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Abstract
Deforestation and agricultural expansion in the tropics affect local and regional cli-
matic conditions, leading to synergistic negative impacts on land ecosystems. Climatic 
changes	manifest	in	increased	inter-		and	intraseasonal	variations	and	frequency	of	ex-
treme	climatic	events	(i.e.,	droughts	and	floods),	which	have	evident	consequences	for	
aboveground	biodiversity.	However,	until	today,	there	have	been	no	studies	on	how	
land	use	affects	seasonal	variations	below	ground	in	tropical	ecosystems,	which	may	
be	more	buffered	against	 climatic	 variation.	Here,	we	analyzed	 seasonal	 variations	
in	soil	parameters,	basal	respiration,	microbial	communities,	and	abundances	of	soil	
invertebrates	along	with	microclimatic	conditions	in	rainforest	and	monocultures	of	
oil	palm	and	rubber	in	Sumatra,	Indonesia.	About	75%	(20	out	of	26)	of	the	measured	
litter	 and	 soil,	microbial,	 and	 animal	 parameters	 varied	with	 season,	with	 seasonal	
changes	in	50%	of	the	parameters	depending	on	land	use.	Land	use	affected	seasonal	
variations	in	microbial	indicators	associated	with	carbon	availability	and	cycling	rate.	
The	magnitude	of	 seasonal	 variations	 in	microbial	 parameters	 in	 the	 soil	 of	mono-
cultures	was	almost	40%	higher	than	in	the	soil	of	rainforest.	Measured	parameters	
were	 associated	with	 short-	term	 climatic	 conditions	 (3-	day	 period	 air	 humidity)	 in	
plantations,	but	not	in	rainforest,	confirming	a	reduced	soil	buffering	ability	in	planta-
tions. Overall, our findings suggest that land use temporally shifts and increases the 
magnitude	of	seasonal	variations	of	the	belowground	ecosystem	compartment,	with	
microbial	communities	responding	most	strongly.	The	increased	seasonal	variations	in	
soil	biota	in	plantations	likely	translate	into	more	pronounced	fluctuations	in	essential	
ecosystem	 functions	 such	 as	 nutrient	 cycling	 and	 carbon	 sequestration,	 and	 these	
ramifications	ultimately	may	compromise	the	stability	of	tropical	ecosystems	in	the	
long	term.	As	the	observed	seasonal	dynamics	is	likely	to	increase	with	both	local	and	
global	climate	change,	these	shifts	need	closer	attention	for	the	long-	term	sustainable	
management of plantation systems in the tropics.
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1  |  INTRODUC TION

Land	 use	 and	 climatic	 variations	 are	 arguably	 the	 two	 most	 crit-
ical	 drivers	 of	 ecosystem	 changes	 worldwide	 (IPBES,	 2019).	
Deforestation	and	agricultural	expansion	across	equatorial	lowland	
regions	are	driven	by	the	high	global	demand	for	low-	cost	oils,	such	
as palm oil, and are expected to further increase in the near future 
(Miettinen	et	al.,	2012;	Pirker	et	al.,	2016;	Sumarga	&	Hein,	2016).	
Compared	to	rainforest	and	other	vegetation-		and	species-	rich	eco-
systems,	monoculture	plantations	are	less	resilient	to	both	seasonal	
variations	 in	climate	and	climate	extremes	 (Hutchison	et	al.,	2018; 
Kunert	&	Cárdenas,	2015).	In	monoculture	plantations,	decreased	or	
increased precipitation rates and prolonged dry seasons may have 
consequent	effects	on	various	ecosystem	components.	For	exam-
ple,	 oil	 palm	 monoculture	 plantations	 are	 commonly	 covered	 by	
vegetation	with	mainly	shallow	roots	(Zuraidah	et	al.,	2010),	which	
limits their access to deepwater sources resulting in low drought 
tolerance.	 Further,	 global	 climate	 change	 is	 expected	 to	 increase	
the	variability	of	the	El	Niño-	Southern	Oscillation	(ENSO),	the	most	
dominant climate variation on Earth, resulting in prolonged drought 
periods	and	increased	precipitation	variability	in	the	eastern	Pacific	
region	(Cai	et	al.,	2018; Keupp et al., 2017).	These	predicted	changes	
may severely impact rainforest and monoculture plantations, for ex-
ample,	increasing	the	area	unsuitable	for	growing	oil	palm	(Paterson	
et al., 2017),	 and	 reducing	 rainforest	 ecosystem	 services,	 produc-
tivity,	resilience,	and	biodiversity	(Paterson	et	al.,	2017).	While	the	
effects of seasonal and experimental water supply and fluctuation 
were intensively studied in tropical forests, especially for plants 
(Bonal	et	al.,	2016;	Nepstad	et	al.,	2007;	Phillips	et	al.,	2010),	little	is	
known	about	how	increased	seasonal	variations	propagate	beyond	
plant communities and affect microorganisms and animals, including 
those	below	the	ground.

