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Abstract
Cattle	 grazing	 profoundly	 affects	 abiotic	 and	 biotic	 characteristics	 of	 ecosystems.	
While	most	research	has	been	performed	on	grasslands,	the	effect	of	large	managed	
ungulates	 on	 forest	 ecosystems	 has	 largely	 been	 neglected.	 Compared	 to	 a	 base-
line	seminatural	state,	we	 investigated	how	long-	term	cattle	grazing	of	birch	forest	
patches	affected	the	abiotic	state	and	the	ecological	community	(microbes	and	inver-
tebrates)	of	the	soil	subsystem.	Grazing	strongly	modified	the	soil	abiotic	environment	
by	increasing	phosphorus	content,	pH,	and	bulk	density,	while	reducing	the	C:N	ratio.	
The	reduced	C:N	ratio	was	strongly	associated	with	a	lower	microbial	biomass,	mainly	
caused	by	a	reduction	of	fungal	biomass.	This	was	 linked	to	a	decrease	 in	fungivo-
rous	nematode	abundance	and	the	nematode	channel	index,	indicating	a	relative	up-
lift	in	the	importance	of	the	bacterial	energy-	channel	in	the	nematode	assemblages.	
Cattle	 grazing	highly	modified	 invertebrate	 community	 composition	producing	dis-
tinct	assemblages	from	the	seminatural	situation.	Richness	and	abundance	of	micro-
arthropods	was	consistently	reduced	by	grazing	(excepting	collembolan	richness)	and	
grazing-	associated	changes	 in	soil	pH,	Olsen	P,	and	reduced	soil	pore	volume	 (bulk	
density)	limiting	niche	space	and	refuge	from	physical	disturbance.	Anecic	earthworm	
species	predominated	in	grazed	patches,	but	were	absent	from	ungrazed	forest,	and	
may	benefit	from	manure	inputs,	while	their	deep	vertical	burrowing	behavior	pro-
tects	 them	from	physical	disturbance.	Perturbation	of	birch	 forest	habitat	by	 long-	
term	ungulate	grazing	profoundly	modified	soil	biodiversity,	either	directly	through	
increased	physical	disturbance	and	manure	input	or	indirectly	by	modifying	soil	abi-
otic conditions. Comparative analyses revealed the ecosystem engineering potential 
of	 large	ungulate	grazers	 in	forest	systems	through	major	shifts	 in	the	composition	
and	structure	of	microbial	and	invertebrate	assemblages,	including	the	potential	for	
reduced energy flow through the fungal decomposition pathway. The precise conse-
quences	 for	 species	 trophic	 interactions	and	biodiversity–	ecosystem	 function	 rela-
tionships	remain	to	be	established,	however.
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1  |  INTRODUC TION

Large	ungulate	herbivores	can	profoundly	modify	ecosystems	and	
the	structure	of	plant–	animal	assemblages	(Stark	et	al.,	2000;	Wang	
et	 al.,	 2006;	Wardle	et	 al.,	 2001).	 Interest	 in	 cattle	 grazing	of	 for-
est	has	 increased	recently	due	to	benefits	for	nature	conservation	
(Van	Uytvanck	et	al.,	2014)	and	trends	toward	agroforestry	(Röhrig	
et	 al.,	2020)	and	 forest	 fire	prevention	 (Ruiz-	Mirazo,	2011).	Wood	
pasture	and	forest	grazing	by	cattle	are	ancient	forms	of	agriculture	
that	shaped	the	European	landscape	from	at	least	the	Middle	Ages	
up	to	the	19th	century	 (Kirby	et	al.,	1995),	but	which	were	almost	
completely	abandoned	in	Northwest	Europe	due	to	changes	in	agri-
cultural	practices	(Bomanowska	&	Kiedrzyński,	2011).

Biotic	 and	 abiotic	 responses	 to	 grazing	 are	 often	 idiosyncratic	
and	 highly	 context	 dependent,	 varying	 with	 climate	 (Semmartin	
et	al.,	2004),	soil	nutrient	content	(Bardgett	&	Wardle,	2003),	eco-
system	type	(Andriuzzi	&	Wall,	2017),	grazer	identity	and	intensity	
(Andriuzzi	&	Wall,	2017;	Eldridge	et	al.,	2017).	Selective	grazing	on	
vegetation	may	 directly	 shape	 plant	 community	 structure	 (Hobbs	
et	al.,	1996;	Rambo	&	Faeth,	1999)	by	suppressing	competitive	dom-
inants and facilitating the succession of a distinctive plant commu-
nity	 (Fowler,	 2002;	 Pykälä,	 2003;	 Rambo	 &	 Faeth,	 1999)	 varying	
in	 net	 primary	production	 (NPP)	 and	nutrient	 concentrations	with	
potential	effects	on	soil-	dwelling	decomposers	(Wardle	&	Bardgett,	
2004).

Herbivorous	 animals	 may	 shift	 soil	 nutrient	 dynamics	 from	
slow-	cycling,	 recalcitrant	 fungal	decomposition	pathways	to	 faster	
nutrient	 turnover	 via	 excreta	 and	 bacterial	 decomposition,	 hence	
shortcutting	the	decomposition	pathway	(Bardgett	&	Wardle,	2003).	
These changes in nutrient cycling may have cascading effects on the 
soil	food	web	(Wang	et	al.,	2020),	affecting	microbes	and	soil	fauna	
in	complex,	context-	dependent	ways.	Moreover,	an	increased	level	
of	 disturbance	 (e.g.,	 due	 to	 trampling),	 and	 resulting	 soil	 compac-
tion,	may	reduce	water	holding	capacity	(Houlbrooke	&	Laurenson,	
2013),	 affect	 root	 growth	 (Unger	 &	 Kaspar,	 1994),	 alter	microbial	
activity	and	biomass	(Tan	et	al.,	2005),	and	negatively	affect	soil	me-
sofauna	(Cole	et	al.,	2008),	which	may	affect	nutrient	cycling.	While	
direct and indirect effects of ungulate grazing change diversity and 
abundance	of	most	functional	groups	in	the	forest	soil,	 it	may	also	
lead	 to	 a	 shift	 in	 community	 composition	 (Behan-	Pelletier,	 1999).	
Increased	nutrient	cycling	 (Siepel,	1996)	and	physical	disturbances	
(Cole	et	al.,	2008)	may	cause	shifts	from	long-	living	K-	species	to	fast-	
reproducing r- species.

Compared	to	the	large	body	of	knowledge	about	the	effects	of	
cattle	grazing	on	pasture	soils	 (e.g.,	Clapperton	et	al.,	2002;	Wang	
et	al.,	2020;	Yang	et	al.,	2013),	far	less	is	known	about	the	impact	on	

forest	ecosystems.	Most	studies	focus	on	the	effect	on	vegetation	
(Tasker	&	Bradstock,	2006;	Van	Uytvanck	&	Hoffmann,	2009)	and	
forest	 regeneration	 (Fortuny	 et	 al.,	 2020)	 or	 assess	 the	 effects	 of	
wild	browsers	such	as	deer	(Popma	&	Nadelhoffer,	2020).	Moreover,	
while	there	is	research	from	boreal	(e.g.,	reindeer;	Santalahti	et	al.,	
2018;	Stark	et	al.,	2000)	and	tropical	forests	(e.g.,	cattle;	Stern	et	al.,	
2002),	the	effects	of	managed	ungulates	on	forest	soil	diversity	and	
functioning	in	temperate	regions	remain	largely	unexplored.

In	 this	 study,	 we	 performed	 a	 comprehensive	 investigation	 of	
how	long-	term	grazing	of	birch	forest	patches	shifted	the	soil	phys-
icochemical	state	and	community	structure	(composition,	diversity	
and	abundance	of	taxonomic	or	functional	groups)	of	soil	organisms	
(microbes,	nematodes,	collembola,	mites	and	earthworms).	A priori,	
we	hypothesized	causal	relationships	between	plant–	soil	ecosystem	
components	and	grazing	 (Figure	1a)	with	specific	predictions	con-
cerning	the	different	soil	organisms.	We	predicted	that	the	presence	
of	cattle	would	increase	soil	nutrient	content	(nitrogen,	phosphorus),	
leading	to	a	shift	from	fungal	to	bacterial	dominated	soil	food	webs	
with	concomitant	 increases	and	decreases	 in	abundance	of	bacte-
rivorous	and	fungivorous	nematodes,	respectively.	Additionally,	we	
predicted that grazing would have a negative effect on soil microar-
thropods,	due	 to	decreased	pore	space	and	 increased	disturbance	
from	 trampling,	 as	 observed	 in	 pastures	 (Schon	 et	 al.,	 2012).	 For	
earthworms,	we	predicted	 that	 faster	passaging	of	organic	matter	
(excreta)	 would	 benefit	 overall	 earthworm	 biomass,	 but	 that	 this	
would depend on differential responses of functional groups de-
fined	 by	 their	 ecological	 niche	 (epigeic,	 surface	 active	 or	 anecic,	
deep	burrowing)	and	vulnerability	to	physical	disturbance	of	the	soil	
surface.	Finally,	we	expected	that	these	processes	would	culminate	
in	distinct	assemblages	of	plants	and	soil	organisms	in	the	disturbed	
and	undisturbed	habitat.

2  |  MATERIAL S AND METHODS

2.1  |  Birch forest ecosystem

This	 comparative	 study	 was	 carried	 out	 within	 the	 context	 of	 a	
long-	term	natural	experiment	where	forest	patches	had	either	been	
subjected	to	 long-	term	 livestock	grazing	or	 left	 in	 the	undisturbed	
seminatural	 state.	 Twenty	 birch	 (Betula	 spp.)	 forest	 patches	 were	
selected from a pool of 3161 deciduous forest patches (River Dee 
catchment,	 Aberdeenshire,	 Scotland)	 according	 to	 the	 presence	
or	absence	of	 livestock	 (beef	cattle)	grazing.	Cattle	densities	were	
light to moderate (mean: 8.4 cattle ha−1	in	2007)	and	long-	term	(me-
dian:	30	years)	in	grazed	patches	(Table	S1.1;	Figure	S1.1).	Ungrazed	

K E Y W O R D S
collembola,	earthworms,	forest	grazing,	oribatid	and	mesostigmatid	mites,	soil	chemistry,	soil	
microbes
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semi-	natural	 sites	 that	 served	 as	 the	 baseline	 comparison	 were	
ungrazed	by	cattle	or	other	livestock	for	at	least	70–	100	years.	All	
sites	 were,	 however,	 exposed	 to	 freely	 ranging	 wild	 herbivores—	
predominantly	 roe	 deer,	Capreolus capreolus	 (Linneaus,	 1758)—	but	
their effect on the ecosystem was limited compared to the long- 
term and concentrated impact of periodically confined cattle herds. 
Cattle	grazing	occurred	year-	round,	but	with	periodic	and	haphazard	
rotation of the livestock out of the woodland according to farmer 

judgement	on	the	vegetation	state	to	allow	recovery.	During	periods	
of	winter	grazing,	supplementary	feed	(hay)	was	provided	at	a	single	
feeding	station	per	site.	Although	we	avoided	sampling	at	these	lo-
cations	where	cattle	feeding	was	concentrated,	this	supplementary	
feeding	represented	an	additional	carbon	input	to	the	soil	ecosystem	
via	 cattle	 excrement.	No	other	 systematic	 differences	 in	manage-
ment	(e.g.,	forestry	practices)	occurred	at	the	grazed	and	ungrazed	
sites.

