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Abstract 

Forest disturbance has w ell-c har acterized effects on soil microbial communities in tropical and northern hemisphere ecosystems, 
but little is known regarding effects of disturbance in temperate forests of the southern hemispher e. To addr ess this question, we 
collected soils from intact and de gr aded Eucalyptus forests along an east–west transect across Tasmania, Australia, and characterized 

pr okar yotic and fungal communities using amplicon sequencing. Forest de gr adation altered soil microbial community composition 

and function, with consistent patterns across soil horizons and regions of Tasmania. Responses of prokaryotic communities included 

decr eased r elati v e a bundance of Acidobacteriota, nitrifying ar c haea, and methane-oxidizing pr okar y otes in the de gr aded forest sites, 
while fungal responses included decreased relative abundance of some saprotrophic taxa (e.g . litter saprotrophs). Forest de gr adation 

also reduced network connectivity in prokaryotic communities and increased the importance of dispersal limitation in assembling 
both pr okar yotic and fungal comm unities, suggesting r ecolonization dynamics dri v e micr obial composition following disturbance. 
Further, changes in microbial functional groups reflected changes in soil chemical pr operties—r eductions in nitrifying microorgan- 
isms corresponded with reduced NO 3 -N pools in the de gr aded soils. Over all, our results show that soil microbiota are highly responsive 
to forest de gr adation in eucalypt forests and demonstrate that microbial responses to de gr adation will drive changes in key forest 
ecosystem functions. 

Ke yw ords: 16S, bacteria, for est mana g ement, fung i, ITS, microbiome 
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Introduction 

Anthr opogenic for est degr adation r epr esents one of Earth’s dom- 
inant land conversions and is altering forest ecosystem structure 
and function worldwide (Vitousek et al. 1997 , Foley et al. 2005 ,
Rudel et al. 2005 ). Indeed, over the past two centuries, Earth’s land 

surface has lost a ppr oximatel y one-third of its forest cover, with 

m uc h of the remaining forests subject to various forms of anthro- 
pogenic degr adation (Ritc hie and Roser 2021 ). Giv en the acceler at- 
ing rate of forest degradation in the 21st Century (Drummond and 

Loveland 2010 , Hansen et al. 2010 ), along with the critical role of 
for ests in pr oviding k e y ecosystem services that support human 

well-being (Millenium Ecosystem Assessment 2005 ), it is impera- 
tive to characterize the effects of forest degradation on terrestrial 
biodiversity and ecosystem functioning. 

Forest ecosystem functions and services , e .g . carbon (C) stor a ge 
and nutrient cycling, are primarily facilitated by micr oor ganisms 
(e.g . prokaryotes and fungi) that inhabit soil (Fierer 2017 ). For ex- 
ample, pr okaryotes perform se v er al k e y biogeochemical functions 
such as nitrogen (N) fixation and nitrification while soil fungi are 
thought to be the predominant decomposers of r ecalcitr ant com- 
pounds (e.g . lignin) (van der Heijden et al. 2008 ) and also influ- 
ence plant productivity and nutrient cycling via mycorrhizal as- 
sociations (e.g . Hed ̌enec et al. 2023 ). Many prior studies have in- 
vestigated effects of forest degradation on soil microbial commu- 
Recei v ed 8 May 2023; revised 6 July 2023; accepted 21 July 2023 
© The Author(s) 2023. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. All r
journals.permissions@oup.com 
ities, showing that past and present disturbances such as logging
nd conversion to agriculture can alter microbial community di- 
 ersity, composition, and assembl y (Jangid et al. 2011 , Kohout et
l. 2018 , Mushinski et al. 2018 , Osburn et al. 2019 , 2021 ). These
ffects on microbial communities also have important implica- 
ions for forest ecosystem functioning, e.g., forest disturbances 
ave been linked to reduced microbial decomposition potential 

Cardenas et al. 2015 , Kohout et al. 2018 ) and increased abun-
ance of taxa responsible for nitrogen (N) cycle processes such
s nitrification and denitrification (Mushinski et al. 2018 , Osburn
t al. 2019 ). Functional c hanges in micr obial comm unities follow-
ng forest degradation have even been detected at a global scale,
ith a recent global meta-analysis showing increased abundance 
f r a pidl y gr owing copiotr ophic ( r -selected) bacterial taxa in de-
r aded for est soils (Zhou et al. 2018 ). Ho w e v er, these studies ar e
patially biased in favour of tropical and northern hemisphere 
or ests, while temper ate for ests of the southern hemispher e r e-

ain underr epr esented. For example , the abo ve-mentioned meta-
nalysis by Zhou et al. ( 2018 ) included data from 119 prior studies,
ut onl y thr ee wer e fr om temper ate southern hemispher e for ests.

Temper ate for ests account for ∼100 million ha of land in the
outhern hemisphere, ∼57 million ha of which is found in south-
astern Australia and Tasmania (Olson et al. 2001 ). These temper-
te Australian forests are dominated by Eucalyptus trees, which 
ights r eserv ed. For permissions, please e-mail: 
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omprise 77% of the continent’s total native forest area (Depart-
ent of Agriculture , Fisheries , and Forestry 2018 ). While there is

onsiderable prior work on soil microbial communities in euca-
 ypt for ests globall y, m uc h of it has focused on Eucal yptus planta-
ions in tropical and subtropical areas of South America, Europe,
nd Asia, most of which is outside of the native range of these
r ees (Br oc kerhoff et al. 2013 ). T hese studies , pr edominantl y con-
ucted in south China, show that various Eucalyptus plantation
 har acteristics and mana gement str ategies (e.g . stand a ge, under-
tory r emov al, and nitr ogen fertilization) can influence soil mi-
r obial comm unities (Cao et al. 2010 , Wu et al. 2011 , Zhao et al.
013 ). Studies conducted in the native range of temperate Euca-
 yptus for ests ar e less common, though one sho w ed that Eucalyp-
us r e v egetation in Austr alia incr eased soil fungal:bacterial r atios
Carnovale et al. 2019 ), while others show that slo w-gro wing olig-
trophic (K-selected) bacteria are negatively impacted by postlog-
ing fire in eucalypt forests of Tasmania, Australia (Ammitzboll et
l. 2021 , 2022 ). Ho w e v er, w e kno w of only one prior study inves-
igating effects of disturbance legacies (i.e . historical logging and
ildfire) in Australian eucalypt forests, which focused on how dis-