The	belowground	ecosystem	compartment	hosts	a	major	part	of	
terrestrial	biodiversity	and	processes	most	of	the	primary	production	
in	terrestrial	ecosystems,	including	tropical	forests	(Cebrian,	1999).	
Decomposers,	 from	microorganisms	 to	 large	 invertebrates,	are	 re-
sponsible	for	breaking	down	litter	materials,	releasing	nutrients,	and	
making	them	available	for	other	living	organisms	and	plants	(Bardgett	
&	van	der	Putten,	2014).	 Since	 temperature	and	water	 availability	
are	 among	 the	 key	 factors	 regulating	 soil	 biological	 activity,	 de-
composer	 communities	 are	 sensitive	 to	 seasonal	 changes	 (Conant	
et al., 2011;	Gomez	et	al.,	2020; Liu et al., 2009; Taylor et al., 2004; Yu 
et al., 2019).	For	example,	in	a	montane	rainforest	of	Ecuador,	precip-
itation	and	water	content	experimentally	reduced	to	10%–	50%	of	its	
original	value	had	dramatic	consequences	for	microbial	decomposer	
communities,	with	microbial	biomass	being	reduced	by	50%	and	mi-
crobial	predators	by	as	much	as	90%	(Krashevska	et	al.,	2012).	There	
are only a few studies that investigated the effects of seasonality on 

decomposer communities in tropical ecosystems. In the rainforests 
of	China,	Ecuador,	and	Mexico,	seasonal	changes	in	temperature	and	
humidity	have	been	 reported	 to	affect	 the	diversity	and	composi-
tion	of	litter	arthropods	(Beng	et	al.,	2018;	Grimbacher	et	al.,	2018; 
Jacquemin	et	 al.,	 2016;	Marín	et	 al.,	 2016);	however,	 in	Brazil	 and	
Australia,	arthropod	diversity	did	not	respond	 in	a	uniform	way	to	
seasonal	dynamics	(Grimbacher	&	Stork,	2009;	Montine	et	al.,	2014).	
As	 shown	 in	 climate	experiments	 in	 the	 temperate	 zone,	 land	use	
may	modulate	climatic	effects	on	the	abundance	and	diversity	of	soil	
organisms	(Yin	et	al.,	2019, 2020),	but	the	aspect	of	seasonality	has	
been	poorly	explored.

