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ARTICLE INFO ABSTRACT

Keywords: The phospholipid fatty acid (PLFA) composition of soils was analysed at three poplar-based silvo-arable systems
Poplar and at one willow-based silvo-grassland alley agroforestry system in Central Germany. The objective was to
Willow

analyse tree row effects on the PLFA composition of main fungal and main bacterial groups. The fungal groups
were BAM (Basidiomycota + Ascomycota + Mucoromycota) and AMF (Arbuscular Mycorrhizal Fungi). The
bacterial groups were Gram-negative, Firmicutes, and Actinobacteria. The total PLFA content varied between 53
and 170 nmol g’1 soil. Total PLFA and microbial biomass carbon (MBC) showed a strong linear relationship,
which resulted in a mean MBC/total PLFA ratio of 4.2 g nmol ™. AMF contributed on average 4 mol% and the
fungal BAM group 10 % to total PLFA. Gram-negative bacteria contributed on average 37 mol%, Firmicutes 23
mol%, and Actinobacteria 6 mol% to total PLFA. The presence of poplar or willow trees increased the mean total
PLFA content in comparison with the alleyways by 30 %. Especially the mean contribution of fungal PLFA to total
PLFA showed a significant +7.0 mol% increase in the tree row compared with the alleyways, exclusively caused
by the BAM group (+7.6 mol%), whereas the contribution of the AMF PLFA linearly decreased from the middle
of the alleyway to the tree row at all sites. Within the alleyways, the Gram-negative/Firmicutes PLFA ratio
showed a significant decline from the 1 m up to the 24 m distance samples at sites Dornburg and Forst. Despite a
decrease of AMF in tree rows, agroforestry tree rows led to a rapid increase in fungi, most likely due to the
promotion of ecto-mycorrhizal fungi.

Microbial groups

Microbial biomass
Mycorrhizal fungi
Saprotrophic fungi

1. Introduction Key indices were microbial biomass (MB), potential enzyme activ-
ities, functional diversity, microbial necromass formation (Beuschel
et al., 2019, 2020) and microbial community composition (Beule and

Karlovsky, 2021; Beule et al., 2020, 2021), using DNA extraction,

Agroforestry systems have been established in Central Europe over
the last decades to provide biomass as an energy source, to improve

biodiversity, to protect against soil erosion, and to increase carbon (C)
sequestration in soil organic matter (Lawson et al., 2019; Udawatta
et al., 2019). Three poplar-based silvo-arable alley cropping and one
willow based silvo-grassland alley agroforestry systems were installed
on different soil types in Central Germany between 2008 and 2011
(Beuschel et al., 2019, 2020). The four sites markedly differ in their soil
texture and soil organic matter content (Table 1). Soil properties and
especially different microbial characteristics have been intensively
investigated in these agroforestry systems, because soil microorganisms
are the key drivers of nutrient cycling.
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amplicon sequencing, and quantitative real-time polymerase chain re-
action (qPCR). In the tree rows, significant increases in soil organic C
(SOQ), fungal and bacterial gene copies, microbial necromass C, MBC,
MBN, fungal ergosterol, and in the fungal C/bacterial necromass C ratio
have been observed after 5 to 8 experimental years, i.e., after a relatively
short time of land-use change. However, most changes only occurred at
0-5 cm depth and not at 5-20 cm depth (Beuschel et al., 2019, 2020),
which is consistent with other studies under temperate climatic condi-
tions (Mungai et al., 2006; Sun et al., 2018; Battie-Laclau et al., 2020).

However, information on arbuscular mycorrhizal fungi (AMF) is still
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Table 1
Site characteristics and management features at the four agroforestry sites of the
current study (Beule et al., 2020; Beuschel et al., 2019, 2020; Zhou et al., 2022).

Dornburg Forst Wendhausen  Reiffenhausen
Latitude 51°00'40” 51°47'11” 52°20'00” 51° 39'83”
Longitude 11°38'40” 14°38'05”  10°37'55” 9° 98'75”
ASL (m) 289 87 82 325
MAP (mm for 612 568 637 649
1981-2010)
MAT (°C for 8.9 9.6 9.5 9.1
1981-2010)
Start of experiment 2007 2010 2008 2011
()
Soil type (IUSS Calcaric Gleyic Vertic Eutric
Working Group
WRB, 2022)
Phaeozem Cambisol Cambisol Cambisol
Tree row Poplar Poplar Poplar Willow
Tree row harvest 01/2015 02/2015 01/2014 02/2015
(month/a)
Alleyway crop at Oilseed Maize Winter Grass/clover
sampling rape wheat
Soil sampling 10/2015 10/2015 11/2015 10/2016
(month/a)
Sand (%, 0-20 cm) 4 64 15 33
Silt (%, 0-20 cm) 70 27 36 47
Clay (%, 0-20 cm) 26 9 49 20
Soil pH-H,0 (0-20 6.9 7.4 7.7 6.2
cm)
SOC tree row (%, 2.15 1.25 2.97 1.66
0-5 cm)
SOC alleyway (%, 1.60 1.12 2.63 1.67
0-5 cm)