urbance affected microbial α-diversity and associations with en-
ir onmental v ariables (e.g . soil physicoc hemical pr operties) (Bowd
t al. 2022 ). As a result, k e y c har acteristics of soil micr obial com-
 unities in curr entl y for ested, but anthr opogenicall y degr aded,

ucalypt ecosystems of Australia remain largely uncharacterized.
While it is difficult to make specific predictions regarding soil

icr obial r esponses to for est degr adation in temper ate eucal ypt
orests, it should be noted that effects on microbial communities
ill be mediated by direct effects of forest degradation on soil
hysicoc hemical pr operties and v egetation c har acteristics (Fier er
nd Jackson 2006 , Lauber et al. 2008 , 2009 , Goldmann et al. 2015 ).
his is notable because soil and vegetation properties are quite
istinctiv e in Austr alian Eucal yptus for ests . For example , soils in
ustr alia ar e among the oldest in the world, are often highly
cidic, and are generally highly leached and very low in available
utrients , e .g . phosphorus (P) (Department of Agriculture, Fish-
ries, and Forestry 2021 ). In addition, Eucalyptus leaf litter contains
igh concentrations of phenolic acids and volatile organic com-
ounds, which can impact soil microbial metabolism and commu-
ity composition, e.g . by promoting the growth of methylotrophic
axa (Martins et al. 2013 , McBride et al. 2020 , 2022 ). Because of
hese unique soil and v egetation c har acteristics, Austr alian eu-
al ypt for ests likel y host distinct soil micr obial comm unities that
ay exhibit fundamentally different responses to forest degrada-

ion than those documented in other regions. 
To investigate effects of forest degradation on soil microbial

ommunities in these unique Australian Eucalyptus forest ecosys-
ems, we collected soils from intact and anthr opogenicall y de-
r aded (historicall y burned and logged) eucalypt forests along an
ast–west tr ansect acr oss Tasmania, Austr alia. We then c har ac-
erized prokaryotic and fungal communities using amplicon se-
uencing and compared microbial community composition, the
 elativ e abundance of key functional groups, and total micro-
ial biomass in intact vs . degraded forests. We predicted that
egr aded for ests would exhibit reduced total microbial biomass
ut would host increased relative abundance of microbial taxa
hat have been previously shown to benefit from soil disturbance,
.g . r a pidl y gr owing r -selected bacteria and nitrifying pr okaryotes
Zhou et al. 2018 , Osburn et al. 2019 ). Further, any changes in mi-
r obial comm unity structur e will also likel y alter the frequency
nd types of potential ecological interactions among taxa, i.e . for-
st degradation may alter microbial co-occurrence network prop-
rties, as shown in prior work from other forested regions (Sun
t al. 2017 , Osburn et al. 2019 ). Ther efor e, we conducted network
nalysis of intact vs . degraded communities with the expectation
hat for est degr adation would disrupt and r educe the complexity
f microbial co-occurrence patterns. Finally, any observed shifts
n micr obial comm unities following for est degr adation can likel y
e attributed to changes in the community assembly processes
cting on those communities. For example, prior work from other
egions has shown that land use change alters the relative impor-
ance of selection vs . stochastic processes (e.g . dispersal, drift) in
ssembling microbial communities by altering k e y soil properties
e.g . pH) and vegetation characteristics (Barnett et al. 2020 , Osburn
t al. 2021 ). Ther efor e, we used a null model a ppr oac h to assess
omm unity assembl y in intact vs . degr aded soils with the expec-
ation that Eucalyptus forest degradation would drive changes in
he r elativ e importance of selection, dispersal, and drift in assem-
ling microbial communities. 

aterials and methods 

tudy design and soil sampling 

oils were collected in February–April 2022 from intact and de-
r aded wet eucal ypt for ests along an east–west tr ansect acr oss
asmania, Australia (Fig. 1 ). Sites were split into four represen-
ativ e r egions (Eastern, Centr al, Centr al-W estern, and W estern)
hat span wide gradients in climate and geology (Tyler 1992 ).
or example, precipitation at our sites ranges from < 1000 to >
000 mm annually (generally increasing from east to west; Ta-
le S1 , Supporting Information), while bedr oc k geology tr ansi-
ions fr om primaril y metamor phic quartz r oc ks in the west to pri-

arily volcanic dolerite and basalt in the east (Tyler 1992 , Rees
nd Cwynar 2010 ). Soil types also vary across our transect—soils
er e pr edominatel y Dermosols, though Or ganosols , Tenosols , Hy-
rosols , Rudosols , and F err osols wer e also pr esent in some loca-
ions (Australian Soil Classification; Table S1 , Supporting Informa-
ion) (Williams 2012 ). Despite the significant environmental vari-
tion across our transect, we selected sites in all regions with
imilar dominant vegetation—all sites were temperate, wet eu-
al ypt for ests, and most had a Eucal yptus obliqua ov erstory, though
. regnans and E. delegatensis were present at some sites (Table S1 ,
upporting Information). Forest understories were primarily com-
osed of Pomaderris apetala , with some sites also hosting Acacia
ealbata , Nothofagus cunninghamii , or Olearia argophylla (Table S1 ,
upporting Information). Within each region, we identified four
ites (16 sites total), two of which were categorized as ‘intact’ and
wo of which were categorized as ‘degraded’ (Fig. 1 ). Sites cate-
orized as intact wer e r elativ el y undisturbed with matur e ov er-
tory Eucalyptus trees and well-developed understory vegetation
Fig. 1 B). Degr aded sites wer e highl y fr a gmented for est r emnants
djacent to timber plantations or a gricultur al land and all were
urned ∼15–50 years prior (Fig. 1 C; Table S2 , Supporting Informa-
ion). Most of the degraded sites were also logged 20–80 years pre-
iously (Department of Natural Resources and Environment Tas-
ania), and ther efor e hosted younger tr ees with less de v eloped

nderstory vegetation. Complete details regarding site character-
stics and land use histories ar e pr ovided in Tables S1 and S2 (Sup-
orting Information). Though our degraded sites are somewhat
ariable with regard to the timing and particular types of forest
egr adation r epr esented, they all experienced significant physi-
al disturbance as a result of anthropogenic activity in the recent
ast. 

