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Land use change is one of the major causes of biodiversity loss, mostly due to
habitat change and fragmentation. Belowground fungal diversity is very impor-
tant in terrestrial ecosystems, however, the effect of land use change on soil
fungal community is poorly understood. In this review, a total of 190 studies
worldwide were analyzed. To monitor the effect of land use change, different
fungal  parameters  such as richness,  diversity,  community composition, root
colonization by arbuscular mycorrhizal (AM) and ectomycorrhizal (ECM) fungi,
spore density, ergosterol, and phospholipid fatty acid (PLFA) content and AM
fungal glomalin related  soil protein (GRSP) were studied. In general, results
from analyzed studies often showed a negative response of fungal quantitative
parameters after land use change from less-intensive site management to in-
tensive site management. Land use change mostly showed significant shifts in
fungal community composition. Considering land use change types, only 18 out
of 91 land use change types were included in more than 10 studies, conver-
sion of primary and secondary forest to various, more intensive land use was
most often represented. All these 18 types of land use change influenced fun-
gal community composition, however, the effects on quantitative parameters
were mostly inconsistent. Current knowledge is not sufficient to conclude gen-
eral land use impacts on soil fungi as the reviewed studies are fragmented and
limited by the local context of land use change. Unification of the methodol-
ogy, detailed descriptions of environmental factors, more reference sequences
in public databases, and especially data on ecology and quantitative parame-
ters of key fungal species would significantly improve the understanding of
this issue.

Keywords: Soil Fungi, Land Use Change, Fungal Diversity, Species Composition,
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Introduction
Soil  fungi represent one of the most di-

verse  assemblages  of  organisms  on  the
Earth. They inhabit a wide range of ecologi-
cal niches and play an essential role in eco-
logical and biogeochemical processes (Dix
& Webster  2012).  Taxonomically,  they are
grouped  mainly  within  the  nine  phyla  –
Opisthosporidia, Chytridiomycota, Neocalli-
mastigomycota,  Blastocladiomycota,  Zoo-
pagomycota,  Mucoromycota,  Glomeromy-
cota, Basidiomycota and Ascomycota (Na-
ranjo-Ortiz & Gabaldón 2019) – and catego-

rized  into  four  ecological  guilds  – endo-
phytes,  mycorrhizal  fungi,  saprotrophs,
and pathogens (Zanne et al.  2020). Endo-
phytic fungi inhabit living plants and do not
cause disease.  Mycorrhizal  fungi  are sym-
bionts that assist plants in nutrient and wa-
ter uptake from soil and coping with stress
conditions (Smith & Read 2008). Most ter-
restrial plants live in symbiosis with arbus-
cular mycorrhizal (AM) fungi, phylogeneti-
cally  uniform  groups  within  Glomeromy-
cota and characterized by a low host speci-
ficity.  Ectomycorrhizal  (ECM)  fungi  are

highly host specific symbionts of only 4.5%
of  terrestrial  plants  (mainly  trees,  often
dominated  in  boreal  and  temperate  for-
ests) and evolved several times within Ba-
sidiomycota  and  Ascomycota  (Brundrett
2009). For this  reason, there is no simple
marker that  would distinguish them from
other trophic groups without identification
to  the  genus.  In  contrast,  pathotrophs
cause  diseases  to  plants  and  other  biota
(Agrios  2005).  The  saprotrophs  serve  as
primary degraders of organic matter in the
soil (Setala & McLean 2004). Thus, being a
component  of  soil  microbiota,  soil  fungi
are sensitive to any kind of alteration in the
soil  environment  and  any  associated
changes in the aboveground environment,
such as human-mediated land use change.

The term “land use” can be defined as hu-
man employment of land cover type (bio-
physical state of the earth’s surface and im-
mediate subsurface, e.g., forest, grassland,
cropland, etc.) for certain purpose or func-
tion (Briassoulis 2019). It is often difficult to
define  the  types  of  land  use  because  it
varies  with  land  cover  and  the  anthro-
pogenic activities on it. In a broader sense,
the  changes  in  land  use  types  from  one
state  (e.g.,  primary  forest,  pasture)  to
other  states  (e.g.,  secondary  forest,  sec-
ondary  grassland,  cropland,  etc.)  can  be
defined  as  land  use  change.  A  particular
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land use type can be either intensive or ex-
tensive  based  on  the  degree  of  anthro-
pogenic activities.

In  general, land use change is a function
of  changes  in  vegetation  structure,  soil
properties,  and  anthropogenic  activities
which are known to influence the soil fun-
gal communities (Sepp et al. 2018). Change
in  aboveground plant  diversity,  coverage,
and community composition can influence
soil fungi by regulating microclimatic condi-
tions, nutrient addition to soil or exudation
of  allelochemicals,  presence/absence  of

host  plants  for  mycorrhizal  fungi,  etc.
(Sene  et  al.  2012,  Voriskova  et  al.  2016,
Bainard et al. 2017).  Moreover, soil factors
(soil  porosity,  soil  pH,  carbon,  nitrogen,
phosphorus content, etc.) can significantly
shape soil fungal communities (Oliveira et
al.  2016,  Wang  et  al.  2017).  Likewise,  an-
thropogenic activities like tillage,  logging/
mowing,  fertilization,  etc.  have  pro-
nounced  effects  on  soil  fungal  communi-
ties (Tomao et al. 2020).

Although many studies  have  shown the
land use change impact on fungal parame-

ters (Oehl et al. 2003, 2010, Peerawat et al.
2018), no review studies were published so
far.  For  soil  carbon,  two  meta-analyses
were carried out on the effect of land use
change  on  a  global  scale  (Guo  &  Gifford
2002) and for tropical areas only (Don et al.
2011). These two studies illustrate that the
greatest loss in soil carbon occurs after the
conversion of primary sites to cropland but
pointed  out  the  occurrence  of  local  con-
straints  that  limit  the  formulation  of  a
broad conclusion. Accordingly, in the case
of soil fungi also, published studies differ in
several  parameters  (geographic  region,
habitat, methods, and target fungal group)
such that it can be very difficult to reach a
clear conclusion. As land use change is so
widespread in a global context, we aimed
(i) to summarize the present knowledge on
land use change impact  on soil  fungi,  (ii)
highlight the limits of the various method-
ological approaches, and (iii)  describe the
current knowledge gaps to encourage fur-
ther research on this topic.