ASL = above sea level; MAP = mean annual precipitation; MAT = mean annual
temperature.

lacking at these four alley agroforestry systems, despite the importance
of this fungal phylum for plant nutrition (van der Heijden et al., 2015),
rhizodeposition (Zhou et al., 2020; Bicharanloo et al., 2022), and soil
aggregation (Agnihotri et al., 2021). This lack of knowledge is especially
unfortunate, due to the uncertain estimates of AMF contribution to the
soil microbial biomass, ranging from <0.5 % (Hartmann et al., 2015) to
>30 % (Faust et al., 2017). Studies that analysed the AMF-specific
phospholipid fatty acid (PLFA) 16:105 showed that this fungal
phylum in particular benefits from agroforestry systems (Lacombe et al.,
2009; Unger et al., 2013). Indirect negative effects of willows on AMF
have been observed by Becklin et al. (2012), which would be in line with
the increased ergosterol content in tree rows (Beuschel et al., 2019,
2020). This suggests an increased contribution of ectomycorrhizal or
saprotrophic fungi to the microbial biomass, because AMF do not
contain ergosterol (Olsson et al., 2003). However, poplar and willow
form a symbiosis with both AMF and ectomycorrhizal fungi (Gherghel
et al., 2014; Fortin Faubert et al., 2022). This might be reflected by the
increase in the respective fungal PLFA 16:105 (AMF), 18:109 (mainly
Mucoromycota), 18:206,3 (mainly Ascomycota and Basidiomycota),
and unspecific 18:303,6,9 (Joergensen, 2022).

The objective of the current study was to analyse tree row effects on
the PLFA composition of main fungal and main bacterial groups. The
approach was to analyse the PLFA composition of three poplar-based
silvo-arable sites at Dornburg, Forst, and Wendhausen, as well as one
willow based silvo-grassland systems at Reiffenhausen. The PLFA data
are additionally compared with MBC and ergosterol data provided by
Beuschel et al. (2019, 2020). This approach was chosen to investigate
the following two hypotheses: (1) Tree rows shift the PLFA composition
to more ecto-mycorrhizal and saprotrophic fungal biomarkers (18:109
and 18:206,9), compared with the alleyways. (2) The AMF marker
(16:105) is lower in tree rows than in alleyways.

As three of the four sites have been intensively investigated over
recent years, it was also possible to compare the relationships of MBC
with total PLFA data and those of ergosterol with fungal PLFA obtained
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from the same soil samples. This should confirm the reliability of the
PLFA approach (Joergensen, 2022), which has been intensively used
over the last decade, often without sufficient methodological validation.
In addition, PLFA analysis not only provides information on fungi but
also on three main bacterial groups, i.e., Gram-negative bacteria, Fir-
micutes, and Actinobacteria (Joergensen, 2022). For this reason, PLFA
data are an important independent control of DNA-based gPCR and
sequencing techniques (Lewe et al., 2021). Consequently, the current
study should also provide evidence of the extent to which membrane-
and genome-based approaches give similar information on core groups
of soil microbial communities.

2. Materials and methods
2.1. Sites, sampling, and soil analysis

The present study was based on soils from three German arable alley
agroforestry systems: Dornburg, Thuringia, Wendhausen, Lower Sax-
ony, and Forst, Brandenburg (Fig. 1, Table 1). Poplar (clone Max 1,
Populus maximowiczi x P. nigra) rows were planted in north-south
orientation with 48-m wide alleys in between for crop production
(Fig. 1). An additional grassland alley agroforestry system was investi-
gated at Reiffenhausen, south Lower Saxony. Willows (clone Tordis,
(Salix viminalis x S. Schwerinii) x S. viminalis) were planted in rows in
north-west to south-east orientation with 9-m wide grassland alleyways
in between. Each tree strip consisted of four double rows. Spacing be-
tween double and single rows was 1.5 and 0.75 m, respectively.