Within each of the 16 sites, we established three plots. Plots
er e gener all y located 10 m apart, though this distance was differ-
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Figure 1. Map of Tasmania, Australia, showing locations of each of the 16 sites (A). Detailed site information is provided on Tables S1 and S2 
(Supporting Information). Panels (C) and (D) show example photos of an intact forest site with developed understory (B) and a degraded forest site 
with young trees and regenerating understory (C). 

 

 

L  

a
h
t  

o  

(  

t  

V  

s  

M

M
W  

q  

5  

n  

p  

o  

w  

J  

e  

p
r  

1  

8  

n  

f
e  

p  

p  

i  

e  

2  

e  
ent in some sites (up to ∼60 m apart) to avoid excessively boggy or 
r oc ky ar eas in those sites. Because of this v ariability in distances 
betw een plots, w e explicitly included spatial distance into our sta- 
tistical a ppr oac h (see data anal ysis section below). At eac h of the 
three plots we removed the litter layer from a 50 cm 

2 area of the 
forest floor and dug a small soil pit (to 5 cm mineral soil depth) 
with a sterilized tro w el. We then separated the entir e or ganic hori- 
zon and the top 5 cm of mineral soil into two separate plastic 
bags . T his resulted in a grand total of 96 soil samples (4 regions 
× 4 sites per region × 3 sampling locations per site × 2 soil hori- 
zons per sampling location). Each of these individual 96 samples 
was subjected to the physicochemical and microbial analyses de- 
scribed in the sections belo w. Samples w er e tr ansported fr om the 
field in a cooler with ice packs (transit time 3–6 h) and then stored 

at −20 ◦C at the University of Tasmania prior to shipping. Samples 
wer e shipped fr ozen on dry ice to the Univ ersity of Idaho wher e 
they were sieved (2 mm) and homogenized. Overall, our sampling 
scheme allo w ed for r eplicated soil c har acterization within the in- 
dividual sites while also incor por ating br oad spatial r epr esenta- 
tion of sites across the climatic and geologic gradients present in 

Tasmania. Our study thus r epr esents an ideal opportunity to iden- 
tify effects of eucalypt forest degradation on soil properties and 

micr obial comm unities that ar e consistent acr oss natur al envi- 
r onmental v ariation. 

Soil physicochemical analyses 

We determined soil water content by mass loss after drying sam- 
ples at 105 ◦C for 24 h and measured pH in a 1:4 soil:DI H 2 O slurry 
using a Se v enCompact pH meter (Metter Toledo, Columbus OH,
USA). To measure pools of available C, N, and P in soil, we per- 
formed an extraction with 0.05 M K 2 SO 4 (1:5 soil:solution ratio).
Slurries were shaken for 1 h and extr acts wer e filter ed with What- 
man no. 1 filter paper. We analyzed extracts for extractable or- 
ganic C (DOC) and total extractable N (TDN) on a Shimadzu TOC- 
 TNM-L analyzer (Shimadzu Instruments, K yoto , Japan). We also
nal yzed extr acts of for ammonium (NH 4 -N) using the phenol–
ypochlorite method (Weatherburn 1967 ), nitrate (NO 3 -N) using 
he v anadium r eduction method (Doane and Horwáth 2003 ), and
rthophosphate (PO 4 -P) using the AMP-malac hite gr een method
Lajtha et al. 1999 ). As a metric of total microbial biomass, we ex-
r acted DNA fr om soils using a Qia gen Po w erSoil Pr o Kit (Qia gen,
alencia, CA, USA) and quantified DNA using the Quant-iT high-
ensitivity fluorometric assay kit (Thermo Fisher Inc., Waltham,
A, USA), similar to pr e vious studies (Fornasier et al. 2014 ). 

icrobial community analyses 

e c har acterized soil pr okaryotic comm unities by amplicon se-
uencing of the V4 region of the 16S rRNA gene using the
15F/806R primer pair (Walters et al. 2016 ), and fungal commu-
ities by sequencing the ITS1 region using the ITS1f/2r primer
air (White et al. 1990 ), r espectiv el y. Amplicons wer e sequenced
n an Illumina MiSeq with 250 bp paired-end reads . Ra w reads
ere deposited in the NCBI arc hiv e under accession number PR-

NA884366. We processed raw sequences using D AD A2 (Callahan
t al. 2016 ) and assigned taxonomy to unique sequences (i.e . am-
licon sequence variants, ASVs) using the IDTAXA classifier (Mu- 
ali et al. 2018 ) trained on the SILVA database for 16S (version
38.1) (Quast et al. 2013 ) and the UNITE database for ITS (version
.3) (Abar enk o v et al. 2010 ). T hough the D AD A2 ASV a ppr oac h is
ot ideal for quantitativ e anal ysis of fungal α diversity, D AD A2 per-

orms well when assessing fungal community composition (Ted- 
rsoo et al. 2022 ), which was the primary goal of this study. After
r ocessing, we r ar efied samples to 12,187 and 11,776 sequences
er sample for 16S and ITS, r espectiv el y, to account for differences

n sequence depth among samples. We then used picrust2 to gen-
r ate putativ e functional pr ofiles for 16S sequences (Douglas et al.
020 ) and FungalTraits to assign functional guilds to fungal gen-
ra (Põlme et al. 2020 ). Complete details regarding PCR and am-
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licon sequencing protocols are provided in the Supplementary
nformation. 

a ta anal yses 

e performed all statistical analyses in R (R Cor e De v elopment
eam 2019 ). We conducted m ultiv ariate anal ysis of prokaryotic
nd fungal communities using the ‘vegan’ R package (Oksanen
t al. 2019 ). We assessed effects of region, soil horizon, and land
over (i.e . intact vs. degr aded for est), on soil comm unities us-
ng PERMANOVA with Bray–Curtis dissimilarities (‘adonis2’ func-
ion) and visualized community composition using principal co-
rdinates analysis (‘cmdscle’ function, Bray–Curtis dissimilarity).
ecause we observed consistent effects of for est degr adation on
omm unities acr oss r egions and soil horizons (Fig. 2 ), for all ad-
itional analyses we aggregated samples across horizons and re-
ions to focus on effects of forest degradation. To determine ef-
ects of degradation on individual variables (e.g . soil properties
nd r elativ e abundances of taxa), we used linear mixed models
ith ‘land cover’ as a fixed effect and ‘region’ as a random ef-

ect. We ran mixed models using the ‘lmer’ function in the lme4
ac ka ge (Bates et al. 2019 ). We assessed assumptions of normal-

ty of model residuals using Sha pir o–Wilk tests and by visualiz-
ng quantile–quantile plots. When models did not meet assump-
ions, we used generalized linear models with gamma distribution
nd log-link function (‘glmer’ function, lme4 pac ka ge) (Bolker et
l. 2009 ). 