F I G U R E  1 (a)	Hypothesized	causal	relations	between	plant–	soil	ecosystem	components	and	grazing	(note:	vegetation–	nematode	
relationship	was	only	tested	for	phytophagous	nematodes).	(b)	Quantitated	relationships	between	biotic	and	abiotic	components	of	the	
plant–	soil	ecosystem	from	best	subsets	of	GLMs	(AICc).	Arrows	point	in	the	direction	of	hypothesized	causal	relationships	(−	black/+	gray)	
with their size proportional to standardized coefficients from the optimal linear model. Dashed lines indicate nonsignificant relationships 
(p >	.05)	retained	after	AICc	optimization.	For	visual	purposes,	abundance	(biomass	for	earthworms)	and	not	species	richness	is	shown	for	
invertebrates.	Vegetation	characteristics	were	not	important	drivers	of	other	biotic	properties	and	were	omitted
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2.2  |  Data collection

2.2.1  |  Sampling	design

In	each	 site,	we	established	a	25	m	× 25 m sampling grid with 16 
potential	nodes	at	the	center	of	the	woodland	(≥50	m	from	the	for-
est	edge).	Sampling	took	place	on	randomly	selected	nodes	of	 this	
grid	(4–	6	sampling	points	depending	on	the	variable,	with	a	minimum	
5-	m	separation)	to	capture	within-	site	spatial	heterogeneity.	The	tim-
ing of sampling within the season was designed to coincide with the 
peak	of	activity	or	diversity	of	each	taxon,	while	the	year	of	sampling	
(2007	 or	 2008)	was	 dictated	 by	 logistical	 constraints	 (see	 below).	
Because	sampling	points	were	pseudoreplicates,	we	pooled	data	for	
statistical	analysis	at	the	level	of	the	forest	patch	site	(see	below).

2.2.2  |  Forest	understory	plant	community

The	 species	 composition	 and	 percentage	 (%)	 cover	 of	 the	 herba-
ceous	understory	plant	community	(vascular,	bryophytes,	and	mac-
rolichens)	of	each	site	was	measured	in	July	2008	in	a	series	of	five	
quadrats (1 m2)	 randomly	situated	on	 the	grid	nodes.	The	 identity	
and visually estimated percentage cover of each species was de-
termined,	enabling	the	plant	species	richness	and	percentage	cover	
of	 broad	plant	 groups	 (dicotyledonous	herbs,	 graminoids,	 pterido-
phytes,	and	bryophytes)	to	be	derived.

2.2.3  |  Soil	properties

In	2008,	a	bulked	sample	of	six	soil	cores	(50	mm	diameter,	50	mm	
depth),	minus	the	 litter	 layer,	were	taken	per	site	and	analyzed	for	
pH	 (measured	 in	 0.01	M	CaCl2	 solution),	 phosphate	 levels	 (colori-
metric	PO4-	P	Olsen	mg/kg),	and	the	total	percentage	(%)	content	of	
carbon	and	nitrogen	using	an	Elementar	Vario	EL	elemental	analyzer	
(n =	20	for	all).	Soil	bulk	density	(g/cm3)	was	estimated	by	driving	a	
steel circular ring of standard volume (77 cm3)	into	the	soil	(250	mm	
depth)	at	three	random	grid	points	per	site.	Samples	were	oven	dried	
and dry mass of soil and parent material fraction (g−1)	obtained	and	
converted	to	a	volumetric	mass	of	dry	soil	per	sampling	point.	We	
then	obtained	a	mean	value	per	site	of	all	these	soil	property	values	
for	subsequent	analysis.

2.2.4  | Microbial	community	structure

Standard	phospholipid	fatty	acid	(PLFA)	analysis	was	used	to	quan-
tify	 the	dry	weight-	based	mass	of	markers	of	 fungal	 and	bacterial	
biomass	 and	 the	 fungal-	to-	bacterial	 ratio	 in	 the	 soil	 samples	 from	
the	sites,	see	Frostegård	et	al.	(2011)	for	a	discussion	of	this	method.	
Bulked	soil	samples	(six	25	mm	diameter	cores	to	50	mm	depth)	were	
taken	from	each	site	 in	June	2008,	homogenized	and	freeze-	dried	
(−20°C).	We	subsampled	(1	g)	of	this	freeze-	dried	soil	and	analyzed	it	

using	GC-	MS	for	PLFA	(µg/g)	to	obtain	the	dry	weight-	based	mass	of	
markers indicating soil fungal (18:2ω6,9)	and	bacterial	(i15:0,	a15:0,	
15:0,	i16:0,	16:1ω7,	a17:0,	i17:0,	cy17:0,	cis18:1ω7,	cy19:0)	biomass.	
The	 fungal-	to-	bacterial	 ratio	 was	 calculated	 by	 dividing	 the	 total	
fungal	marker	by	the	sum	of	bacterial	PLFA	markers.	The	microbial	
community structure was characterized according to the following 
PLFAs.	Ester-	linked	branched-	chain	fatty	acids,	indicative	of	Gram-	
positive	bacteria:	 i15:0,	a15:0,	 i16:0,	br17:0	and	 i17:0;	ester-	linked	
monounsaturated	fatty	acids,	such	as	16:1ω5,	16:1ω7c,	18:1ω9	and	
18:1ω7c	 and	 9t;	 18:1ω7c	 and	 9t	 (considered	 mainly	 to	 be	 18:1ω7 
since	the	GC	does	not	differentiate	between	these	fatty	acids),	plus	
ester-	linked	hydroxy	fatty	acids,	 for	example,	10:03OH,	12:03OH,	
14:02OH,	 14:03OH,	 and	 16:02OH.	 Ester-	linked	 polyunsaturated	
18:2ω6,9	was	used	as	an	indicator	of	fungal	biomass.	Additional	ref-
erences	used	in	the	PLFA	analysis	are	displayed	in	S2.

2.2.5  |  Nematode	abundance,	richness,	and	
trophic group

Four	soil	cores	(25	mm	diameter,	depth	50	mm)	were	taken	(May	2008)	
per	site	 (80	cores	 in	total)	and	weighed	to	determine	the	wet	mass	
(g)	per	 sample.	Nematodes	were	extracted	 (48	h)	using	a	modified	
Baermann	funnel	extraction	method	(van	Bezooijen,	2006).	The	soil	
sample	was	placed	into	a	sieve	(110	mm	diameter,	1	mm	mesh)	lined	
with	a	filter	tissue	(KimTech	Delicate	task	wipe,	Kimberly-	Clark™)	and	
situated	within	a	water-	filled	funnel	(150	ml)	to	encourage	nematode	
migration from the soil into the water column where they gravitate 
into	a	vial	(4	ml)	connected	to	the	funnel	by	rubber	tubing.

Following	extraction,	we	reduced	the	vial	water	volume,	heated	
the	solution	(60°C)	to	kill	the	nematodes,	and	pipetted	2	ml	of	a	nem-
atode	 fixative	 solution	 (F.G.4:1	 Formaldehyde:	 Glycerin	+ Distilled 
H2O)	into	each	vial	to	preserve	the	specimens	for	counting	and	iden-
tification	(van	Bezooijen,	2006).	Using	a	stereomicroscope	(×40),	we	
counted	the	number	 (N	per	100	g	sample)	of	nematode	 individuals	
per	sample.	For	identification,	we	transferred	specimens	to	pure	glyc-
erin	via	serial	passaging	through	Seinhorst	solutions	(#1:	20%	etha-
nol:	 1%	 glycerin:	 79%	distilled	H2O;	#2:	 95%	ethanol:	 5%	 glycerin;	
van	Bezooijen,	 2006)	 followed	 by	 desiccation	 (40°C).	We	 pipetted	
and	slide	mounted	(wax	sealed)	a	drop	of	this	nematode	suspension	
from	each	sample.	We	determined	the	 relative	abundance	of	nem-
atodes	to	the	highest	possible	taxonomic	resolution	(Family/Genus)	
in	a	community	subsample	of	100	individuals	(×1000	magnification,	
Leica	 DM12.5	 microscope)	 and	 assigned	 them	 to	 a	 trophic	 group	
(e.g.,	predator,	omnivore,	bacterivore,	or	herbivore;	Bongers,	1994).	
For	each	subsample,	the	number	of	nematodes	per	trophic	group	was	
divided	by	the	dry	mass	(g)	of	the	individual	soil	sample	and	multiplied	
by	100	to	get	the	number	of	individuals	per	100	g.	The	values	for	the	
four	subsamples	were	then	averaged	to	obtain	a	mean	for	each	site.	
Observed	species	and	their	abundance	are	given	in	Table	S3.1.

To	 describe	 nematode	 community	 structure,	 we	 calculated	
the	 Enrichment	 Index	 (EI),	 Structure	 Index	 (SI),	 and	 Channel	
Index	 (CI)	 using	 the	 assignment	 to	 nematode	 trophic	 groups	 and	
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colonizer-	persister	 classes	 (Bongers,	 1990).	 The	 EI	 is	 an	 indicator	
of	soil	nutrient	enrichment,	the	SI	indicates	food	web	stability	(high	
SI	=	 stable	 food	webs	dominated	by	disturbance-	sensitive	species	
with	high	longevity;	Ferris	et	al.,	2001).	The	CI	indicates	the	relative	
importance	of	the	fungal	energy	channel	compared	to	the	bacterial	
energy	 channel	 in	 the	 soil	 food	web	 (Cesarz	et	 al.,	 2015).	 Further	
description	of	these	indices	is	in	S4.

2.2.6  |  Earthworms

We	 sampled	 earthworms	 (Lumbricidae)	 in	 May	 2008	 using	 an	
iron frame driven into the soil to delineate a monolith of soil 
(250 × 250 ×	 150	mm	 depth).	 These	monoliths	were	 taken	 from	
three random points on the sampling grid within each site (n =	60).	
After	removing	the	litter	layer,	we	excavated	and	sorted	the	soil	by	
hand	to	a	depth	of	150	mm,	earthworms	collected	were	immediately	
preserved	by	immersion	in	a	vessel	containing	30	ml	80%	Industrial	
Methylated	 Spirits	 solution.	 The	 species	 identity,	 ecological	 niche	
(epigeic/endogeic/anecic),	 total	 abundance,	 and	 total	 pooled	 fresh	
biomass	 (g)	 of	 earthworms	 per	monolith	 sample	were	 determined	
(Sims	&	Gerard,	1985)	and	are	displayed	in	Table	S3.2.

2.2.7  | Microarthropods

We	 sampled	 microarthropods	 (Collembola,	 Acari)	 with	 six	 soil	
cores	 (50	 mm	 diameter,	 50	 mm	 depth)	 per	 site	 in	 June	 2007.	
Microarthropods	 were	 extracted	 (48	 h)	 using	 Tullgren	 extraction	
funnels	fitted	with	40	W	light	bulbs	(Burkard	Scientific	Ltd).	These	
produce	a	temperature	gradient,	exploiting	the	behavior	of	microar-
thropods	to	descend	into	the	soil	away	from	the	light	heat	source,	
where	ultimately,	 they	 fall	 through	 the	 funnel	 to	be	collected	and	
preserved	in	a	vial	containing	ethanol	(70%).	Following	extraction	of	
invertebrates,	the	soil	was	oven-	dried	(105	±	5°C,	24	h)	and	weighed	
to	 determine	 soil	 dry	weight	 (g).	 Collembola	 and	Acari	 (Oribatida,	
Mesostigmata)	 were	 counted	 and	 identified	 to	 species	 (×40 ster-
eomicroscope,	 ×100	 magnification	 Leica	 DM12.5	 microscope)	
using	taxonomic	keys	(Fjellberg,	1998;	Hopkin,	2007;	Krantz,	1978).	
Species	lists	are	given	in	Table	S3.3–	S3.5.

2.3  |  Statistical analysis

R-	code	 used	 in	 this	 paper	 is	 accessible	 at	 Dryad	 (https://doi.
org/10.5061/dryad.wm37p	vmq2).