Current studies
A total of 190 published original research

articles  worldwide  were  identified  (April
2020)  using  keywords  “Land  use  AND
Fungi”,  “Land use AND Microorganisms”,
“Restoration  AND  Fungi”,  “Restoration
AND Microorganisms” “Secondary succes-
sion  AND  Fungi”,  “Secondary  succession
AND  Microorganisms”,  “Succession  AND
Fungi”, “Succession AND Microorganisms”
through Web of Science®, Google Scholar®

and from the references of the selected pa-
pers  (Tab.  S1  in  Supplementary  material).
These studies were selected based on the
following criteria: (i) at least two land use
types were compared (Tab. 1); (ii) at least
one  soil  fungal  parameter  was  assessed
(Tab. 2). Studies dealing with only one land
use type with different management (for-
est clearing, logging, or thinning, fertiliza-
tion, crop rotation, tillage system, etc.) and
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Tab. 1 - Land use type change considered in the reviewed publications. The figure in
each cell indicate the number of publications that considered corresponding land use
change. If one paper dealt with several land use types, e.g., change of forest to pas-
ture and then to cropland, score one was added to each land use change. Abbrevia-
tions of land use types: (PF) Primary forest; (SF) Secondary forest; (PL) Plantation for-
est; (PS) Primary shrubland; (SS) Secondary shrubland; (PG) Primary grassland; (SG)
Secondary grassland; (WL/RL) Woodland or Rangeland; (PA) Pasture; (AL) Abandoned
land; (AF) Agroforestry; (PC) Perennial cropland; (CR) Cropland; (Others) Bareland/
Eroded land. Increase in land use intensity follows the order of: PF<SF<PL, PG<SG<CR,
SG<PA<PC<CR, SF<AL<CR, etc.

Land
use
types

PF SF PL PS SS PG SG WL/
RL

PA AL AF PC CR

SF 24 - - - - - - - - - - - -

PL 17 15 - - - - - - - - - - -

PS 0 1 0 - - - - - - - - - -

SS 5 6 2 1 - - - - - - - - -

PG 0 2 2 1 1 - - - - - - - -

SG 11 20 6 1 7 5 - - - - - - -

WL/RL 0 1 0 0 1 1 4 - - - - - -

PA 13 11 8 1 1 1 10 1 - - - - -

AL 4 8 7 0 2 2 8 1 2 - - - -

AF 2 4 1 0 0 0 1 0 2 1 - - -

PC 16 10 5 0 0 0 5 0 4 3 1 - -

CR 23 27 15 1 6 13 26 5 18 19 3 10 -

Others 2 2 2 0 0 0 0 0 0 0 1 0 4

Tab. 2 - Effect of land use change (intensification) on different fungal parameters. The figure in each cell indicates the total number
of papers dealing with fungal parameter. Publication list is given in Tab. S1 (Supplementary material).
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1. Species richness and diversity (a) species / OTUs richness 10 28 12 29 -

(b) diversity 14 23 9 20 -

2. Community structure (a) Higher taxa/guilds abundance 4 5 - 37 -

(b) Species/OTUs composition 4 - - - 89

3. Root colonization - 3 14 4 8 -

4. Spore density - 4 17 10 11 -

5. Fungal biomass (a) Phospholipid fatty acid content 3 17 4 17 -

(b) Soil ergosterol content - 3 - - -

(c) ITS copy number/ Gene copy number 1 8 1 1 -

5. Glomalin related soluble protein - 1 7 - 4 -

6. Others (a) % hyphal length 1 3 - 1 -

(b) Colony forming unit 1 1 1 2 -
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chronosequence  in  single  land  use  were
not included. We focused this study on ru-
ral land-use change, thus publications deal-
ing with urban and mining areas were ex-
cluded. In such land use types severe dis-
ruption of spontaneous soil development,
heavy metals, and other chemicals can seri-
ously affect the soil fungal community. For
each  publication,  the  land  use  type,  soil
fungal parameters, the fungal group (ECM/
AM/total fungi) under study, the identifica-
tion method used, and an overview of re-
sults were summarized. Also, the place of
study, publication date, soil types, and cli-
mate information were tabulated (Tab. S1,
Tab. S2, Tab. S3, Tab. S4 in Supplementary
material). Most of the studies were carried
out after 2008 (Fig. 1).

An increase in the number of studies in
the last decade appears to be driven by an
increasing  concern  of  the  effects  of  land
use change,  as well as by the use of next-
generation sequencing methods (NGS) of
environmental samples that has facilitated
soil  fungal  research.  A  higher  number  of
studies were carried out in Asia (73 studies)
followed  by  Europe  (49),  South  America
(32), North America (17), Africa (12), Ocea-
nia (7). European and South American stud-
ies were distributed throughout the conti-
nent,  whereas  the  Asian  studies  were
mainly concentrated in the temperate re-
gion of China.

A higher proportion of studies compared
natural and semi-natural habitats (primary/
secondary  forest,  grassland,  shrubland,
and woodland/rangeland)  with  croplands,
which represent  a  typical  example  of  ex-
tensive  land  use  and  intensive  land  use
types,  respectively.  In  addition,  extensive
land use types  resulting  from agricultural
land abandonment,  abandonment of  pas-
ture, plantation in disturbed areas, or natu-
ral  successional  changes,  are  also  com-
monly compared (33 studies). Tab. 1 shows
the number of studies analyzed for various
types of land use change. The majority of
studies  (27)  compared  secondary  forest
with  cropland,  26  studies  croplands  with
secondary  grassland,  24  studies  primary
with secondary forests, and 23 studies pri-
mary forest with cropland.