Across	equatorial	 lowland	 regions,	Southeast	Asia	 is	 leading	 in	
deforestation	rates	and	land-	use	change	to	plantation	monocultures	
in	particular	rubber	and	oil	palm,	which	has	implications	on	the	cli-
matic	conditions	not	only	locally	but	also	globally	(Sabajo	et	al.,	2017).	
In	Indonesia	and	Malaysia	combined,	oil	palm	monoculture	covered	
more	than	1.7	million	ha	in	2015	(Chong	et	al.,	2017).	Here,	we	build	
on	the	regional-	scale	data	collected	in	the	dominating	lowland	eco-
systems	of	 Jambi	 province,	 Sumatra,	 Indonesia,	 that	 is,	 rainforest,	
and	 plantations	 of	 rubber	 and	 oil	 palm,	 in	 the	 framework	 of	 the	
multidisciplinary	 German-	Indonesian	 EFF	 or	 TS	 project	 (Drescher	
et al., 2016;	Grass	et	al.,	2020).	Previous	studies	at	our	study	sites	
have shown that canopy openness in plantations is approximately six 
times	higher	than	in	rainforest	(Drescher	et	al.,	2016).	This	is	likely	
to affect local soil conditions since canopy openness is among the 
most	important	factor	regulating	the	below-	canopy	microclimate	at	
our	 study	sites	 (Camarretta	et	al.,	2021;	Meijide	et	al.,	2018).	The	
daily	amplitude	and	magnitude	of	below-	canopy	air	temperature	and	
air	humidity	have	been	reported	to	be	larger	in	monocultures	than	
in	rainforest	(Meijide	et	al.,	2018).	Shallow	litter	layer	and	root	sys-
tems	in	plantations	(Krashevska	et	al.,	2015;	Zuraidah	et	al.,	2010),	
especially in oil palm, may additionally shift microclimatic condi-
tions	for	soil	organisms	by	changing	evaporation	and	water	uptake	
by	plants.	Moreover,	management	practices	in	oil	palm	and	rubber	
plantations,	 such	 as	 weeding,	 herbicide	 application,	 and	 fertiliza-
tion, impact microclimatic conditions through changes in understory 
plant	cover,	 soil	porosity,	and	water	 infiltration	 (Allen	et	al.,	2015; 
Darras et al., 2019;	Haruna	et	al.,	2018).	All	these	changes	may	con-
tribute	to	the	differences	in	variations	in	soil,	microbial,	and	animal	
parameters	between	rainforest	and	plantations.	Thus,	in	the	present	
study, we investigated how land use and microclimatic seasonal vari-
ability	affect	soil	parameters,	microbial	communities,	and	dominant	
groups	of	soil	 fauna.	We	surveyed	rainforest	and	monocultures	of	
oil	palm	and	rubber	on	12	distinct	sites	in	four	seasons,	that	is,	four	
climatically	different	parts	of	the	year,	in	2017.	Our	main	hypothesis	
was	 that	 seasonal	 variation	 of	microbial	 and	 animal	 parameters	 is	
altered and more pronounced in plantations than in rainforest, with 
attenuated	 effect	 on	 animals	 in	 comparison	 to	 microbes	 because	
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the	 latter	 respond	 more	 rapidly	 to	 environmental	 changes.	 Since	
microbes	 regulate	 the	 cycling	 and	 sequestration	of	 carbon	 in	 soil,	
we	specifically	 investigated	microbial	community	indicators	of	car-
bon	 availability	 (Gram-	negative-	to-	Gram-	positive	 bacteria	 ratios)	
and	 cycling	 (fungal-	to-	bacterial	 ratios)	 (Fanin	 et	 al.,	 2019;	 Malik	
et al., 2016).	Assuming	that	the	soil	layer	is	better	protected	against	
climatic	variability	than	the	surface	litter	layer,	we	further	expected	
that	seasonal	variations	in	microbial	and	animal	communities	will	be	
associated	with	changes	in	the	vertical	distribution	of	microbial	and	
animal	communities,	especially	 in	plantations.	Finally,	by	assessing	
parallel seasonal changes in microclimate, we also aimed at investi-
gating	if	associations	between	microclimate	and	decomposer	com-
munities depend on land use.

2  |  MATERIAL S AND METHODS

2.1  |  Study area and sampling

The	study	took	place	in	the	tropical	lowlands	of	southeast	Sumatra,	
Indonesia	(Drescher	et	al.,	2016).	Rainforest	and	monoculture	plan-
tations	of	rubber	and	oil	palm	were	studied	in	the	Harapan	region	of	
the	Jambi	province	(1°55′40′′S,	103°15′33′′E;	(Drescher	et	al.,	2016).	
Rainforest used as a reference land use comprised primary degraded 
rainforest	(Rembold	et	al.,	2017).	Rubber	plantations	comprised	rub-
ber	(Hevea brasiliensis	Muell.	Arg.)	monocultures	with	an	average	age	
of	16 years,	while	oil	palm	(Elaeis guineensis	Jacq.)	plantations	com-
prised	oil	palm	monocultures	with	an	average	age	of	17 years.	Each	
of	 the	 three	 land-	use	 types	was	 replicated	 four	 times,	 resulting	 in	
12	sampling	sites,	each	with	a	50 × 50 m	sampling	plot.	Inside	each	
sampling	 plot,	 one	5 × 5	m	 subplot	was	 established	 (subplot	 “a”	 in	
Drescher et al., 2016).

We	sampled	each	sampling	site	four	times	in	2017:	March,	June,	
September,	and	November	(hereafter,	referred	to	as	“seasons”).	The	
four seasons were assumed to cover the full range of seasonal vari-
ations	in	the	region	(Drescher	et	al.,	2016).	February	and	March	of	
2017	are	rather	wet,	with	rainfall	almost	every	day,	so	sampling	in	
March	represents	the	end	of	the	rainy	season.	April	to	mid-	June	is	
characterized	by	frequent	precipitation	but	also	some	days	without	
precipitation, so sampling in June represents the wet to dry season 
transition	period.	Mid-	June	to	the	beginning	of	September	is	charac-
terized	by	two	long	periods	of	drought,	only	interrupted	by	a	slightly	
wetter	period	in	mid-	August,	so	sampling	in	September	represents	
the	peak	of	 the	dry	season.	From	October	 to	 the	end	of	 the	year,	
precipitation	occurs	 frequently,	with	only	a	 few	days	without	pre-
cipitation,	so	sampling	in	November	represents	the	start	of	the	rainy	
season	(Drescher	et	al.,	2016).