2.3.1  | Multiple	impacts	of	grazing	on	the	forest	
plant–	soil	ecosystem

The	effect	of	the	cattle	grazing	on	the	birch	ecosystem	was	analyzed	
using	general	linear	and	best-	subset	modeling	(AICc	for	small	sample	

sizes;	 Burnham	&	Anderson,	 2002)	 implemented	with	 the	MuMIn	
package	(Barton,	2020).	Given	the	likelihood	of	multiple	impacts	of	
the	grazing	 cattle,	 the	many	 intercorrelated	variables	 (Table	S1.2),	
and	the	number	of	sites	(n =	20),	we	restricted	the	number	of	can-
didate	variables	per	model.	Only	potential	causal	links	between	the	
plant–	soil	ecosystem	components	and	grazing	according	to	a priori 
predictions	were	 tested	 (Figure	1a).	Different	 categories	of	plant–	
soil	 ecosystem	variables	 tested	were:	 (i)	 soil	 abiotic	properties;	 (ii)	
vegetation;	 or	 communities	 of	 soil	 (iii)	 microbes,	 (iv)	 nematodes,	
(v)	 microarthropods;	 and	 (vi)	 earthworms.	 Initially,	 we	 tested	 the	
direct	effect	of	 the	presence	of	grazing	 livestock	 (0/1)	on	all	 vari-
ables	describing	the	ecosystem	(Figure	2;	Table	S1.2)	to	assess	the	
direct	correlation.	Then,	we	ran	GLMs	for	each	category	of	ecosys-
tem	 variable	 (e.g.,	 soil	 properties;	 vegetation;	 microbes;	 etc.).	 For	
this,	we	ran	a	two-	tier	approach,	first	running	full	models	for	each	
variable	category	(e.g.,	soil	model,	microbial	model,…)	and	selecting	
the	best	subset	of	variables	by	AICc	optimization	for	each	of	these	
categories.	Secondly,	we	compared	the	model	of	grazing	presence	
(0/1),	all	 the	best	models	per	category,	and	an	 intercept-	only	 (null)	
model	to	select	the	final	best	model	based	on	AICc	scores	(Tables	1	
and	S5.1).	Models	with	a	ΔAICc	< 2 compared to the optimal model 
were	also	considered	plausible.	Highly	correlated	explanatory	vari-
ables	(e.g.,	Figure	S6.1%	C	&	N)	were	not	fitted	to	the	same	models.	
We	tested	for	homoskedasticity	(Levene)	and	normality	of	residuals	
(Shapiro–	Wilks)	and,	where	necessary,	the	response	variables	were	
log- transformed to meet model assumptions.

2.3.2  |  Grazing	impacts	on	composition	of	plant	and	
soil	invertebrate	communities

We	 tested	 how	 grazing	 affected	 the	 community	 composition	 of	
plants,	 nematodes,	 collembolans,	 oribatid	 mites,	 mesostigmatid	
mites,	and	earthworms.	We	used	nonmetric	multidimensional	scal-
ing	(NMDS)	to	visualize	differences	in	community	composition	based	
on	a	Bray–	Curtis	dissimilarity	matrix	(500	iterations;	R	vegan	pack-
age:	metaMDS	 function	Oksanen	et	 al.,	 2019).	 Stress	 scores	were	
sufficiently low to interpret the plots in two dimensions. Data were 
log-	transformed	to	reduce	the	influence	of	the	most	dominant	taxa.	
We	used	a	Permutational	Analysis	of	Variance	(PERMANOVA,	9999	
permutations;	 R	 vegan	 package,	 adonis2	 function)	 to	 test	 if	 there	
was	 a	 significant	 difference	 in	 community	 composition	 between	
the grazed and ungrazed sites with homogeneity of variance tested 
using	the	betadisper	function.

3  |  RESULTS

3.1  |  Forest soil properties

Cattle	grazing	led	to	a	nearly	four-	fold	increase	in	available	soil	phos-
phorus	levels	(Table	1;	Figures	1b	and	3a).	While	no	significant	differ-
ences	in	the	percentage	of	soil	carbon	and	nitrogen	were	detected	

https://doi.org/10.5061/dryad.wm37pvmq2
https://doi.org/10.5061/dryad.wm37pvmq2
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between	grazed	and	ungrazed	forests,	the	C:N	ratio	was	significantly	
lower	 in	grazed	 sites	 (Table	1;	Figures	1b,	3b-	d	 and	S6.1).	 Soil	 pH	
and	bulk	density	were	marginally	(p <	.10)	higher	in	grazed	forests,	
with	 the	pH	being	on	average	0.4	points	higher	 in	grazed	patches	
(Table	1;	Figures	1b	and	3e–	f),	although	for	both	variables	the	graz-
ing model only marginally outperformed the intercept- only model 
(ΔAICc	=	1.5	and	0.6,	respectively).

3.2  |  Forest understory vegetation

Grazing	 significantly	 increased	 herb	 layer	 cover	 and	 plant	 species	
richness	(Table	1;	Figure	2)	in	the	forest	patches.	Plant	species	rich-
ness	was	related	positively	(Table	1)	to	the	marginally	higher	soil	pH	
(Figures	2	and	3)	in	the	grazed	sites.	Plant	community	composition	
was	 similarly	 affected	by	 grazing	with	 the	NMDS	 showing	 a	 clear	

distinction	 between	 forest	 understory	 plant	 communities	 associ-
ated	with	the	grazed	and	ungrazed	habitat	 (Figure	4a).	Changes	 in	
the	 vegetation	 were,	 however,	 not	 correlated	 with	 belowground	
changes	in	soil	biodiversity	(Table	1).

3.3  |  Soil microbial PLFA

The	 concentration	of	microbial	 PLFA	was	 lower	 in	 grazed	 forests,	
with	bacterial	PLFA	decreasing	by	almost	 a	 third	and	 fungal	PLFA	
being	 almost	 60%	 lower	 (.2).	 This	 was	 correlated	 with	 the	 lower	
C:N	 ratio	 in	 grazed	 sites	 (Table	 1;	 Figure	 1b),	which,	 compared	 to	
the	grazing	model,	better	explained	the	 lower	bacterial	and	fungal	
PLFA	(ΔAICc	=	−3.9	and	−6.6	respectively,	Table	S5.1).	The	stronger	
decline	in	fungal	PLFA	shifted	the	ratio	of	fungal	to	bacterial	PLFA	
strongly	 toward	 bacteria,	 with	 bacteria	 representing	 79.1%	 of	 all	

F I G U R E  2 Standardized	coefficients	from	a	GLM	with	grazing	treatment	as	the	single	explanatory	variable	of	the	response	of	plant–	soil	
ecosystem	components	to	the	presence	or	absence	of	cattle	grazing	in	forest	patches	(NSp > .10; op < .10; *p < .05; **p < .01; ***p <	.001);	
Veg.,	Vegetation.	Positive	values	indicate	a	positive	correlation	with	presence	of	cattle	grazing



    |  7 of 15PROESMANS Et Al.

TA B L E  1 Best	models	for	each	response	variable,	based	on	AICc	scores

Response variable Expl. vars Coeff. SE t- value p- value

Soil	properties

Soil	bulk	density Intercept 0.51 0.04 12.28 <.0001

Grazing 0.11 0.06 1.82 .086

Soil	pH Intercept 4.90 0.13 38.73 <.0001

Grazing 0.37 0.18 2.07 .05

log(Olsen	P	+	1) Intercept 2.01 0.18 11.00 <.0001

Grazing 1.16 0.26 4.48 .0003

C:N	ratio Intercept 18.60 0.61 30.56 <.0001

Grazing −3.21 0.86 −3.72 .0016

Vegetation

Plant	species	richness Intercept −30.29 10.86 −2.79 .012

Soil	pH 9.52 2.13 4.47 .0003

log(Herb	layer	cover	+	1) Intercept 2.48 0.14 17.68 <.0001

Grazing 1.01 0.2 5.07 <.0001

Microbes

Bacterial	PLFA Intercept −49.22 32.99 −1.49 .15

C:N-	ratio 6.04 1.91 3.15 .006

Fungal	PLFA Intercept −26.63 8.68 −3.07 .007

C:N-	ratio 2.32 0.50 4.59 .0002

Fungal:bacterial	PLFA Intercept 0.26 0.010 25.83 <.0001

Grazing −0.069 0.014 −4.74 .0002

Nematodes

Fungivore nematodes Intercept 40.34 3.69 10.95 <.0001

Grazing −30.42 5.21 −5.84 <.0001

Predatory	nematodes Intercept 7.06 3.59 1.97 .065

Fungal	PLFA 0.70 0.24 −2.93 .009

Nematode	richness Intercept −1.52 10.31 −0.15 .88

Soil	pH 6.40 2.02 3.16 .005

Enrichment	index Intercept 39.54 2.76 14.33 <.0001

Grazing 10.52 3.90 2.70 .015

Channel	index Intercept 75.04 7.38 10.17 <.0001

Grazing −42.28 10.43 −4.05 .0007

Microarthropods

Oribatid	richness Intercept 11.34 0.44 25.54 <.0001

Grazing −2.08 0.63 −3.31 .004

Mesostigmatid	richness Intercept 2.03 0.54 3.74 .002

Orib.	sp.	rich 0.13 0.05 2.58 .02

Collembolan	abundance Intercept 63.78 7.33 8.70 <.0001

Soil	pH −24.30 10.37 −2.34 .03

log(Oribatid	abundance	+	1) Intercept 13.05 1.24 10.51 <.0001

Olsen	P −0.034 0.006 −5.57 <.0001

Soil	pH −1.37 0.25 −5.39 <.0001

Bulk density −2.28 0.77 −2.95 .009

Mesostigmatid	abundance Intercept 9.44 1.88 5.03 <.0001

Oribatid	ab. 0.13 0.02 8.22 <.0001

(Continues)
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PLFA	in	ungrazed	plots	and	83.6%	in	grazed	plots	(Figure	2).	The	dif-
ference	in	fungal-	to-	bacterial	PLFA	ratio	was	best	explained	by	the	
“grazing”	model	(Table	1).

3.4  |  Nematode trophic groups and food webs

While	 nematode	 taxonomic	 richness	 marginally	 increased	 under	

Response variable Expl. vars Coeff. SE t- value p- value

Earthworms

log(Earthworm	biomass	+	1) Intercept 0.66 0.24 2.76 .013

Grazing 1.02 0.34 2.98 .008

Epigeic	biomass Intercept 0.36 0.25 1.45 .17

Bacterial	PLFA 0.093 0.036 2.56 .021

Fungal	PLFA −0.022 0.011 −1.98 .065

log(Anecic	biomass	+	1) Intercept 0.00 0.22 0.00 1.00

Grazing 1.09 0.31 3.50 .003

Note: Variables	that	were	best	explained	by	an	intercept	only	model	(%C,	%N,	phytophagous	nematodes,	bacterivore	nematodes,	omnivorous	
nematodes,	SI,	collembolan	richness,	and	endogeic	earthworm	biomass)	are	not	displayed	here;	see	Table	S5.1.

TA B L E  1 (Continued)

F I G U R E  3 Box	plots	showing	the	effects	of	grazing	treatment	on	forest	soil	properties.	Significance	levels	inferred	from	linear	models	
using	only	grazing	treatment	as	a	response	variable	are	indicated	above	each	figure	(NS:	not	significant,	¤p <	.10,	*p <	.05,	**p <	.01,	
***p <	.001)

F I G U R E  4 NMDS	plots	of	(a)	vegetation,	(b)	nematode,	(c)	springtail,	(d)	oribatid,	(e)	mesostigmatid,	and	(f)	earthworm	communities.	
Circles	indicate	95%	confidence	range	of	centroid	position.	Stress	values	and	PERMANOVA	statistics	are	indicated	at	the	lower	left	corner	of	
each plot
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a	 grazing	 regime	 (Figure	 2),	 this	 pattern	 was	 best	 explained	 by	
the	 positive	 correlation	 between	 soil	 pH	 and	 nematode	 rich-
ness (ΔAICc	 =	 −5.0	 compared	 to	 grazing	 (0/1)	 model;	 Table	 1).	
Fungivorous	nematode	abundance	was	significantly	lower	in	grazed	
sites	with	 a	 75%	 decrease	 in	 numbers	 compared	 to	 the	 ungrazed	
sites	(Table	1;	Figures	1b	and	2).	Other	nematode	trophic	groups	did	
not	show	a	significant	response	to	grazing	(Figure	3)	with	differences	
between	sites	best	explained	by	an	intercept-	only	(null)	model,	ex-
cept	for	predatory	nematodes,	which	showed	a	positive	correlation	
with	PLFA	markers	of	 fungal	biomass	 (ΔAICc	=	−5.0,	compared	to	
intercept-	only	(null)	mode,	Tables	1	and	S5.1).

Grazed	 forests	 had	 a	 significantly	 higher	 EI	 and	 a	 significantly	
lower	 Channel	 Index,	 while	 the	 SI	 did	 not	 differ	 significantly	 be-
tween	grazed	or	ungrazed	forests	(Table	1;	Figure	2).

3.5  |  Microarthropod abundance and richness

The presence of grazing cattle had a strong negative direct influ-
ence	on	 the	abundance	and	 species	 richness	of	oribatid	 and	mes-
ostigmatid	mites	(Figure	2).	Collembolan	abundance	was	associated	
negatively	with	 the	presence	of	 grazing,	 but	 species	 richness	was	
unaffected	(Table	1;	Figure	2).