The soil samples were taken once at 0-5 cm depth by René Beuschel
with a steel auger (4.2 cm diameter), combining 6 cores to one bulk
sample from each specific distance point of each of the four transects
(Beuschel et al., 2019, 2020). Sampling was conducted in October 2015
at Dornburg and Wendhausen as well as in November 2015 at Forst
(Table 2). At these three sites, the sampling points were in the middle of
the tree row in width, after 1 m, 7 m and in the middle of the crop rows at
24 m distance from the tree row (Beuschel et al., 2019). Another sam-
pling was conducted in October 2016 at Reiffenhausen (Beuschel et al.,
2020), where the sampling points were in the middle of the tree row in
width, after 1 m and in the middle of the grassland at 4.5 m distance
from the tree row. Measurement always started after 0.5 m from tree
trunks.

F—————— Arable ACS —MM——

Cropped field . Tree row ‘ Sampling point

tree row

PR g

Fig. 1. Experimental design of arable alley cropping systems (ACS), using the
example of Dornburg, Germany. Tree rows are shown to the right and left of the
crop row. Sampling points are in the middle of the tree rows, and at 1, 7 (4.5 m
in the grassland ACS at Reiffenhausen) and 24 m (not in Reiffenhausen) dis-
tance from the tree row.
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Table 2
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Mean of total PLFA contents in soil, mean contribution of total bacteria, Gram(—) bacteria, Firmicutes, Actinobacteria, total fungi, AMF and BAM to total PLFA in soils

under the tree rows and the alleyways at the four sites.

Site/position Total PLFA Bacteria Gram(—) Firmicutes Actinobacteria Fungi AMF BAM
(nmol g’1 soil) (mol%)

Dornburg

Tree row 128 64.9 38.2 20.8 5.8 17.0 4.2 12.6

Alleyway 86 69.8 34.9 26.2 8.8 11.8 5.0 6.8

Forst

Tree row 75 58.9 39.0 14.7 5.0 21.0 3.9 16.9

Alleyway 54 64.7 38.1 21.4 5.1 12.0 4.8 7.2

Wendhausen

Tree row 170 66.5 39.7 20.4 6.5 15.7 4.0 11.8

Alleyway 134 69.3 39.3 24.0 6.0 12.3 4.1 8.2

Reiffenhausen

Tree row 121 51.7 22.8 24.5 4.5 22.9 3.4 19.5

Alleyway 107 64.4 39.5 21.7 5.1 12.4 3.9 8.5

Probability values

Site <0.01 <0.01 <0.01 0.01 <0.01 0.01 0.01 <0.01

Tree vs AW <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Site x tree vs AW <0.01 <0.01 <0.01 0.01 <0.01 <0.01 NS <0.01

Distance <0.01 NS <0.01 0.01 NS NS 0.01 NS

Distance x site <0.01 0.01 0.01 NS <0.01 NS NS NS

CV (+ %) 6.9 9.0 9.7 13 12 9.7 9.9 11

CV = Mean coefficient of variation between replicate samples (n = 4); AW = alleyway; AMF = arbuscular mycorrhizal fungi; BAM = Basidiomycota + Ascomycota +

Mucoromycota.

After transportation from the fields under cold conditions, soil was
sieved (mesh size <2 mm) and aliquots immediately stored frozen
(—20 °C) until PLFA analysis (Stenberg et al., 1998). SOC, MBC, and
ergosterol data were provided by René Beuschel and have already been
published (Beuschel et al., 2019, 2020). Total C was determined after
combustion using an elemental analyser. MBC was analysed by fumi-
gation extraction (Vance et al., 1987; Wu et al., 1990) and ergosterol
after ethanol extraction (Djajakirana et al., 1996), as described in detail
by Beuschel et al. (2019).

2.2. Phospholipid fatty acid analysis

PLFA were extracted by a modified version of Frostegard et al.
(1991), as described by Dippold and Kuzyakov (2016) and Gunina et al.
(2014). PLFA were extracted from 6 g of frozen soil with a solution of
methanol, chloroform, and citrate/KOH buffer (pH 4, v/v/v = 1/2/0.8)
according to Bligh and Dyer (1959). Purification and separation of the
PLFAs was carried out, using a solid phase extraction (SPE). For
measuring the specific PLFAs, solved extracts were hydrolyzed and
methylated to fatty acid methyl esters (FAMEs). The prepared samples
were measured on a gas chromatograph-mass spectrometry system (GC
7820 A, MS 5977B, Agilent Technologies, Waldbronn, Germany) and
displayed with the program Mass Hunter, using an external standard.