In  general,  all  fungal  groups  were  as-
sessed in studies after the introduction of
the  NGS  methods  (ca.  2008).  Before  this
date,  most  studies  were  focused  on  AM

fungi and considerably fewer studies dealt
with  ECM fungi  (9)  or  saprotrophic  fungi
(micromycetes)  assessed  by  cultivation
methods (6  – Fig. 2). The low numbers of
studies on ECM fungi could be due to the
absence  of  ECM  trees  for  comparative
evaluation across the land use types. In the
earlier  studies  identification  of  the  fungi
was based mostly on morphology.

Land use change impact on soil 
fungi

Following  a  land  use  change,  different
fungal  parameters  showed a  negative  re-

sponse to land use intensification (e.g., pri-
mary forest < secondary forest < plantation
forest  <  cropland).  However,  positive  re-
sponse  or  varying/no-difference  in  ob-
served fungal parameters were also found.
The clear result was found in the case of
fungal  community  composition.  Eighty-
nine out of 93 studies focusing on changes
in  community  composition  showed  a  sig-
nificant change in fungal community com-
position (Tab. 2). The majority of the stud-
ies also showed a decrease in quantitative
fungal  parameters  following  land  use  in-
tensification. In the following subsections,
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Fig. 1 - Number of publica-
tions based on years of

appearance.

Fig. 2 - Proportion of published papers dealing with monitoring the impact of land use
change according  to  the  fungal  group studied (AM:  arbuscular  mycorrhizal  fungi;
ECM: ectomycorrhizal fungi; and total fungi) and the different methods used to mea-
sure fungal parameters. If a particular paper deals with more than one group of fungi
(total, AM, or ECM fungi), each group is scored with 1. (PLFA): phospholipid fatty acid
analysis;  (RFLP):  restriction  fragment  length  polymorphism;  (DGGE):  denaturation
gradient  gel  electrophoresis;  (Mt):  morphotyping;  (ARISA):  automated  ribosomal
intergenic spacer analysis; (GRSP): glomalin related soil protein; (qPCR): quantitative
PCR; (Sequencing): Sanger sequencing; (NGS): next generation sequencing.
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some representative results have been de-
scribed briefly.

Species richness and diversity
Studies on the effects of land use change

on soil fungal richness and diversity (mea-
sured  using  different  indices)  used direct
analysis of soils, or used soils incubated in a
greenhouse  with  trap  plants,  such  as
Sorghum sp., Plantago sp.,  Allium sp. (Oehl
et al. 2003). In early studies,  identification
of species to quantify species richness and
diversity was based on morphological char-
acteristics,  such  as  spore  morphology  of
AM fungi (Bedini et al. 2007), ECM morpho-
types,  sporulation  of  anamorphs  (sapro-
trophs  – McLean & Huhta 2002), and spo-
rocarp morphology (Tedersoo et al. 2006).
Along with  these methods,  molecular fin-
gerprint methods, such as denaturing gra-
dient gel electrophoresis (DGGE – Dong et
al. 2008), restriction fragment length poly-
morphisms (RFLPs – Kasel et al. 2008), and
automated  ribosomal  intergenic  spacer
analysis (ARISA – Okubo & Sugiyama 2009)
were also used. Later, next-generation se-
quencing methods (454 pyrosequencing, Il-
lumina  sequencing,  and  Ion  Torrent  plat-
form) have been introduced (Taylor et al.
2017).  For  DNA  based  analysis,  the  SSU
(Moora et  al.  2014),  LSU (Voriskova et al.
2016)  or  ITS  region  (Wakelin  et  al.  2016)
were  usually  amplified  using  appropriate
primers.  The  estimates  were  then  ex-
pressed in terms of actual species number
or operational taxonomic unit (OTUs).

Generally,  soil  fungal richness decreased
with  the  conversion  of  primary  forest/
grassland/shrubland to the more intensive
land use sites, like secondary forest, planta-
tion  forest,  perennial  cropland,  cropland
(monoculture  or  crop  rotation  system  –
Oehl et al.  2003,  Sene et al.  2012).  For in-
stance, during the conversion of forested
areas to cropland, or to perennial cropland
and fallow land (Tchabi et al.  2008), a re-
duction  in  the  AM  fungal  richness  was
found. Likewise, when analyzing ECM fun-
gal richness in roots of poplar plants in dif-
ferent  land use  (former cropland,  former
grassland, and former spruce stand), lower
ECM fungal richness was found in former
cropland sites compared to that found in
the former spruce forest or former grass-
land (Gherghel et al. 2014). Although a de-
crease  in  species/OTUs  richness  values
were common after increasing land use in-
tensity, some contrasting results were also
observed.  The  richness  value  either  in-
creases with increasing land use intensity
(10 studies) or there is no clear direction of
change (29 studies  – Tab. 2). For example,
higher  AM  fungal  species  richness  was
found in the secondary forest compared to
the primary forest in the Amazon (Stürmer
&  Siqueira  2011).  Higher  observed  OTUs
richness was found in Jungle Rubber than
in  the  rain  forest  in  Sumatra,  Indonesia
(Brinkmann et  al.  2019).  While  comparing
perennial  cropland (vineyard) to the adja-
cent sclerophyllous forest in the Mediter-

ranean, there was no significant difference
in total fungal species richness (Castaneda
et al. 2015).

Similar to the total species richness esti-
mates,  diversity  estimates  based  on  the
Shannon index of AM fungi (Honnay et al.
2017),  ECM  fungi  and  total  fungi  were
found  to  decrease  significantly  with  land
use  intensification  (Gherghel  et  al.  2014).
The comparison of perennial cropland sites
with the secondary forest and fallow land
showed a lower value of the Shannon di-
versity  index  of  AM  fungi  for  cropland
(Snoeck et al. 2010). Likewise, higher OTUs
diversity  of  AM  fungi  was  observed  by
comparing grassland sites with agricultural
sites (Manoharan et al. 2017).  Lumini et al.
(2010) found that the sites with low inputs
(pasture and covered vineyard) showed a
higher AM fungal diversity than those sub-
jected to human inputs (managed meadow
and tilled vineyard). But there were some
equivocal  results  also.  For  instance,  the
conversion to intensive land use sites (pri-
mary  forest  to  secondary  forest)  did  not
necessarily lead to the decrease in species
richness,  and/or a change in  the diversity
index  of  soil  fungi  (Kerfahi  et  al.  2016).
Comparable  diversity  was  reported  while
comparing the  soybean field  with  planta-
tion forests in temperate China (Sui et al.
2019). A higher Shannon diversity index of
AM fungi was found in cropland sites com-
pared to Atlantic forest sites (Pereira et al.
2014). Conversion of the pristine forest into
other land uses (in tropical humid Amazon)
did not  reduce AM fungal  diversity (Stür-
mer & Siqueira 2011). Similarly,  McGuire et
al.  (2015) did  not  found significant  differ-
ences in total fungal diversity between pri-
mary  forest,  regenerating  forest,  and  oil
palm plantation.