Oribatid	 abundance	 was	 best	 explained	 by	 a	 soil-	only	 model,	
containing	 Olsen	 phosphorus,	 soil	 pH	 and	 soil	 bulk	 density	
(Table	1).	This	model	was	considered	equivalent	to	the	grazing	model	
(ΔAICc	=	 −0.1;	 Table	 S5.1),	which	 showed	a	negative	 response	 to	
grazing.	Mesostigmatid	abundance	was	better	explained	by	a	prey	
model	 containing	 oribatid	 abundance,	 compared	 to	 the	 grazing	
model (ΔAICc	=	−10.6;	Tables	1	and	S5.1;	Figure	1b).	Oribatid	rich-
ness	 was	 best	 explained	 by	 the	 grazing	 model,	 which	 marginally	
outperformed	a	microbial	model	containing	fungal	to	bacterial	PLFA	
ratio (ΔAICc	=	−0.9;	Tables	1	and	S5.1),	while	for	mesostigmatid	rich-
ness,	a	prey	model	including	oribatid	richness	(ΔAICc	=	−0.6;	Tables	
1	and	S5.1)	marginally	outperformed	the	grazing	model.	Collembolan	
abundance	was	best	 explained	by	a	 soil	model	 containing	a	nega-
tive	 correlation	 with	 soil	 pH	 (ΔAICc	 =	 −15.7;	 Tables	 1	 and	 S5.1;	
Figure	1b),	while	for	collembolan	richness,	no	model	outperformed	
the	intercept-	only	model,	although	a	soil	model	containing	the	C:N	
ratio	and	carbon	content	had	an	equal	AICc-	score	(ΔAICc	=	0.0).

3.6  |  Earthworm biomass

Total	 earthworm	biomass	was	 significantly	higher	 in	grazed	 forest	
patches	 (Table	 1;	 Figures	 1b,	 3	 and	 S6.2).	However,	 this	 effect	 of	
grazing	 on	 earthworm	 biomass	 varied	 among	 functional	 groups.	
Anecic	 earthworms	were	 completely	 absent	 from	 ungrazed	 plots,	
but	 the	most	 dominant	 guild	 in	 grazed	 forests,	where	 they	 repre-
sented	42.5%	of	earthworm	biomass	(Table	1;	Figure	5).	While	graz-
ing	best	explained	this	pattern,	a	soil	model	containing	the	C:N	ratio	
was also considered (ΔAICc	=	 −1.6).	 Epigeic	 and	 endogeic	 earth-
worms	 were	 unaffected	 by	 grazing	 (Figure	 5).	 Epigeic	 earthworm	

biomass	was	positively	 and	 (marginally)	 negatively	 correlated	with	
PLFA	markers	of	bacterial	and	fungal	biomass,	respectively	(Table	1),	
marginally outperforming the intercept- only model (ΔAICc	=	−2.0),	
while	 endogeic	 biomass	was	 best	 explained	 by	 the	 intercept-	only	
model,	which	 had	 equal	 AICc	 scores	 to	 the	 soil	model	 containing	
bulk	pH	and	C:N	ratio.

3.7  |  Soil invertebrate assemblage composition

NMDS	and	PERMANOVA	analysis	 revealed	clearly	distinct	assem-
blages	of	nematodes,	collembolans,	oribatids,	mesostigmatids,	and	
earthworms associated with the grazed or ungrazed forest patches 
(Figure	4b–	f).	While	the	oribatid	assemblages	showed	a	much	lower	
dispersion in ungrazed plots (p =	 .0001),	 separation	 between	 the	
two	groups	was	sufficiently	strong	to	consider	the	results	reliable,	
given	the	robustness	of	this	test	for	balanced	designs	(Anderson	&	
Walsh,	2013).

4  |  DISCUSSION

Long-	term	cattle	grazing	consistently	transformed	the	plant–	soil	as-
semblages	in	these	replicated	forest	patches	by	modifying	the	abi-
otic	soil	environment	and	directly—	or	 indirectly	via	changes	 in	the	
soil	physicochemical	state	or	biological	associations—	the	abundance,	
diversity,	and	composition	of	soil	biota.	One	major	functional	conse-
quence of the long- term introduction of cattle to this ecosystem was 
the	reduction	of	the	importance	of	the	fungal	energy	channel,	lower	
microarthropod	abundance	 and	diversity,	 and	 a	 functional	 shift	 in	

F I G U R E  5 Mean	(±	SE)	biomass	of	epigeic,	endogeic,	and	
anecic	earthworms	per	habitat	type	(NSp >	.10;	¤p < .10; *p < .05; 
**p < .01; ***p <	.001)
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earthworm	community	composition	toward	anecic	(deep	burrowing)	
species dominance.

Through their digestion of plant material and deposition as ma-
nure,	grazing	of	cattle	in	this	ecosystem	of	forest	patches	elevated	
soil	 phosphate	 levels,	 decreased	 the	 soil	C:N-	ratio,	 and	marginally	
increased	soil	pH.	The	reduced	carbon	loading	of	the	soil	ecosystem	
(i.e.,	observed	decrease	in	C:N	ratio)	can	be	explained	by	the	rapid	
(c.f.	slower	fungal	decomposition	cycling)	conversion	of	vegetation	
to	manure	and	external	inputs	from	supplementary	feeding	(hay)	of	
the	livestock.	A	nonmutually	exclusive	explanation	could	also	be	the	
indirect	effects	of	grazing	on	the	forest	understory	vegetation.	As	
previously	shown	for	this	ecosystem	(Vanbergen	et	al.,	2006,	2014),	
plant	community	structure	was	greatly	modified	by	cattle	presence	
with	percentage	 cover	of	 herbs	 and	plant	 species	 richness	 signifi-
cantly higher in grazed forest patches. These compositional changes 
in	 the	 forest	 understory	 vegetation	 were,	 however,	 uncorrelated	
with specific parameters of soil state (apart from a positive correla-
tion	between	higher	plant	richness	and	soil	pH)	or	biotic	community	
structure.	A	potential,	but	unmeasured,	plant-	mediated	explanation	
to	 the	 observed	 changes	 in	 soil	 nutrient	 content	may	 come	 from	
grazing-	induced	changes	to	plant	NPP	(Hao	&	He,	2019;	Wardle	&	
Bardgett,	2004),	root	exudation,	or	chemical	quality	of	tissues	and	
hence	litter	inputs	(Bardgett	&	Wardle,	2003;	Grayston	et	al.,	1996;	
Hamilton	et	al.,	2008).

The soil physical structure was similarly modified in the grazed 
habitat	with	slightly	elevated	soil	bulk	density	implying	compaction	
from	trampling	by	herds,	which	reduces	soil	porosity	and	water	re-
tention	capacity	(Sharrow,	2007).

Carbon	is	the	limiting	nutrient	for	microbial	detritivores	outside	
the	rhizosphere	(Grayston	et	al.,	1996;	Scheu	et	al.,	2005).	Here,	cat-
tle	grazing	reduced	the	overall	soil	microbial	biomass,	which	corre-
sponded	with	the	fall	 in	the	C:N	ratio.	Similar	declines	in	microbial	
biomass	 have	 been	 reported	 in	 European	 submontane	 grassland	
pastures	under	intensive	grazing	(Bardgett	et	al.,	2001),	although	in	
subtropical	pastures,	grazing	can	increase	microbial	biomass	(Wang	
et	al.,	2006),	pointing	to	how	environmental	zone	can	introduce	con-
text	dependencies.	Additionally,	 since	microbial	biomass	might	 re-
spond	in	a	nonlinear	way,	a	gradient	in	grazing	intensity	might	reveal	
patterns	 obscured	 by	 our	 binary	 approach	 (Bardgett	 et	 al.,	 2001).	
Although	 N-	saturated	 soils	 may	 show	 declines	 in	 soil	 microbes	
(Wallenstein	et	al.,	2006),	we	found	no	evidence	that	grazing	shifted	
the	soil	N	level.

Fungal	 biomass	was	more	 negatively	 affected	 than	 the	 bacte-
rial	component,	potentially	because	fungi	are	more	associated	with	
soils	with	high	C:N	ratios	(Oates	et	al.,	2012;	Wan	et	al.,	2015),	re-
calcitrant	litter	(Högberg	et	al.,	2007),	and	mycelia	are	more	suscep-
tible	 to	 damage	 from	physical	 disturbances,	 that	 is,	 trampling	 and	
soil	compaction	(Hartmann	et	al.,	2014).	The	shift	in	the	dominance	
structure	of	the	soil	microbial	community,	here	caused	by	a	reduc-
tion	in	fungal	biomass	in	the	grazed	sites,	is	consistent	with	previous	
studies	that	show	grazing-	induced	shifts	toward	the	bacterial	energy	
channel	(Lopez-	Sangil	et	al.,	2011;	Oates	et	al.,	2012;	Waring	et	al.,	
2013).	 Shifts	 from	 fungal	 to	 bacterial	 decomposition	 have	 been	

associated	with	changes	in	carbon	sequestration	(Malik	et	al.,	2016),	
but	the	magnitude	of	the	effect	in	this	study	system	was	insufficient	
to	alter	soil	carbon	content.

This	shift	to	more	bacteria-	dominated	soil	food	webs	in	grazed	
forest patches mediated through changes in nutrient ratios led to 
corresponding	knock-	on	effects	on	the	soil	nematode	assemblage.	
Fungivorous	taxa	were	the	only	nematode	trophic	group	to	be	sig-
nificantly	 less	abundant	 in	grazed	 forest	patches,	but	 a	 significant	
positive	 correlation	 between	 fungal	 biomass	 and	 the	 presence	 of	
predatory	nematodes	suggests	a	possible	bottom-	up	conduit	in	the	
nematode	 food	web	 connecting	 fungivorous	 nematodes	 and	 their	
predators	 (Wardle	&	Yeates,	 1993).	 The	 significantly	 lower	 nema-
tode	Channel	Index	in	grazed	forest	fragments	indicates	a	shift	from	
fungivorous	 to	 bacterivorous	 nematode	 dominance.	 This	 provides	
further evidence of a decreased energy flow through the fungal 
channel in the grazed forest patches. This is in line with studies on 
fertilized	grasslands	(Parfitt	et	al.,	2010)	and	links	to	relatively	higher	
soil	N	content	(Cesarz	et	al.,	2015),	but	contrasts	with	other	studies	
that	 found	 a	 positive	 correlation,	 or	 no	 correlation	 at	 all	 between	
grazing	and	the	Channel	Index	in	grassland	ecosystems	(Briar	et	al.,	
2012;	Mills	&	Adl,	2011).	This	is	likely	due	to	the	fact	that	the	bacte-
rial energy channel usually predominates in intensively grazed grass-
lands,	 while	 forest	 soils	 generally	 have	 a	 dominant	 fungal	 energy	
channel	(Ruess,	2003).	While	different	trophic	groups	contrasted	in	
their	responses	to	grazing	and	linked	environmental	characteristics,	
total nematode richness was positively correlated with relatively 
greater	soil	pH	in	grazed	habitat	(>5.0)	and	consistent	with	the	op-
timal	pH	range	 (5.0–	7.0)	 for	most	nematode	genera	 (Mulder	et	al.,	
2003;	Nisa	et	al.,	2021).

This shift in the dominance of nematode groups was also re-
flected	 in	a	grazing-	associated	 increase	 in	 the	EI,	caused	by	 faster	
nutrient	cycling	 through	 input	of	more	 labile	organic	matter	and	a	
proliferation	 of	 more	 opportunistic	 bacterial-	feeding	 nematodes	
(Ferris	 et	 al.,	 2001).	 This	 response	 of	 the	 nematode	 assemblage	
structure	to	enrichment	can	be	idiosyncratic	with	positive	and	nega-
tive responses seen in grassland systems often dependent on grass-
land	habitat	type	and	grazing	intensity	(Hu	et	al.,	2015;	Wang	et	al.,	
2006,	2018).