To identify individual 16S and ITS ASVs that wer e r esponsiv e to
or est degr adation (i.e . differ entiall y abundant ASVs), we used the
exactTest’ function in the edgeR pac ka ge (Robinson et al. 2010 ).
o quantify the r elativ e importance of selection, dispersal, and
rift processes on 16S and ITS comm unity assembl y in intact vs.
egr aded soil comm unities, we used a phylogenetic null model
 ppr oac h (Stegen et al. 2013 ). This a ppr oac h is based on quan-
ification of phylogenetic comm unity turnov er at short phyloge-
etic distances, i.e . the βNTI index, which, in turn, is based on
lignment of the 16S and ITS sequences. While ITS alignments
r e unr eliable for tr ee-wide anal yses, they ar e accur ate for anal-
ses performed at short phylogenetic distances (Tedersoo et al.
018a ), such as the community assembly analyses presented here.
e compared proportions of each assembly process between in-

act and degraded communities using Z-tests. Complete details
egarding the community assembly models are provided in the
upplementary Information with method v alidation pr esented on
igures S1 and S2 (Supporting Information). 

To compare prokaryotic and fungal ASV co-occurrence pat-
erns between intact and degraded forest soils, we used network
nalysis. We constructed co-occurrence networks using SPIEC-
ASI (Kurtz et al. 2015 ), a gr a phical Gaussian model a ppr oac h
hat accounts for the compositional nature of amplicon sequence
atasets when assessing statistical associations between ASVs. To

mpr ov e the robustness of our netw orks, w e only included 16S
SVs that occurred in a minimum of 20 samples and ITS ASVs

hat occurred in a minimum of 10 samples. We then used the
gr a ph pac ka ge (Csardi and Nepusz 2006 ) to visualize networks
nd to calculate two k e y network pr operties: ‘degr ee’ and ‘be-
weenness’, both of which were normalized for each respective
etwork. Degree and betweenness are measures of the connectiv-

ty and centrality of a co-occurrence network, respectively, where
egree is calculated as the number of edges per ASV and between-
ess is calculated as the number of times an ASV is on the short-
st path betw een tw o other ASVs. We compared distributions of
ormalized degree and betweenness values between intact and
egraded networks using Kruskal–Wallis tests. We also compared
he proportion of negative edges in networks between intact and
egr aded comm unities using Z-tests. Ov er all, these network met-
ics allo w ed us to identify differences in the frequency and types
f potential ecological interactions in microbial communities be-
ween the intact and degraded forest soils. 

To assess environmental drivers of microbial community com-
osition, we used variation partitioning (‘varpart’ function, vegan
ac ka ge) (Per es-Neto et al. 2006 ). We consider ed soil pr operties,
patial factors, and vegetation characteristics as candidate drivers
f microbial communities and tested the significance of individ-
al partitions of variation using distance-based redundancy anal-
sis (‘dbrda’ function, vegan package). Spatial factors were repre-
ented by principal coordinates of neighborhood matrix (PCNM)
cor es for eac h sample, whic h r epr esent independent components
f spatial variation among the plots and are based on a matrix of
airwise linear distances between the sites (‘pcnm’ function, ve-
an pac ka ge) (Bor car d and Legendr e 2002 ). Vegetation c har acter-
stics were represented by a presence/absence matrix of the dom-
nant over- and understory plant species at each sampling site. To
uantify the importance of individual soil variables in account-

ng for variation in prokaryotic and fungal communities, we used
ier arc hical partitioning in the ‘rdacca.hp’ R pac ka ge (Lai et al.
022 ). For all analyses, data and R analysis scripts are available
n figshare (Osburn 2023 ). 

esults 

oil properties 

s expected, soil physicochemical properties were distinct be-
ween organic horizon and mineral horizon soils; organic soils
ad higher microbial biomass, and C, N, and P pools, while min-
ral soils had higher C:N ratios (Table S3 , Supporting Information).
oil pH was the only soil property that did not differ between
oil horizons (Table S3 , Supporting Information). Soil properties
lso exhibited regional variation, particularly in pH, extractable
, extr actable or ganic C (DOC), and PO 4 -P le v els (Table S4 , Sup-
orting Information), likely reflecting variation in bedrock geol-
gy among sites. Av er a ged acr oss r egions and soil horizons, for-
st degradation also had clear effects on soil physicochemical
r operties—degr aded for est soils had significantl y higher pH and
2% higher microbial biomass than intact forest soils (Table 1 ). In
ontr ast, intact for est soils had 38% higher DOC, ∼4-fold higher
O 3 -N, and ∼11.5-fold higher PO 4 -P than degraded forest soils

Table 1 ). 

icrobial di v ersity and comm unity composition 

or est degr adation did not affect pr okaryotic or fungal α div er-
ity metrics , i.e . ASV ric hness and Shannon div ersity (Table S5 ,
upporting Information). In contr ast, for est degr adation consis-
ently influenced prokaryotic 16S and fungal ITS sequence (i.e .
SV) community composition (Fig. 2 A and B), with dir ectionall y
onsistent effects on pr okaryotic comm unities acr oss all r egions
nd soil horizons (Fig. 2 A). The effects of for est degr adation on
6S ASVs, ho w e v er, wer e smaller in magnitude in forest soils
rom the eastern region, thus accounting for the significant land
over × region interaction (Fig. 2 A). Fungal ITS ASV composi-
ion was less distinct between soil horizons but highly dissimi-
ar among regions in the intact forest soils (Fig. 2 B). Ho w ever , for -
st degradation caused an apparent convergence in fungal ITS
omposition acr oss r egions, i.e . degr aded soil fungal comm uni-
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Figure 2. Effects of region, soil horizon, and forest degradation on 16S ASV community composition (A) and ITS ASV community composition (B). P 
values in (A) and (B) are from PERMANOVA with Bray–Curtis dissimilarities. Panels (C) and (D) show phylum level relative abundances of 471 
differ entiall y abundant 16S ASVs (C) and class le v el r elativ e abundances of 323 differ entiall y abundant ITS ASVs (D) identified by edgeR. In (C) and (D), 
statistical effects of forest degradation on the relative abundances of taxa were determined using mixed models with ‘land cover’ as a fixed effect and 
‘region’ as a random effect. Asterisks next to taxa names indicate significant effects of land cover at the following levels: ∗ P < .05, ∗∗ P < .01, and ∗∗∗ P 
< .001. 