The sum of Firmicutes-specific iso- and anteiso-branched saturated
(i14:0, i15:0, a15:0, i16:0, i17:0, and al17:0) as well as Actinobacteria-
specific ester linked 10-methyl branched saturated fatty acids (10Me
16:0 and 10Me 18:0) represented Gram-positive [Gram(+)] bacteria
(Zelles, 1997; Barka et al., 2016). The sum of cyclopropyl (cy17:0 and
cy19:0) and monounsaturated fatty acids (16:109 and 18:1w7) repre-
sented Gram-negative [Gram(—)] bacteria (Frostegard et al., 1993;
Zelles, 1997). PLFA 16:1w5 represented arbuscular mycorrhizal fungi
(AMF), and 18:1®9, 18:206,9, and 18:3w3,6,9 saprotrophic and ecto-
mycorrhizal fungi (Olsson et al., 1995; Olsson, 1999; Joergensen and
Wichern, 2008). PLFA 14:0, 15:0, 16:0, and 18:0 are common to both
bacteria and fungi (Zelles, 1997; Joergensen, 2022) and were only used
to obtain total PLFA, which was calculated as the sum of all identified
PLFA. The Shannon Diversity Index (H) was calculated according to Zak
et al. (1994): H = — Y ;piln(p;), where p; is the specific PLFA relative
frequency.

2.3. Statistical analysis

Data are presented in tables and figures as arithmetic means on an
oven-dry weight basis (ca. 24 h at 105 °C). Sampling point distance in
the alleyways from the tree rows was handled as a quantitative covariate
to consider their spatial dependency (Beuschel et al., 2019; Golicz et al.,
2023). Lack-of-fit of the linear regression was also tested, modelling site
x distance as qualitative effects (Piepho and Edmondson, 2018). In the
case of a significant lack of fit, an additional factor was added that
separates the tree row from the alleyway, so that the regression was
fitted excluding the tree row. Spatial correlations within transects were
modelled using an exponential model with nugget. In addition, a
random main effect for transects within sites was fitted for all response
variables to obtain a full variance-covariance structure. However, the
residual maximum likelihood algorithm may converge to a fit that fixes
one or several of the variance parameters at the boundary and effec-
tively takes these terms out of the model. This behavior implies an
automatic model selection for the variance-covariance structure. De-
grees of freedom were calculated using the Kenward-Roger method.

Data were log-transformed if the requirements of normal distribution
and homogeneity of variances was not fulfilled. Presented data were
back transformed to the original scale. Significant distance effects within
the alleyway and interrelationships between the microbial groups were
evaluated by linear regressions. If significant distance or distance x site
effects were reported, the uneven distance between the sampling points
in the alleyways was accounted for by reporting the mean values for the
alleyways, using the calculated value of the mean width of the linear
regression. All statistical analyses were performed with SAS (Statistical
Analysis System, version 9.4, SAS Institute, Cary, NC, USA).

3. Results
3.1. Site effects on PLFA

The total PLFA content varied between 53 (Forst, alleyway) and 170
(Wendhausen, tree row) nmol g’1 soil (Table 2). Total PLFA showed a
strong positive linear relationship with MBC (Fig. 2a), which resulted in
a mean MBC/total PLFA ratio of 4.2 pg nmol . The PLFA content of the
different microbial groups showed strong interrelationships (P < 0.01),
with correlation coefficients of between 0.55 and 0.93 (n = 60). The
contents of BAM PLFA and ergosterol showed a strong linear
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Fig. 2. Linear relationship between (a) MBC and total PLFA (y = 12.969 +
0.212,r = 0.89, P < 0.01, n = 60) as well as (b) BAM PLFA and ergosterol (y =
—0.323 + 3.214, r = 0.81, P < 0.01, n = 60); MBC and ergosterol data were
taken from Beuschel et al. (2019).

relationship (Fig. 2b), which resulted in a mean BAM/ergosterol ratio of
3.1 nmol pg~!. However, considerable deviations from this ratio were
observed at the grassland site Reiffenhausen in the tree rows.

The contribution of the different microbial groups to total PLFA in
mol% was significantly affected by site x tree versus alleyway in-
teractions (Table 2). Bacteria contributed on average 65 % to total PLFA,
Gram(—) bacteria 37 mol%, Firmicutes 23 mol%, and Actinobacteria 6
mol%, whereas AMF provided on average 4 mol% and the BAM group
10 % to total PLFA.