The	observed	nutrient-	driven	shifts	in	nematode	assemblages	to	
a	bacterial	energy	channel	did	not	translate,	however,	into	an	overall	
reduction	in	the	stability	or	complexity	of	the	nematode	food	web	
(SI;	Ferris	et	al.,	2001).	Trophic	linkages	were	rarely	detected	in	our	
models. This may reflect the spatial scale at which we undertook our 
analysis,	 with	 effects	 attributable	 to	 grazing	 detectable,	 but	 lack-
ing the finer spatio- temporal resolution to detect the signal of soil 
species interactions and their cascading effects across the soil food 
web	(Thakur	et	al.,	2020).	Consequently,	subtler	trophic	interactions	
went undetected and only the modified nutrient cycling that shifted 
the relative dominance of nematode feeding groups in the micro- 
food	web	was	observed.

Microarthropod	 abundance	 and	 species	 richness	 (excepting	
Collembola)	were	strongly	reduced	by	grazing	in	these	forest	patches,	
which was linked to changes in the soil physicochemical state 
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(elevated	phosphorous	content,	bulk	density	and	pH).	By	inhabiting	
the	 interstitial	soil	pore	space,	microarthropods	may	have	suffered	
greater	direct	mortality	from	soil	compaction	by	cattle	trampling	as	
well as loss of microniche space or nutritional resources with the 
physical	disturbance	of	the	litter	layer	(Bardgett	et	al.,	1998;	Hopkin,	
1997;	Wardle	et	al.,	2001).	Larger	bodied	arthropods	are	more	sen-
sitive	to	the	adverse	effects	of	grazing	(and	other	disturbances)	than	
small-	bodied	species	(Wardle	&	Bardgett,	2004).	Here,	due	to	their	
small	size	nematodes	were	unaffected	by	soil	compaction	(Bouwman	
&	Arts,	2000;	Schon	et	al.,	2012),	while	mites	showed	a	 far	stron-
ger	negative	 response	 than	collembolans	 (Andriuzzi	&	Wall,	2017).	
In	particular,	oribatid	mites	are	known	to	be	associated	with	acidic	
soils	(Maraun	&	Scheu,	2000)	and	are	very	sensitive	to	physical	dis-
turbances	(Schon	et	al.,	2012)	with	low	resilience	due	to	longer	gen-
eration	times	and	“K-	selected”	traits	(Cole	et	al.,	2008).	Collembolans	
were	also	more	abundant	on	the	more	acidic	soils	of	 the	ungrazed	
habitat,	possibly	due	to	physiological	adaptation	to	that	niche	or	their	
role as grazers of the fungi typically associated with more acidic soils 
such	as	under	forest	(Hopkin,	1997;	Vanbergen	et	al.,	2007),	although	
we	found	no	direct	correlation	between	collembolan	abundance	and	
PFLA	markers	of	fungal	biomass	here.

Grazing	 also	 produced	 distinct	microarthropod	 assemblages.	
Mites,	particularly	oribatids,	and	to	a	lesser	extent	collembolans,	
showed a much higher dispersion of community composition in 
grazed sites compared to the relatively homogenous communities 
in ungrazed forest patches. This suggests that cattle grazing in 
these	 forest	patches	created	a	higher	 level	of	beta-	diversity	be-
tween	sites.	The	mechanism	behind	this	remains	to	be	established.	
However,	it	would	be	consistent	with	greater	soil	microhabitat	or	
niche	diversity	arising	from	the	actions	of	cattle	on	the	plant–	soil	
ecosystem.

As	predicted,	 the	response	of	earthworms	to	grazing	was	con-
tingent	 on	 their	 exact	 ecological	 role	 and	 function.	 Epigeic	 and	
endogeic	 earthworm	 biomass	 did	 not	 differ	 significantly	 between	
grazed	and	ungrazed	sites,	this	was	unexpected	for	epigeic	species	
that	are	vulnerable	to	the	effects	of	trampling	(Schon	et	al.,	2011).	
Manure	can	be	a	food	resource	for	earthworms	(Bacher	et	al.,	2018;	
Curry	 et	 al.,	 2008)	 and	 hence	 the	 addition	 of	 this	 partly	 digested	
organic matter input to these forest soils may have compensated 
for	adverse	effects	associated	with	any	physical	disturbance	by	the	
grazing	 livestock.	 Strikingly,	 anecic	 earthworms	were	 absent	 from	
ungrazed	sites,	whereas	 they	were	 the	most	dominant	earthworm	
functional group in grazed forest patches. Because of their vertical 
burrowing	 behavior,	 anecic	 earthworms	 can	 benefit	 from	manure	
input	at	the	soil	surface,	while	their	deep	vertical	burrows	protect	
them	from	trampling	by	cattle	(Schon	et	al.,	2012).	This	may	explain	
the	observed	increase	in	anecic	earthworm	biomass	associated	with	
grazing,	 as	 reported	 from	 grassland	 systems	 (Muldowney	 et	 al.,	
2003;	Schon	et	al.,	2011).	This	has	implications	for	ecosystem	func-
tioning as anecic earthworms vertically transport nutrients and or-
ganic	material	(Don	et	al.,	2008)	and	increase	nitrogen	mineralization	
(Van	Groenigen	et	al.,	2014).	Although	they	may	compensate	for	soil	
compaction	caused	by	cattle	(Capowiez	et	al.,	2012)	and	form	more	

stable	microhabitats	for	soil	arthropods,	rich	in	nutrients	and	micro-	
organisms	(Eisenhauer,	2010),	in	this	system,	their	uplift	in	biomass	
was insufficient to offset the other impacts.

Overall,	habitat	disturbance	of	birch	forest	patches	by	long-	term	
grazing	by	ungulates	profoundly	modified	the	plant–	soil	subsystem	
probably	 via	 the	 combination	 of	 trampling,	 biomass	 consumption,	
and	excreta.	Specific	shifts	 in	nematode	community	 trophic	struc-
ture indicated a reduction in the predominance of energy flow 
through	 the	 fungal	 pathway	 and	 a	 subtle	 shift	 toward	 a	 soil	 food	
web	underpinned	by	bacterial	decomposition	of	more	labile	organic	
matter.	Such	results	demonstrate	the	ecosystem	engineering	poten-
tial	of	 large	ungulate	grazers	 in	 forest	 systems,	however,	 the	con-
sequences	 for	 biodiversity–	ecosystem	 function	 relationships	 (e.g.,	
nutrient	cycles,	 soil–	atmosphere	gas	exchanges)	and	species	 inter-
actions	remains	to	be	understood.

ACKNOWLEDG MENTS
The	NERC	CEH	Environmental	Change	Integrating	Fund	(NEC03463)	
supported	 the	 original	 data	 collection.	WP	was	 supported	 by	 the	
Biodiversa	 project	 VOODOO	 (Viral	 eco-	evolutionary	 dynamics	
of	wild	 and	domestic	pollinators	under	 global	 change	www.voodo	
o-	proje	ct.eu;	 ANR-	19-	EBI3-	0006).	 Thanks	 to	 the	 landowners	 for	
granting permission to access and study these woodland sites during 
2007/2008.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

AUTHOR CONTRIBUTION
Willem Proesmans:	 Formal	 analysis	 (lead);	 Visualization	 (lead);	
Writing	–		original	draft	 (lead).	Christopher Andrews: Investigation 
(equal);	 Writing	 –		 review	 &	 editing	 (supporting).	 Alan Gray: 
Investigation	 (equal);	Writing	–		 review	&	editing	 (supporting).	Rob 
Griffiths:	 Investigation	 (equal);	Writing	–		 review	&	editing	 (support-
ing).	Aidan Keith:	 Investigation	 (equal);	Writing	 –		 review	 &	 editing	
(supporting).	Uffe N. Nielsen:	Investigation	(equal);	Writing	–		review	&	
editing	(supporting).	David Spurgeon:	Investigation	(equal);	Writing	
–		review	&	editing	(supporting).	Richard Pywell: Conceptualization 
(equal);	 Funding	 acquisition	 (equal);	 Project	 administration	
(equal);	Writing	 –		 review	 &	 editing	 (supporting).	Bridget Emmett: 
Conceptualization	 (equal);	 Funding	 acquisition	 (equal);	 Project	 ad-
ministration	(equal);	Writing	–		review	&	editing	(supporting).	Adam 
J. Vanbergen:	Conceptualization	(equal);	Funding	acquisition	(equal);	
Investigation	 (equal);	 Project	 administration	 (equal);	 Supervision	
(lead);	Writing	–		review	&	editing	(lead).

DATA AVAIL ABILIT Y S TATEMENT
Raw ecological data and R- code: Dryad https://doi.org/10.5061/
dryad.wm37p vmq2.

ORCID
Willem Proesmans  https://orcid.org/0000-0003-0358-6732 
Christopher Andrews  https://orcid.org/0000-0003-2428-272X 

http://www.voodoo-project.eu
http://www.voodoo-project.eu
https://doi.org/10.5061/dryad.wm37pvmq2
https://doi.org/10.5061/dryad.wm37pvmq2
https://orcid.org/0000-0003-0358-6732
https://orcid.org/0000-0003-0358-6732
https://orcid.org/0000-0003-2428-272X
https://orcid.org/0000-0003-2428-272X


    |  13 of 15PROESMANS Et Al.

Alan Gray  https://orcid.org/0000-0002-6785-0590 
Rob Griffiths  https://orcid.org/0000-0002-3341-4547 
Aidan Keith  https://orcid.org/0000-0001-9619-1320 
Uffe N. Nielsen  https://orcid.org/0000-0003-2400-7453 
David Spurgeon  https://orcid.org/0000-0003-3264-8760 
Richard Pywell  https://orcid.org/0000-0001-6431-9959 
Bridget Emmett  https://orcid.org/0000-0002-2713-4389 
Adam J. Vanbergen  https://orcid.org/0000-0001-8320-5535 

R E FE R E N C E S
Anderson,	M.	J.,	&	Walsh,	D.	C.	I.	(2013).	PERMANOVA,	ANOSIM,	and	

the	Mantel	test	in	the	face	of	heterogeneous	dispersions:	What	null	
hypothesis are you testing? Ecological Monographs,	83(4),	557–	574.	
https://doi.org/10.1890/12-	2010.1

Andriuzzi,	W.	S.,	&	Wall,	D.	H.	(2017).	Responses	of	belowground	com-
munities	 to	 large	 aboveground	 herbivores:	Meta-	analysis	 reveals	
biome-	dependent	 patterns	 and	 critical	 research	 gaps.	 Global 
Change Biology,	23,	3857–	3868.	https://doi.org/10.1111/gcb.13675

Bacher,	M.	G.,	 Fenton,	O.,	Bondi,	G.,	Creamer,	R.	E.,	Karmarkar,	M.,	&	
Schmidt,	O.	(2018).	The	impact	of	cattle	dung	pats	on	earthworm	
distribution	 in	 grazed	 pastures.	 BMC Ecology,	 18,	 59.	 https://doi.
org/10.1186/s1289	8-	018-	0216-	6

Bardgett,	 R.	 D.,	 Jones,	 A.	 C.,	 Jones,	 D.	 L.,	 Kemmitt,	 S.	 J.,	 Cook,	 R.,	 &	
Hobbs,	P.	 J.	 (2001).	 Soil	microbial	 community	patterns	 related	 to	
the	history	and	intensity	of	grazing	in	sub-	montane	ecosystems.	Soil 
Biology and Biochemistry,	33,	1653–	1664.	https://doi.org/10.1016/
S0038	-	0717(01)00086	-	4

Bardgett,	 R.	 D.,	 Keiller,	 S.,	 Cook,	 R.,	 &	Gilburn,	 A.	 S.	 (1998).	 Dynamic	
interactions	 between	 soil	 animals	 and	 microorganisms	 in	 upland	
grassland	 soils	 amended	 with	 sheep	 dung:	 A	 microcosm	 experi-
ment. Soil Biology and Biochemistry,	 30(4),	 531–	539.	 https://doi.
org/10.1016/S0038	-	0717(97)00146	-	6

Bardgett,	R.	D.,	&	Wardle,	D.	A.	(2003).	Herbivore-	mediated	linkages	be-
tween	aboveground	and	belowground	communities.	Ecology,	84(9),	
2258–	2268.	https://doi.org/10.1890/02-	0274

Barton,	 K.	 (2020).	 Mu- MIn: Multi- model inference, R- package Version 
1.43.17.