Table 1. Effects of forest degradation on soil physicochemical properties. Values are means follo w ed b y one standar d error of the mean 

in parentheses. Statistical effects were determined using mixed models with ‘region’ as a random effect. Asterisks indicate significantly 
higher values at the following levels: ∗ P < .05, ∗∗ P < .01, and 

∗∗∗ P < .001. 

Variable Intact Degraded 

pH 4.23 (0.08) 4.89 (0.10) ∗∗∗

NO 3 
− ( μg N gdw 

−1 ) 15.2 (4.44) ∗∗ 3.70 (0.79) 
NH 4 

+ ( μg N gdw 

−1 ) 111 (13.8) 94.6 (14.8) 
PO 4 

− ( μg P gdw 

−1 ) 22.0 (7.97) ∗∗ 1.91 (0.61) 
Total extractable N ( μg N gdw 

−1 ) 159 (22.9) 112 (15.9) 
Extractable DOC ( μg C gdw 

−1 ) 416 (52.7) ∗ 301 (40.4) 
Extractable C:N 3.17 (0.20) 3.15 (0.25) 
Microbial biomass ( μg DNA gdw 

−1 ) 61.1 (5.43) 80.7 (7.52) ∗
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ties a ppear ed to form a distinct cluster (Fig. 2 B), similar to 16S 
communities. 

Aggregating 16S ASVs at the phylum level revealed effects 
of forest degradation on specific prokaryotic taxa. For example,
degr adation decr eased the r elativ e abundance of Acidobacteri- 
ota and increased the relative abundance of Verrucomicrobiota 
acr oss all r egions (Figur e S3 , Supporting Information). Taxonomic 
analysis of the 471 differentially abundant 16S ASVs identified 

b y edgeR reinfor ced those patterns—differ entiall y abundant Aci- 
dobacteriota were ∼2.2-fold higher in the intact forest soils while 
Verrucomicr obiota wer e ∼3.4-fold higher in the degr aded for est 
soils. Differ ential abundance anal ysis also r e v ealed negativ e r e- 
sponses of Cr enarc haeota to forest degradation, which were 17- 
old higher in the intact than degraded forest soils (Fig. 2 C; Figure
4 , Supporting Information). 

Aggregating ITS sequences at the class level did not imme-
iatel y r e v eal fungal taxonomic responses to for est degr adation

Figure S5 , Supporting Information). Ho w ever, taxonomic analy-
is of 323 differ entiall y abundant ITS ASVs did r e v eal patterns
mong r esponsiv e fungal taxa. In particular, differ entiall y abun-
ant Eurotiom ycetes, Sordariom ycetes, and Umbelopsidom ycetes 
ere 37%, 235%, and 463% higher in degr aded for ests, r espectiv el y

Fig. 2 D), thus r e v ealing positiv e r esponses of these taxa to for est
egr adation. Further, these positiv e r esponses wer e consistentl y
bserv ed acr oss all r egions of Tasmania (Figur e S6 , Supporting In-
ormation). 
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icrobial ecosystem functions 

axonomic analysis of the 16S ASVs also sho w ed effects of for-
st degradation on taxa that perform k e y soil functions. For ex-
mple, the nitrifying class Nitrososphaeria within Crenarchaeota
ere 25-fold higher in intact forest soil communities (Figure S7 ,
upporting Information) and methane-oxidizing Methylocella were
.8-fold higher in intact forest soil communities (Figure S8 , Sup-
orting Information). To gain additional support for these results,
e pr edicted putativ e functional pr ofiles for 16S sequences us-

ng picrust2 (Douglas et al. 2020 ) and summed the predicted gene
bundances for the nitrification and methane oxidation pathways
or each sample . T he picrust2 results supported the taxonomic
atterns—predicted nitrification genes had 55% higher relative
bundance in the intact soils (Fig. 3 A), which was also in line with
he higher NO 3 -N observed in those soils (Table 1 ). Similarl y, pr e-
icted methane oxidation genes had 24% higher r elativ e abun-
ance in the intact soils (Fig. 3 B). 

To investigate fungal functions, we assigned fungal taxa to
unctional guilds using FungalTraits (Põlme et al. 2020 ), which as-
igned guilds to 77% of our ITS sequences (Figure S9 , Support-
ng Information). The dominant guild was soil sa pr otr ophs, whic h
ccounted for ∼60% of all ASVs (Figure S9 , Supporting Informa-
ion). For est degr adation did not affect the r elativ e abundance
f soil sa pr otr ophs, but did alter the composition of soil sa pr o-
rophs, though the effects varied among different regions of Tas-

ania (land use × r egion inter action; Figur e S10 , Supporting In-
ormation) due to distinct responses of specific sa pr otr ophic gen-
ra among the different regions (Figure S11 , Supporting Informa-
ion). For est degr adation did affect the r elativ e abundances of two
ther groups of saprotrophs: litter saprotrophs, which were 2.6-
old higher in the intact sites (Fig. 3 C), and unspecified sa pr o-
r ophs, whic h wer e 2-fold higher in the intact sites (Fig. 3 D). De-
r aded for est soils also had 3-fold gr eater r elativ e abundance of
nimal parasites compared with the intact soils (Figure S9 , Sup-
orting Information). 

o-occurrence networks 

o-occurrence network analysis of 16S ASVs revealed distinct net-
ork topologies of pr okaryotic comm unities between soils in in-

act and degraded forests (Fig. 4 A and B, Table 2 ). The intact for-
st 16S network had more connections (i.e. edges) between taxa
494 vs. 270), and a higher proportion of negative edges (0.42 vs.
.29), than the degraded forest 16S network (Fig. 4 A and B, Ta-
le 2 ). The intact network also had more edges per ASV (i.e . 136%
r eater normalized degr ee; Table 2 ) and 125% greater normalized
etweenness, indicating that taxa in the intact netw ork w ere sig-
ificantl y mor e likel y to be on the shortest path betw een tw o other
axa than taxa in the degraded network (Table 2 ). In general, these
esults indicate that the intact soil prokaryotic communities ex-
ibited mor e connected, tightl y cluster ed networks than the de-
raded soil communities. Network analysis of ITS sequences did
ot r e v eal effects of for est degr adation on fungal co-occurr ence
atterns—intact and degraded ITS networks had similar topolog-

cal properties with no significant differences in network statistics
Fig. 4 C and D , T able 2 ). 