For	microbial	 and	 soil	 parameters,	 five	 cores	were	 taken	 from	
the	 subplot	 to	account	 for	 small-	scale	 spatial	 variation.	 Litter	 (L/F	
horizon)	and	upper	mineral	soil	samples	 (Ah	horizon,	 to	a	depth	of	
5	cm)	were	taken	using	a	soil	corer	5	cm	in	diameter.	Litter	and	soil	
samples	were	pooled	from	each	set	of	five	cores	to	obtain	two	mixed	
samples	per	 subplot	 (one	 for	 litter	 and	one	 for	 soil).	 Seeds,	 twigs,	

roots,	and	coarse	woody	debris	were	removed	by	hand.	Before	anal-
yses,	the	soil	was	sieved	(4-	cm	mesh)	and	litter	was	cut	to	pieces	(ca.	
1 cm).	 From	 these	 samples,	water	 content,	microbial	 biomass,	 pH,	
amount	of	litter	and	roots,	carbon	and	nitrogen	concentration	of	lit-
ter,	phospholipid	fatty	acid	(PLFA)	markers	and	their	ratios,	as	well	as	
microbial	biomass	were	analyzed	(see	below).	To	sample	animals,	one	
16 × 16 cm	sample	was	taken	using	a	spade	from	each	subplot	(see	
Animal abundance	below).	Litter	and	upper	mineral	soil	 (to	a	depth	
of	5	cm)	were	processed	separately.	In	total,	96	samples	were	taken	
and	 analyzed	 for	 soil	 parameters,	 microorganisms,	 and	 animals	 (3	
land	uses × 4	seasons × 2	layers × 4	replicates).

2.2  |  Meteorological measurements

A	network	of	meteorological	stations	in	the	Harapan	landscape	was	
used	to	monitor	below-	canopy	microclimatic	conditions	in	rainforest,	
rubber,	and	oil	palm	monoculture	plantations	(Meijide	et	al.,	2018).	
In	the	center	of	each	50 × 50 m	sampling	plot,	a	meteorological	sta-
tion	 was	 established.	 Below-	canopy	 air	 temperature	 and	 relative	
humidity	were	measured	 at	 2	m	height	 above	 the	 ground	 surface	
with	 a	 thermohygrometer	 (Galltec+Mela,	 Bondorf,	 Germany)	 and	
soil	temperature	and	soil	moisture	at	30 cm	depth	below	the	ground	
surface	with	a	Trime-	Pico	32	soil	probe	(IMKO,	Ettlingen,	Germany)	
at	an	interval	of	one	measurement	per	hour.	UIT	LogTrans	16-	GPRS	
data	loggers	(UIT,	Dresden,	Germany)	were	used	to	record	the	data.	
In	addition	to	the	below-	canopy	microclimatic	conditions,	we	used	
precipitation	 measurements	 from	 three	 open-	area	 meteorological	
stations	 in	 the	 Harapan	 region	 located	 at	 the	 same	 elevation.	 At	
these	 stations,	 precipitation	was	measured	 at	 1.5-	m	height	 above	
the	 ground	 surface	 with	 two	 tipping	 bucket	 precipitation	 gauges	
at	each	station	(Thies	Clima,	Göttingen,	Germany)	and	stored	on	a	
DL16	data	logger	(Thies	Clima).

2.3  |  Soil and microbial parameters

For testing the impact of seasonality on soil parameters, part of the 
litter	and	soil	material	was	dried	at	65°C	for	72 h,	milled,	and	ana-
lyzed	for	total	C	and	N	concentrations	using	an	elemental	analyzer	
(Carlo	Erba;	Milan,	Italy).	Soil	pH	(CaCl2)	was	measured	using	a	digital	
pH	meter	(Greisinger	GPHR	1400A,	Regenstauf).	The	amount	of	lit-
ter and water content of litter and soil were determined gravimetri-
cally	from	16 × 16 cm	samples	for	the	animal	extraction	(Table 1).	To	
measure	water	content,	substrates	were	weighed	fresh	and	air-	dried	
(50°C	for	1	week).