The effect of distance and distance x site was significant for total
PLFA, contribution of Gram(—) bacteria and BAM to total PLFA. The
mean ratio of Gram(—)/Gram(+) PLFA was 1.34 (results not shown) and
that of Firmicutes/Actinobacteria PLFA 3.9 (Table 3). The ratio of Gram
(—)/Firmicutes PFLA varied around an average of 1.72 and significantly
declined from the 1 m to the 24 m distance samples at Dornburg and
Forst and from 1 m to 4.5 m at Reiffenhausen but not at Wendhausen
(Fig. 3). The Shannon diversity index of the microbial PLFA distribution
varied around 2.57 and was markedly lower in the alleyway at the
grassland site Reiffenhausen (Table 3).

3.2. Tree effects on PLFA

The presence of trees increased the mean total PLFA content in
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Table 3

Mean PLFA ratios of Firmicutes to Actinobacteria, Gram(—) to Firmicutes, BAM
to AMF, and fungi to bacteria as well as the Shannon diversity index in soils
under the tree rows and the alleyways at the four sites.

Site/position Firmicutes/ Gram(-)/ BAM/ Fungi/ Shannon
Actinobacteria ~ Firmicutes =~ AMF Bacteria  index

Dornburg

Tree row 3.5 1.8 3.0 0.26 2.67

Alleyway 3.0 1.4 1.4 0.17 2.71

Forst

Tree row 3.6 2.7 4.3 0.35 2.55

Alleyway 4.2 1.9 1.5 0.19 2.61

Wendhausen

Tree row 3.0 2.0 2.9 0.24 2.67

Alleyway 4.1 1.6 2.0 0.18 2.71

Reiffenhausen

Tree row 5.6 0.9 5.8 0.44 2.65

Alleyway 4.1 1.9 2.2 0.19 2.20

Probability

values

Site 0.01 <0.01 <0.01 <0.01 <0.01

Tree vs AW NS 0.02 <0.01 <0.01 <0.01

Site x tree vs <0.01 <0.01 <0.01 <0.01 <0.01

AW

Distance 0.02 0.01 NS NS <0.01

Distance x site <0.01 0.03 NS NS <0.01

CV (£ %) 16 13 12 9.0 1.9

CV = Mean coefficient of variation between replicate samples (n = 4); AW
alleyway; BAM = Basidiomycota + Ascomycota + Mucoromycota; AMF
arbuscular mycorrhizal fungi.
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Fig. 3. Measured values in tree rows and alleyways and modelled linear re-
lationships of Gram(—)/Firmicutes PLFA and distance within the alleyways for
the sites Dornburg (y = 1.5388*** - 0.0152* x), Forst (y = 2.2237%** -
0.0305*** x), Wendhausen (y = 1.6245*** + 0.0018 x), and Reiffenhausen (y
= 1.9456*** - 0.0345 x), with significant interaction of distance and site; * P <
0.05, *** P < 0.001.

comparison with the alleyways by 30 % (Table 2). This was especially
true for the mean contribution of fungal PLFA to total PLFA, which
showed a significant +7.0 mol% increase in the tree rows in comparison
with alleyways, exclusively caused by the BAM group (+7.6 mol%). At
all sites AMF specific PLFA 16:1w5 exhibited lower values under the tree
rows. The mean BAM/AMF PLFA ratio showed a strong decline from 4.0
in the tree rows to 1.8 in the alleyways (Table 3). Consequently, the ratio
of fungal (AMF + BAM) to bacterial PLFA exhibited a less pronounced
decrease from 0.33 in the tree rows to 0.18 in the alleyways. Conversely
to fungal PLFA, the mean contribution of bacterial PLFA significantly
increased from the tree rows to the alleyways. This was mainly caused
by the low contribution of Gram(—) bacteria to total PLFA at the site
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Reiffenhausen with willow trees and by the low contribution of Firmi-
cutes at the Forst site.

4. Discussion
4.1. General agroforestry effects on PLFA

The growth of poplar and willow trees in rows for a relatively short
period of between 5 and 8 years had strong effects not only on the soil
microbial biomass but also on the contribution of different microbial
groups to the microbial biomass of the four alley agroforestry sites. The
increasing effects of tree row implementation on total PLFA and the
contribution of BAM and total fungi to PLFA were much stronger than
those on SOC (Tables 1 and 2). This indicates that microorganisms
responded faster than the total sequestered SOC pool to changes in land-
use management (Powlson et al., 1987), like the current tree row
implementation. Strong site effects were observed on PLFA content in
nmol g~! soil, probably caused by differences in soil and climatic con-
ditions but also by the different tree species planted and by the different
periods of alley agroforestry management. In contrast to the PLFA
contents, the site effects on PLFA composition in mol% were consider-
ably smaller, despite these differences. This suggests that stable re-
lationships exist between the different microbial groups in arable and
most likely also in grassland ecosystems.

