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Abstract

Background

Land-use change profoundly influences soil microbial communities,
yet its impacts on richness and diversity remain incompletely resolved
across taxa.

Methods

Here, we characterized fungal and bacterial communities in soils from
four contrasting land-use types—such as crop, reforested,
agroforestry, and uncultivated land—located in the same pedoclimatic
conditions, using high-throughput amplicon sequencing of Internal
Transcribed Spacer (ITS) and 16S ribosomal RNA (rRNA) genes. We
quantified species richness and Shannon diversity and examined their
relationships with key physicochemical parameters.

Results

Our results reveal that fungal and bacterial communities responded
differently to land-use management. Fungal richness was highest in
reforested soils, whereas bacterial richness was more uniformly
distributed across land uses. Shannon diversity showed greater
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sensitivity than richness, indicating strong effects of evenness in
structuring communities. Multivariate ordinations and correlation
analyses further demonstrated that soil properties such as pH, total
nitrogen, and cation exchange capacity were significant drivers of
microbial community composition and diversity patterns.

Conclusions

Our study provides mechanistic insight into how land management
shapes biodiversity and informs strategies for enhancing soil health
and ecosystem resilience.

Plain language summary
Healthy soils support food production, clean water, and climate
resilience. In this study, we examined how different land uses—crop
fields, agroforestry, uncultivated areas, and reforestation—affect soil
health in a peri-urban area of Milan. We analysed soil microbes, which
are essential for nutrient cycling and ecosystem stability, along with
key soil properties such as pH, nitrogen, and organic matter.

We found that land use strongly shapes microbial communities.
Agroforestry soils hosted the highest number of unique microbial
species, highlighting their ecological value, while reforested soils
showed lower richness due to their early successional stage. Fungal
communities were more sensitive to land management than bacterial
ones. Soil chemical properties, especially cation-exchange capacity
and nitrogen, played a major role in determining microbial patterns.

Overall, our results show that agroforestry can enhance soil
biodiversity and resilience, supporting its role as a nature-based
solution for sustainable land management in peri-urban landscapes.
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Introduction
Enq� cdb_cdr)� bnmudmshnm_k� _fqhbtkstq_k� l_m_fdldms� g_r� kdc� sn�
_� fq_ct_k� hlonudqhrgldms� _mc� rhlokhzb_shnm� ne� _fqhbtkstq_k�
k_mcrb_odr)� bnloqnlhrhmf� sgd� nudq_kk� gd_ksg� ne� sgd� lnrs� oqn,
ctbshud� _qd_r0-� Rhmbd� sgd� 084/r)� _fqhbtkstq_k� k_mcrb_odr� g_ud�
addm� oqnfqdrrhudkx� rsqhoodc� ne� sgd� dbnknfhb_k� hmeq_rsqtbstqd�
sg_s� enq� bdmstqhdr� g_c� rtoonqsdc� sgdhq� dbnknfhb_k)� oqnctbshud)�
_mc� btkstq_k� etmbshnmr1-� Sghr� g_r� kdc� sn� sgd� chrqtoshnm� ne� sgd��
ltkshokd� qdk_shnmrghor� _mc� rdke,qdftk_shnm� ldbg_mhrlr� vhsghm�
sgd� _fqndbnrxrsdl)� vghbg� g_r� adbnld� _� utkmdq_akd� _mc� tmrs_,
akd� rxrsdl)� ghfgkx� cdodmcdms� nm� dwsdqm_k� hmotsr� sn� rtrs_hm��
hsr� oqnctbshud� etmbshnm2)� tm_akd� sn� rtoonqs� nsgdq� dbnrxrsdl��
etmbshnmr� _bqnrr� cheedqdms� rb_kdr� fl� eqnl� rnhk� cnl_hm)� sn� sgd��
hmchuhct_k� zdkc)� sn� sgd� e_qlhmf� rxrsdl)� sn� sgd� knb_k� k_mcrb_od��
bnmsdws�_mc)�lnqd�aqn_ckx)�sn�sgd�k_mcrb_od�tmhs3-

Vgdm� bnmrhcdqhmf� sgd� rtards� ne� odqh,tqa_m� _fqhbtkstq_k��
rxrsdlr)� sgdrd� oqnbdrrdr� _qd� etqsgdq� dw_bdqa_sdc-� Vghkd� tqa_m�
rxrsdlr� bnmedq� mtldqntr� admdzsr� sn� sgdhq� hmg_ahs_msr)� sgdx� _qd�
_krn� qdronmrhakd� enq� sgd�oqnentmc�_ksdq_shnm�ne� sgd� etmbshnmhmf�ne��
knb_k� _mc� fkna_k� dbnrxrsdlr-�Sghr� hr� _bghdudc� ax� sgd� eq_fldms_,
shnm� _mc� cdfq_c_shnm� ne� _fqhbtkstq_k� _mc� m_stq_k� g_ahs_sr)� kd_c,
hmf� sn� _� qdctbshnm� hm� ahnchudqrhsx-� Etqsgdqlnqd)� tqa_m� rxrsdlr�
chrqtos� gxcqnknfhb_k� rxrsdlr)� _mc� lnchex� dmdqfx� finvr� _mc�
mtsqhdms� bxbkdr-� Sgdrd� cxm_lhbr)� snfdsgdq� vhsg� tmrtrs_hm_akd�
k_mc,trd� oq_bshbdr)� _eedbs� _fqndbnrxrsdl� etmbshnmr� _mc� sgd� oqn,
uhrhnm� ne� jdx� dbnrxrsdl� rdquhbdr� ’DR(� nm�vghbg� sgd� udqx� khudkh,
gnnc� ne� tqa_m� onotk_shnmr� cdodmcr)� d-f-� rtookx� ne� bkd_m� v_sdq)�
l_hmsdm_mbd� ne� rnhk� edqshkhsx� _mc� gd_ksg)� ennc� oqnctbshnm)� bkh,
l_sd� qdftk_shnm� _mc� bkhl_sd� bg_mfd� lhshf_shnm)� hloqnudldms��
ne� _hq� pt_khsx4-� Mnmdsgdkdrr)� odqh,tqa_m� eqhmfd� _qd_r� ,� dbnsnm_k�
ynmdr� vgdqd� sgd� sghmmhmf� ne� sgd� tqa_m� e_aqhb� fq_ct_kkx� fhudr�
v_x� sn� m_stq_k)� enqdrsqx)� _mc� o_rsnq_k� k_mc� trdr� ,� gnkc� bnmrhcdq,
_akd� onsdmsh_k� enq� oqnuhchmf� ateedqhmf� _mc� qdrhkhdmbd� etmbshnmr��
enq�bhshdr5fl00-

Rnhk� gd_ksg� hr� hmbqd_rhmfkx� qdbnfmhydc� _r� _� bnqmdqrsnmd� ne� sgd�
aqn_cdq� bnmbdos� ne� Fkna_k� Gd_ksg)� _r� hs� tmcdqohmr� _fqhbtkstq_k�
oqnctbshuhsx)� dbnrxrsdl� rdquhbdr)� gtl_m� mtsqhshnm)� _mc� bkhl_sd�
qdrhkhdmbd-� Sghr� bnlokdwhsx� qdpthqdr� sgd� cdudknoldms� ne� bnl,
onrhsd� hmchb_snqr� sg_s� _qd� q_ohc)� rdmrhshud)� _mc� qdkh_akd� hm� b_ostq,
hmf� sgd�ltkshetmbshnm_khsx� ne� rnhkr-�L_mx� qdbdms� o_odqr� dwokhbhskx��
b_kk� enq� g_qlnmhydc� ldsgncnknfhdr� _akd� sn� khmj� rnhk� gd_ksg�
_rrdrrldms� vhsg� ennc� rdbtqhsx)� ahnchudqrhsx)� _mc� bkhl_sd��
onkhbhdr01fl04-� Hm� sghr� odqrodbshud)� rnhk� gd_ksg� hmchb_snqr� rgntkc� mns�
nmkx� ld_rtqd� ogxrhb_k� _mc� bgdlhb_k� oqnodqshdr)� ats� _krn� hmsd,
fq_sd� ahnknfhb_k� _mc� etmbshnm_k� chldmrhnmr)� sgdqdax� oqnuhchmf��
_�bnloqdgdmrhud�_mc�onkhbx,qdkdu_ms�_rrdrrldms�snnk-

Sn� _ccqdrr� sgdrd� bg_kkdmfdr)� hs� hr� sgdqdenqd� mdbdrr_qx� sn� qdsghmj�
sgd� sdqqhsnqh_k�cdudknoldms�ne�odqh,tqa_m�eqhmfdr� hm�nqcdq� sn�l_w,
hlhyd� sgdhq� cdkhudqhmf� b_o_bhsx� ne� DR)� dmg_mbhmf� sgdhq� b_o_b,
hsx� sn� lhshf_sd� sgd� mdf_shud� dwsdqm_khshdr� ne� tqa_m� rxrsdlr-�
Qdbdms� _cu_mbdr� hm� sgd� khsdq_stqd� ghfgkhfgs� sgd� onsdmsh_k� ne� rhk,
un_q_akd� _fqnenqdrsqx� rxrsdlr� ’R?Er(� _r� _� rsq_sdfx� sn� bntmsdq,
_bs� rnhk� cdfq_c_shnm� _mc� ahnchudqrhsx� knrr� hm� Vdrsdqm� Dtqnod-��
?bbnqchmf� sn� 05)� R?Er� bnmsqhatsd� sn� rnhk� ahnknfhb_k� gd_ksg�
ax� enrsdqhmf� qhbgdq� _mc� lnqd� chudqrd� rnhk� bnlltmhshdr� _mc��

hloqnuhmf� rnhk� nqf_mhb� l_ssdq)� khssdq,eddchmf� l_bqne_tm_)� _mc�
_qatrbtk_q� lxbnqqghy_k� etmfh)� vghkd� _krn� qdctbhmf� rnhk� atkj��
cdmrhsx-� Sgdrd� deedbsr� _qd� lnrs� oqnmntmbdc� hm� nkcdq� rs_mcr� _mc�
hm� oqnwhlhsx� sn� sqdd� qnvr)� tmcdqrbnqhmf� sgd� qnkd� ne� sdlonq_k�
_mc� ro_sh_k� e_bsnqr� hm� rg_ohmf� adknvfqntmc� oqnbdrrdr-� Cdrohsd�
sgdrd� admdzsr)� hlonqs_ms� qdrd_qbg� f_or� qdl_hm–o_qshbtk_qkx�
bnmbdqmhmf� ldrne_tm_)� lhbqnah_k� _bshuhsx)� xntmf� rs_mcr)� _mc��
cddodq� rnhk� k_xdqr–hmchb_shmf� sgd� mddc� enq� lnqd� hmsdfq_shud�
hmchbdr� sg_s� bnlahmd� ltkshokd� ahnknfhb_k� o_q_ldsdqr-� Hmbnq,
onq_shmf� rtbg� zmchmfr� hmsn� sgd� aqn_cdq� bnmsdws� ne� rtrs_hm_akd�
k_mc� l_m_fdldms� tmcdqrbnqdr� R?Er� _r� _� oqnlhrhmf� oq_bshbd� sn�
dmg_mbd� dbnrxrsdl� rdquhbdr� _mc� rnhk� qdrhkhdmbd� tmcdq� bkhl_sd��
_mc�_fqhbtkstq_k�oqdrrtqdr-