The maintenance of species richness may
be due to  the  increase  in  plant  diversity,
density/coverage, as well as abiotic factors
among  land  uses  that  promote  diversity
even in intensive land use systems. A pat-
tern  of  increased  AM  fungal  richness  in
cropland, agroforestry, and secondary for-
est sites compared to mature tropical for-
est sites has been explained by an increas-
ing  number  of  plant  species  that  harbor
different AM fungi  growing in  these land
use types (Stürmer & Siqueira 2011). It has
been observed that some mature tropical
forests with climax plant communities are
associated  with  the  low  richness  of  AM
fungi (Siqueira et al. 1998). However, unal-
tered  richness  and diversity  estimates  do
not mean that species composition has not
changed.  Using  species  richness  as  a  pa-
rameter, replacement of species can result
in a similar level of diversity and is indistin-
guishable  from  no  impacts  of  land  use
change (Ying et al. 2013).

Community structure
Modification  of  soil  fungal  species/OTU

composition (estimated by the same meth-
ods mentioned in the previous chapter) af-
ter land use change is quite common and

most obvious while comparing forest sites
with  cropland sites.  As  expected,  various
native forest types showed different fungal
species composition compared to second-
ary forest (Mueller et al. 2016), plantation
forest (Kasel et al. 2008, Moora et al. 2014,
Brinkmann et  al.  2019),  pasture (Wang et
al. 2014), grassland (Yurkov et al. 2012), and
perennial cropland (Li et al. 2013). After the
conversion  of  rain  forest  sites  to  rubber
plantation,  Kerfahi  et  al.  (2016) observed
changes from a Basidiomycota dominated
to an Ascomycota dominated community.
However,  a study from China’s  Loess Pla-
teau showed increasing abundance of As-
comycota  and  decreasing  abundance  of
Basidiomycota  while  comparing  cropland
to plantation (Yang et al. 2017). During the
conversion  of  primary  forest  to  oil  palm
monoculture  (in  lowland  evergreen  rain
forest of peninsular Malaysia dominated by
Dipterocarpaceae),  representatives  of  Ar-
chaeorhizomycetales, Hypocreales, and  Sac-
charomycetales were  found  more  abun-
dant, whereas Cantharellales and Mortierel-
lales dominated  the  primary  forest  sites.
For  ECM  genera  Amanita and  Lactarius
were more  abundant  in  the regenerating
forest,  whereas  Craterellus and  Russula
were more abundant in the primary forest
(McGuire  et  al.  2015).  Replacement  of
grassland  with willow  and  poplar  planta-
tion  leads  to  the  enrichment  of  putative
pathogenic and ECM fungi associated with
trees  (Xue  et  al.  2016).  Significant  differ-
ences in fungal communities were found in
different land use types (bog, rough graz-
ing site, and forest plantation sites) when
investigating  ericoid  mycorrhizal  diversity
in  two different  ericaceous  plant  species,
Vaccinium macrocarpon and Calluna vulgaris
(Hazard et al. 2014).

Comparing  AM  composition  of  forests,
croplands, and grasslands in the southern
part of Tibetan Plateau, Glomeraceae were
less  abundant  in  forests,  Gigasporacae  in
grasslands,  and  Acaulosporaceae  in  crop-
lands than in other land use types (Xu et al.
2017).  In  agricultural  systems,  the  occur-
rence  of  Acaulospora  denticulata,  Glomus
ambisporum, and  Claroideoglomus etunica-
tum was significantly affected by cropping
and  non-cropping  systems  in  Taita  Hills,
Kenya (Jefwa et al. 2012). A study in Tercei-
ra Island (Azores, Atlantic Ocean) showed
that semi-natural pastures were dominated
by species of  Acaulospora and Scutellospo-
ra, particularly S. calospora and A. cf. myrio-
carpa. Whereas, for intensively farmed pas-
tures,  species  with  glomoid  spores,  and
members of the two genera  Claroideoglo-
mus and Paraglomus were found most fre-
quent and abundant (Melo et al. 2014).

Root colonization by AM and ECM fungi
Mycorrhizas  on  roots  have  also  been

quantified to evaluate the land use change
impacts on AM and ECM communities.  In
ECM  fungi,  the  percentage  of  root  colo-
nization  (proportion  of  mycorrhizal  and
non-mycorrhizal root tips) and for AM fun-
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gi  the  percentage of  arbuscules,  vesicles,
and  hyphae  were  quantified.  For  both
types  of  mycorrhizas,  the extent  of  colo-
nization  showed  variation  with  land  use
change  and  could  be  explained  by  alter-
ation  of  soil  properties  after  land  use
change (Muthukumar et al. 2003).

The  percentage of  colonization  by  ECM
fungi of Salix sp. was found to be higher in
the natural forest compared to short rota-
tion coppice (Hrynkiewicz et al. 2012). The
difference was explained by soil water con-
tent, an initial inoculum of ECM fungi, host
genotype, and soil pH. In a study of edaph-
ic effects on symbiosis during soil develop-
ment,  mycorrhizal  colonization  shifted
from  AM  fungi  to  ECM  fungi  (the  plants
had both types of mycorrhizal association)
in response to decreasing phosphorus con-
tent in the soil. Such a shift in mycorrhizal
association  enables  the  acquisition  of  or-
ganic  phosphorus  via  extracellular  phos-
phatase activity (Albornoz et al. 2016).