Basal	 respiration	 and	microbial	 biomass	 in	 litter	 and	 soil	 were	
determined	by	measuring	 oxygen	 (O2)	 consumption	with	 an	 auto-
mated	respirometer	system	 (Scheu,	1992).	Microbial	basal	 respira-
tion	of	moist	field	samples	(1	g L/F	material	cut	to	pieces	<25 mm2 
and	5	g Ah material sieved <2 mm)	was	measured	at	22°C;	the	mean	
O2	 consumption	 during	 hours	 10–	20	 after	 attachment	 to	 the	 res-
pirometer	 was	 used.	 Microbial	 biomass	 carbon	 was	 assessed	 by	
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TA B L E  1 Measured	parameters	for	soil	and	litter,	microorganisms,	and	animal	taxa.	Only	dominant	PLFA	biomarkers	and	animal	groups	
present	in	at	least	60%	of	the	samples	were	analyzed

Parameter Method Units Description

Soil and litter

Litter amount Gravimetry g	litter	in	a	16 × 16 cm	area The	buffering	cover	of	the	soil,	habitat,	and	
resource	for	microbes	and	fauna	(Fujii	
et al., 2020)

Roots Gravimetry g	fresh	fine	roots	(<4 mm	in	diameter)	
in g−1 dry weight of soil

Reflect	potential	supply	of	labile	carbon	to	
soil	organisms	(Eisenhauer	et	al.,	2017; 
Pollierer	et	al.,	2007)

Water	content Gravimetry wet	weight	(proportion	of	dry	weight) Optimum moisture supports the high 
activity	of	soil	organisms	(Bahram	
et al., 2018;	Bickel	&	Or,	2020;	Gomez	
et al., 2020; Krashevska et al., 2012)

pH(CaCl2) Digital	pH	meter –	 Proxy	for	substrate	acidity	affects	the	
composition of soil communities, such 
as	fungi-	to-	bacteria	ratio	(Bahram	
et al., 2018;	Johannes	&	Erland,	2009)

C	and	N	
concentrations

Elemental	analyzer total	C	(%);	total	N	(%) Proxy	for	the	quality	of	food	resources	for	
microbes	and	fauna

Microorganisms

Basal respiration Automated	respirometer	
system

μg O2 h−1 g−1 soil dry weight Represents	the	total	microbial	activity	
(Scheu,	1992)

Microbial	biomass Automated	respirometer	
system

Cmic; μg g−1 dry weight Represents	the	total	living	microbial	
biomass	(Scheu,	1992)

Gram-	negative	
bacteria	(GN	
bacteria)

PLFAs:	16:1ω7,	cy17:0	and	
cy19:0

nmol g−1 dry weight Relative	markers	of	Gram-	negative	
bacteria,	the	sum	represents	the	
active	community	of	Gram-	negative	
bacteria	(Zelles,	1997, 1999).	Microbial	
decomposer	(use	more	plant-	derived	C	
sources;	Kramer	&	Gleixner,	2008);	N-	
fixators, food for animals and protists.

Gram-	positive	
bacteria	(GP	
bacteria)

PLFAs:	i15:0,	a15:0,	i16:0,	and	
i17:0

nmol g−1 dry weight Relative	markers	of	Gram-	positive	
bacteria,	the	sum	represents	the	
active	community	of	Gram-	positive	
bacteria	(Zelles,	1997, 1999).	Microbial	
decomposer	(use	more	organic	
matter	derived	C	sources;	Kramer	&	
Gleixner,	2008);	food	for	animals	and	
protists.

Fungi PLFA:	18:2ω6,9 nmol g−1 dry weight Relative marker of saprophytic fungi 
(Frostegard	&	Baath,	1996;	Ruess	&	
Chamberlain,	2010).	Decomposers,	
food for animals and protists.

Gram-	positive-	to-	
Gram-	negative	
bacteria	ratio	
(GP:GN	ratio)

GP:GN	bacterial	PLFAs ratio Relative	indicator	of	carbon	availability;	
high	values	indicate	lower	availability	
(Fanin	et	al.,	2019)

Fungi-	to-	bacteria	
ratio	(F:B	ratio)

Fungal-	to-	bacterial	PLFAs ratio Relative	indicator	of	carbon	cycling;	high	
values indicate slower cycling and 
greater	C	storage	potential	(Malik	
et al., 2016)

Animals

Oribatida Visual sorting individuals	in	a	16	× 16 cm	sample Microdecomposers,	feeding	on	detritus	
and microorganisms

Collembola Visual sorting individuals	in	a	16	× 16 cm	sample Microdecomposers,	feeding	on	detritus	
and microorganisms
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measuring	 the	 maximum	 initial	 respiratory	 response	 (MIRR)	 after	
glucose	 addition	 at	 22°C	 and	 calculated	 as	 38×	 MIRR	 (Anderson	
&	 Domsch,	 1978; Beck et al., 1997;	 Joergensen	 &	 Scheu,	 1999).	
Glucose	 (80	and	40 mg g−1	dry	wt	 for	 L/F	horizon	and	Ah	 horizon,	
respectively)	was	 added	 as	 an	 aqueous	 solution	 adjusting	 the	 soil	
water	content	to	80%–	90%	of	the	water	holding	capacity	of	the	lit-
ter and soil materials. The mean of the three lowest measurements 
during	the	first	10	h	after	glucose	addition	was	taken	as	the	MIRR	
(for	details	see	Table 1).