Hm� sghr� bnmsdrs)� hm� sgd� oqdrdms� rstcx� vd� hmudrshf_sdc� rnhk� gd_ksg�
trhmf� cheedqdms� hmchb_snqr� _mc� odqenqlhmf� _� cddo� c_s_� _m_kx,
rhr� ne� cheedqdms� k_mc� trdr� qdoqdrdms_shud� ne� sxohb_k� mnqsgdqm�
Hs_kx� odqh,tqa_m� _fqhbtkstq_k� k_mcrb_odr)� h-d� zdkc� _mmt_k� bqnor)��
_fqnenqdrsqx)�vnncdc�_qd_r)�rds,_rhcd�zdkcr-

Results
Community composition and diversity patterns
Sn� bg_q_bsdqhrd� cheedqdmbdr� hm� rnhk� bnlltmhshdr� _bqnrr� k_mc,
trd� sxodr)� vd� _m_kxrdc� sgd� s_wnmnlhb� bnlonrhshnm)� qhbgmdrr)�
_mc� chudqrhsx� ne� etmf_k� _mc� a_bsdqh_k� bnlltmhshdr)� _mc� pt_msh,
zdc�sgd�nudqk_o�hm�rodbhdr�nbbtqqdmbd�_lnmf�k_mc�trdr-�Gd_sl_o��
uhrt_khr_shnm� ne� sgd� 14� lnrs� _atmc_ms� etmf_k� _mc� a_bsdqh_k��
fdmdq_� qdud_kdc� bkd_q� cheedqdmbdr� hm� s_wnmnlhb� oqnzkdr� _lnmf�
sgd� entq� k_mc,trd� sxodr� ’Ehftqd� 0(-� Etmf_k� bnlltmhshdr� rgnvdc�
rsqnmfdq� u_qh_shnm� hm� cnlhm_ms� fdmdq_� _bqnrr� k_mc� trdr� sg_m�
a_bsdqh_k� bnlltmhshdr)� vhsg� bdqs_hm� fdmdq_� rhfmhzb_mskx� lnqd�
_atmc_ms� hm� rodbhzb� r_lokdr� _mc� hm� rodbhzb� k_mc,trd� sxodr-� Hm��
bnmsq_rs)� sgd� qdk_shud� _atmc_mbd� hm� a_bsdqh_k� oqnzkdr� chrok_xdc�
_� ghfgdq� gnlnfdmdhsx� _lnmf� r_lokdr)� _ksgntfg� bktrsdqhmf�
vhsghm� sgd� r_ld� k_mc,trd� sxod� hr� rshkk� uhrhakd� sn� _� bdqs_hm� cdfqdd-�
Hm� fdmdq_k)� etmf_k� r_lokdr� vdqd� cnlhm_sdc� ax� fdmdq_� rtbg� _r�
Lnqshdqdkk_)� Etr_qhtl)� _mc� Sqdantwh_)� vghkd� a_bsdqh_k� bnl,
ltmhshdr� rgnvdc� ghfg� qdk_shud� _atmc_mbdr� ne� ldladqr� ne� sgd�
?bhcna_bsdqh_� fqnto)� Fdll_shlnm_r� _mc� F_hdkk_-� Hs� hr vnqsg��
mnshmf� sg_s� hm� ansg� etmf_k� _mc� a_bsdqh_k� c_s_rdsr)� rnld� ne� sgd�
lnrs� _atmc_ms� ed_stqdr� vdqd� mns� etkkx� qdrnkudc� sn� fdmtr� kdudk)�
rtffdrshmf� sgd� oqdrdmbd� ne _� rtars_msh_k� eq_bshnm� ne� bnlltmhsx��
ldladqr� sg_s� qdl_hm� s_wnmnlhb_kkx� tmcdqbg_q_bsdqhrdc-� Sgdrd�
qdrtksr� tmcdqkhmd� sgd� rsqnmfdq� rdmrhshuhsx� ne� etmf_k� bnlltmh,
shdr� sn� k_mc,trd� _mc� k_mc,trd� bg_mfd)� oqna_akx� ctd� sn� sgdhq�
rxlahnshb� _rrnbh_shnmr� vhsg� ok_msr� _mc� rsqnmf� khmj_fd� vhsg�
nqf_mhb� l_ssdq)� m_ldkx� khfmhm� _mc� bnlokdw� nqf_mhb� lnkdbtkdr��
_mc� tmchrstqadc� bnmchshnmr06-� Eqnl� _m� _fqndbnknfhb_k� onhms� ne�
uhdv)� sghr� qdrtksr� bkd_qkx� cdlnmrsq_sd� sgd� qnkd� ne� _fqnmnlhb_k�
l_m_fdldms�sg_s�dmg_mbd�rnhk�nqf_mhb�hmotsr�’d-f-)�l_mtqd)�fqddm�
ltkbg)� bnlonrs� _ookhb_shnm)� _fqnenqdrsqx� khssdqe_kk(� hm� rtrs_hmhmf��
etmf_k�chudqrhsx-

Bnlo_qhrnmr� ne� chudqrhsx� ldsqhbr� _s� sgd� rodbhdr� kdudk� rgnvdc�
sg_s� ansg� etmf_k� _mc� a_bsdqh_k� qhbgmdrr� _mc� Rg_mmnm� chudqrhsx�
u_qhdc� mnshbd_akx� _bqnrr� k_mc,trd� sxodr� ’Ehftqd� 1_(-� Tmbtksh,
u_sdc� _mc� qdenqdrsdc� rnhkr� bnmrhrsdmskx� dwghahsdc� knvdq� qhbgmdrr�
sg_m� bqno� _mc� _fqnenqdrsqx-� Gnvdudq)� ctd� sn� sgd� khlhsdc� mtladq��
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ne� qdokhb_sdr� enq� d_bg� k_mc,trd� sxod� ’m;2()� rhfmhzb_ms� rs_shr,
shb_k� cheedqdmbdr� vdqd� entmc� nmkx� enq� qhbgmdrr9� hm� a_bsdqh_)�
adsvddm� bqno� _mc� qdenqdrsdc� rnhkr:� _mc� hm� etmfh)� adsvddm� bqno�
_mc� qdenqdrsdc� rnhkr� _r� vdkk� _r� adsvddm� qdenqdrsdc� _mc� _fqnenq,
drsqx� rnhkr-� A_qoknsr� rgnvhmf� o_ssdqmr� ne� qhbgmdrr� _mc� Rg_mmnm�
chudqrhsx� _bqnrr� qdokhb_sdr� _qd� chrok_xdc� hm� Ehftqd� 2)� vghbg�
bnmzqlr� sg_s� sgd� sqdmcr� nardqudc� hm� sgd� anwoknsr� _qd��
bnmrhrsdms�_s�sgd�r_lokd�kdudk-

ToRds� oknsr� ne� rodbhdr� oqdrdmbdfl_ardmbd� ’Ehftqd� 1a(� rgnvdc�
sg_s� _� rtars_msh_k� oqnonqshnm� ne� etmf_k� _mc� a_bsdqh_k� s_w_� vdqd�
tmhptd� sn� o_qshbtk_q� k_mc,trd� sxodr-� ?fqnenqdrsqx� rnhkr� ed_stqd�
sgd� ghfgdrs� mtladq� ne� dwbktrhud� s_w_� enq� ansg� etmfh� _mc� a_b,
sdqh_)� vghkd� qdenqdrsdc� rnhkr� chrok_xdc� sgd� knvdrs� mtladq� ne��
tmhptd� rodbhdr� enq� ansg� cnl_hmr-� Sgdrd� qdrtksr� hmchb_sd� sgd��
_fqndbnknfhb_k etmbshnm ne _fqnenqdrsqx rxrsdlr hm sdqlr ne qdr,
dqunhqr� ne� tmhptd�lhbqnah_k� s_w_-�Rtbg�chudqrhzb_shnm� bnmsqhatsdr�

Figure 1. Heatmaps of (a) the 25 most abundant fungal genera, and of (b) the 25 most abundant bacterial genera across 12 soil samples
representing four land-use types (crop, reforested, agroforestry, and uncultivated). Genera are ordered by overall abundance. Color intensity
reflects relative abundance within each sample.
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sn� dbnrxrsdl� qdrhkhdmbd� _mc� ltkshetmbshnm_khsx)� vghbg� _qd��
drrdmsh_k� enq� deedbshud� ahnknfhb_k� odrs� bnmsqnk-� Rhfmhzb_ms� nudq,
k_o� hm� bnlltmhsx� bnlonrhshnm� v_r� nardqudc)� drodbh_kkx� hm�
a_bsdqh_)� vhsg� nudq� 6//� rodbhdr� bnllnm� sn� _kk� sgd� k_mc,trd�
sxodr-� Hm� _cchshnm� sn� rodbhdr,kdudk� cheedqdmbdr)� rhfmhzb_ms� rghesr�
vdqd� _krn� nardqudc� _s� ghfgdq� s_wnmnlhb� q_mjr-� Ehftqd� 3� _mc��
Ehftqd� 4� rgnv� etmf_k� _mc� a_bsdqh_k� ogxk_� vgnrd� qdk_shud� _atm,
c_mbdr� u_qhdc� rhfmhzb_mskx� _bqnrr� k_mc,trd� sxodr)� hmchb_shmf� sg_s�
k_mc,trd� deedbsr� _qd� rsqnmf� _krn� _s� aqn_cdq� s_wnmnlhb� fqntor-��

Mns_akx)� _� k_qfdq� mtladq� ne� a_bsdqh_k� ogxk_� rgnvdc� rhfmhzb_ms��
cheedqdmbdr�bnlo_qdc�sn�etmfh)� khjdkx�qdfidbshmf�sgd�ghfgdq�nudq_kk��
qhbgmdrr�_mc�s_wnmnlhb�chudqrhsx�ne�a_bsdqh_k�bnlltmhshdr-

Correlation patterns among samples and abiotic
parameters
Sn� dwoknqd� rhlhk_qhshdr� _lnmf� r_lokdr)� vd� bnlotsdc� Od_qrnm�
bnqqdk_shnm� l_sqhbdr� a_rdc� nm� sgd� a_bsdqh_k)� etmf_k� _mc� _ahnshb�
oqnzkdr� ne� d_bg� r_lokd:� bnqqdk_shnm� l_sqhbdr� vdqd� qdoqdrdmsdc�

Figure 2. (a) Boxplots of fungal and bacterial richness and Shannon’s diversity index at species level across different land uses. Significant
differences between land-uses, assessed with a Tukey HSD test on the mean values of each ecological index, are indicated with a bar over
the couple of boxplots and a number of stars. Differences are considered statistically significant at p-value < 0.05 and are reported with the
following legend: 10–2 < p < 5 · 10–2 (*), 10–3 < p < 10–2 (**), 10–4 < p < 10–3 (***), p < 10–4 (****). (b) UpSet plots showing the intersection of
bacterial and fungal species across four land use types. Each plot illustrates the number of species unique to or shared between different
land uses. Horizontal bars represent the total number of species observed per land use, while the vertical bars show the size of species sets
defined by each intersection.