Total PLFA showed a tight significant linear relationship with MBC,
suggesting that it may be used as a valid biomass indicator. This in-
dicates a relatively low variation in average cell size across all sites, as
this would change the surface/volume (= cytosol) ratio, although dif-
ferences in the C supply by tree rows, crops, and grassland are likely. The
ratio of MBC to PLFA has been shown to depend on the C supply and,
consequently, on the cell size: the smaller the cell, the higher the
contribution of cell membrane components to the microbial biomass
(Meyer et al., 2019, 2021).

The current mean MBC/total PLFA ratio was markedly below the
mean ratios of 5.8 (Joergensen and Emmerling, 2006), 6.0 (Joergensen
and Potthoff, 2005), and 7.1 (Faust et al., 2017) presented in previous
publications. However, the current MBC/total PLFA ratio is still within
the range of 2.9 to 13.8 pug nmol ! given by Joergensen and Emmerling
(2006). The reasons for this range are not really known, hampering the
interpretation of PLFA data if occurring in repeated samplings within an
experiment (Murugan et al., 2021). Differences in the extraction con-
ditions are one reason, other reasons are the separation and detection
procedures, leading to different numbers and amounts of PLFA within a
soil sample. An important source of variation is also the soil moisture
during PLFA extraction (Zelles, 1999), whereas the soil type has
apparently only a minor effect. In contrast to the substrate induced
respiration (SIR) method, the conversion of total PLFA to MBC has not
gained acceptance, although it would be an independent proof for the
reliability of this approach.

4.2. Agroforestry effects on BAM fungi

The most striking tree row effect of the current study was the strong
increase in fungal PLFA (18:1w9c + 18:2w6,9 + 18:303,6,9) and in
ergosterol of the BAM group. This increase was due to the increased
presence of ectomycorrhizal Basidiomycota (Beule et al., 2021). This
result is in line with Beule et al. (2020), who observed an increased
number of fungal gene copies in the tree rows in comparison with the
alleyways of the three poplar sites. In particular, the abundance of
Ascomycota and Basidiomycota was higher in the tree rows at Forst and
Wendhausen than in the respective alleyways (Beule et al., 2020, 2021).
Tree rows increased not only the population size but also species rich-
ness of soil fungi (Beule et al., 2021). Fungal amplicon sequence variants
were assigned to 14 fungal phyla (Beule et al., 2021) dominated by
Ascomycota (66 %), Basidiomycota (26 %), and Mucoromycota (6 %).
The low contribution of Mucoromycota contrasts the high
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concentrations of oleic acid 18:10®9c, with an average of 7.6 mol% in the
current study. Oleic acid is the dominating PLFA of Mucoromycota
(Joergensen and Wichern, 2008).

At Dornburg, Basidiomycota were up to 96 times more abundant,
comparing the tree row with the 7-m and 24-m distance samples (Beule
et al,, 2020). A considerable variation in fungal gene copies was
observed between the three poplar sites. This contrasts Meyer et al.
(2021), who found a roughly constant mean ratio of 71 x 10’ fungal
gene copies to pg ! ergosterol in soils.

The three BAM PLFA showed a strong correlation with ergosterol,
which mainly occurs in Ascomycota and Basidiomycota and to a largely
unknown extent in Mucoromycota (Joergensen, 2022). Only at the
grassland site Reiffenhausen was the relationship between the BAM
PLFA and ergosterol rather weak. This is presumably due to the presence
of the unspecific fungal PLFA 18:3®3,6,9, which was only detected at
this site in the tree row soil, contributing on average 6.0 mol%. Zhou
et al. (2022) assessed 18:1®9c and 18:3»3,6,9 as unspecific, so that only
18:206,9 remained as fungal indicator PLFA. This is not justified as none
of the three fungal indicator PLFA exclusively occurs in fungi (Joer-
gensen, 2022). To reduce this type of error, the estimation of ergosterol
is recommended in the presence of plants.