The effect of increasing intensity of land
use on AM fungal colonization is less clear
than that for ECM fungi, being this possibly
due to lower host specificity of AM fungi
(Guadarrama et al. 2008). In the investiga-
tion  of  Islas  et  al.  (2016),  no relationship
between the degree of land use intensifica-
tion  (pristine  soil  to  agricultural  soil)  and
root  colonization  of  AM  fungi  was  ob-
served. On the other hand, the conversion
of natural forested areas to grassland/pas-
ture increased AM fungal colonization (Pal-
ta et al. 2016). Analysis of AM colonization
in  experimental  plants  established in  de-
graded forest  and in planted forest sites,
showed lower root colonization in planted
forest sites than in degraded forest (Sene
et al.  2012).  This difference was explained
by the increased canopy of the planted for-
est reducing light and temperature at the
forest  floor,  and  thus  plant  density  and
hence lower root colonization.

Such increases or decreases in root colo-
nization by  ECM and AM fungi  after  land
use  intensification  can  be  explained  also
with soil nutrient availability and perturba-
tion in soil (Palta et al. 2016). Often the in-
crease in soil nutrient availability has a neg-
ative  impact  on  mycorrhizal  colonization
(Treseder  2004).  Perturbation  of  the  soil
(e.g., soil compaction) reduces the porosity
of  soil,  thereby reducing passages  for  or-
ganic nutrients and decreasing fungal my-
celium ramification (Drew et al. 2003). On
the  other  hand,  the  tillage  in  agricultural
land breaks the extraradical mycelium into
smaller units, and thus it increases the in-
fectivity of fungal mycelium (Boddington &
Dodd 2000).

Spore density
AM fungi produce thick-walled spores as

their propagules, and morphological varia-
tions in such spores were traditionally em-
ployed for genus identification (Schenck &
Perez 1990). Quantifying spore number per
volume of soil by direct microscopic count-
ing (Daniels  & Skipper 1982) and express-

ing  this  count  as  a  spore  density/abun-
dance,  was  used  to  observe  land  use  ef-
fects.

Undisturbed areas, like natural grasslands
and rangelands,  were reported to  harbor
higher spore density in comparison to fal-
low  land,  pasture,  plantation  sites,  and
cropland (Jefwa et al. 2012,  Li et al. 2013).
The  effect  of  land  use  intensification  on
spore  density  was  observed  also  at  the
species  level  (Oehl  et  al.  2010).  For  in-
stance,  in  a  comparison  of  natural  sites
with pasture, the spore density of  Glomus
sp. was higher in natural sites while  Acau-
lospora sp. was higher in pasture sites (Oli-
veira et al. 2016). Alternatively, spore den-
sity was also expressed as infective prop-
agule numbers (the number of spores that
can infect the test host plant, determined
by the Most Probable Number technique).
The total  number  of  infective propagules
was found to be significantly higher in pas-
ture  compared  to  traditionally  managed
cropland  (Sousa  et  al.  2013).  However,
other  studies  reported  comparable  spore
density of AM fungi  in forested sites and
fallow sites  (Tchabi  et  al.  2008).  They re-
ported that apart from the overall land use
impacts, soil organic carbon and pH levels
affect the sporulation of  AM fungi.  While
comparing short fallow land with the per-
ennial cropland and secondary forest, sig-
nificantly  higher  spore  density  was  ob-
served in short fallow and found to be re-
lated with  C:N ratio in  soil  (Snoeck et  al.
2010).  Also,  the impact  of  vegetation has
been  highlighted.  It  is  known  that  grass-
land  species  have  a  more  abundant  fine-
root system than trees in a mature forest,
and this correlates positively with AM fun-
gal colonization and sporulation (Muleta et
al. 2008).

Fungal biomass
Quantification  of  fungal  biomass  using

lipid components of fungi,  namely soil  er-
gosterol  content  and  phospholipid  fatty
acids (PLFA),  including neutral  fatty  acids
(NLFA), have also been employed to moni-
tor land use impacts on soil fungi. The un-
saturated fatty acid 18:2ω-6,9 was used as
a marker of fungal biomass in the commu-
nity  profile  (Olsson  1999).  For  AM  fungi,
16:1ω-5c  (Sousa et  al.  2013),  and for  ECM
and  saprotrophic  fungi,  18:2ω-6,9c  and
18:1ω-9c (Balser et al. 2005) were also ap-
plied.  Additionally,  estimates  of  ITS  copy
number  (a  proxy  estimate  of  fungal  bio-
mass)  from  quantitative  PCR  were  also
used to show land use change effects on
fungi (Grantina et al. 2011).

In  a  comparison of  farmland and forest
sites, soil  ergosterol contents were found
to follow the order of the intensity of land
use,  i.e.,  intensively  cropland  <  pasture  <
forest  soils  (Turgay & Nonaka  2002).  The
plantation  in  mangrove  forest  sites  with
coconut, rubber, etc. was also found to re-
duce the soil  ergosterol content by up to
90% (Dinesh & Chaudhuri 2013).