Page 6 of 21

Open Research Europe 2026, 6:29 Last updated: 03 FEB 2026



_r� bktrsdqdc� gd_sl_or� ’Ehftqd� 5(-� Hm� _kk sgqdd� b_rdr)� r_lokdr�
rg_qhmf� sgd� r_ld� k_mc,trd� sdmc� sn� bktrsdq:� a_bsdqh_k� bnlltmh,
shdr� vdqd�lnqd� rsqnmfkx� bktrsdqdc� ax� k_mc� trd� sg_m� etmf_k� bnl,
ltmhshdr)� vhsg� svn� bkd_q� bktrsdqr� enqldc� ax� bqno,qdenqdrsdc��
_mc�tmbtkshu_sdc,_fqnenqdrsqx�r_lokdr-

Lnqdnudq)� vd� bnlotsdc� sgd� Od_qrnm� bnqqdk_shnm� l_sqhbdr� ne� sgd�
_ahnshb� o_q_ldsdqr� sn� hmudrshf_sd� qdk_shnmrghor� _lnmf� bgdlh,
b_k� _mc� ogxrhb_k� rnhk� oqnodqshdr-�?m_kxrhr� ne� sgd� sno� 1/� rsqnmf,
drs� o_hqvhrd� bnqqdk_shnmr� _lnmf� _ahnshb� u_qh_akdr� ’Ehftqd� 6(�

qdud_kdc�cheedqdms� o_ssdqmr� _bqnrr� k_mc,trd� sxodr-�Vghkd� bqno� _mc�
qdenqdrsdc� rnhkr� chrok_xdc� bnlo_bs� _mc� k_qfd� bktrsdqr� cnlhm_sdc�
ax� rsqnmf� bnqqdk_shnmr� _lnmf� edqshkhsx,qdk_sdc� u_qh_akdr� ’d-f-)�
nqf_mhb� l_ssdq)� sns_k� mhsqnfdm)� nqf_mhb� b_qanm()� _fqnenqdrsqx� _mc��
tmbtkshu_sdc� rnhkr� dwghahsdc� lnqd� bnlokdw� _mc� gdsdqnfdmd,
ntr� bktrsdqhmf� o_ssdqmr-� Sghr� rsqtbstq_k� bnlokdwhsx� rtffdrsr� sg_s�
_fqnmnlhb� oq_bshbdr� dmg_mbhmf� _fqndbnrxrsdl� chudqrhsx� ’d-f-)�
hmsdqbqnoohmf)� bqno� qns_shnmr)� hmsdfq_shmf� _mmt_kr� _mc� odqdm,
mh_kr)� _mc� lhmhlhrhmf� rnhk� chrstqa_mbd(� l_x� kd_c� sn� hmbqd_rdc�
rnhk� rs_ahkhsx� bnlo_qdc� sn� rhlokhzdc� bqnoohmf� _mc� e_qlhmf��

Figure 3. Ecological indices of fungal and bacterial communities across land-uses. (a) Richness (left) and Shannon diversity index
(right) for fungal communities in 12 soil samples. (b) Richness (left) and Shannon diversity index (right) for bacterial communities in the
same samples. Each bar represents a replicate within one of four land-use categories: crop, reforested, agroforestry, and uncultivated.
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rxrsdlr-� Hm� sgdrd� svn� k_mc� trdr)� rdudq_k� rtafqntor� ne� u_qh_akdr�
dldqfdc)� kd_chmf�sn�_�ghfgdq�rsqtbstq_k�bnlokdwhsx-�Sgd�bnlokdsd��
bnqqdk_shnm� l_sqhbdr� ’rgnvhmf� _kk� sgd� bnqqdk_shnmr)� mns� nmkx�
sgd� rsqnmfdrs� nmdr(� enq� sgd� cheedqdms� k_mc,trd� sxodr� _qd� rgnvm�
hm� Ehftqd� 8flEhftqd� 01-� Sgdrd� oknsr� chrok_x� o_ssdqmr� aqn_ckx�
bnmrhrsdms� vhsg� sgnrd� nardqudc� hm� sgd� qdctbdc� bnqqdk_shnm��
l_sqhbdr-

Vd� _krn� _rrdrrdc� rhfmhzb_ms� cheedqdmbdr� enq� d_bg� _ahnshb� o_q_l,
dsdq� _bqnrr� k_mc,trd� sxodr:� sgd� o_q_ldsdqr� rgnvhmf� sgd� rsqnmfdrs��
deedbsr�_qd�qdonqsdc�hm�Ehftqd�02-

Multivariate analysis of soil communities and abiotic
parameters
Hm� nqcdq� sn� _rrdrr� gnv� _ahnshb� o_q_ldsdqr� rg_od�lhbqnah_k� bnl,
ltmhsx� rsqtbstqd)� vd� odqenqldc� nqchm_shnm� _m_kxrdr-� Oqhmbho_k�
Bnlonmdms� ?m_kxrhr� ’OB?(� ne� _ahnshb� u_qh_akdr� ’Ehftqd� 7_(��
dwok_hmdc� _� rtars_msh_k� eq_bshnm� ne� u_qh_mbd� hm� sgd� zqrs� svn��
bnlonmdmsr� ’<� 5/ (� _mc� rgnvdc� bkd_q� rdo_q_shnm� ne� r_lokdr�
_bbnqchmf� sn� k_mc� trd-� Sno� _ahnshb� bnmsqhatsnqr� sn� sgd� zqrs�
oqhmbho_k� bnlonmdms� vdqd� B_shnm,Dwbg_mfd� B_o_bhsx)� Sns_k�
Mhsqnfdm� _mc� Anqnm-� Sgdrd� rnhk� ed_stqdr� _qd� bknrdkx� khmjdc�
sn� sgd� l_m_fdldms� ne� nqf_mhb� l_ssdq� _mc� nqf_mhb� b_qanm-��
?fqnmnlhb� oq_bshbdr� _hldc� _s� hmbqd_rhmf� nqf_mhb� hmotsr� _mc�
dmg_mbhmf� rodbhzb� mtsqhdms� bxbkdr� _qd� bqtbh_k� enq� onrhshudkx��
rg_ohmf�rnhk�lhbqnahnldr-

Qdctmc_mbx�?m_kxrhr� ’QC?(� ne� etmf_k� _mc� a_bsdqh_k� s_wnmnlh,
b_k� oqnzkdr)� vgdqd� _ahnshb� o_q_ldsdqr� vdqd� trdc� _r� dwok_m_,
snqx� u_qh_akdr)� bnmzqldc� rhfmhzb_ms� _rrnbh_shnmr� adsvddm�
_ahnshb� e_bsnqr� _mc� rnhk� bnlltmhsx� rsqtbstqd-� Sgd� zqrs� 1��
bnlonmdmsr� ne� sgd� QC?� dwok_hmdc� lnqd� sg_m� 2/ � ne� sgd��
u_qh_mbd)� _mc� ansg� etmf_k� _mc� a_bsdqh_k� rodbhdr� vdqd� entmc� sn��
bktrsdq� hm� sghr� 1,chldmrhnm_k� ro_bd)� _ksgntfg� sghr� qdrtks� hr�ltbg�
lnqd�duhcdms�enq�a_bsdqh_-

Functional analysis of bacterial communities
Sn� hmudrshf_sd� vgdsgdq� k_mc,trd� sxod� hmfitdmbdr� lhbqnah_k� etmb,
shnm_k� onsdmsh_k)� vd� trdc� OHBQTRs1� sn� oqdchbs� a_bsdqh_k� etmb,
shnm_k� oqnzkdr:� hm� o_qshbtk_q)� vd� bnlotsdc� Ixnsn� Dmbxbknodch_�
ne�Fdmdr�_mc�Fdmnldr� ’IDFF(�Nqsgnknfx� ’IN(� sdqlr)�Dmyxld��
Bnllhrrhnm� ’DB(� mtladqr)� _mc� Lds_Bxb� lds_ankhb� o_sgv_xr�
enq� d_bg� k_mc,trd-�Oqhmbho_k� bnlonmdms� _m_kxrhr� ne� sgdrd�oqnzkdr�
bnmrhrsdmskx� rdo_q_sdc� sgd� cheedqdms� k_mc,trdr� ’Ehftqd� 03_flb()�
_ksgntfg� tmbtkshu_sdc� _mc� _fqnenqdrsqx� DB� oqnzkdr� o_qsh_kkx�
nudqk_o� hm� sgd� 1,chldmrhnm_k� ro_bd� cdzmdc� ax� sgd� zqrs� 1� bnl,
onmdmsr� ne� sgd� OB?-� Vd� _krn� bqd_sdc� rs_bjdc� a_q� oknsr� ne� sgd��
04� lnrs� _atmc_ms� etmbshnmr� ’Ehftqd� 03cfle(� enq� d_bg� etmb,
shnm_k� oqnzkd� _bqnrr� sgd� cheedqdms� k_mc,trdr-� Sgdrd� rs_bjdc� oknsr�
qdoqdrdms� kdrr� nq� _ants� 0/ � ne� sgd� sns_k� oqdchbsdc� etmbshnm_k��
oqnzkd)� hmchb_shmf� sg_s� sgd� u_rs� l_inqhsx� ne� cdsdbsdc� etmbshnmr�
nbbtq� _s� knvdq� qdk_shud� _atmc_mbdr-� Lnqdnudq)� sgd� lnrs� oqdu_,
kdms� etmbshnmr� chrok_xdc� aqn_ckx� rhlhk_q� qdk_shud� _atmc_mbdr�

Figure 4. Boxplots of relative abundance of selected fungal genera across land-use types. Only taxa with statistically significant
differences (assessed with Tukey HSD test) are shown. Differences are considered statistically significant at p-value < 0.05 and are reported
with the following legend: 10–2 < p < 5 · 10–2 (*), 10–3 < p < 10–2 (**), 10–4 < p < 10–3 (***), p < 10–4 (****).
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Figure 5. Boxplots of relative abundance of selected bacterial genera across land-use types. Only taxa with statistically significant
differences (assessed with Tukey HSD test) are shown. Differences are considered statistically significant at p-value < 0.05 and are reported
with the following legend: 10−2 < p < 5 · 10−2 (*), 10−3 < p < 10−2 (**), 10−4 < p < 10−3 (***), p < 10−4 (****).
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_bqnrr� k_mc,trd� sxodr)� rtffdrshmf� sg_s� _� bnllnm� rds� ne� bnqd�
lds_ankhb� b_o_bhshdr� cnlhm_sdr� a_bsdqh_k� bnlltmhshdr� qdf_qckdrr��
ne�l_m_fdldms�qdfhld-

Methods
Study area
Sgd� rstcx� hr� _ookhdc� sn� _m� _fqhbtkstq_k� _qd_� nm� sgd� rntsgd_rsdqm�
dcfd� ne� sgd� bhsx� ne�Lhk_m� ’Ehftqd� 0()� vghbg� g_r� addm� sgd� enbtr��
ne� qdbdms� rsq_sdfhb� sq_mrenql_shnm� ok_mr� _hldc� _s� drs_akhrghmf�
_m� _fqndbnknfhb_k� dwodqhldms_shnm� k_anq_snqx07)� hmsdfq_sdc� hmsn��
sgd�Khuhmf�K_a�Lhk_mn�Onqs_�Udqcd� rxrsdl089� _m�nodm,_hq� k_anq_,
snqx� cdchb_sdc� sn� sgd� rnbhn,dmuhqnmldms_k� qdfdmdq_shnm� ne� sgd�
_qd_-� Sgd� rstcx� _qd_� bnudqr� _ooqnwhl_sdkx� 0//� g_)� o_qs� ne� sgd�

Rntsg� Lhk_m� ?fqhbtkstq_k� O_qj� ,� Udss_aah_� U_kkdx� rxrsdl)� _m�
_mbhdms� rsq_sdfhb� _whr� khmjhmf� bhsx� _mc� bntmsqxrhcd1/-� Sgd� _qd_� hr��
oqdcnlhm_mskx� bnlonrdc� ne� _fqhbtkstq_k� k_mcr� ’_q_akd� bqnor)��
gnqshbtkstqd)� odql_mdms� _mc� e_kknv� fq_rrk_mcr(� _mc� rdlh,m_stq_k�
_qd_r� ’xntmf� qdenqdrs_shnm(-� Rhmbd� 1/08)� sgd� hlokdldms_shnm�
ne� 1� g_� tmcdq� oqnctbshud� _fqnenqdrsqx� l_m_fdldms� ,� _� ltk,
shk_xdqdc� _fqn,rhkun,o_rsnq_k� rxrsdl� hmrohqdc� ax� qdfdmdq_shud�
oq_bshbdr� ,� g_r� adftm� ’Ehftqd� 0(-� Sgd� rstcx� _qd_� adknmfr� sn� _m�
_kktuh_k� bnmsdws� ’On� Ok_hm(� cnlhm_sdc� ax� B_lahrnkr� ’VQA��
Bk_rrhzb_shnm�Rxrsdl10()�_mc�Fkdxrnkr�rsqhor�_knmf�v_sdq�bntqrdr-�
?� kn_lx,r_mcx� sdwstqd� oqdcnlhm_sdr9� knnrd� _mc� qdk_shudkx��
odqld_akd� rnhkr)� d_rhkx� vnqj_akd)� sxohb_k� ne� _kktuh_k� bnmsdwsr-�
Entq� k_mc� trd� sxodr� _qd� hmudrshf_sdc� _r� sqd_sldmsr9� bqno� zdkc�

Figure 6.Heatmaps of pairwise Pearson correlations among samples based on fungal, bacterial, and abiotic profiles. Each panel
displays hierarchical clustering of the 12 soil samples based on their correlations. Darker colors indicate stronger positive correlations.

Page 10 of 21

Open Research Europe 2026, 6:29 Last updated: 03 FEB 2026



’bqno()� tmbtkshu_sdc� _qd_� ’tmbtkshu_sdc()� vnncdc� _qd_� ’qdenq,
drsdc()� _fqnenqdrsqx� rxrsdl� ’_fqnenqdrsqx(� ’S_akd� 0(-� Sgdhq��
rdkdbshnm�v_r�a_rdc�nm9

•    sgd� hmsdmshnm� sn� bnlo_qd� sgd� _fqnenqdrsqx� rxrsdl� vhsg� che,
edqdms� knb_k� k_mc� trdr)� xds� rshkk� ne� _fqn,rhkun,o_rsnq_k��
nq�rdlh,m_stq_k�sxod:

•    sgd� noonqstmhsx� sn� bnlo_qd� rhsdr� bg_q_bsdqhydc� ax� sgd��
r_ld�odcnknfhb_k�rtarsq_sd�’r_ld�b_qsnfq_oghb�Tmhs11(-

Hm� d_bg� rhsd)� r_lokhmf� v_r� bnmctbsdc� _s� rdkdbsdc� mncdr� ne�
_m� 7� —� 7� fqhc� vhsg� _� 1/� l� ldrg� ’Ehftqd� 04(9� entq� pt_cq_msr�
vdqd� rds� hm� sgd� fqhc:� hm� d_bg� ne� sgdl� nmd� r_lokhmf� onhms� v_r�
hcdmshzdc)� enq� _� sns_k� ne� 2� rnhk� r_lokhmf� onhmsr� enq� d_bg� rhsd-��
R_lokhmf� onhmsr� vdqd� rdkdbsdc� sn� dmrtqd� _m� dudm� chrsqhatshnm�
vhsghm� sgd� fqhc)� _unhchmf� l_qfhm_k� onhmsr)� vghbg� nesdm� bnhm,
bhcdc� vhsg� sgd� dcfdr� ne� sgd� rhsd� ’qn_cr)� chsbgdr)� sqdd� qnvr(� _mc�
vdqd� lnqd� khjdkx� sn� ad� rtaidbs� sn� chrstqa_mbdr� sg_s� bntkc� hmfit,
dmbd� sgd� _m_kxshb_k� qdrtksr-� Onhmsr� sg_s� bnhmbhcdc� vhsg� rodbhzb�

Figure 7. The figure displays a clustered heatmap of the top 20 strongest pairwise Pearson correlations (by absolute value)
among abiotic variables. Only variables involved in at least one of these top correlations were retained in the plot. The color scale
represents the Pearson correlation coefficient.
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Figure 8. Ordination plots of abiotic and species data. (a) Principal Component Analysis (PCA) of abiotic parameters across samples.
(b) Redundancy Analysis (RDA) of fungal species constrained by selected abiotic variables. (c) Redundancy Analysis (RDA) of bacterial species
constrained by selected abiotic variables. Convex hulls connect replicates within each land use group to visually highlight the clusters. The
values between parentheses report the variance explained by each component.

Figure 9. Heatmaps of pairwise Pearson correlations among abiotic parameters in Crop land-use. Each panel displays hierarchical
clustering of the abiotic parameters based on their correlations (for abbreviation key see Table 2). Darker colors indicate stronger positive
correlations.
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Figure 10. Heatmaps of pairwise Pearson correlations among abiotic parameters in Reforested land-use. Each panel displays
hierarchical clustering of the abiotic parameters based on their correlations (for abbreviation key see Table 2). Darker colors indicate
stronger positive correlations.

Figure 11. Heatmaps of pairwise Pearson correlations among abiotic parameters in Agroforestry land-use. Each panel displays
hierarchical clustering of the abiotic parameters based on their correlations (for abbreviation key see Table 2). Darker colors indicate
stronger positive correlations.
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rntqbdr� ne� gdsdqnfdmdhsx� vhsghm� sgd� rhsd� vdqd� _krn� dwbktcdc)�
rtbg� _r� sgnrd� knb_sdc� udqx� bknrd� ’ � 1� l(� sn� sqdd� qnvr� bqnrrhmf��
sgd� tmbtkshu_sdc� _qd_-� Sgd� r_lokhmf� v_r� b_qqhdc� nts� ax� qdlnu,
hmf� khssdq� _mc� ohbjhmf� rnhk� rkhbdr� sgqntfg� _� ro_cd� _s� _� cdosg�
ne� /,2/� bl� vhsg� zwdc� sghbjmdrr-� S_akd� 1� qdonqsr� sgd� rnhk��
o_q_ldsdqr�hmudrshf_sdc-

Metagenomic sequencing library preparation,
sequencing and analysis
Sgd� mdws� fdmdq_shnm� rdptdmbhmf� dwodqhldmsr)� vghbg� hmbktcdc�
pt_khsx� bnmsqnk� _mc� sgd� hmhsh_k� ahnhmenql_shbr� _m_kxrhr)� vdqd�
dwdbtsdc� ax� Fdmnlhw3khed� R-Q-K-� ’A_qnmhrrh)� R_kdqmn)� Hs_kx(-�
CM?� pt_khsx� bnmsqnk� bgdbjr� tshkhydc� sgd� M_mnCqnoNmd� rodbsqn,
ognsnldsdq� ’Sgdqln� Rbhdmshzb)� V_ksg_l)� L?)� TR?(� _mc� sgd�
Ptahs� Ektnqnldsdq� 3-/� ’Hmuhsqnfdm� Bn-)� B_qkra_c)� B?)� TR?(-�
05R� _lokhzb_shnm� v_r� odqenqldc� trhmf� oqhldqr� s_qfdshmf� sgd��
gxodqu_qh_akd�U2�_mc�U3�qdfhnm�ne�sgd�05R�qQM?�fdmd�’Enqv_qc9�
4%,BBS?BFFFMFFBVFB?F,2%:� _mc�Qdudqrd9� 4%,F?BS?BG,
UFFFS?SBS??SBB,2%(12)� vghkd� HSR� _lokhzb_shnm� trdc� sgd��
HSR2� fl� HSR3� oqhldqr� ’HSR2e� 4%,� FB?SBF?SF??F??BF,
B?FB� ,2%� HSR3q9� 4%,SBBSBBFBSS?SSF?S?SFB� ,2%(-� D_bg��
Onkxldq_rd�Bg_hm�Qd_bshnm�’OBQ(�enkknvdc�sgd�oqnsnbnk�cds_hkdc�
hm� sgd� Lds_fdmnlhb� Rdptdmbhmf� Khaq_qx� Oqdo_q_shnm� ’Hkkt,
lhm_)� R_m� Chdfn)� B?)� TR?(-� ?� mdf_shud� bnmsqnk)� bnloqhrhmf�

_kk� qd_fdmsr� trdc� hm� 05R� _lokhzb_shnm� _mc� khaq_qx� oqdo_q_shnm�
ats� dwbktchmf� sgd� r_lokd)� v_r� hmbnqonq_sdc� hmsn� sgd� vnqjfinv�
sn� dmrtqd� sgd� _ardmbd� ne� bnms_lhm_shnm-� Khaq_qhdr� vdqd� pt_msh,
zdc� trhmf� _� Ptahs� fitnqnldsdq� ’Hmuhsqnfdm� Bn-)� B_qkra_c)� B?)�
TR?(� _mc� sgdm� onnkdc� sn� _bghdud� _m� dpthlnk_q� bnmbdmsq_shnm� ne�
3�mL�enq�d_bg�hmcdw,s_ffdc�r_lokd)�vhsg�sgd�hmbktrhnm�ne�sgd�Oghw��
Bnmsqnk� Khaq_qx-� Sgd� onnkdc� r_lokdr� tmcdqvdms� bktrsdq� fdm,
dq_shnm� _mc� rtardptdms� rdptdmbhmf� nm� sgd� LhRdp� ok_senql�
’Hkktlhm_)� R_m� Chdfn)� B?)� TR?(� hm� _� 1—14/� o_hqdc,dmc� enq,
l_s-� C_s_� _m_kxrhr� v_r� b_qqhdc� nts� trhmf� sgd� 05R� Lds_fdmnl,
hbr� ohodkhmd� ’Hkktlhm_)� R_m�Chdfn)� B?)�TR?(-�Sgd� QdeRdp� QCO�
05R� u2� c_s_a_rd� v_r� rntqbdc� eqnl9� gssor9..admiimda-fhsgta-hn.
c_c_1.sq_hmhmf-gslk-� Sgd� TMHSD� Etmf_k� HSR� C_s_a_rd� u6-1)�
vghbg� hmbktcdr� rhmfkdsnmr� rds� _r� QdeR)� v_r� a_rdc� nm� sgd��
E?RS?� qdkd_rd� eqnl�Cdbdladq� 0)� 1/06� gssor9..cnh-nqf.0/-04045.
AHN.476364-

Community diversity and taxonomical composition
Q_v� s_w_� _atmc_mbdr� vdqd� zqrs� oqnbdrrdc� ax� mnql_khyhmf� sgd�
u_ktdr� enq� d_bg� r_lokd� sn� qdk_shud� _atmc_mbdr� ’q_mfhmf� eqnl� /�
sn� 0(-�Sn� uhrt_khrd� sgd� bnlonrhshnm� ne� sgd�lnrs� bnllnm� s_w_� _s�
fdmtr,kdudk)� vd� fdmdq_sdc� gd_sl_or� rgnvhmf� sgd� qdk_shud� _atm,
c_mbd� ne� sgd� 14� lnrs� _atmc_ms� etmf_k� _mc� a_bsdqh_k� fdmdq_��
_bqnrr�sgd�01�rnhk�r_lokdr-

Figure 12. Heatmaps of pairwise Pearson correlations among abiotic parameters in Uncultivated land-use. Each panel displays
hierarchical clustering of the abiotic parameters based on their correlations (for abbreviation key see Table 2). Darker colors indicate
stronger positive correlations.
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Sn� pt_mshs_shudkx� _rrdrr� sgd� bnlonrhshnm� ne� rnhk� bnlltmhshdr)�
vd� b_kbtk_sdc� svn�ldsqhbr9� nardqudc� qhbgmdrr� ’mtladq� ne� tmhptd��
rodbhdr(�_mc�Rg_mmnm�chudqrhsx�hmcdw-

Sgdrd� ldsqhbr� vdqd� bnlotsdc� rdo_q_sdkx� enq� etmf_k� _mc� a_b,
sdqh_k� s_w_)� a_rdc� nm� rodbhdr,kdudk� lds_fdmnlhb� _rrhfmldmsr��
eqnl�d_bg ne�sgd�01�rnhk�r_lokdr-

Figure 13. Boxplots of abiotic parameters across land-use types. Only parameters with statistically significant differences (assessed
with Tukey HSD test) are shown. Differences are considered statistically significant at p-value < 0.05 and are reported with the following
legend: 10–2 < p < 5 · 10–2 (*), 10–3 < p < 10–2 (**), 10–4 < p < 10–3 (***), p < 10–4 (****). Abbreviation keys are reported in Table 2).
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Qhbgmdrr� v_r� cdzmdc� _r� sgd� bntms� ne� chrshmbs� s_w_� cdsdbsdc��
odq�r_lokd-�Sgd�Rg_mmnm�chudqrhsx�hmcdw�v_r�b_kbtk_sdc�_r9�
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vgdqd�M� hr� sgd� mtladq� ne� nardqudc� s_w_� hm� _� r_lokd� _mc� o
e
� hr�

sgd� qdk_shud� _atmc_mbd� ne� sgd� esg� s_wnm-� Sn� uhrt_khrd� sgd� dbn,
knfhb_k� hmchbdr)� vd� bqd_sdc� a_qoknsr� ne� qhbgmdrr� _mc� Rg_mmnm%r�
hmcdw� _bqnrr� _kk� 01� r_lokdr� _mc� anwoknsr� _bqnrr� sgd� cheedqdms��
k_mc,trdr� ’bqno)� qdenqdrsdc)� _fqnenqdrsqx)� tmbtkshu_sdc()� enq� ansg�
etmf_k� _mc� a_bsdqh_k� rodbhdr-� Sgd� dbnknfhb_k� hmchbdr� vdqd� bnl,
otsdc� trhmf� btrsnl�Oxsgnm� ’u2-01-3(� bncd)�vghkd� sgd� oknsr�vdqd�
bqd_sdc� trhmf� sgd� rd_anqm� ’u/-02-1(� _mc� l_soknskha� ’u2-7-3(��
khaq_qhdr-

Sn� bnlokdldms� chudqrhsx� _mc� _atmc_mbd,a_rdc� ldsqhbr)� vd� _krn�
_rrdrrdc� sgd� nudqk_o� ne� lhbqnah_k� s_w_� _bqnrr� k_mc,trd� sxodr�
trhmf� ToRds� oknsr13-� Sgdrd� oknsr� uhrt_khyd� sgd� hmsdqrdbshnmr�
ne� rodbhdr� rdsr� _mc� vdqd� bqd_sdc� trhmf� sgd� ToRdsOkns� ’u/-8-/(��
o_bj_fd�hm�Oxsgnm-

Statistical analysis
Sn� _rrdrr� gnv� rnhk� bnlltmhshdr� _mc� dmuhqnmldms_k� o_q_ldsdqr�
u_qx� _bqnrr� cheedqdms� k_mc,trd� sxodr)� vd� odqenqldc� bnlo_q_shud�
_m_kxrdr� enbtrhmf� nm� chudqrhsx� ldsqhbr)� s_wnmnlhb� bnlonrhshnm)�
_mc� _ahnshb� e_bsnqr-� Sgd� 01� rnhk� r_lokdr� vdqd� fqntodc� _bbnqc,
hmf� sn� sgdhq� k_mc,trd� bk_rrhzb_shnm9� bqno)� qdenqdrsdc)� _fqnenqdrsqx)��
_mc�tmbtkshu_sdc�’2�qdokhb_sdr�odq�fqnto(-

Qhbgmdrr� _mc� Rg_mmnm� chudqrhsx� u_ktdr� _mc� qdk_shud� _atmc_mbdr�
ne� etmf_k� _mc� a_bsdqh_k� rodbhdr� vdqd� bnlo_qdc� _bqnrr� k_mc,
trd� sxodr� trhmf� anwoknsr-� Rs_shrshb_k� cheedqdmbdr� vdqd� _rrdrrdc�
uh_� nmd,v_x� ?MNU?� enkknvdc� ax� Stjdx%r� Gnmdrs� Rhfmhzb_ms�
Cheedqdmbd� ’GRC(� onrs� gnb� sdrs14-� Rhfmhzb_mbd� v_r� cdzmdc�
_s� o�  � /-/4-� Fhudm� sgd� k_qfd� mtladq� ne� fdmdq_� cdsdbsdc)� nmkx�
sgnrd� dwghahshmf� rs_shrshb_kkx� rhfmhzb_ms� cheedqdmbdr� adsvddm��
k_mc,trd�sxodr�vdqd�uhrt_khydc-

?ahnshb� rnhk� o_q_ldsdqr� vdqd� bnlo_qdc� _bqnrr� k_mc,trd� sxodr�
trhmf� sgd� r_ld� oqnbdctqd-� Dkdbsqhb_k� bnmctbshuhsx� ’DB(� _mc�
anqnm� ’A(� hmbktcdc� kdes,bdmrnqdc� nardqu_shnmr� ’qdonqsdc� _r��
 � /-6xR.bl� _mc� � /-4� lf.jf)� qdrodbshudkx(-� Sgdrd� u_ktdr� vdqd�
rds� _s� nmd,g_ke sgd� qdrodbshud� cdsdbshnm� khlhs� enq� sgd� _m_kxrhr-��

Figure 14. (a)(b)(c) Stacked plots of the 15 most represented functions as expressed by KEGG, EC and MetaCyc metabolic pathways across
land-use type. (d)(e)(f) Principal Component Analysis (PCA) of bacterial KEGG, EC and MetaCyc metabolic pathways functional profiles across
land-use type, as obtained from PICRUSt2 analysis. Convex hulls connect replicates within each land use group to visually highlight the
clusters. The values between parentheses report the variance explained by each component.
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Figure 15. a) The study area location in Milan metropolitan area and sampling sites location in CIC1/ZIT1 Soil Cartographic Unit - Cambisols;
b) sampling sites location and sampling protocol.

Table 1. Sampling sites main features.