Behan-	Pelletier,	V.	M.	 (1999).	Oribatid	mite	biodiversity	 in	agroecosys-
tems:	Role	for	bioindication.	Agriculture, Ecosystems & Environment,	
74,	411–	423.	https://doi.org/10.1016/S0167	-	8809(99)00046	-	8

Bomanowska,	A.,	&	Kiedrzyński,	M.	(2011).	Changing	land	use	in	recent	
decades and its impact on plant cover in agricultural and forest 
landscapes	in	Poland.	Folia Biologica et Oecologica,	7,	5–	26.	https://
doi.org/10.2478/v1010	7-	009-	0014-	1

Bongers,	T.	 (1990).	The	maturity	 index:	An	ecological	measure	of	envi-
ronmental	 disturbance	 based	 on	 nematode	 species	 composition.	
Oecologia,	83,	14–	19.	https://doi.org/10.1007/BF003	24627

Bongers,	T.	(1994).	De Nematoden van Nederland.	KNNV-	bibliotheekuitgave.
Bouwman,	L.	A.,	&	Arts,	W.	B.	M.	(2000).	Effects	of	soil	compaction	on	

the	 relationships	 between	 nematodes,	 grass	 production	 and	 soil	
physical properties. Applied Soil Ecology,	14,	213–	222.	https://doi.
org/10.1016/S0929	-	1393(00)00055	-	X

Briar,	S.	S.,	Culman,	S.	W.,	Young-	Mathews,	A.,	Jackson,	L.	E.,	&	Ferris,	H.	
(2012).	Nematode	community	responses	to	a	moisture	gradient	and	
grazing along a restored riparian corridor. European Journal of Soil 
Biology,	50,	32–	38.	https://doi.org/10.1016/j.ejsobi.2011.11.006

Burnham,	 K.	 P.,	 &	 Anderson,	 D.	 R.	 (2002).	Model selection and multi-
model inference: A practical information- theoretic approach.	Springer	
Verlag.

Capowiez,	 Y.,	 Samartino,	 S.,	 Cadoux,	 S.,	 Bouchant,	 P.,	 Richard,	 G.,	 &	
Boizard,	H.	(2012).	Role	of	earthworms	in	regenerating	soil	struc-
ture after compaction in reduced tillage systems. Soil Biology 

and Biochemistry,	 55,	 93–	103.	 https://doi.org/10.1016/j.soilb	
io.2012.06.013

Cesarz,	S.,	Reich,	P.	B.,	Scheu,	S.,	Ruess,	L.,	Schaefer,	M.,	&	Eisenhauer,	
N.	 (2015).	 Nematode	 functional	 guilds,	 not	 trophic	 groups,	 re-
flect	 shifts	 in	 soil	 food	webs	 and	processes	 in	 response	 to	 inter-
acting	global	change	 factors.	Pedobiologia,	58,	23–	32.	https://doi.
org/10.1016/j.pedobi.2015.01.001

Clapperton,	 M.	 J.,	 Kanashiro,	 D.	 A.,	 &	 Behan-	Pelletier,	 V.	 M.	 (2002).	
Changes	in	abundance	and	diversity	of	microarthropods	associated	
with	 Fescue	 Prairie	 grazing	 regimes.	 Pedobiologia,	 46,	 496–	511.	
https://doi.org/10.1078/0031- 4056- 00155

Cole,	L.,	Buckland,	S.	M.,	&	Bardgett,	R.	D.	 (2008).	 Influence	of	distur-
bance	 and	nitrogen	 addition	on	plant	 and	 soil	 animal	 diversity	 in	
grassland. Soil Biology and Biochemistry,	40,	 505–	514.	 https://doi.
org/10.1016/j.soilb	io.2007.09.018

Curry,	J.	P.,	Doherty,	P.,	Purvis,	G.,	&	Schmidt,	O.	(2008).	Relationships	
between	 earthworm	 populations	 and	 management	 intensity	 in	
cattle- grazed pastures in Ireland. Applied Soil Ecology,	39,	 58–	64.	
https://doi.org/10.1016/j.apsoil.2007.11.005

Don,	A.,	Steinberg,	B.,	Schöning,	I.,	Pritsch,	K.,	Joschko,	M.,	Gleixner,	G.,	&	
Schulze,	E.-	D.	(2008).	Organic	carbon	sequestration	in	earthworm	
burrows.	Soil Biology and Biochemistry,	40,	1803–	1812.	https://doi.
org/10.1016/j.soilb	io.2008.03.003

Eisenhauer,	 N.	 (2010).	 The	 action	 of	 an	 animal	 ecosystem	 engineer:	
Identification of the main mechanisms of earthworm impacts on 
soil microarthropods. Pedobiologia,	 53(6),	 343–	352.	 https://doi.
org/10.1016/j.pedobi.2010.04.003

Eldridge,	D.	J.,	Delgado-	baquerizo,	M.,	Travers,	S.	K.,	Val,	J.,	&	Oliver,	I.	
(2017).	Do	grazing	intensity	and	herbivore	type	affect	soil	health?	
Insights from a semi- arid productivity gradient. Journal of Applied 
Ecology,	54,	976–	985.	https://doi.org/10.1111/1365-	2664.12834

Ferris,	H.,	Bongers,	T.,	&	De	Goede,	R.	G.	M.	(2001).	A	framework	for	soil	
food	web	diagnostics:	Extension	of	 the	nematode	 faunal	analysis	
concept. Applied Soil Ecology,	18,	 13–	29.	 https://doi.org/10.1016/
S0929	-	1393(01)00152	-	4

Fjellberg,	A.	(1998).	The Collembola of Fennoscandia and Denmark. Brill.
Fortuny,	X.,	Carcaillet,	C.,	&	Chauchard,	S.	(2020).	Selective	and	taxon-	

dependent effects of semi- feral cattle grazing on tree regener-
ation	 in	 an	 old-	growth	 Mediterranean	 mountain	 forest.	 Forest 
Ecosystems,	7,	11.	https://doi.org/10.1186/s4066	3-	020-	00222	-	7

Fowler,	N.	L.	(2002).	The	joint	effects	of	grazing,	competition,	and	topo-
graphic	position	on	six	savanna	grasses.	Ecology,	83(9),	2477–	2488.

Frostegård,	Å.,	Tunlid,	A.,	&	Bååth,	E.	 (2011).	Use	and	misuse	of	PLFA	
measurements in soils. Soil Biology and Biochemistry,	43(8),	1621–	
1625.	https://doi.org/10.1016/j.soilb	io.2010.11.021

Grayston,	 S.	 J.,	 Vaughan,	 D.,	 &	 Jones,	 D.	 (1996).	 Rhizosphere	 carbon	
flow	 in	 trees,	 in	 comparison	with	 annual	 plants:	 The	 importance	
of	root	exudation	and	its	impact	on	microbial	activity	and	nutrient	
availability.	Applied Soil Ecology,	5,	29–	56.	https://doi.org/10.1016/
S0929	-	1393(96)00126	-	6

Hamilton,	 E.	W.,	 Frank,	 D.	 A.,	 Hinchey,	 P.	M.,	 &	Murray,	 T.	 R.	 (2008).	
Defoliation	 induces	 root	 exudation	 and	 triggers	 positive	 rhi-
zospheric	 feedbacks	 in	 a	 temperate	 grassland.	 Soil Biology and 
Biochemistry,	 40(11),	 2865–	2873.	 https://doi.org/10.1016/j.soilb	
io.2008.08.007

Hao,	Y.,	&	He,	Z.	(2019).	Effects	of	grazing	patterns	on	grassland	biomass	
and	soil	environments	 in	China:	A	meta-	analysis.	PLoS One,	14(4),	
e0215223.	https://doi.org/10.1371/journ	al.pone.0215223

Hartmann,	M.,	Niklaus,	P.	A.,	Zimmermann,	S.,	Schmutz,	S.,	Kremer,	 J.,	
Abarenkov,	K.,	Lüscher,	P.,	Widmer,	F.,	&	Frey,	B.	(2014).	Resistance	
and	resilience	of	the	forest	soil	microbiome	to	 logging-	associated	
compaction. ISME Journal,	 8,	 226–	244.	 https://doi.org/10.1038/
ismej.2013.141

Hobbs,	 N.	 T.,	 Baker,	 D.	 L.,	 Bear,	 G.	 D.,	 &	 Bowden,	 D.	 C.	 (1996).	
Ungulate	grazing	in	sagebrush	grassland:	Mechanisms	of	resource	

https://orcid.org/0000-0002-6785-0590
https://orcid.org/0000-0002-6785-0590
https://orcid.org/0000-0002-3341-4547
https://orcid.org/0000-0002-3341-4547
https://orcid.org/0000-0001-9619-1320
https://orcid.org/0000-0001-9619-1320
https://orcid.org/0000-0003-2400-7453
https://orcid.org/0000-0003-2400-7453
https://orcid.org/0000-0003-3264-8760
https://orcid.org/0000-0003-3264-8760
https://orcid.org/0000-0001-6431-9959
https://orcid.org/0000-0001-6431-9959
https://orcid.org/0000-0002-2713-4389
https://orcid.org/0000-0002-2713-4389
https://orcid.org/0000-0001-8320-5535
https://orcid.org/0000-0001-8320-5535
https://doi.org/10.1890/12-2010.1
https://doi.org/10.1111/gcb.13675
https://doi.org/10.1186/s12898-018-0216-6
https://doi.org/10.1186/s12898-018-0216-6
https://doi.org/10.1016/S0038-0717(01)00086-4
https://doi.org/10.1016/S0038-0717(01)00086-4
https://doi.org/10.1016/S0038-0717(97)00146-6
https://doi.org/10.1016/S0038-0717(97)00146-6
https://doi.org/10.1890/02-0274
https://doi.org/10.1016/S0167-8809(99)00046-8
https://doi.org/10.2478/v10107-009-0014-1
https://doi.org/10.2478/v10107-009-0014-1
https://doi.org/10.1007/BF00324627
https://doi.org/10.1016/S0929-1393(00)00055-X
https://doi.org/10.1016/S0929-1393(00)00055-X
https://doi.org/10.1016/j.ejsobi.2011.11.006
https://doi.org/10.1016/j.soilbio.2012.06.013
https://doi.org/10.1016/j.soilbio.2012.06.013
https://doi.org/10.1016/j.pedobi.2015.01.001
https://doi.org/10.1016/j.pedobi.2015.01.001
https://doi.org/10.1078/0031-4056-00155
https://doi.org/10.1016/j.soilbio.2007.09.018
https://doi.org/10.1016/j.soilbio.2007.09.018
https://doi.org/10.1016/j.apsoil.2007.11.005
https://doi.org/10.1016/j.soilbio.2008.03.003
https://doi.org/10.1016/j.soilbio.2008.03.003
https://doi.org/10.1016/j.pedobi.2010.04.003
https://doi.org/10.1016/j.pedobi.2010.04.003
https://doi.org/10.1111/1365-2664.12834
https://doi.org/10.1016/S0929-1393(01)00152-4
https://doi.org/10.1016/S0929-1393(01)00152-4
https://doi.org/10.1186/s40663-020-00222-7
https://doi.org/10.1016/j.soilbio.2010.11.021
https://doi.org/10.1016/S0929-1393(96)00126-6
https://doi.org/10.1016/S0929-1393(96)00126-6
https://doi.org/10.1016/j.soilbio.2008.08.007
https://doi.org/10.1016/j.soilbio.2008.08.007
https://doi.org/10.1371/journal.pone.0215223
https://doi.org/10.1038/ismej.2013.141
https://doi.org/10.1038/ismej.2013.141


14 of 15  |     PROESMANS Et Al.

competition. Ecological Applications,	 6(1),	 200–	217.	 https://doi.
org/10.2307/2269564

Högberg,	M.	N.,	Högberg,	P.,	&	Myrold,	D.	D.	(2007).	Is	microbial	com-
munity	composition	in	boreal	forest	soils	determined	by	pH,	C-	to-	N	
ratio,	the	trees,	or	all	three?	Oecologia,	150,	590–	601.	https://doi.
org/10.1007/s0044 2- 006- 0562- 5

Hopkin,	S.	P.	(1997).	Biology of the springtails.	Oxford	University	Press.
Hopkin,	 S.	 P.	 (2007).	A key to the Collembola (springtails) of Britain and 

Ireland.	FSC	Publications.
Houlbrooke,	 D.	 J.,	 &	 Laurenson,	 S.	 (2013).	 Effect	 of	 sheep	 and	 cattle	

treading damage on soil microporosity and soil water holding ca-
pacity. Agricultural Water Management,	 121,	 81–	84.	 https://doi.
org/10.1016/j.agwat.2013.01.010

Hu,	J.,	Wu,	J.,	Ma,	M.,	Nielsen,	U.	N.,	Wang,	J.,	&	Du,	G.	(2015).	Nematode	
communities	response	to	long-	term	grazing	disturbance	on	Tibetan	
plateau. European Journal of Soil Biology,	 69,	 24–	32.	 https://doi.
org/10.1016/j.ejsobi.2015.04.003

Kirby,	 K.	 J.,	 Thomas,	 R.	 C.,	 Key,	 R.	 S.,	 McLEAN,	 I.	 F.	 G.,	 &	 Hodgetts,	
N.	 (1995).	 Pasture-	woodland	 and	 its	 conservation	 in	 Britain.	
Biological Journal of the Linnean Society,	56,	S135–	S153.	https://doi.
org/10.1111/j.1095-	8312.1995.tb011	29.x

Krantz,	 G.	 W.	 (1978).	 A manual of acarology,	 2nd	 ed.	 Oregon	 State	
University.