ommunity assembly processes 

omm unity assembl y anal ysis indicated that 16S comm unities
er e sha ped primaril y by selection while ITS comm unities wer e

ha ped primaril y by stoc hastic pr ocesses (i.e. dispersal and drift
r ocesses) (Fig. 5 ). Further, for est degr adation alter ed the r elativ e
ontributions of different assembly processes for both 16S and
TS communities . For example , degradation reduced the impor-
ance of homogeneous selection in assembling 16S communities
nd increased the contribution of stochastic processes, specifi-
ally drift and dispersal limitation (Fig. 5 A). For ITS communities,
or est degr adation incr eased the contribution of dispersal limita-
ion while decreasing the contribution of drift (Fig. 5 B). 

nvironmental dri v ers of microbial responses 

ariation partitioning analysis revealed that measured soil prop-
rties accounted for 29% of the variation in 16S communities, with
0% being independent of spatial variation and vegetation char-
cteristics among sites (Fig. 6 A). Spatial and vegetation factors
ndependently accounted for 4% and 7% of the variation in 16S
omm unities, r espectiv el y (Fig. 6 A). For ITS, variation partitioning
 e v ealed that soil properties accounted for 16% of the variation
n community composition, with 9% being independent of spatial
 ariation and v egetation c har acteristics among sites (Fig. 6 B). Spa-
ial and vegetation factors both independently accounted for 6%
f the variation in ITS communities (Fig. 6 B). All partitions of vari-
tion wer e statisticall y significant for both 16S and ITS commu-
ities (distance-based redundancy analysis P < .05), though note
hat the significance of the interdependent partitions of variation
annot be tested. Considering contributions of individual soil vari-
bles, hier arc hical partitioning r e v ealed pH to be the most im-
ortant soil property for both 16S and ITS communities, with ex-
ractable DOC and microbial biomass playing secondary and ter-
iary roles (Fig. 6 C and D). 

iscussion 

ur study r e v eals influences of eucalypt forest degradation on soil
icr obial comm unities that wer e gener all y consistent acr oss soil

orizons and across regions of Tasmania, Australia. These pat-
erns wer e particularl y str ong in pr okaryotic comm unities—16S
equencing r e v ealed clear differ ences in 16S ASV composition,
axonomic composition, and functional group abundances be-
ween intact and degr aded for est sites. Importantl y, these c hanges
n 16S communities appear to be influencing ecosystem-scale for-
st pr ocesses—r eductions in nitrifying archaea in degr aded for est
oils were accompanied by reduced NO 3 -N pools , thus pro viding a
echanism for the reduced ecosystem-scale N mobility that has

een observed in degraded eucalypt forests (Bowd et al. 2021 ). This
ltered ecosystem N cycling is relevant in the context of eucalypt
or est mana gement, as r educed N mobility may inhibit r ecov ery
f the degraded forests. We also observed reductions in methane-
xidizing bacteria in degr aded for est soils, suggesting they func-
ion less effectiv el y as methane sinks, a tr end that has been ob-
erved in prior work (Cuer et al. 2018 ). Alternatively, this pattern
ay r eflect incr eased av ailability of methane in the intact sites,

hough we did not observe differences in the relative abundance
f methanogenic taxa. Regardless, our study r e v eals str ong r e-
ponses of prokaryotic communities to forest degradation in tem-
er ate eucal ypt for ests, with clear implications for the functions
nd services provided by these ecosystems. 

We also observed dramatically reduced 16S network connec-
ivity in degraded forest soil communities. While co-occurrence
atterns cannot be dir ectl y inter pr eted as ecological r elationships

Faust and Raes 2012 ), the substantially reduced frequency of as-
ociations between taxa we observed in the degraded 16S net-
ork does suggest that potential ecological interactions among

axa are disrupted by forest degradation in temperate eucalypt
cosystems . T he reduced proportion of negative associations we
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Figure 3. Relative abundances of genes involved in nitrification (A) and methane oxidation (B) and relative abundance of fungal taxa assigned to the 
litter sa pr otr ophs guild (C) and the undefined sa pr otr ophs guild (D). Putativ e functional gene abundances wer e pr edicted for 16S sequences using 
picrust2 (Douglas et al. 2020 ) while functional guilds were assigned to fungal genera using the FungalTraits database (Põlme et al. 2020 ). Relative 
abundances of taxonomic groups involved in nitrification and methane oxidation are shown on Figures S7 and S8 (Supporting Information) while 
r elativ e abundances of all fungal guilds are shown on Figure S9 (Supporting Information). Asterisks indicate significantly higher relative abundance at 
the following le v els: ∗∗ P < .01 and ∗∗∗ P < .001. P- values are from mixed models with ‘land cover’ as a fixed effect and ‘region’ as a random effect. 

Ta ble 2. Netw ork metrics calculated for 16S and ITS co-occurrence networks constructed for intact and degr aded for est soils. For normal- 
ized degree and normalized betweenness , values displa yed are medians follo w ed b y interquartile ranges. Asterisks indicate significantly 
higher values at the following significance levels: ∗∗∗ P < .001. Proportion of negative edges was compared between intact and degraded 

soils using Z-tests, while distributions of normalized degree and betw eenness values w er e compar ed between intact and degr aded net- 
works using Kruskal–Wallis tests. 

Network metric Intact Degraded 

Prokaryotes Nodes 195 188 
Edges 494 270 

Pr op. negativ e edges 0.417 ∗∗∗ 0.285 
Degree 0.026 (0.021) ∗∗∗ 0.011 (0.017) 

Betweenness 0.009 (0.015) ∗∗∗ 0.004 (0.019) 
Fungi Nodes 98 103 

Edges 134 138 
Pr op. negativ e edges 0.16 0.21 

Degree 0.021 (0.031) 0.020 (0.020) 
Betweenness 0.009 (0.052) 0.023 (0.045) 
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observed in the degraded soil 16S network indicates antagonis- 
tic interactions (e.g . competition) may be particularly impacted 

and that degraded soil communities may be less resilient to fu- 
tur e envir onmental perturbation (Coyte et al. 2015 ). Our r esults 
also r e v ealed differ ences in the r elativ e importance of differ ent 
comm unity assembl y pr ocesses in sha ping 16S comm unities be- 
tween intact and degraded forest soils. Specifically, degradation 

reduced the contribution of selection and increased the contri- 
bution of stochastic processes, primarily dispersal limitation, in 

assembling 16S communities . T his identifies dispersal and re- 
colonization dynamics as an important determinant of micro- 
bial community composition following forest disturbance in these 
ecosystems . Dispersal limitation ma y also be responsible for the 
ifferences in soil ecosystem functions we observed between in- 
act and degraded forests—reductions in nitrifying and methane 
xidizing taxa in the degraded soils may be due to incomplete re-
olonization of the degraded sites by these organisms. 

