.6 and 0.7 g m-2 a-1 at 1 and 4 m

distance, respectively, whereas estimates of harvest

residues (winter barley), resulting from grain and

straw yields, were about 570 g m-2 in the alleyway. In

combination with tree root biomass, data show that

amounts of organic matter inputs remained almost

unchanged. Thus, the often mentioned assumption that

re-conversion is related to declining organic matter

inputs could not be confirmed at this site. However, to

fully estimate the link between quantity of organic

matter inputs and soil quality changes, a more detailed

assessment of above- and belowground inputs is

indispensable, as e.g. herbaceous vegetation within

tree understoreys may considerably contribute to C

inputs (Cardinael et al. 2018).

Lower soil microbial activity and functional diver-

sity in arable soils indicate a reduced capability of the

microbial community to degrade organic matter and to

use different substrates for metabolism, negatively

affecting nutrient cycling (Degens et al. 2000; Zak

et al. 2003). Land-uses that are associated with annual

cultivation and soil organic matter depletion are often

linked to lower microbial activity and functional

diversity (Degens et al. 2000; Kremer and Li 2003; Six

et al. 2006). Decreasing plant species richness in the

alleyway compared with trees, containing understorey

vegetation, may also have promoted a functionally less

distinct microbial community (Rowe et al. 2009; Zak

Fig. 2 Back-transformed

values from the logarithmic

scale presented as medians

of SOC normalised enzyme

activities a b-glucosidase
(b-GLU) b b-xylosidase (b-
XYL) c N-acetyl-b-
glucosaminidase (NAG) and

d tyrosine-aminopeptidase

(TYR) at different distances

from the trees at two soil

depths after SRC to ACS

conversion. For statistical

details and abbreviations,

see Fig. 1. Error bars show

variance approximations by

delta-method using standard

errors on the logarithmic

scale; logarithmic mean

standard errors of

differences between

distances of depth 0–5 cm

for (a) 0.03 (b) 0.04 (c) 0.03

(d) 0.04 and 5–20 cm for

(a) 0.04 (b) 0.03 (c) 0.04

(d) 0.04; P-values for clay

for (b) 0.02 (5–20 cm) and

(d) 0.02 (5–20 cm); if

covariates were significant,

covariate-adjusted values

are presented
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et al. 2003). Furthermore, higher qCO2 under arable

crops reflect a lower proportional incorporation of

substrate C of heterotrophic microorganisms into their

biomass, while mineralising a higher percentage of

substrate C to CO2 to meet energy demands (Anderson

and Domsch 1990; Lavahun et al. 1996). As microbial

properties are positively associated with organic

matter concentrations (Lavahun et al. 1996), microbial

parameters were normalised to SOC. Unchanged

patterns of microbial activity after SOC normalisation

indicate that changes occur regardless of SOC con-

centrations, presuming that quality and accessibility of

organic matter might also have played important roles

(e.g. Lagomarsino et al. 2011; Zak et al. 2003). The

loss of previously stabilised extracellular enzymes

within the soil matrix probably has further contributed

to the decline in microbial activity (Nannipieri et al.

2018; Paudel et al. 2011). Observed shifts may have

resulted from changes in biochemical characteristics

of organic matter inputs and soil physical disturbance

(Ekenler and Tabatabai 2003; Myers et al. 2001).

Moreover, reduced MBC/SOC and MBN/TN ratios

illustrate decreasing substrate availabilities, which

might have been promoted by exhaustion of easily

available C and N sources in arable soils and woody

residues within one year after land-use transition

(Toenshoff et al. 2013a).

Reduced ergosterol values and ergosterol/MBC

ratios reflect a lower absolute and relative abundance

of saprotrophic and ectomycorrhizal fungi (Joer-

gensen and Wichern 2008) after land-use transition.

A decline in fungal biomass can be attributed to tillage

induced disturbance of hyphae networks (Frey et al.

1999; Stahl et al. 1999). Particularly, poplars can

comprise ectomycorrhizal and arbuscular mycorrhizal

fungi (Smith and Read 2008). Results support previ-

ous studies that reported lower hyphal length, ergos-

terol contents (Stahl et al. 1999) and fungal abundance

(Stauffer et al. 2014) in cultivated cropland compared

with uncultivated soils. As particularly members of

basidiomycetes prevail the decomposition of recalci-

trant organic material (Baldrian and Valášková 2008),

declining protocatechuic acid rates reflect a reduced

potential to decompose recalcitrant material (e.g.

lignin). Fungi related indices also showed differences

in lower topsoils, indicating that effect sizes of re-

conversion on fungi are more pronounced in contrast

to other components of the soil microbial biomass pool

(Frey et al. 1999; Stahl et al. 1999). Additionally,

bacteria might have been promoted by increasing

land-use intensity and fertilizer inputs in the alleyway

(Six et al. 2006).