Lopez-	Sangil,	L.,	Rousk,	J.,	Wallander,	H.,	&	Casals,	P.	 (2011).	Microbial	
growth	 rate	 measurements	 reveal	 that	 land-	use	 abandonment	
promotes	 a	 fungal	 dominance	 of	 SOM	 decomposition	 in	 grazed	
Mediterranean	 ecosystems.	Biology and Fertility of Soils,	47,	 129–	
138. https://doi.org/10.1007/s0037 4- 010- 0510- 8

Malik,	A.	A.,	Chowdhury,	S.,	Schlager,	V.,	Oliver,	A.,	Puissant,	J.,	Vazquez,	
P.	G.	M.,	Jehmlich,	N.,	von	Bergen,	M.,	Griffiths,	R.	 I.,	&	Gleixner,	
G.	(2016).	Soil	fungal:	Bacterial	ratios	are	linked	to	altered	carbon	
cycling. Frontiers in Microbiology,	7,	1247.	https://doi.org/10.3389/
fmicb.2016.01247

Maraun,	 M.,	 &	 Scheu,	 S.	 (2000).	 The	 structure	 of	 oribatid	 mite	 com-
munities	 (Acari,	 Oribatida):	 Patterns,	 mechanisms	 and	 implica-
tions for future research. Ecography,	 23(3),	 374–	382.	 https://doi.
org/10.1111/j.1600-	0587.2000.tb002	94.x

Mills,	 A.	 A.	 S.,	 &	Adl,	M.	 S.	 (2011).	 Changes	 in	 nematode	 abundances	
and	body	 length	 in	 response	 to	management	 intensive	grazing	 in	
a low- input temperate pasture. Soil Biology and Biochemistry,	43,	
150–	158.	https://doi.org/10.1016/j.soilb	io.2010.09.027

Mulder,	C.,	 de	Zwart,	D.,	 van	Wijnen,	H.	 J.,	 Schouten,	A.	 J.,	&	Breure,	
A.	M.	(2003).	Observational	and	simulated	evidence	of	ecological	
shifts within the soil nematode community of agroecosystems. 
Functional Ecology,	17,	516–	525.

Muldowney,	 J.,	 Curry,	 J.	 P.,	 O’Keeffe,	 J.,	 &	 Schmidt,	 O.	 (2003).	
Relationships	between	earthworm	populations,	grassland	manage-
ment	and	badger	densities	in	County	Kilkenny,	Ireland.	Pedobiologia,	
47,	913–	919.	https://doi.org/10.1016/s0031	-	4056(04)70289	-	9

Nisa,	R.	U.,	Tantray,	A.	Y.,	Kouser,	N.,	Allie,	K.	A.,	Wani,	S.	M.,	Alamri,	S.	
A.,	Alyemeni,	M.	N.,	Wijaya,	L.,	&	Shah,	A.	A.	(2021).	 Influence	of	
ecological	and	edaphic	 factors	on	biodiversity	of	 soil	nematodes.	
Saudi Journal of Biological Sciences,	 28,	 3049–	3059.	 https://doi.
org/10.1016/j.sjbs.2021.02.046

Oates,	L.	G.,	Balser,	T.	C.,	&	Jackson,	R.	D.	(2012).	Subhumid	pasture	soil	
microbial	 communities	 affected	 by	 presence	 of	 grazing,	 but	 not	
grazing management. Applied Soil Ecology,	59,	 20–	28.	 https://doi.
org/10.1016/j.apsoil.2012.03.020

Oksanen,	J.,	Blanchet,	F.	G.,	Friendly,	M.,	Kindt,	R.,	Legendre,	P.,	McGlinn,	
D.,	Minchin,	P.	R.,	O’Hara,	R.	B.,	Simpson,	G.	L.,	Solymos,	P.,	Stevens,	
M.	H.	H.,	Szoecs,	E.,	&	Wagner,	H.	(2019).	Vegan: Community ecology 
package. R package version 2.5- 6.

Parfitt,	R.	L.,	Yeates,	G.	W.,	Ross,	D.	 J.,	Schon,	N.	L.,	Mackay,	A.	D.,	&	
Wardle,	D.	A.	(2010).	Effect	of	fertilizer,	herbicide	and	grazing	man-
agement of pastures on plant and soil communities. Applied Soil 
Ecology,	45,	175–	186.	https://doi.org/10.1016/j.apsoil.2010.03.010

Popma,	J.,	&	Nadelhoffer,	K.	(2020).	Deer	browsing	effects	on	temperate	
forest soil nitrogen cycling shift from positive to negative across 
fertility gradients. Canadian Journal of Forest Research,	 50(12),	
1281–	1288.	https://doi.org/10.1139/cjfr-	2020-	0036

Pykälä,	 J.	 (2003).	 Effects	 of	 restoration	 with	 cattle	 grazing	 on	 plant	
species composition and richness of semi- natural grasslands. 
Biodiversity and Conservation,	12,	2211–	2226.

Rambo,	J.	L.,	&	Faeth,	S.	H.	(1999).	Effect	of	vertebrate	grazing	on	plant	
and insect community structure. Conservation Biology,	13(5),	1047–	
1054.	https://doi.org/10.1046/j.1523-	1739.1999.98504.x

Röhrig,	N.,	Hassler,	M.,	&	Roesler,	T.	(2020).	Capturing	the	value	of	eco-
system	services	from	silvopastoral	systems:	Perceptions	from	se-
lected Italian farms. Ecosystem Services,	 44,	 101152.	 https://doi.
org/10.1016/j.ecoser.2020.101152

Ruess,	L.	(2003).	Nematode	soil	faunal	analysis	of	decomposition	path-
ways in different ecosystems. Nematology,	5(2),	179–	181.	https://
doi.org/10.1163/15685	41037	67139662

Ruiz-	Mirazo,	 J.	 (2011).	 Environmental	 benefits	 of	 extensive	 live-
stock	 farming:	 Wildfire	 prevention	 and	 beyond.	 Opinions 
Méditerranéennes,	100,	75–	81.

Santalahti,	M.,	 Sun,	H.,	 Sietiö,	O.	M.,	 Köster,	 K.,	 Berninger,	 F.,	 Laurila,	
T.,	 Pumpanen,	 J.,	 &	Heinonsalo,	 J.	 (2018).	 Reindeer	 grazing	 alter	
soil fungal community structure and litter decomposition related 
enzyme	activities	 in	boreal	coniferous	 forests	 in	Finnish	Lapland.	
Applied Soil Ecology,	 132,	 74–	82.	 https://doi.org/10.1016/j.
apsoil.2018.08.013

Scheu,	S.,	Ruess,	L.,	&	Bonkowski,	M.	(2005).	Interactions	between	micro-
organisms	and	soil	micro-		and	mesofauna.	In	F.	Buscot	&	A.	Varma	
(Eds.),	Microorganisms in soils: Roles in genesis and functions	(pp.	253–	
275).	Springer.	https://doi.org/10.1007/3-	540-	26609	-	7

Schon,	N.	L.,	Mackay,	A.	D.,	Gray,	R.	A.,	&	Minor,	M.	A.	(2011).	Earthworms	
in	New	Zealand	 sheep-		 and	 dairy-	grazed	 pastures	with	 focus	 on	
anecic Aporrectodea longa. Pedobiologia,	54,	S131–	S137.	https://doi.
org/10.1016/j.pedobi.2011.09.007

Schon,	N.	L.,	Mackay,	A.	D.,	&	Minor,	M.	A.	(2011).	Effects	of	dairy	cow	
treading	pressures	and	food	resources	on	invertebrates	in	two	con-
trasting and co- occurring soils. Soil Research,	49,	703–	714.	https://
doi.org/10.1071/SR11119

Schon,	 N.	 L.,	 Mackay,	 A.	 D.,	 &	 Minor,	 M.	 A.	 (2012).	 Vulnerability	 of	
soil	 invertebrate	 communities	 to	 the	 influences	 of	 livestock	 in	
three grasslands. Applied Soil Ecology,	 53,	 98–	107.	 https://doi.
org/10.1016/j.apsoil.2011.11.003

Semmartin,	M.,	Aguiar,	M.	R.,	Distel,	R.	A.,	Moretto,	A.	S.,	&	Ghersa,	C.	
M.	 (2004).	Litter	quality	and	nutrient	cycling	affected	by	grazing-	
induced species replacements along a precipitation gradient. Oikos,	
107,	148–	160.	https://doi.org/10.1111/j.0030-	1299.2004.13153.x

Sharrow,	 S.	 H.	 (2007).	 Soil	 compaction	 by	 grazing	 livestock	 in	 silvo-
pastures	 as	 evidenced	 by	 changes	 in	 soil	 physical	 properties.	
Agroforestry Systems,	71,	215–	223.	https://doi.org/10.1007/s1045	
7-	007-	9083-	4

Siepel,	H.	 (1996).	Biodiversity	of	 soil	microarthropods:	The	 filtering	of	
species. Biodiversity and Conservation,	5,	251–	260.

Sims,	R.	W.,	&	Gerard,	B.	M.	(1985).	Earthworms.	Linnean	Society	and	the	
Estuarine	and	Brackish-	water	Sciences	Association.

Stark,	S.,	Wardle,	D.	A.,	Ohtonen,	R.,	Helle,	T.,	&	Yeates,	G.	W.	(2000).	
The	 effect	 of	 reindeer	 grazing	 on	 decomposition,	 mineralization	
and	soil	biota	in	a	dry	oligotrophic	Scots	pine	forest.	Oikos,	90,	301–	
310.	https://doi.org/10.1034/j.1600-	0706.2000.900210.x

Stern,	M.,	Quesada,	M.,	&	Stoner,	K.	E.	(2002).	Changes	in	composition	
and structure of a tropical dry forest following intermittent cattle 
grazing. Revista de Biologia Tropical,	50(3–	4),	1021–	1034.