Land use type Abbr. Current
management

Current
management start
date

Previous
land use

Products

Annual crop field Crop Conservation
agriculture

About 25 years
ago

Conventional
crop field

Corn (2–3 yrs)
in rotation with winter wheat (1 yr)
and soyabean (1 yr)

Wooded area Reforested Semi-natural 2018 (planting) Uncultivated
area

No products

Agroforestry
system

Agroforestry Regenerative
agriculture

2019 (planting) Conventional
crop field

Fruits, berries,
eggs

Uncultivated
area

Uncultivated Mowings Stable for
decades

Crop field Hay
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Table 2. Abiotic parameters: complete names and abbreviations
used in figures.

Abiotic parameter Abbreviation

Sand % Sand %

Clay % Clay %

Silt % Silt %

Total Nitrogen mg/kg Total N mg/kg

C/N Ratio C/N Ratio

Organic Matter % OM %

OC % OC %

Available Phosphorus Olsen mg/kg Avail. P Olsen mk/kg

pH pH

Electrical Conductivity (µS cm–1, 20°C) EC µS/cm

Cation-Exchange Capacity meq 100g–1 CEC meq 100g–1

Base Saturation % Base Saturation %

Exchangeable Calcium meq/100g Exch. Ca meq/100g

Exchangeable Potassium meq/100g Exch. K meq/100g

Exchangeable Magnesium meq/100g Exch. Mg meq/100g

Zinc (DTPA) mg/kg Zn (DTPA) mg/kg

Manganese (DPTA) mg/kg Mn (DTPA) mg/kg

Iron (DTPA) mg/kg Fe (DTPA) mg/kg

Boron (mg/kg) B mg/kg

Copper (DTPA) mg/kg Cu (DTPA) mg/kg

> 2 mm fraction > 2 mm fraction

?f_hm)�vd� qdoqdrdmsdc�nmkx� sgd�o_q_ldsdqr�vgdqd� rhfmhzb_ms�che,
edqdmbdr� vdqd� entmc-� ?kk� uhrt_khy_shnmr� _mc� sdrsr� vdqd� hlokd,
ldmsdc� trhmf� btrsnl� Oxsgnm� rbqhosr� vhsg� rd_anqm� ’u/-02-1()��
rbhox�’0-01-/()�_mc�rs_s_mmns_shnmr�’u/-6-0(-

Correlation analysis
Ehqrs)� vd� _rrdrrdc� r_lokdr� rhlhk_qhsx� bnlotshmf� o_hqvhrd��
Od_qrnm� bnqqdk_shnm� l_sqhbdr� _lnmf� sgd� 01� rnhk� r_lokdr� trhmf�
sgqdd�cheedqdms� u_qh_akd� rdsr9� a_bsdqh_k� rodbhdr� _atmc_mbdr)� etmf_k��
rodbhdr� _atmc_mbdr)� _mc� _ahnshb� o_q_ldsdqr-� Sgdrd� bnqqdk_shnm�
l_sqhbdr� vdqd� uhrt_khydc� _r� gd_sl_or� o_hqdc� vhsg� ghdq_qbghb_k��
bktrsdqhmf-

Lnqdnudq)� sn� hcdmshex� _mc� uhrt_khyd� sgd� rsqnmfdrs� _rrnbh_shnmr�
_lnmf� _ahnshb� rnhk� o_q_ldsdqr)� vd� bnlotsdc� o_hqvhrd� Od_qrnm�
bnqqdk_shnm� bndezbhdmsr� trhmf� sgd� etkk� rds� ne� ld_rtqdc� u_qh_akdr�
enq� d_bg� nmd� ne� sgd� entq� k_mc,trdr� sxodr-� Sn� qdctbd� uhrt_k� bkts,
sdq)� vd� hlokdldmsdc� _� zksdqhmf� rsq_sdfx� sn� qds_hm� nmkx� sgd� lnrs��
rsqnmfkx�bnqqdk_sdc�u_qh_akd�o_hqr-

Rodbhzb_kkx)� vd� zqrs� bnlotsdc� sgd� Od_qrnm� bnqqdk_shnm� l_sqhw�
_bqnrr� _kk� _ahnshb� o_q_ldsdqr)� trhmf� sgd� _arnktsd� u_ktdr� ne� sgd�
bndezbhdmsr-� Vd� sgdm� q_mjdc� _kk� tmhptd� u_qh_akd� o_hqr� ax� sgd�
l_fmhstcd� ne� sgdhq� bnqqdk_shnm� bndezbhdmsr� _mc� rdkdbsdc� sgd� sno�
1/� rsqnmfdrs� _rrnbh_shnmr� ’dwbktchmf� rdke,bnqqdk_shnmr(-� Sgd� rds�
ne� u_qh_akdr� hmunkudc� hm� sgdrd� sno� bnqqdk_shnmr� v_r� dwsq_bsdc)�
_mc� _� qdctbdc� bnqqdk_shnm� l_sqhw� v_r� bnmrsqtbsdc� trhmf� nmkx�
sghr� rtards-� Sghr� zksdqdc� l_sqhw� v_r� uhrt_khydc� _r� _� gd_sl_o��
vhsg�ghdq_qbghb_k�bktrsdqhmf-

Sghr� _m_kxrhr� v_r� b_qqhdc� nts� trhmf� btrsnl� Oxsgnm� ’u2-01-3(�
rbqhosr)�vghkd� sgd�gd_sl_or�vdqd�bqd_sdc�trhmf� rd_anqm� ’u/-02-1(��
o_bj_fd-

Multivariate analysis
Adenqd� odqenqlhmf� Ltkshu_qh_sd� ?m_kxrhr)� _kk� u_qh_akdr� vdqd�
rb_kdc� sn� ydqn� ld_m� _mc� tmhs� u_qh_mbd� trhmf� sgd� Rs_mc_qcR,
b_kdq� etmbshnm� eqnl� sgd� rjkd_qm� ’u0-3-1(� o_bj_fd-� Sn� qdctbd� sgd��
chldmrhnm_khsx� ne� sgd� _ahnshb� c_s_rds� _mc� hcdmshex� dmuhqnmldms_k�
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fq_chdmsr)� vd� _ookhdc� Oqhmbho_k� Bnlonmdms� ?m_kxrhr� ’OB?(�
sn� sgd� rs_mc_qchydc� _ahnshb� o_q_ldsdqr� trhmf� sgd� OB?� etmb,
shnm� eqnl� rjkd_qm� ’u0-3-1(-� Sgd� zqrs� svn� oqhmbho_k� bnlon,
mdmsr� vdqd� trdc� sn� uhrt_khyd� sgd� r_lokdr� hm� qdctbdc� ro_bd)�
vhsg� r_lokdr� bnknqdc� ax� k_mc,trd� sxod-� Bnmudw� gtkkr� vdqd�
cq_vm� _qntmc� fqntor� sn� ghfgkhfgs� bktrsdqhmf� ax� k_mc� trd� trhmf��
sgd�BnmudwGtkkr�etmbshnm�eqnl�rbhox�’u0-01-/(-

Sn� hmudrshf_sd� sgd� qdk_shnmrghor� adsvddm� rnhk� bnlltmhsx� bnlon,
rhshnm� _mc� _ahnshb� u_qh_akdr)� vd� odqenqldc� Qdctmc_mbx� ?m_kx,
rhr� ’QC?(� trhmf� rodbhdr,kdudk� _atmc_mbd� c_s_� enq� etmfh� _mc�
a_bsdqh_� _r� qdronmrd� l_sqhbdr� _mc� _� rdkdbsdc� rtards� ne� _ahnshb�
o_q_ldsdqr� _r� dwok_m_snqx� u_qh_akdr-�Adb_trd� sgd� mtladq� ne� _ah,
nshb� u_qh_akdr� dwbddcdc� sgd� mtladq� ne� r_lokdr)� vd� qds_hmdc� _r�
dwok_m_snqx� u_qh_akdr� nmkx� _� rdkdbshnm� ne� _ahnshb� o_q_ldsdqr-��
Sgdrd� vdqd� bgnrdm� _r� sgd� sno,bnmsqhatshmf� _ahnshb� u_qh,
_akdr� sn� sgd� zqrs� oqhmbho_k� bnlonmdms� ’OB0(-� Hm� o_qshbtk_q)� vd�
qds_hmdc� _kk� sgd� o_q_ldsdqr� vgnrd� khmd_q� bndezbhdms� cdrbqha,
hmf� OB0� vdqd� _anud� /-149� B_shnm� Dwbg_mfd� B_o_bhsx� ’BDB(�
ldp.0//f)� Sns_k� Mhsqnfdm� lf.jf)� Anqnm� lf.jf)� Dwbg_mfd,
_akd�B_kbhtl)�Yhmb� ’CSO?(�lf.jf)�BN�’ ()�Nqf_mhb�L_ssdq�_mc��
Dwbg_mfd_akd�L_fmdrhtl�ldp.0//f-

QC?� v_r� odqenqldc� trhmf� sgd� qc_� etmbshnm� eqnl� sgd� rbhjhs,ahn�
’u/-5-2(� o_bj_fd-� Vd� uhrt_khrdc� sgd� qdrtksr� vhsg� _� rb_ssdq� okns�
hm� sgd� 1,chldmrhnm_k� ro_bd� cdzmdc� ax� sgd� l_hm� bnlonmdmsr��
ne�sgd�QC?�trhmf�l_soknskha�’u2-7-3(-

Functional analysis
Q_v� o_hqdc,dmc� E?RSP� zkdr� vdqd� oqnbdrrdc� hm� PHHLD� 115�
’phhld1,_lokhbnm,1/14-6� udqrhnm(-� Cdmnhrhmf)� v_r� odqenqldc�
vhsg� p1,c_c_1� ’u1/13-0/-/(� trhmf� cdmnhrd,o_hqdc-� Sgd� oqn,
ctbdc� _lokhbnm� rdptdmbd� u_qh_ms� ’?RU(� ed_stqd� s_akd� _mc� qdo,
qdrdms_shud� rdptdmbdr� vdqd� trdc� sn� oqdchbs� etmbshnm_k� oqnzkdr�
vhsg� OHBQTRs116� ’u1-3-0(-� Hm� o_qshbtk_q)� vd� oqdchbsdc� Ixnsn��
Dmbxbknodch_�ne�Fdmdr�_mc�Fdmnldr�’IDFF(