No differences of soil quality indices between

distances within the re-converted arable alleyway

were identified, which reflect no evidence of extending

beneficial effects of remaining trees, lacking the

potential to counteract soil deterioration after SRC to

ACS conversion to date. This may be attributed to the

early sampling date after land-use transition and

negligible C inputs from litter fall. Results are in line

with previous studies, reporting no differences within

alleyways in three silvo-arable ACS after 5–8 years

(Beuschel et al. 2019) and in a re-cultivated post-

mining ACS after 9 years (Nii-Annang et al. 2009).

However, examination of topsoils avoided a detection

of potential tree effects linked to root growth into the

alleyway below the tillage layer in this study.

Differences between depths

Improved soil quality indices in upper compared with

lower topsoils under trees can be attributed to the

cessation of tillage, an extensive root and fungal

hyphae network under permanent vegetation cover

and changes in availability and quality of organic

substrates at 0–5 cm depth. Even a low tree biomass at

Reiffenhausen (1.1 t ha-1, 2011–2015, Schmidt et al.

2019) resulted in increased soil quality parameters five

years after tree planting, supporting previous studies

for SRC (e.g. Stauffer et al. 2014; Tariq et al. 2018)

and ACS (e.g. Beuschel et al. 2019; Paudel et al.

2012).

Missing differences of soil quality indices between

depths in the alleyway may have resulted from the

initial conversion procedure related to mechanical

mixing of soil. Reduced tillage positively influences

the soil microbial community, e.g. by remaining larger

amounts of plant residues concentrated in upper soil

layers for microbial metabolism (Kandeler et al.

1999). However, the time after land-use change until

soil sampling might have been too short to detect

typical vertical soil quality gradients.

SOC stocks

After SRC to ACS conversion, BD showed lower and

higher values in the arable alleyway at 0–5 cm depth

compared with soils under remaining trees for datasets
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I and II, respectively. Similarly, Georgiadis et al.

(2017) described lower BD in topsoils under trees in

several SRC in comparison with arable soils, while

Rowe et al. (2016) have reported the opposite pattern.

Cessation of tillage and increasing C contents as well

as annual tillage may decline BD in soils under trees

and arable land-use, respectively. In contrast,

increased thickness-growth of coarse tree roots may

result in soil compaction. Moreover, coarse root

distribution and tree trunk distance during soil sam-

pling can affect results.

Consequently, calculated SOC stocks demonstrate

that differences between soils under perennial and

annual vegetation are strengthened (SOC I) or levelled

(SOC II), depending on the underlying BD dataset.

Kahle et al. (2013) also detected a decline in SOC

contents at 0–10 cm depth one year after SRC re-

conversion, but no changes in stocks at 0–30 cm

depth, assuming that tillage solely caused vertical

redistribution. According to changes in BD, however,

the use of fixed sampling depths resulted in a

comparison of different soil masses, which may entail

inaccurate estimations of stocks (Don et al. 2011;

Murty et al. 2002). Our results demonstrate that

optimised methods, like use of representative elemen-

tary volumes for BD determination, consideration of

coarse root distribution and correction of stocks for

equivalent soil masses, are indispensable in future

studies. This will help to prevent erroneous conclu-

sions being drawn from land-use changes (Don et al.

2011; Lee et al. 2009).

Conclusions

Conversion of SCR to ACS caused a distinct decline in

soil microbial indicators in arable alleyway topsoils

within as little as one year. Results do not support

previous assumptions that rootstock incorporation and

reduced tillage counteract soil deterioration under

arable cropping. Microbial indices suggest that land-

use change is linked to decreasing soil quality,

negatively affecting soil ecosystem functioning. As a

decline was observed, irrespective of tree distance, no

evidence of short-term beneficial effects of remaining

trees on alleyway topsoil quality were identified. To

elucidate the main processes explaining C dynamics in

ACS, studies are required that include subsoils and

equivalent soil masses as well as detailed

quantifications of above-/belowground organic matter

inputs. Moreover, the assessment of mid- and long-

term effects of converting SRC to silvo-arable ACS on

soil quality indices are vital to refine our short-term

results.

Acknowledgements Research was funded by the Federal

Ministry of Education and Research within the project

‘‘SIGNAL—sustainable intensification of agriculture through

agroforestry’’, related to BonaRes. We thankMick Locke for the

careful correction of our English.

References

Anderson TH, Domsch KH (1990) Application of eco-physio-

logical quotients qCO2 and qD on microbial biomasses

from soils of different cropping histories. Soil Biol Bio-

chem 22:251–255
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