The  decreasing  value  of  fungal  PLFA

(18:2ω-6,9)  content  with  increasing  land
use intensity was reported by Hamer et al.
(2008).  Similarly,  higher  fungal  PLFA con-
tent was found in forest sites compared to
perennial cropland (Dong et al. 2008). The
content of PLFAs of AM fungi was lower in
forest  soils  compared  to  abandoned  and
heathland soils, whereas the PLFAs of sap-
rophytic and ECM fungi were more abun-
dant in ancient forest soils (Olsson 1999).
Such trends shown by AM and ECM fungi
plus saprophytic fungi have been explained
by soil nutrient conditions and differences
in host plants. Higher amounts and struc-
tural  complexity  of  carbon  sources  in
forests form a bigger niche availability for
ECM  and  saprophytic  fungi,  whereas
higher concentrations of N and P in the for-
mer arable site support the AM fungi. How-
ever,  some  contrasting  results  have  also
been  observed.  With  some  exceptions,
higher fungal  biomass measured with the
PLFA (18:2ω-6,9) was observed in perennial
agricultural soil compared to coastal grass-
land (Drenovsky et al. 2010). Similarly, PLFA
content  (18:2ω-6,9)  was  found  to  be  in-
creased  in  the transition  from  forest  to
pasture to an abandoned field, due to the
availability  of  nutrients  as  grass  litter  de-
composed  faster  compared  to  the  forest
(Potthast et al. 2012). However, a study of
the conversion of native grassland to pas-
ture  showed  no  significant  difference  in
fungal PLFAs (Wong et al. 2015). It was sug-
gested that no significant differences in soil
properties  (e.g.,  available  P,  soil  pH,  and
vegetation  cover)  maintained  an  equal
amount of fungal PLFAs in native grassland
and pasture.  Wang et al. (2017) also found
no differences in fungal PLFA content with
the conversion of natural forest to rubber
plantations, but the AM fungi PLFA marker
(16:1ω-5c)  was  found  to  be  higher  in  the
natural  forest  than  in  the  rubber  planta-
tion. It has been explained that soil acidifi-
cation and higher phosphorus content re-
duced AM fungal biomass in rubber planta-
tion sites.

Using a qPCR approach, no difference in
the  log  number  of  copies  of  gene/gm  of
soil  was  found  in  abandoned  land  com-
pared with plantation forest, but its values
were significantly lower than mixed forest
(Li  et  al.  2013).  Similarly,  no  significant
change  in  the  log  number  of  copies  of
gene/gm of soil between secondary grass-
land,  pine  plantation,  and  cropland  was
found (Ying et al.  2013). A study by  Gran-
tina et al. (2011), showed the order of log
number of copies/gm of soil as former for-
est  >  agriculture  >  pasture  >  agricultural
land.

Glomalin related soil protein (GRSP) of 
AM fungi

Glomalin  is  a  proteinaceous  substance
produced by AM fungi which is released to
the  soil  during hyphal  turnover  and after
the death of the fungus (Driver et al. 2005).
Different fractions of this protein,  namely
immunoreactive  soil  protein  (IRSP)  and
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easily extractable immunoreactive soil pro-
tein (EE-IRSP) were quantified in soil to as-
sess land use change impacts (Rillig 2004).

In the soil of grasslands, total glomalin re-
lated  soil protein  (GRSP)  content  was
higher compared to a plantation site and
was  even  lower  in  a  maize  monoculture
(Bedini et al. 2007). Similarly, native mixed
deciduous forest (Acer, Alnus, Juglans, Car-
ya, etc.) contained a higher concentration
of GRSP compared to agricultural  and af-
forested  sites  (Sousa  et  al.  2013).  Total
GRSP  was  lower  in  cropland  and  fallow
land  when  compared  to  forest  soils  cov-
ered  by  the  AM-forming  timber  species
Combretodendron macrocarpum, Piptadeni-
astrum africanum and Disternonanthus ben-
thamianus (Fokom  et  al.  2012).  Likewise,
glomalin concentration was found lower in
cropland than the native forest of temper-
ate Himalaya (Nautiyal et al. 2019). Here, it
has been explained that an increase in the
root network of trees in the forest leads to
an increase in AMF colonization which con-
tributed to higher glomalin concentration.
Prolonged arable land use of former grass-
land soils reduced the content of GRSP fur-
ther  (Preger  et  al.  2007).  However,  some
studies  showed no changes  in GRSP con-
tent  after  land use change.  For  example,
when  poplar  plantation  was  compared
with  cropland  (maize  field)  no  significant
change in GRSP content was found (Wang
et al. 2015).

Summary of the individual land 
use change impacts on soil fungal 
parameters

Generally,  conclusions  on  the  impact  of
land use change on soil fungi are limited by
the  number  of  replications.  However,  18
types of land use change were considered
in ≥10 replicated studies (Tab. 1).  Thus, to
extract generalized information needed for
stakeholders,  a  summary  of  these  repli-
cated studies was made.  Fig. 3 shows the
overall  impacts  of  these  18  types  of  land
use change on qualitative (species compo-
sition) and quantitative fungal parameters
(richness,  diversity,  root  colonization,
spore  density  of  AM  fungi,  and  fungal
biomass  – Tab.  S5 and Tab.  S6 in Supple-
mentary material). If we set ≥50% of the re-
sults as a boundary of increase/decrease or
change,  all  18  land  use  types  showed
changes in the community composition of
all fungal groups (Tab. S5, Tab. S6). When
comparing primary forest to secondary for-
est,  secondary  grassland,  pasture,  and
cropland,  no  fungal  quantitative  parame-
ters were changed. AM fungal quantitative
parameters  decreased  when  the  primary
forest  was  changed  to  plantation  forest,
perennial  cropland,  or  cropland.  Surpris-
ingly, total fungal quantitative parameters
increased  when  the  primary  forest  was
changed for plantation forests.  Brinkmann
et al.  (2019) explained this  pattern based
on the intermediate disturbance hypothe-
sis, which proposed that the highest diver-

sities will occur in ecological systems with
moderate disturbances.

There are no clear changes in fungal pa-
rameters  when  the  secondary  forest  is
compared  with  secondary  grassland  and
pasture.  But  converting of  secondary for-
est to plantation forest, or perennial crop-
land or cropland, showed decreases in AM
fungal parameters. There are also negative
impacts on total fungal parameters follow-
ing changes of secondary forest to peren-
nial  cropland. Only AM fungal parameters
decreased  when  the  plantation  forest  is
changed to cropland.

These results demonstrate that it is very
difficult  to  evaluate  the  response  of  soil
fungal communities based on quantitative
parameters. The fact that AM fungi provide
a clearer response is probably due to their
similar  life strategy and low specificity.  In
contrast,  total fungi contain many groups
with so many different life strategies that
their responses overlap, and the response
is very much context-dependent.