4.3. Agroforestry effects on AMF

Except at Wendhausen, a marked 12 to 19 % AMF decline was
observed in the tree row in comparison with the alleyway, although
poplar and willow trees live in symbiosis not only with ectomycorrhizal
fungi but also with AMF (Gherghel et al., 2014; Fortin Faubert et al.,
2022). In addition, diverse herbaceous layers grow under the tree rows
(Beule et al., 2020) with many herb and grass species holding AMF
symbiosis (Battie-Laclau et al., 2020). The reason for this decline in the
tree rows is unclear, as the omission of tillage increases AMF spores and
hyphae abundance (Kabir, 2005; Sale et al., 2015). The current mean
contribution is close to the mean of 4.1 mol% reported by Joergensen
and Wichern (2008) for 16:1w5 in arable and grassland soils. The lack of
standard organisms might also be the reason for information on AMF not
being given (Beule et al., 2020), despite the importance of this microbial
group for providing nutrients to the vegetation. The difficulties in
finding basic information on one of the oldest fungal phyla might be
reason why AMF are often not considered as fungi in PLFA analysis
(Bach et al., 2010; Hu et al., 2014; Yang et al., 2017).

AMF are certainly obligate biotrophic as they are unable to excrete
extracellular decomposing enzymes. However, they can take up organic
components from the soil solution to survive (Hodge, 2014; Hodge et al.,
2014), often called cheating (Allison et al., 2014; Joergensen and
Wichern, 2018). This ability to survive might be an important reason
why AMF PLFA remain in soil for extended periods, even after cell death,
e.g., caused by sterilisation (Gryndler et al., 2018; Lekberg et al., 2022).
Many organisms that are unable to excrete decomposing enzymes sur-
vive in soil by cheating: e.g., AMF, yeasts, algae, and cyanobacteria
(Joergensen and Wichern, 2018). The direct experimental evidence for
this is small for AMF, but the review of Hodge (2014) and especially the
paper of Hodge et al. (2014) gives sufficient evidence for this view.

There is an ongoing discussion on the reliability of PLFA 16:1»5 as an
indicator of AMF (Lekberg et al., 2022; Olsson and Lekberg, 2022), as
this AMF has sometimes been detected in substrates where no AMF PLFA
should be present in high concentrations, such as cattle faeces (Froste-
gard et al., 1997). However, also Lekberg et al. (2022) did not present
direct evidence that cultured Gram(—) bacteria contain high concen-
trations of this PLFA 16:1w®5. Zelles (1997) observed no or only traces of
PLFA 16:1®5 in Gram(—) bacteria. A possible but not proven explana-
tion might be the incorrect assignation of a peak as PLFA 16:1w5 in the
chromatogram. In contrast to Frostegard et al. (1997), Meyer et al.
(2021) did not find any of this PLFA in cattle faeces. Small shifts in the
chromatogram may lead to a wrong assignation, as described by Joer-
gensen and Wichern (2008) for fungal PLFA, suggesting that the
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detection of fungal PLFA might be affected by analytical constraints
(Elfstrand et al., 2008; Murugan et al., 2021).

In close proximity to the current grassland site Reiffenhausen, Zhou
etal. (2022) carried outa *3C pulse-labelling experiment with chambers.
In this experiment, the AMF PLFA biomarker 16:105 was specifically
enriched with '3C in soil under grassland, i.e., 8 % of total 13¢ labelled
PLFA, which was markedly higher than under willow or oilseed rape. In
addition, the AMF PLFA was not related to the PLFA specific for Gram
(—) bacteria. However, even if results give unclear impressions, NLFA
16:105 (Lekberg et al., 2022) or even the EL-FAME 16:105 (Acosta-
Martinez et al., 2010; Li et al., 2020) can give additional information on
AMF, despite their less close relationship with the AMF biomass (Baath,
2003; Joergensen, 2022). In most cases, the PLFA 16:1w5 gives sufficient
information on AMF (Joergensen and Wichern, 2008; Faust et al., 2017).
However, as the majority of PLFA, except those of Actinobacteria, are
not fully specific, care should always be taken not to overinterpret PLFA
data.

This current uncertainty might be improved by gPCR-based ap-
proaches (Bainard et al., 2012; Banerjee et al. (2016), combined, e.g.,
with Illumina amplicon sequencing (Battie-Laclau et al., 2020).