The effects of for est degr adation on prokaryotic communities
an lar gel y be attributed to differ ences in soil physicoc hemical
roperties between intact and degraded forest soils. For example,
oil pH has long been known to be a dominant driver of soil bac-
erial community composition (Fierer and Jackson 2006 , Lauber et
l. 2009 ) and was the most important contributor to variation in
6S composition in our study. This identifies a key mechanism by
hic h for est degr adation alter ed pr okaryotic comm unities—soils
er e substantiall y less acidic in degr aded for ests, thus account-



8 | FEMS Microbiology Ecology , 2023, Vol. 97, No. 0 

F igure 4. Co-occurrence netw orks constructed for 16S ASVs in intact (A) and degr aded (B) for ests and for ITS ASVs in intact (C) and degr aded (D) 
forests using SPIEC-EASI (Kurtz et al. 2015 ). Nodes represent ASVs while edges (connections) represent significant associations between ASVs. Blue 
edges r epr esent positiv e associations while r ed edges r epr esent negativ e associations. Network statistics ar e pr esented on Table 2 . 

Figur e 5. T he r elativ e importance of comm unity assembl y pr ocesses in 16S (A) and ITS (B) comm unities. Assembl y pr ocesses wer e inferr ed using a 
phylogenetic null model a ppr oac h (Stegen et al. 2013 ). Shades of blue indicate selection processes while shades of red indicate stochastic processes. 
Proportions of each process were compared between intact and degraded communities using Z-tests and asterisks indicate significantly higher 
proportions at the following levels: ∗∗ P < .01 and ∗∗∗ P < .001. 
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Figure 6. Variation partitioning results for 16S (A) and ITS (B) communities. Spatial factors are represented by PCNM scores for each sample. 
Significance of individual components was determined using distance-based redundancy analysis and all partitions were statistically significant 
(dbrda P < .05), though note that the significance of the interdependent partitions of variation cannot be tested. Panels (C) and (D) show the 
importance of individual soil variables (i.e . individual contributions to the total R 2 for soil variables) for 16S (C) and ITS (D) communities determined 
using hier arc hical partitioning. 
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ing for the altered 16S communities we observed. Soil pH has also 
been shown to be an important driver of community assembly 
pr ocesses—acidic soils oper ate as a po w erful environmental fil- 
ter, increasing the importance of selection in assembling bacte- 
rial communities (Tripathi et al. 2018 , Barnett et al. 2020 ), which 

is supported by the increased importance of homogeneous selec- 
tion in the highly acidic soils of our intact sites . T he greater pH 

observed in the degraded forest soils is very likely due to historical 
burning that occurred in those sites, which has also been observed 

in other eucalypt forests (Bowd et al. 2019 , Ammitzboll et al. 2021 ).
Extr actable or ganic C (DOC) was also important in driving micro- 
bial community composition in our study and was significantly 
reduced in the degraded forest soils . T his could be due to reduced 

organic matter inputs (e.g . leaf litter and root exudates) in the 
degr aded for est soils or pr e vious r emov al of or ganic matter fr om 

those sites. Additionally, soil physico-chemical properties not only 
structur e micr obial comm unities but may c hange in r esponse to 
c hanges in micr obial comm unity composition. For example, the 
reductions in soil NO 3 -N pools we observed likely reflect reduced 

abundance of nitrifying taxa in the degraded forest soils. Other 
soil c hemical pr operties may also r espond to shifts in microbial 
community composition—the differences in soil PO 4 -P content 
we observed may reflect differences in microbial phosphatase 
enzyme production between intact and degr aded comm unities.
Many other feedbacks among anthropogenic degradation, micro- 
bial communities, and forest ecosystem functions likely exist, and 

identifying these relationships remains a priority for futur e r e- 
sear ch. Regar dless, similar responses of soil chemical properties 
to historical disturbances have been observed in other Australian 

eucal ypt for ests , e .g . r educed or ganic C, NO 3 -N, and PO 4 -P (Bowd et
l. 2019 ), suggesting that the microbial responses to forest degra-
ation we report may be univ ersall y observ ed in these ecosys-
ems. 

Similar to pr okaryotic comm unities, we observ ed c hanges in
ungal ITS ASV composition, fungal taxonomic composition, and 

he r elativ e abundances of some fungal functional guilds . T he
hanges in fungal functional guilds potentially indicate reduced 

ungal sa pr otr ophy in the degr aded for est sites, wher e the r ela-
ive abundances of litter and unspecified sa pr otr ophs wer e signif-
cantly lo w er. These r esponses ar e likel y due to r educed or ganic

atter inputs or pr e vious r emov al of or ganic matter (e.g . leaf lit-
er) from the degraded sites . T he negative responses of fungal
a pr otr ophs and pr okaryotic functional gr oups suggest that Eu-
al ypt for est degr adation is disrupting man y aspects of micr obial-
ediated ecosystem function. Forest degradation also increased 

he importance of dispersal limitation in assembling fungal com- 
 unities, r einforcing the importance of dispersal and recoloniza-

ion processes in post-disturbance forest soil communities. 
In contrast, some aspects of fungal communities did not re-

pond to for est degr adation. For example, fungal co-occurrence
etworks did not respond to forest degradation, nor did relative
bundance of most fungal functional guilds, including the nu- 
erically dominant guild (soil saprotrophs) and ectomycorrhizal 