Limitations of methodological 
approaches

The major limitation in evaluating the ef-
fect of the land use change on soil fungal
communities  is  a  poor  consensus  in  land
use  type  categorization.  For  instance,
some  studies  defined  land  use  types
through the climatic zone (Thomson et al.
2015), some by plant cover type (Sousa et
al. 2013), and some considered parent bed-
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Fig. 3 - Summary of the 
individual land use change 
impacts on quantitative 
parameters and species 
composition of total, AM, 
and ECM fungi. Bar graph 
represents the number of 
studies showing various 
impacts positive/negative/
varying or no impacts on 
quantitative parameters 
and the asterisk “*” sign 
represents the change in 
species composition <50% 
of the studies. (PF): Pri-
mary forest; (SF): Second-
ary forest; (PL): Plantation 
forest; (PG): Primary grass-
land; (SG): Secondary 
grassland; (PA): Pasture; 
(AL): Abandoned land; 
(AF): Agroforestry; (PC): 
Perennial cropland; (CR): 
Cropland.
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rock composition in single land use types
(Oehl et al. 2003). In addition, some studies
poorly described the vegetation, soil types,
and  climate  of  their  experimental  plots
(Makiola et al. 2019). So, the effect of land
use  change  cannot  be  correctly  inter-
preted,  because  these  factors  could  sur-
pass land use change impact.

The other difficulty in the interpretation
of land use change effects is a sampling de-
sign. As the experimental plots are distrib-
uted  at  a  landscape  level,  homogeneous
replicate  plots  selection  is  often  difficult.
However, there is also the limitation of se-
lecting all studied land use types at one lo-
cality.  Consequently,  plot  replicates  in  a
distant  location could  influence soil  fungi
due  to  changes  in  environmental  condi-
tions. For instance, in fragmented agricul-
tural fields, the management of soil fertility
may be different, which affects soil  fungi.
Similarly,  during the abandonment of  the
agricultural field, less productive fields are
abandoned earlier, such that it can be pre-
sumed that the soil conditions are already
different  compared  to  previous  land  use.
Therefore, as much information as possible
should be gathered about land use history
by interviewing local people.

Discrepancies in sampling is also another
important  factor.  Some  studies  sampled
soil along a transect with plot size as small
as 1 m2 (Bainard et al. 2017), whereas others
sampled 1  ha plots  with replicates  of  soil
cores (Pereira et al. 2014). The preparation
of composite soil  samples from replicates
of  soil  cores  was  a  common  method
among studies. A few studies also consid-
ered fractions of different soil horizons (Ril-
lig et al. 2003). The preparation of compos-
ite  soil  samples  may  overlay  the  vertical
differences, i.e., the land use change effect
might  be  only  in  the  topsoil  layer,  and
deeper soil layer remains unaffected. In the
case  of  predictor  variables,  many  studies
considered land use types as a typical pre-
dictor and soil factors as additional predic-
tors.  However,  a  comprehensive  descrip-
tion  of  vegetation  (as  a  next  predictor)
was missing in most studies (Zhang et al.
2017, Brinkmann et al. 2019).

In  early  studies,  delimitation  of  species
(evaluation of  species  richness  and diver-
sity)  was based on morphological  charac-
teristics such as AM fungal spore morphol-
ogy (Bedini et al. 2007), ECM morphotypes,
(McLean  &  Huhta  2002),  and  sporocarps
morphology (Tedersoo et al. 2006) that re-
lied on expert knowledge and could differ
between studies.  Molecular fingerprinting
methods like denaturing gradient gel elec-
trophoresis (DGGE) can overlook less abun-
dant species. Introduction of NGS methods
(454 pyrosequencing, Ion Torrent platform,
Illumina sequencing – Taylor et al. 2017) has
solved  the  aforementioned  issue.  How-
ever, it has the limitation that appropriate
primers  for  all  fungal  groups  during  PCR
amplification must be used (Tedersoo et al.
2015)  and  several  other  technical  issues
(Zinger et al. 2019). The species-level identi-

fication could be also limited due to miss-
ing  reference  sequences  in  public  data-
bases.  Moreover,  knowledge  of  the  eco-
logical requirements of many taxa remains
unknown (Nguyen et al.  2016) that  arises
difficulties in the interpretation of obtained
data (Peay 2014). During root colonization
assays, obtaining the identity of fine roots
from particular plants could be difficult in a
field-based investigation. Although the use
of  trap  plants  solves  this  problem,  trap
plants may not reflect the exact field condi-
tions. The age of plants and the proportion
of  fine  roots  could  also  affect  root  colo-
nization  by  AM  and  ECM  fungi.  Further,
studying spore density in soil could be lim-
ited in the sporulation capacity of a particu-
lar  taxon.  Sporulation  of  AM  fungi  could
differ between AM species and could be in-
fluenced by differences in seasonal dynam-
ics (Oehl et al. 2009). Assessment of fungal
and AM biomass was also employed in sev-
eral land use change studies. PLFA method
has its advantages of being rapid and inex-
pensive,  sensitive,  and  reproducible  but
the interpretation of PLFAs as indicative of
different  groups  of  organisms  is  not
straightforward. The specificity of different
fatty  acid  markers  (e.g.  16:1ω-5c  for  AM
fungi, 18:2ω-6,9c for ECM fungi and 18:1ω-
9c  for  saprophytic  fungi)  has  been  ques-
tioned (Frostegård et al. 2011). In the case
of AM fungi, GRSP is reputed to be a pro-
tein  of  AM fungi,  but  its  presence in AM
fungi only is unclear (Whiffen et al. 2007).
Humic substances present in the soil could
also  interfere  with  the  measurement  of
GRSP using colorimetric assays (Moragues-
Saitua et al. 2019). Consequently, origin of
the  soil  will  influence  the  results.  For  in-
stance,  GRSP represents a good indicator
of  land  use  change  effect  in  herb  domi-
nated  ecosystems,  being  more  concen-
trated  in  permanent  than  temporal  sys-
tems. Its content in forests depends proba-
bly on mycorrhizal types of dominant trees
(AM/ECM). As the amount of GRSP content
in  soil  depends  upon  hyphal  growth  and
spore  production,  individual  species  that
remains  unaffected  by  land  use  change
may also have roles in determining the dif-
ferences in concentrations of GRSP across
sites (Rillig et al. 2001). To obtain more ro-
bust  and  reliable  data  usage  of  several
methods,  i.e.,  NGS  method  accompanied
by any morphological method (sporocarps,
morphotypes,  spores,  root  colonization)
and biomass measurement (PLFA content,
GRSP content), is highly recommended.