Nqsgnknfx� ’IN(� sdqlr)� Dmyxld� Bnllhrrhnm� ’DB(� mtladqr)�
_mc�Lds_Bxb� lds_ankhb� o_sgv_xr� enq� d_bg� r_lokd-� Sgdrd� etmb,
shnm_k� oqnzkdr� vdqd� _ffqdf_sdc� ax� k_mc,trd� sxod:� enq� d_bg� etmb,
shnm_k� oqnzkd)� vd� fdmdq_sdc� rs_bjdc� a_q� oknsr� rgnvhmf� sgd�
qdk_shud� _atmc_mbd� ne� sgd� 04� lnrs� oqdu_kdms� etmbshnmr� _bqnrr��
k_mc� trdr-� Hm� _cchshnm)� bdmsdqdc� knf,q_shn� ’BKQ(� sq_mrenql_,
shnm� v_r� _ookhdc� sn� d_bg� s_akd� ’_esdq� bnlonrhshnm_k� mnql_khy_,
shnm()� _mc� oqhmbho_k� bnlonmdms� _m_kxrhr� ’OB?(� v_r� odqenqldc�
sn� uhrt_khrd� o_ssdqmr� ne� etmbshnm_k� cheedqdmsh_shnm� _lnmf� sgd�
entq� k_mc,trd� b_sdfnqhdr-� Sgdrd� dwoknq_snqx� _m_kxrdr� vdqd� bnm,
ctbsdc� rdo_q_sdkx� enq� IN)� DB)� _mc� o_sgv_x� oqnzkdr� sn� bnl,
o_qd� sgd� cdfqdd� _mc� rsqtbstqd� ne� etmbshnm_k� u_qh_shnm� _rrnbh_sdc��
vhsg�k_mc�trd-

Discussion
Hm� sgd� oqdrdms� rstcx� vd� hmudrshf_sdc)� hm� sxohb_k� mnqsgdqm� Hs_kx�
odqh,tqa_m� _fqhbtkstq_k� k_mcrb_odr)� gnv� k_mc�trd� hr� _akd� sn� hmfit,
dmbd� rnhk� lhbqnah_k� bnlltmhshdr)� _ahnshb� rnhk� o_q_ldsdqr)�
_mc� etmbshnm_k� onsdmsh_kr-� Sghr� jhmc� ne� rstcx� hr� hlonqs_ms� sn��
hcdmshex� sgd� adrs� _fqndbnknfhb_k� oq_bshbd� hm� odqh,tqa_m� _qd_�
_akd� sn� oqdrdqud� _m� gd_ksgx� rnhk-� Hm� e_bs)� hs� hr� jmnvm� sg_s� sgd��

dwo_mchmf� tqa_mhy_shnm� _eedbsr� ahnchudqrhsx� _mc� _fqnahnchudq,
rhsx)� enq� dw_lokd� hm� _� qdbdms� o_odq� v_r� chrbtrrdc� sgd� bnlokdw�
qdk_shnmrgho� adsvddm� sgdrd� _rodbsr� _krn� enbtrhmf� sn� tqa_m� _mc��
odqh,tqa_m�k_mc�enq�sgd�adrs�trd�hm�sdqlr�ne�ahnchudqrhsx17-

?fqndbnknfhb_k� oq_bshbdr)� hmbktcdc� vhsghm� sgd� eq_ldvnqj� ne�
M_stqd,A_rdc� E_qlhmf� Rnktshnmr� ’d-f-)� k_mcrb_od� ed_stqdr)� _fqn,
enqdrsqx()� g_ud� sgd onsdmsh_k� sn� _bshu_sd� _mc� hlokdldms� oqnbdrrdr�
ne� chudqrhzb_shnm)� dbnknfhb_k� qdfdmdq_shnm� _mc� ltkshetmbshnm_k��
qd,etmbshnm_khy_shnm� ne qtq_k� _qd_r18-� Hm� o_qshbtk_q)� _fqnenqdrsqx�
l_m_fdldms)� tmcdqrsnnc� aqn_ckx� _r� sgd� l_m_fdldms� ne� oqn,
ctbshud� _mc� mnm,oqnctbshud� sqdd� _mc� rgqta� bnlonmdmsr)� ansg�
vhsghm� zdkcr� _mc� _knmf� antmc_qhdr)� rtbg� _r� gdcfdqnvr)� sqdd�
khmdr)� ateedq� rsqhor)� _mc� rl_kk� vnncdc� o_sbgdr2/)� hr� chrshmbshud�
hm� hsr� _ahkhsx� sn� hmsdq_bs� vhsg� cheedqdms� kdudkr� ne� _fqndbnrxrsdl��
nqf_mhy_shnm20-

Ntq� qdrtksr� bnkkdbshudkx� rtffdrs� sg_s� _fqnenqdrsqx� rxrsdlr� hm�
rohsd� ne� tmbtkshu_sdc)� qdenqdrsdc� _mc� bqno� k_mc� trd)� b_m� ok_x�
_� ohuns_k� qnkd� hm� qdrsnqhmf� rnhk� gd_ksg� _mc� dmg_mbhmf� DB)� qdhm,
enqbhmf� sgdhq� hlonqs_mbd� _r� m_stqd,a_rdc� rnktshnmr� enq� rtrs_hm,
_akd�k_mc�l_m_fdldms-�Hm�e_bs)�sgd�nardqudc�cheedqdmbdr�hm�etmf_k��
_mc� a_bsdqh_k� bnlltmhsx� bnlonrhshnm� _bqnrr� k_mc,trd� sxodr�
bnmzql� sg_s� k_mc� l_m_fdldms� g_r� _� ld_rtq_akd� hlo_bs� nm� rnhk�
lhbqnahns_-� ?fqnenqdrsqx� rnhkr� vdqd� bg_q_bsdqhydc� ax� sgd� ghfg,
drs� mtladq� ne� tmhptd� s_w_)� vgdqd_r� qdenqdrsdc� rnhkr� rgnvdc�
sgd� knvdrs� qhbgmdrr� _mc� chudqrhsx)� _khfmhmf� vhsg� oqduhntr� rstc,
hdr� sg_s� ghfgkhfgs� sgd� d_qkx� rtbbdrrhnm_k� rs_fd� ne� qdenqdrs_shnm��
rxrsdlr21fl23-

Hm� _� qdbdms� lds_,_m_kxrhr� vgdqd� v_r� hmudrshf_sdc� sgd� deedbsr� ne�
_fqnenqdrsqx� nm� DR� oqnuhrhnm� hm� Dtqnod24)� v_r� qdonqsdc� sg_s)�
bnlo_qdc� sn� bnmudmshnm_k� k_mc� trdr� rtbg� _r� o_rstqdr)� _q_akd�
bqnor)� nq� enqdrsr)� _fqnenqdrsqx� rtoonqsr� ghfgdq� kdudkr� ne� ahnchudq,
rhsx� _mc� dbnrxrsdl� fnncr� _mc� rdquhbdr-� Hm� sghr� bnmmdbshnm)� sgd��
rstcx�ax�Adhkknthm�bs�Ti-25� bnmzqldc� sgd�b_o_bhsx�ne�_fqnenqdrsqx�
sn� rhfmhzb_mskx� hmfitdmbd� ltkshokd� DR)� hmbktchmf� ahnchudq,
rhsx)� oqnctbshnm)� v_sdq� qdftk_shnm� _mc� pt_khsx)� odrs� _mc� chrd_rd��
bnmsqnk)�_mc�rnhk�pt_khsx-

Etqsgdqlnqd)� vd� entmc� sg_s� etmf_k� bnlltmhshdr� g_c� _� rsqnmfdq�
u_qh_shnm� hm� cnlhm_ms� fdmdq_� _bqnrr� k_mc� trdr� hm� bnlo_qhrnm�
sn� a_bsdqh_k� bnlltmhshdr-� Sgd� oqdcnlhm_mbd� ne� FmpsebpbiiT)��
>trTpetl)� _mc� NpbamtueT� hm� etmf_k� bnlltmhshdr)� _r� vdkk� _r� sgd�
cnlhm_mbd� ne� ?bhcna_bsdqh_� _mc� Fdll_shlnm_cdsdr� hm� a_b,
sdqh_k� bnlltmhshdr)� tmcdqrbnqdr� sgd� onsdmsh_k� ne� sgdrd� s_w_� _r�
ahnhmchb_snqr� ne� rnhk� gd_ksg� _mc� l_m_fdldms� hmsdmrhsx-� Hm� e_bs)��
Lnqshdqdkk_� hr� nesdm� entmc� hm� sgd� ok_ms qghynrogdqd)� vgdqd��
_oo_qdmskx� sg_s� oqdu_hkr� hm� kdrr� chrstqadc� rnhkr�vhsg� nqf_mhb�l_s,
sdq-� Rnld� rstchdr� g_ud� _krn� hmchb_sdc� sg_s� Lnqshdqdkk_� hr� _rrn,
bh_sdc� vhsg� chrd_rd,rtooqdrrhud� rnhkr-� vghbg� fndr� vhsg� sgd�
_bbdmst_sdc� bnlokdwhsx� ne� tmchrstqadc� _mc� chudqrhzdc rxrsdlr��
rtbg�_r�Rhkun_q_akd�?fqnenqdrsqx�Rxrsdlr� ’R?E(26fl28-�Sgdrd� rxl,
ahnrdr� _qd� bqtbh_k� enq� sgd� mtsqhdms� bxbkd� hm� enqdrsr� _mc� b_m� ok_x�
_m� hlonqs_ms� qnkd� hm� dbnknfhb_k� rtbbdrrhnm� oqnbdrrdr-� Bnmrhc,
dqhmf� sgd� qhbgmdrr)� sg_s� hr� sgd� mtladq� ne� rodbhdr� oqdrdms� hm� d_bg�
bnlltmhsx)� vd� entmc� sgd� ghfgdrs� kdudk� hm� k_mc� trd� enq� bqnor��
_mc� _fqnenqdrsqx� enq� ansg� a_bsdqh_� _mc� etmfh)�vghkd� sgd� Rg_mmnm�
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hmcdw� vghbg� bnmrhcdqr� sgd� qhbgmdrr� _mc� dudmmdrr� ctd� sn� sgd�
khlhsdc� mtladq� ne� qdokhb_sdr� enq� d_bg� k_mc� trd� sxod� bnmzql�
_� fqd_s� u_qhdsx� _bqnrr� k_mc,trd� sxodr� ats� mns� rhfmhzb_ms-� ?kk�
snfdsgdq� sgdrd� _m_kxrhr� onhmsdc� nts� sgd� cddo� hlo_bs� ne� k_mc��
trd�nm�sgd�rnhk�lhbqnahnld-