Tan,	X.,	Chang,	S.	X.,	&	Kabzems,	R.	(2005).	Effects	of	soil	compaction	and	
forest	 floor	 removal	 on	 soil	microbial	 properties	 and	N	 transfor-
mations	in	a	boreal	forest	long-	term	soil	productivity	study.	Forest 
Ecology and Management,	217,	158–	170.	https://doi.org/10.1016/j.
foreco.2005.05.061

https://doi.org/10.2307/2269564
https://doi.org/10.2307/2269564
https://doi.org/10.1007/s00442-006-0562-5
https://doi.org/10.1007/s00442-006-0562-5
https://doi.org/10.1016/j.agwat.2013.01.010
https://doi.org/10.1016/j.agwat.2013.01.010
https://doi.org/10.1016/j.ejsobi.2015.04.003
https://doi.org/10.1016/j.ejsobi.2015.04.003
https://doi.org/10.1111/j.1095-8312.1995.tb01129.x
https://doi.org/10.1111/j.1095-8312.1995.tb01129.x
https://doi.org/10.1007/s00374-010-0510-8
https://doi.org/10.3389/fmicb.2016.01247
https://doi.org/10.3389/fmicb.2016.01247
https://doi.org/10.1111/j.1600-0587.2000.tb00294.x
https://doi.org/10.1111/j.1600-0587.2000.tb00294.x
https://doi.org/10.1016/j.soilbio.2010.09.027
https://doi.org/10.1016/s0031-4056(04)70289-9
https://doi.org/10.1016/j.sjbs.2021.02.046
https://doi.org/10.1016/j.sjbs.2021.02.046
https://doi.org/10.1016/j.apsoil.2012.03.020
https://doi.org/10.1016/j.apsoil.2012.03.020
https://doi.org/10.1016/j.apsoil.2010.03.010
https://doi.org/10.1139/cjfr-2020-0036
https://doi.org/10.1046/j.1523-1739.1999.98504.x
https://doi.org/10.1016/j.ecoser.2020.101152
https://doi.org/10.1016/j.ecoser.2020.101152
https://doi.org/10.1163/156854103767139662
https://doi.org/10.1163/156854103767139662
https://doi.org/10.1016/j.apsoil.2018.08.013
https://doi.org/10.1016/j.apsoil.2018.08.013
https://doi.org/10.1007/3-540-26609-7
https://doi.org/10.1016/j.pedobi.2011.09.007
https://doi.org/10.1016/j.pedobi.2011.09.007
https://doi.org/10.1071/SR11119
https://doi.org/10.1071/SR11119
https://doi.org/10.1016/j.apsoil.2011.11.003
https://doi.org/10.1016/j.apsoil.2011.11.003
https://doi.org/10.1111/j.0030-1299.2004.13153.x
https://doi.org/10.1007/s10457-007-9083-4
https://doi.org/10.1007/s10457-007-9083-4
https://doi.org/10.1034/j.1600-0706.2000.900210.x
https://doi.org/10.1016/j.foreco.2005.05.061
https://doi.org/10.1016/j.foreco.2005.05.061


    |  15 of 15PROESMANS Et Al.

Tasker,	 E.	 M.,	 &	 Bradstock,	 R.	 A.	 (2006).	 Influence	 of	 cattle	 graz-
ing practices on forest understorey structure in north- eastern 
New	 South	 Wales.	 Austral Ecology,	 31,	 490–	502.	 https://doi.
org/10.1111/j.1442-	9993.2006.01597.x

Thakur,	 M.	 P.,	 Phillips,	 H.	 R.	 P.,	 Brose,	 U.,	 De	 Vries,	 F.	 T.,	 Lavelle,	 P.,	
Loreau,	M.,	Mathieu,	 J.,	Mulder,	C.,	Van	der	Putten,	W.	H.,	Rillig,	
M.	C.,	Wardle,	D.	A.,	Bach,	E.	M.,	Bartz,	M.	L.	C.,	Bennett,	 J.	M.,	
Briones,	M.	 J.	 I.,	 Brown,	 G.,	 Decaëns,	 T.,	 Eisenhauer,	 N.,	 Ferlian,	
O.,	…	Cameron,	E.	K.	 (2020).	Towards	an	 integrative	understand-
ing	of	soil	biodiversity.	Biological Reviews,	95,	350–	364.	https://doi.
org/10.1111/brv.12567

Unger,	P.	W.,	&	Kaspar,	T.	C.	 (1994).	Soil	 compaction	and	 root	growth:	
A	review.	Agronomy Journal,	86,	759–	766.	https://doi.org/10.2134/
agron	j1994.00021	96200	86000	50004x

van	 Bezooijen,	 J.	 (2006).	 Methods and techniques for nematology. 
Department	 of	 Nematology,	 Plant	 Sciences,	 Wageningen	
University.

Van	Groenigen,	J.	W.,	Lubbers,	I.	M.,	Vos,	H.	M.	J.,	Brown,	G.	G.,	De	Deyn,	
G.	 B.,	 &	 Van	Groenigen,	 K.	 J.	 (2014).	 Earthworms	 increase	 plant	
production:	A	meta-	analysis.	Scientific Reports,	4,	6365.	https://doi.
org/10.1038/srep0 6365

Van	Uytvanck,	J.,	&	Hoffmann,	M.	(2009).	Impact	of	grazing	management	
with	 large	herbivores	on	 forest	 ground	 flora	 and	bramble	under-
storey. Acta Oecologica,	 35,	 523–	532.	 https://doi.org/10.1016/j.
actao.2009.04.001

Van	 Uytvanck,	 J.,	 Verheyen,	 K.,	 Jakobsson,	 S.,	 &	 Lindborg,	 R.	 (2014).	
Grazing	as	a	tool	for	wood-	pasture	restoration	and	management.	In	
T.	Hartel	&	T.	Plieninger	(Eds.),	European wood- pastures in transition: 
A social- ecological approach	 (pp.	 149–	167).	 Routledge.	 https://doi.
org/10.4324/97802	03797	082-	19

Vanbergen,	 A.	 J.,	 Hails,	 R.	 S.,	 Watt,	 A.	 D.,	 &	 Jones,	 T.	 H.	 (2006).	
Consequences for host- parasitoid interactions of grazing- 
dependent	 habitat	 heterogeneity.	 Journal of Animal Ecology,	 75,	
789–	801.	https://doi.org/10.1111/j.1365-	2656.2006.01099.x

Vanbergen,	A.	J.,	Watt,	A.	D.,	Mitchell,	R.,	Truscott,	A.-	M.,	Palmer,	S.	C.	
F.,	 Ivits,	E.,	Eggleton,	P.,	Jones,	T.	H.,	&	Sousa,	J.	P.	 (2007).	Scale-	
specific	correlations	between	habitat	heterogeneity	and	soil	fauna	
diversity along a landscape structure gradient. Oecologia,	153,	713–	
725. https://doi.org/10.1007/s0044 2- 007- 0766- 3

Vanbergen,	 A.	 J.,	 Woodcock,	 B.	 A.,	 Gray,	 A.,	 Grant,	 F.,	 Telford,	 A.,	
Lambdon,	P.,	Chapman,	D.	S.,	Pywell,	R.	F.,	Heard,	M.	S.,	&	Cavers,	
S.	 (2014).	 Grazing	 alters	 insect	 visitation	 networks	 and	 plant	
mating systems. Functional Ecology,	 28,	 178–	189.	 https://doi.
org/10.1111/1365-	2435.12191

Wallenstein,	M.	D.,	McNulty,	S.,	Fernandez,	I.	J.,	Boggs,	J.,	&	Schlesinger,	
W.	 H.	 (2006).	 Nitrogen	 fertilization	 decreases	 forest	 soil	 fun-
gal	 and	 bacterial	 biomass	 in	 three	 long-	term	 experiments.	Forest 
Ecology and Management,	222,	459–	468.	https://doi.org/10.1016/j.
foreco.2005.11.002

Wan,	X.,	Huang,	 Z.,	He,	 Z.,	 Yu,	 Z.,	Wang,	M.,	Davis,	M.	R.,	&	Yang,	 Y.	
(2015).	 Soil	 C:	 N	 ratio	 is	 the	major	 determinant	 of	 soil	microbial	
community	 structure	 in	 subtropical	 coniferous	 and	 broadleaf	

forest plantations. Plant and Soil,	 387(1),	 103–	116.	 https://doi.
org/10.1007/s1110 4- 014- 2277- 4

Wang,	B.,	Wu,	L.,	Chen,	D.,	Wu,	Y.,	Hu,	S.,	Li,	L.,	&	Bai,	Y.	(2020).	Grazing	
simplifies	 soil	micro-	food	webs	 and	decouples	 their	 relationships	
with ecosystem functions in grasslands. Global Change Biology,	26,	
960–	970.	https://doi.org/10.1111/gcb.14841

Wang,	K.	H.,	McSorley,	R.,	Bohlen,	P.,	&	Gathumbi,	S.	M.	(2006).	Cattle	
grazing	increases	microbial	biomass	and	alters	soil	nematode	com-
munities	 in	subtropical	pastures.	Soil Biology and Biochemistry,	38,	
1956–	1965.	https://doi.org/10.1016/j.soilb	io.2005.12.019

Wang,	X.,	Nielsen,	U.	N.,	Yang,	X.,	Zhang,	L.,	Zhou,	X.,	Du,	G.,	Li,	G.,	Chen,	
S.,	&	Xiao,	S.	(2018).	Grazing	induces	direct	and	indirect	shrub	ef-
fects on soil nematode communities. Soil Biology and Biochemistry,	
121,	193–	201.	https://doi.org/10.1016/j.soilb	io.2018.03.007

Wardle,	D.	A.,	&	Bardgett,	R.	D.	(2004).	Human-	induced	changes	in	large	
herbivorous	mammal	density:	The	consequences	for	decomposers.	
Frontiers in Ecology and the Environment,	2(3),	145–	153.

Wardle,	D.	A.,	 Barker,	G.	M.,	 Yeates,	G.	W.,	Bonner,	K.	 I.,	&	Ghani,	A.	
(2001).	 Introduced	 browsing	 mammals	 in	 New	 Zealand	 natural	
forests:	Aboveground	and	belowground	consequences.	Ecological 
Monographs,	71(4),	587–	614.

Wardle,	D.	A.,	&	Yeates,	G.	W.	(1993).	The	dual	importance	of	competi-
tion and predation as regulatory forces in terrestrial ecosystems: 
Evidence	 from	 decomposer	 food-	webs.	Oecologia,	 93,	 303–	306.	
https://doi.org/10.1007/BF003 17685

Waring,	B.	G.,	Averill,	C.,	&	Hawkes,	C.	V.	(2013).	Differences	in	fungal	
and	 bacterial	 physiology	 alter	 soil	 carbon	 and	 nitrogen	 cycling:	
Insights from meta- analysis and theoretical models. Ecology Letters,	
16,	887–	894.	https://doi.org/10.1111/ele.12125

Yang,	Y.,	Wu,	L.,	Lin,	Q.,	Yuan,	M.,	Xu,	D.,	Yu,	H.,	Hu,	Y.,	Duan,	J.,	Li,	X.,	He,	
Z.,	Xue,	K.,	van	Nostrand,	J.,	Wang,	S.,	&	Zhou,	J.	(2013).	Responses	
of	the	functional	structure	of	soil	microbial	community	to	livestock	
grazing	 in	the	Tibetan	alpine	grassland.	Global Change Biology,	19,	
637–	648.	https://doi.org/10.1111/gcb.12065

SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 in	 the	 online	
version	of	the	article	at	the	publisher’s	website.

How to cite this article:	Proesmans,	W.,	Andrews,	C.,	Gray,	
A.,	Griffiths,	R.,	Keith,	A.,	Nielsen,	U.	N.,	Spurgeon,	D.,	
Pywell,	R.,	Emmett,	B.,	&	Vanbergen,	A.	J.	(2022).	Long-	term	
cattle grazing shifts the ecological state of forest soils. 
Ecology and Evolution,	12,	e8786.	https://doi.org/10.1002/
ece3.8786

https://doi.org/10.1111/j.1442-9993.2006.01597.x
https://doi.org/10.1111/j.1442-9993.2006.01597.x
https://doi.org/10.1111/brv.12567
https://doi.org/10.1111/brv.12567
https://doi.org/10.2134/agronj1994.00021962008600050004x
https://doi.org/10.2134/agronj1994.00021962008600050004x
https://doi.org/10.1038/srep06365
https://doi.org/10.1038/srep06365
https://doi.org/10.1016/j.actao.2009.04.001
https://doi.org/10.1016/j.actao.2009.04.001
https://doi.org/10.4324/9780203797082-19
https://doi.org/10.4324/9780203797082-19
https://doi.org/10.1111/j.1365-2656.2006.01099.x
https://doi.org/10.1007/s00442-007-0766-3
https://doi.org/10.1111/1365-2435.12191
https://doi.org/10.1111/1365-2435.12191
https://doi.org/10.1016/j.foreco.2005.11.002
https://doi.org/10.1016/j.foreco.2005.11.002
https://doi.org/10.1007/s11104-014-2277-4
https://doi.org/10.1007/s11104-014-2277-4
https://doi.org/10.1111/gcb.14841
https://doi.org/10.1016/j.soilbio.2005.12.019
https://doi.org/10.1016/j.soilbio.2018.03.007
https://doi.org/10.1007/BF00317685
https://doi.org/10.1111/ele.12125
https://doi.org/10.1111/gcb.12065
https://doi.org/10.1002/ece3.8786
https://doi.org/10.1002/ece3.8786