Conclusion and future 
perspectives

We  found  190  relevant  studies  dealing
with  land  use  impact  on  soil  fungi.  The
studies came mostly from Asia and Europe
and were based mainly on next-generation
sequencing,  PFLA  analysis,  or  spore  mor-
phology of AM fungi. Around 80% of these
studies were published in the last decade.
Land use type classification in these studies
was  mainly  dependent  on  the  local  con-

text.  The  most  studied  land  use  change
was  a  conversion  from  primary  forest  to
cropland/secondary  forests,  cropland  to
plantation forest/secondary grassland/pas-
ture.  From  91  types  of  land  use  change,
only 18 were included in more than 10 stud-
ies.

Most of the results showed that species
richness and diversity were negatively im-
pacted by land use change, but the results
are not unequivocal.  This  means land use
change  does  not  necessarily  lead  to  the
changes in the soil fungal diversity. Gener-
ally,  land use change has greater  impacts
on community composition. Root coloniza-
tion of AM and ECM decreases in intensive
land use sites. For AM fungi, several stud-
ies showed decreases in spore density with
increasing  land  use  intensity.  Soil  ergos-
terol,  PFLA,  and  glomalin  contents  were
found to follow the order of the intensity
of land use, however, also equivocal results
were published.

Our  study  suggests  that current  knowl-
edge is not sufficient to reach conclusions
on the effect of single land use change on
soil fungi. This is due to the low number of
replicates, extreme variability of local con-
ditions  worldwide,  different  methodologi-
cal  approaches  and  their  limitations,  the
high species richness of fungi, and different
responses of various fungal guilds, depen-
dent on plant cover and soil conditions.

A proper description of land use history
and environmental factors and a sufficient
number of replicates is required for good
comparisons.  During  soil  sampling,  it
should  be  taken  into  account  that  larger
plots  are  limited  by  sufficient  replication
and  smaller  plots  by  the  representative-
ness of samples. Thus, widely accepted soil
sampling strategies can be devised to have
at  least  some uniformity of  plot  size,  soil
core size, and the number of replications,
etc. Controlled long-term experiments can
be one possible option on how to disentan-
gle loss of diversity due to disturbance and
management from natural changes caused
by a  change of  associated host  plants  or
soil properties (Heinemeyer et al. 2004).

As NGS methods provide a new level of
information  in  soil  fungal  research,  it
should be a basic method to assess com-
munity  composition.  However,  it  is  often
unclear whether DNA sequences originate
from hyphae, spores, or relic DNA (Carini et
al.  2017).  Thus,  non-molecular  methods,
such as biomass estimation, provide an im-
portant  cross-check  and  additional  infor-
mation. This  is especially useful  in studies
of AM fungi  because,  due to  redundancy
caused  by  a  high  diversity  and  many  life
strategies, quantitative parameters of total
fungi often do not change.

Although different parts of the world are
covered  to  date,  studies  in  tropical  Asia,
temperate areas of the Hindukush region,
East Asia, Eurasia, and Africa are very few.
Forest conversion to agricultural lands is in-
creasing  in  tropics,  Asia,  and  Africa  (FAO
2016). Because these areas are also an im-
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portant habitat for biodiversity protection
(Yesson  et  al.  2007),  more  studies  are
needed to fill this gap.

Apart  from  methodological  issues,  the
main problem of the reviewed studies is in
the interpretation of data obtained. In the
case of quantitative parameters, there are
no generally accepted average values for a
particular land use type. Due to the above-
mentioned  variability,  such  values  can be
obtained only in a local context, with suffi-
cient replicates.

A  promising  tool  for  species  data  inter-
pretation is a trait approach that has been
widely used in vegetation science (Violle et
al. 2007). However, data on fungal ecology
are limited to main guilds assessment only
(Nguyen  et  al.  2016)  without  any  details
about  biology  and  niche  requirements  of
selected  species.  In  a  European  context,
some information could be assessed based
on  red  lists,  indicator  species  lists,  or
monographies,  but  in  other  parts  of  the
world,  these  sources  are  mostly  not  yet
available.

Moreover, many fungal species are unde-
scribed for science, and if so, have no refer-
ence  sequence  in  public  databases  (e.g.,
Dothideomycetes,  Leotiomycetes).  Data
on the properties of higher taxa are very
rough and often contrasting life strategies
are  present  within  one  genus.  Therefore,
we strongly recommend building the data-
base of key species characteristics to move
our knowledge from description and com-
parison to functionality. It is crucial to ob-
tain more data on the ecology of key spe-
cies  (Peay 2014)  to  develop  ideas  on  the
functional  significance  of  changes  in  spe-
cies composition.

This  review  reveals  that  soil  fungal  re-
sponse to land use change needs further
evaluation.  Soil  fungal community dynam-
ics can be reflected as an indicator of land
use change. This understanding will help in
combating land change impacts  on other
biotic  communities  and  assist  land-man-
agement strategies.

List of abbreviations
(AM):  Arbuscular  Mycorrhiza;  (ARISA):

Automated  Ribosomal  Intergenic  Spacer
Analysis;  (DGGE):  Denaturation  Gradient
Gel  Electrophoresis;  (ECM):  Ectomycorrhi-
za;  (GRSP):  Glomalin Related Soil  Protein;
(ITS):  Internal  Transcribed  Spacer;  (LSU):
Large Subunit; (NGS): Next Generation Se-
quencing;  (OTU):  Operational  Taxonomic
Unit; (PLFA): Phospholipid Fatty Acid Anal-
ysis; (RFLPs): Random Amplified Fragment
Length  Polymorphism;  (SSU);  Small  Sub-
unit.
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