4.4. Agroforestry effects on bacteria

Agroforestry effects on the relative composition of bacterial groups
in mol% were smaller than those on fungi. Consequently, the ratio of
fungal to bacterial PLFA is significantly higher in the tree row than in the
alleyways at 0-5 cm depth. The same is true for the MBC/ergosterol
ratio (Beuschel et al., 2019, 2020) as well as the amino sugar based
fungal/bacterial necromass ratio at the three poplar sites (Beuschel
et al., 2019). In contrast, Beule et al. (2020) did not find any significant
differences in the ratio of bacterial to fungal gene copies at the three
poplar sites and also the bacterial a-diversity remained largely unaf-
fected by tree rows (Beule and Karlovsky, 2021).

The bacterial PLFA were dominated by Gram(—) bacteria, followed
by the Gram(+) phyla Firmicutes and Actinobacteria. Similar contri-
butions of the bacterial groups to total PLFA were presented by Zhou
et al. (2022) for the grassland site Reiffenhausen. This contrasts the data
of Joergensen and Potthoff (2005), who observed a dominance of Gram
(+) bacteria in an arable Cambisol, summarizing the PLFA derived from
Firmicutes and Actinobacteria. Both groups were in most cases sepa-
rately evaluated in soil microbiology over the last decades (Zhou et al.,
2022), due to their different response to environmental conditions.
Firmicutes respond rapidly to fresh and easily available substrates,
whereas Actinobacteria usually show a slow response, but decomposing
a broad spectrum of recalcitrant organic components.

The Gram(—) bacteria/Firmicutes ratio showed a small but signifi-
cant decline at Dornburg and Forst with increasing distance from the
tree row, although the differences in environmental conditions in the
alleyway transects are less variable than those between the tree row and
the alleyways. The reasons for this observation cannot be explained by
the current dataset. Some bacteria might respond sensitively to changes
in the AMF and BAM composition, as many bacteria belong to fungal
helper community (Nasslahsen et al., 2022).

The current PLFA data are not in agreement with the 16S RNA gene
copy numbers presented by Beule et al. (2020), who observed that
roughly 30 % of the total bacteria gene copy numbers were contributed
by Actinobacteria. Firmicutes contributed only an extremely low num-
ber of approximately 3 x 108 or 0.001 %o to the total bacterial gene copy
numbers. Their gPCR data were roughly in line with bacterial amplicon
sequence variants, which were assigned to 10 dominant bacterial phyla
(Beule and Karlovsky, 2021), i.e., 39 % Actinobacteria, 22 % Proteo-
bacteria, 11 % Acidobacteria, 9 % Chloroflexi, and 6 % Planctomycetes.
The differences in molecular and PFLA data might be largely caused by
differences in gene copy numbers obtained from the genomes of bacteria
and archaea (Stoddard et al., 2015) as well as fungi (Baldrian et al.,
2013; Heidrich and Beule, 2022). For this reason, the comparison of
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relative and absolute abundances showed strong discrepancies, indi-
cating that amplicon sequencing alone cannot adequately assess popu-
lation size and dynamics (Beule et al., 2021). A similar strong mismatch
between 16S rDNA metabarcoding and PLFA data, especially for Gram
(—) bacteria, has already been observed by Lewe et al. (2021).

Currently, it remains uncertain whether Gram(—) or Gram(+) bac-
teria dominate the bacterial biomass in soil, although this knowledge is
required for the reliable conversion of bacterial muramic acid to bac-
terial necromass C (Appuhn and Joergensen, 2006; Engelking et al.,
2007). It would be helpful to establish appropriate conversion values
from bacterial PLFA to bacterial biomass by analyzing cultured bacteria,
especially considering that Gram(—) bacteria contain more PLFA in their
biomass due to their bi-layered cell membrane.

5. Conclusions

Tree rows shifted the PLFA composition to more ecto-mycorrhizal
and saprotrophic fungal biomarkers (18:109, 18:2w6,9, and
18:303,6,9) of the BAM group (Basidiomycota, Ascomycota and
Mucoromycota) in comparison with the alleyways. The bacterial PLFA
diversity was higher in the arable alleyways than in the tree rows. The
contribution of Gram(—) bacterial PLFA was increased in the tree rows
and decreased within the alleyways, whereas that of Firmicutes PLFA
decreased. The composition of bacterial PLFA contrasts gene copy
numbers obtained by quantitative real time polymerase reaction, which
is especially true for the abundance of Actinobacteria. This indicates the
need for further investigation of this discrepancy. The differences be-
tween arable alley cropping systems with poplar and the grassland alley
cropping systems with willow were small, except for the strongest
contribution of the BAM group to total PLFA in the soil under willow
trees. Agroforestry generally supports the C sequestration potential of
mycorrhizal fungi.
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