Major	microbial	 groups	 in	 litter	 and	 soil,	 such	 as	 bacteria	 and	
fungi,	were	analyzed	by	fatty	acids	analysis	(Frostegård	et	al.,	2011).	
For	measuring	phospholipid	fatty	acids	(PLFAs),	1	g	L/F	material	and	
2	g	Ah	material	were	extracted	following	the	procedure	of	Frostegård	
et	al.	(1993).	Individual	PLFA	biomarkers	and	their	ratios	were	used	
to	represent	changes	 in	microbial	communities	and	 indicator	func-
tions	(Table 1).	The	fungal-	to-	bacterial	PLFA	(F:B)	ratio	is	related	to	
carbon	 cycling	 with	 higher	 ratios	 reflecting	 slower	 cycling	 (Malik	
et al., 2016).	 The	 Gram-	negative-	to-	Gram-	positive	 PLFA	 (GN:GP)	
ratio	 is	 related	 to	 carbon	 availability	 with	 higher	 ratios	 reflecting	
lower	availability	(Fanin	et	al.,	2019).

2.4  |  Animal abundance

Soil	 animals	were	extracted	 from	 the	 litter	 and	 soil	 samples	using	
a	 heat	 gradient	 from	 40–	50°C	 above	 to	 15°C	 below	 the	 sample	
(Kempson	et	al.,	1963),	collected	 in	dimethylene	glycol	-		water	so-
lution	 (1:1),	 and	 transferred	 into	 70%	 ethanol.	 All	 animals	 were	
counted	 and	 sorted	 to	 broad	 taxonomic	 groups	 (orders	 and	 fami-
lies; Table 1)	 under	 a	 dissecting	 microscope.	 We	 used	 previous	
data	 sets	 on	metabolic	 rates	 of	 soil	 fauna	 from	 the	 rainforest,	 oil	
palm,	and	rubber	monocultures	at	the	same	sampling	sites	(Potapov	
et al., 2019)	to	calculate	average	land	use-	specific	per	group	meta-
bolic	 rates.	We	multiplied	average	metabolic	 rates	by	 the	numeric	
abundance	of	taxonomic	groups	and	summed	them	up	to	calculate	

total	soil	animal	community	metabolism	per	square	meter	for	each	
sampling	site.	Animal	community	metabolism	representing	total	ani-
mal	 activity	was	 compared	 to	 basal	 respiration	 representing	 total	
microbial	activity.

2.5  |  Data analysis

For animals and fatty acids, we selected groups that were present 
on	more	than	60%	of	sites	because	groups	that	were	found	on	fewer	
sites	 likely	 to	 be	 undersampled	 and	 corresponding	models	 poorly	
described	the	data.	All	fatty	acid	proportions	and	proportions	of	dif-
ferent	microbial	 groups	were	 logit-	transformed	prior	 to	 the	analy-
sis	for	normal	distribution	approximation	and	variance	stabilization	
(Warton	&	Hui,	2011).

To test the effect of seasonality on different components of the 
decomposer	system,	we	applied	linear	mixed-	effects	modeling	(LME)	
as implemented in the lme4	 package	 (Bates	 et	 al.,	2015).	 “Season”,	
“Land	 use”,	 “Layer,”	 and	 their	 pairwise	 interactions	were	 added	 as	
fixed	factors	and	“Plot”	and	“Sample”	(i.e.,	plot	at	particular	season)	as	
random	intercepts	(n =	96).	Data	distribution	for	each	parameter	was	
visually	checked	and	the	following	data	distributions	were	fitted	to	
the	initial	models	according	to	the	data	type	and	distribution:	(1)	for	
animal	counts,	we	used	generalized	models	with	Poisson	distribution;	
(2)	for	logit-	transformed	fatty	acid	data	and	soil	parameters,	we	used	
Gaussian	distribution;	(3)	for	the	total	animal	community	metabolism	
data,	we	used	Gaussian	distribution	after	log-	transformation.	Before	
fitting a model, we controlled for outliers in each parameter with 
Rosner's	generalized	extreme	Studentized	deviate	test	using	rosnerT-
est from the EnvStats	package	(Millard,	2013).	In	total,	8	outliers	out	
of	2640	observations	were	detected	(0.3%).	To	keep	all	replicates,	we	
corrected	the	offset	from	the	closest	non-	outlier	value	for	each	out-
lier	by	−80%	(an	arbitrary	value,	but	the	selection	is	unlikely	to	affect	
any	results).	Corrected	data	 included	sampling	or	technical	analysis	
biases,	 for	 example,	 a	 sample	with	 extremely	 high	 local	 density	 of	