Vd� sgdm� hmudrshf_sdc� gnv� _ahnshb� o_q_ldsdqr� rtbg� _r� enq� dw_l,
okd� b_shnm,dwbg_mfd� b_o_bhsx� ’BDB()� sns_k� mhsqnfdm)� _mc� anqnm)�
_eedbs� lhbqnah_k� bnlltmhshdr-� Ltkshu_qh_sd� _m_kxrdr� ’OB?� _mc�
QC?(� qdud_kdc� sg_s� _ahnshb� o_q_ldsdqr� vdqd� jdx� cdsdqlhm_msr��
ne� lhbqnah_k� bnlltmhsx� rsqtbstqd-� Sghr� zmchmf� rtoonqsr� sgd�
gxonsgdrhr� sg_s� rnhk� edqshkhsx� o_q_ldsdqr� mns� nmkx� qdfidbs� sgd�
bgdlhb_k� rs_str� ne� rnhkr� ats� _krn� rg_od� lhbqnah_k� mhbgdr� _mc�
qdrntqbd� _u_hk_ahkhsx-� Hmsdqdrshmfkx)� _fqnenqdrsqx� _mc� tmbtkshu_sdc�
rnhkr� dwghahsdc� lnqd� gdsdqnfdmdntr� bktrsdqhmf� o_ssdqmr� ne� _ah,
nshb� u_qh_akdr)� rtffdrshmf� _� ghfgdq� cdfqdd� ne� ro_sh_k� bnlokdwhsx��
_mc� onsdmsh_kkx� fqd_sdq� qdrhkhdmbd� sn� chrstqa_mbdr-� Etmbshnm_k�
oqdchbshnmr� trhmf� OHBQTRs1� hmchb_sdc� sg_s� vghkd� _� bnqd� rds�
ne� lds_ankhb� etmbshnmr� v_r� rg_qdc� _bqnrr� _kk� k_mc� trdr)� _fqn,
enqdrsqx� rnhkr� dwghahsdc� _� aqn_cdq� etmbshnm_k� qdodqsnhqd-� Sghr�
etmbshnm_k� chudqrhzb_shnm� hr� bnmrhrsdms� vhsg� sgd� hcd_� sg_s� _fqn,
enqdrsqx� rxrsdlr� dmg_mbd� dbnknfhb_k� etmbshnmr� adxnmc� oqnctb,
shuhsx� ax� oqnuhchmf� lhbqng_ahs_sr� _mc� chudqrhzdc� qnns� dwtc_sdr)�
_r� vdkk� _r� bqd_shmf� lhbqng_ahs_sr� sg_s� rtoonqs� _� vhcdq� q_mfd�
ne� lhbqnah_k� fthkcr)� sgdqdax� hloqnuhmf� mtsqhdms� bxbkhmf� _mc��
rnhk� ltkshetmbshnm_khsx3/)30-� Ntq� qdrtksr� oqnuhcd� duhcdmbd� sg_s�
l_m_fdldms� oq_bshbdr� b_m� hmfitdmbd� mns� nmkx� vgn� hr� oqdrdms� hm�
sgd� rnhk� lhbqnahnld� ats� _krn� vg_s� etmbshnmr� sgdx� _qd� b_o_akd�
ne� odqenqlhmf-� Sghr� hr� _khfmdc� vhsg� sgd� fqnvhmf� ancx� ne� khs,
dq_stqd� _cunb_shmf� _fqnenqdrsqx� _r� _� jdx� snnk� hm� sgd� dbnknfhb_k�
qdetmbshnm_khy_shnm� ne� qtq_k� _mc� odqh,tqa_m� k_mcrb_odr31)32-��
Ax�oqnlnshmf�ahnchudqrhsx)� hloqnuhmf� rnhk� rsqtbstqd)� _mc�dmg_mb,
hmf� b_qanm� rdptdrsq_shnm)� _fqnenqdrsqx� rxrsdlr� chqdbskx� bnmsqha,
tsd� sn� rdudq_k�Rtrs_hm_akd�Cdudknoldms�Fn_kr� ’RCFr()� hmbktchmf��
Ydqn� Gtmfdq� ’RCF� 1()� Bkhl_sd�?bshnm� ’RCF� 02()� _mc� Khed� nm�
K_mc� ’RCF�04(-�Sgd�DR�oqnuhcdc�ax�_fqnenqdrsqx,l_m_fdc�rnhkr�
hmbktcd9� rnhk� bnmrdqu_shnm:� rnhk� gd_ksg:� b_qanm� rdptdrsq_shnm:�
mtsqhdms� bxbkhmf� _mc� dmqhbgldms:� _mc� sgd� rdptdrsq_shnm)� sq_mrenq,
l_shnm)� _mc� cdsnwhzb_shnm� ne� bgdlhb_kr� hmsn� mnm,snwhb� enqlr-��
Sgdrd� admdzsr� _qd� chezbtks� sn� ld_rtqd� hmcdodmcdmskx)� _r� sgdx�
_qd� hmsdqbnmmdbsdc-� Enq� dw_lokd)� hmbqd_rdc� b_qanm� rdptdrsq_,
shnm� dmg_mbdr� rnhk� mtsqhdms� rs_str� ax� hloqnuhmf� b_shnm� dwbg_mfd�
b_o_bhsx)� rnhk� rs_ahkhsx)� _mc� rnhk� pt_khsx)� vghkd� _krn� qdctbhmf��
rnhk�dqnrhnm33-

Nudq_kk)� ntq� rstcx� ghfgkhfgsr� sgd� mddc� enq� bnlonrhsd� rnhk� gd_ksg�
hmchb_snqr� sg_s� hmsdfq_sd� lhbqnah_k)� bgdlhb_k)� _mc� ogxrhb_k�
o_q_ldsdqr)� _r� qdbnlldmcdc� ax� hmsdqm_shnm_k� eq_ldvnqjr� rtbg�

_r� sgd� E?N%r� Fkna_k� Rnhk� O_qsmdqrgho� _mc� sgd� DT� Rnhk� Rsq_sdfx��
enq� 1/2/-� Cdrohsd� sgd� qnatrsmdrr� ne� ntq� zmchmfr)� sgd� khlhsdc�
mtladq� ne� qdokhb_sdr� ’m;2� odq� k_mc,trd� sxod(� bnmrsq_hmr� sgd�
rs_shrshb_k� onvdq� ne� rnld� bnlo_qhrnmr)� o_qshbtk_qkx� enq� etm,
f_k� bnlltmhshdr� vgdqd� m_stq_k u_qh_ahkhsx� b_m� ad� ghfg-� Etstqd�
qdrd_qbg� rgntkc� hmbktcd� sdlonq_k� r_lokhmf� sn� b_ostqd� rd_rnm_k�
cxm_lhbr� _mc� knmfhstchm_k� bg_mfdr� enkknvhmf� l_m_fdldms��
hmsdqudmshnmr-

Conclusion
Ntq� zmchmfr� rgnv� sg_s� k_mc,trd� sxod� g_r� _� rhfmhzb_ms� hlo_bs�
nm� rnhk� lhbqnah_k� bnlltmhshdr)� vhsg� _fqnenqdrsqx� dldqfhmf� _r�
_� oqnlhrhmf� _fqndbnknfhb_k� oq_bshbd-� Ax� hmbqd_rhmf� lhbqnah_k�
chudqrhsx)� rtoonqshmf� tmhptd� s_w_)� _mc� aqn_cdmhmf� etmbshnm_k��
oqnzkdr)� _fqnenqdrsqx� b_m� dmg_mbd� dbnrxrsdl� rdquhbdr)� hmbktc,
hmf� mtsqhdms� bxbkhmf)� b_qanm� rdptdrsq_shnm)� _mc� qdrhkhdmbd� sn�
dmuhqnmldms_k� rsqdrr-� Sgdrd� zmchmfr� rtoonqs� sgd� hmbnqonq_,
shnm� ne� _fqnenqdrsqx� hmsn� odqh,tqa_m� _fqhbtkstq_k� k_mcrb_odr�
_r� _� rsq_sdfx� sn� a_k_mbd� ennc� oqnctbshnm� vhsg� ahnchudqrhsx��
bnmrdqu_shnm�_mc�bkhl_sd�qdftk_shnm-

Eqnl� _� onkhbx� rs_mconhms)� sghr� rstcx� dlog_rhydr� sgd� hlonq,
s_mbd� ne� rnhk� gd_ksg� hmchb_snqr� sg_s� hmbnqonq_sd� ahnknfhb_k�
_rodbsr)� _r� qdbnlldmcdc� ax� sgd� E?N� _mc� sgd� DT� Rnhk� Rsq_s,
dfx� 1/2/-�?fqndbnknfhb_k� ldsgncr� rgntkc� ad� oqhnqhshydc� hm� k_mc�
l_m_fdldms� eq_ldvnqjr� sn� dmg_mbd� rnhk� dbnrxrsdl� rdquhbdr��
_mc�fkna_k�gd_ksg-

Ethics and consent
Dsghb_k�_ooqnu_k�_mc�bnmrdms�vdqd�mns�qdpthqdc-

Data availability
TMHLH�C_s_udqrd-�Qdokhb_shnm�C_s_�enq9�Rnhk�Gd_ksg�_mc�Lhbqnah_k�
Chudqrhsx� ?bqnrr� K_mc,Trd� Sxodr9� Duhcdmbd� enq� ?fqndbnknfhb_k�
L_m_fdldms� hm� Odqh,Tqa_m�?qd_r-� gssor9..c_s_udqrd-tmhlh-hs.c_s_,
rds-wgslk=odqrhrsdmsHc;cnh90/-0202/.QCZTMHLH.YFYW3P34

Sghr�oqnidbs�bnms_hmr�sgd�enkknvhmf�tmcdqkxhmf�c_s_9

05r� Fdmtr� Kdudk� ?ffqdf_sd� Bntmsr� 1-bru9� HSR� NST� s_akd� _s�
fdmtr� kdudk� HSR� Rodbhdr� Kdudk�?ffqdf_sd� Bntmsr-bru9� HSR� NST�
s_akd� _s� rodbhdr� kdudk� 05r� Rodbhdr� Kdudk� ?ffqdf_sd� Bntmsr-
bru9� 05r� NST� s_akd� _s� rodbhdr� kdudk� HSR� Fdmtr� Kdudk� ?ffqd,
f_sd� Bntmsr-bru9� 05r� NST� s_akd� _s� fdmtr� kdudk� R_lokdr-wkrw9��
lds_c_s_�rodbhexhmf sgd�sxod�ne�rnhk�enq�d_bg�r_lokd

C_s_�hr�_u_hk_akd�tmcdq�sgd�sdqlr�ne�sgd�BB�AW�3-/�khbdmbd
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