ECM) fungi. The lack of observed mycorrhizal responses may be
artly due to methodological limitations, as the ITS primer pair
e used does not efficiently amplify arbuscular mycorrhizal (AM) 

ungi (Tedersoo et al. 2018b ). Eucal yptus tr ees associate with both
M and ECM fungi and tend to transition from AM to ECM asso-
iations as the plants age (Chen et al. 2000 ). Ther efor e, ther e may
e differences in the r elativ e dominance of AM vs. ECM taxa in
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orests of different ages with different timing/types of historical
isturbance, though we are unable to assess this with our data. We
lso observed somewhat low relative abundance of ECM taxa in
his study ( ∼7% of sequences) compared with studies from other
egions , e .g . northern hemisphere temperate forests, where ECM
an comprise more than 30% of the soil fungal community (e.g .
each et al. 2017 , Osburn et al. 2019 ). This could be due to com-
etition with AM fungi or poor r epr esentation of Eucalyptus ECM
axa in taxonomic and/or functional databases . Regardless , the
ack of responses in some aspects of soil fungal communities may
e due to higher variability and more unexplained variation in
ungal than prokaryotic communities. Indeed, our variation par-
itioning anal yses wer e able to explain less of the v ariation in fun-
al than prokaryotic communities (30% vs. 47%, respectively). Our
nability to account for variation in fungal communities is in ac-
ordance with the predominance of stochastic processes in as-
embling fungal comm unities, whic h has been observed in mul-
iple other studies (Po w ell et al. 2015 , Wang et al. 2020 , Osburn
t al. 2021 ). These comm unity assembl y patterns corr obor ate our
 ariation partitioning r esults—we observ ed gr eater r elativ e con-
ributions of spatial factors in accounting for variation in fungal
omm unities, whic h can be inter pr eted as greater influences of
iogeogr a phic effects , e .g . dispersal and drift pr ocesses (Martin y
t al. 2011 ). Ho w e v er, we did observ e gr eater r elativ e importance
f vegetation characteristics in accounting for variation in fun-
al versus bacterial communities, which likely reflects the impor-
ance of plant–fungal interactions in driving fungal community
omposition (Peay et al. 2013 ). 

We also note that locating a ppr opriate sampling sites resulted
n some intact and degraded forests being clustered spatially dis-
ant from one another, introducing the possibility that some of
he observed effects of forest degradation were confounded with
atural spatial variation. In addition, in some regions, the intact
nd degraded sites had slightly different vegetation characteris-
ics (Table S1 , Supporting Information), which ma y ha ve intro-
uced additional confounding influences. Ho w e v er, our r esults
uggest that micr obial r esponses wer e driv en mor e str ongl y by an-
hr opogenic for est degr adation than by spatial and/or v egetation
 ariation. For example, v ariation partitioning r e v ealed that soil
r operties wer e mor e important than both v egetation and spa-
ial factors for structuring both prokaryotic and fungal commu-
ities. In particular, communities were most strongly influenced
y soil pH, which consistently responds to anthropogenic distur-
ance (i.e. fire) in eucalypt forests of Australia (Bowd et al. 2019 ,
mmitzboll et al. 2021 ). T his , along with the gener all y consistent
 esponses of micr obial comm unities acr oss all r egions of Tasma-
ia, supports our conclusion that anthr opogenic for est degr ada-
ion was the dominant driver of microbial communities in our
tudy. 

In general, as we predicted, microbial responses to forest degra-
ation in temperate eucalypt forests appeared to be distinct from
esponses seen in other regions , e .g . northern hemisphere forests .
or example, prior studies from other forested regions have shown
ncreases in rapidly growing bacterial copiotrophs and decreases
n slow growing oligotrophs following forest disturbance (Zhou et
l. 2018 , Osburn et al. 2019 ). In contr ast, we observ ed no c hanges
n the r elativ e abundance of bacterial taxa commonly considered
o be copiotrophic (e.g . Proteobacteria) and opposite responses of
wo bacterial groups that are commonly considered oligotrophic:
errucomicr obiota, whic h r esponded positiv el y, and Acidobacte-
iota, whic h r esponded negativ el y to for est degr adation in our
tudy. This suggests that anthropogenic degradation of eucalypt
orests does not consistently select for particular microbial life
istory strategies and that some other c har acteristic of these taxa
beyond copiotr oph vs. oligotr ophy) is r esponsible for their differ-
nt responses to forest degradation. For example, the lo w er abun-
ance of Acidobacteriota in degraded soils likely reflects their gen-
r al pr efer ence for mor e acidic envir onments. We also observed
ncr eased total micr obial biomass in our degr aded for est soils,
hic h was contr ary to our expectations and may be attributed

o less acidic soil pH in the degraded soils, which likely increased
v er all micr obial activity (Malik et al. 2018 ). Further, prior stud-
es in northern hemisphere forests have observed increases in the
bundance of nitrifying prokaryotes and increased NO 3 -N pools
ollowing forest disturbance (Keiser et al. 2016 , Lin et al. 2017 ),
hile we observed the opposite. One microbial response we ob-

erv ed, i.e . the r educed abundance of methane-oxidizing taxa in
egraded soils, does appear to be consistent across southern and
orthern hemispher e for ests (e.g. Sun and Badgley 2019 ), sug-
esting methane oxidizers may be univ ersall y sensitiv e to distur-
ance . Regardless , our results show that microbial communities

n temper ate eucal ypt for ests of the southern hemisphere will ex-
ibit responses to disturbance that are largely distinct from re-
ponses observed in forests of other regions. 

Ov er all, our study documents clear long-term effects of eu-
al ypt for est degr adation on soil micr obial comm unities . T hese
 esponses wer e gener all y consistent acr oss the natur al envir on-
ental variation present in Tasmania, Australia and across the

ange of disturbance types represented at our sites. Consistent ef-
ects of disturbance on prokaryotic communities were attributed
o changes in k e y soil properties following degradation (e.g . pH),
nd a ppear ed to driv e alter ed for est ecosystem functions , e .g . re-
uced N mobility in degraded forest soils. We also observed effects
f degradation on soil fungal communities, though these effects
ere less consistent, likely due to the high importance of stochas-

ic processes in structuring fungal communities. Both prokaryotic
nd fungal communities, ho w ever, revealed the importance of dis-
ersal processes (i.e . recolonization) in structuring soil microbial
omm unities following degr adation of these for ests. Futur e stud-
es should focus on identifying the c har acteristics and time scales
f effects from specific disturbance types/management practices
n temper ate eucal ypt for ests (e.g . logging, fir e, fr a gmentation, and
 gricultur e conv ersion). Regardless, our r esults demonstr ate clear
nd compelling responses of soil microbial communities to euca-
 ypt for est degr adation, with implications for the important func-
ions and services provided by these ecosystems. 
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