Parameter Method Units Description

Mesostigmata Visual sorting individuals	in	a	16	× 16 cm	sample Micropredators,	feeding	on	
microdecomposers and nematodes

Symphyla Visual sorting individuals	in	a	16	× 16 cm	sample Microdecomposers,	feeding	on	
microorganisms

Diptera Visual sorting individuals	in	a	16	× 16 cm	sample Mixed	functional	role	(include	detritivores,	
microbivores,	predators,	and	
herbivores)

Formicidae Visual sorting individuals	in	a	16	× 16 cm	sample Omnivores with diverse food resources

Psocoptera Visual sorting individuals	in	a	16	× 16 cm	sample Microdecomposers,	feeding	on	detritus	
and microorganisms

Coleoptera Visual sorting individuals	in	a	16	× 16 cm	sample Mixed	functional	role	(include	detritivores,	
microbivores,	predators,	and	
herbivores)

Total soil animal 
metabolism

Visual	sorting	and	metabolic	
regressions

Joule	per	hour	per	16	× 16 cm	area Proxy	for	the	total	feeding	activity	of	soil	
animals

TA B L E  1 (Continued)
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Formicidae	(an	ant	nest	was	sampled)	or	a	waterlogged	sample	with	
high water content. This was done to improve the fit of the models 
for	 other	 observations.	After	 fitting	 the	 initial	models	 for	 each	 re-
sponse	variable,	we	checked	model	residuals	for	heteroscedasticity	
using leveneTest from the car	package	(Fox	&	Weisberg,	2019).	If	het-
eroscedasticity	was	detected	among	land	uses	or	layers,	we	re-	fitted	
the	model	using	generalized	least	squares	as	implemented	in	the	nlme 
package	(GLS)	(Pinheiro	et	al.,	2020).	This	allowed	us	to	explicitly	ac-
count for different scales of data variation in soil and litter, or in the 
different	land	uses	(Zuur	et	al.,	2009).	Effect	significance	in	the	final	
model	was	evaluated	with	Wald	chi-	square	analysis	of	variance	using	
Anova from the car package.

For	 other	 analyses,	we	 normalized	 and	 scaled	 data	 to	make	 it	
comparable	across	all	variables.	Skewed	data,	that	is,	animal	counts	
and	total	animal	community	metabolism	were	log-	transformed	(zeros	
were	included	by	adding	minimum	value	across	all	non-	zero	observa-
tions).	After	that	all	variables	were	scaled	and	centered	around	zero;	
we	used	z-	standardization,	that	is,	subtracted	means	and	divided	all	
data	by	its	standard	deviations.

To test if the magnitude of seasonal variations is higher in trans-
formed ecosystems than in rainforest and in the litter than in soil, we 
compared seasonal coefficients of variation in all studied parameters 
using the scaled data. First, we calculated coefficients of variation 
(CVs)	across	 four	seasons	 for	each	parameter	 in	each	plot	and	 layer	
(n =	4	per	plot).	We	further	compared	average	CVs	across	plots	in	the	
rainforest	with	those	 in	rubber	and	oil	palm	using	pairwise	compari-
sons with t.test	with	Welch	approximation	for	the	degrees	of	freedom.

To	study	how	the	association	of	climatic	and	soil	variables	de-
pends on the land use and the time frame at which the climatic data 
were	 measured,	 we	 applied	 non-	metric	 multidimensional	 scaling	
(NMDS)	as	implemented	in	the	vegan	package	(Oksanen	et	al.,	2020).	
We	used	averaged	values	across	plots	for	each	land	use	since	there	
were	 some	 technical	 gaps	 in	 climatic	 data	on	 individual	 plots.	We	
further included dominant animal taxonomic groups, total animal 
metabolism,	 individual	 fatty	 acid	 concentrations,	 and	 soil	 parame-
ters	in	the	analysis	(Table 1).	All	variables	were	controlled	for	outli-
ers,	transformed,	and	scaled	prior	to	the	analysis	as	described	above.	
NMDS	was	run	separately	in	each	of	the	three	land	uses	(k	was	set	
to	three	to	ensure	the	stress	value	below	0.1).	The	effect	of	climatic	
variables	was	assessed	by	averaging	below-	canopy	air	humidity	and	
soil	moisture	over	a	period	of	3,	13,	and	28 days	before	the	sampling	
date	and	fitting	them	onto	the	NMDS	ordination	using	envfit from 
the vegan package.

3  |  RESULTS

3.1  |  Climate

Below-	canopy	 air	 relative	humidity,	 air	 temperature,	 soil	moisture,	
and soil temperature followed a distinct seasonal pattern, with 
the	lowest	air	humidity	and	soil	moisture	in	all	 land	uses	 in	August	
and	 September	 (the	 peak	 dry	 season;	 Figure 1,	 Table	 S1).	 The	 air	

temperature	was	lowest	in	February	and	March	(the	peak	rainy	sea-
son).	Across	the	year,	the	rainforest	had	about	5%	higher	air	relative	
humidity	and	about	2°C	lower	temperature	of	both	air	and	soil	than	
plantations.	Soil	moisture	was	similar	across	land	uses,	except	for	high	
moisture	 in	March–	April	 in	 some	 rubber	plots	 (Figure 1,	Table	S1).	
The	magnitude	of	seasonal	variation	of	air	humidity	was	16%–	20%	
higher	in	both	monoculture	plantations	than	in	rainforest,	while	that	
of	air	temperature	was	8%	higher	in	oil	palm	only	(Figure	S1).

3.2  |  Decomposer system

Season,	either	directly	or	in	interaction	with	Land	use	or	Layer,	signif-
icantly affected all the measured parameters, except nitrogen con-
centration	in	litter	and	soil,	number	of	Formicidae,	and	total	animal	
metabolism	(Figure 2; for mean values and standard deviations see 
Tables	S2 and S3; for units Table 1;	for	statistical	analysis	Table	S5).	
Most	of	the	 litter	and	soil	parameters	 (pH,	 litter	amount,	and	root	
biomass)	were	affected	by	Season	 independently	of	Land	use	and	
Layer,	whereas	water	content	varied	interactively	with	Season	and	
Layer	(reduction	in	water	content	by	4%	in	soil	and	13%	in	litter	in	
September).	Vertical	 distribution	of	 carbon	concentration,	but	not	
that	of	nitrogen,	varied	with	Season	and	Land	use	(Tables	S2 and S3).

Almost	 all	 microbial	 parameters	were	 affected	 directly	 by	 the	
Season	(Figure 2).	However,	the	effect	of	Season	varied	with	Land	
use	and	Layer	for	all	bacterial	and	fungal	biomarkers,	with	bacterial	
biomarkers	 cy19:0	 (Gram−)	 and	 i16:0	 (Gram+)	 showing	 the	 stron-
gest	 response	 (significant	 Season × Land	 use × Layer	 interaction;	
Figures 2, S2).	In	7	out	of	11	microbial	parameters,	the	Season × Layer	
interaction	was	significant,	whereas	the	Season × Land	use	interac-
tion	was	only	significant	in	3	out	of	11	microbial	parameters.	The	mi-
crobial	parameters	(basal	respiration	and	microbial	carbon)	changed	
similarly	with	season	across	land	uses,	but	the	vertical	distribution	of	
microbial	carbon	was	modified	by	Land	use	and	Season.

All	microbial	biomarkers,	except	PLFA	 i17:0,	varied	with	Season	
(Figure 2;	Tables	S2, S3).	In	2 Gram-	negative	bacterial	PLFAs	(cy17:0,	
cy19:0)	and	1 Gram-	positive	bacterial	PLFA	(a15:0)	as	well	as	the	fun-
gal	PLFA	(18:2ω6,9),	the	Season	× Land use interaction was significant 
(Figure 2,	Tables	S2 and S3).	Further,	the	vertical	distribution	between	
litter	and	soil	of	all	microbial	biomarkers	except	PLFA	cy17:0	varied	
with	Season	and	Land	use	 (significant	Season × Land	use × Layer	 in-
teraction; Figure 2,	 Tables	S2 and S3).	Generally,	 the	F:B	 ratio	was	
91%	higher	in	litter	than	in	soil,	but	it	varied	interactively	with	Land	
use,	Season,	and	Layer	(significant	Season × Land	use × Layer	interac-
tion; Figure 3,	Tables	S2 and S3).	In	litter	of	all	land	uses,	the	F:B	ratio	
was	lowest	in	November;	however,	in	litter	of	rainforest,	it	continu-
ously	decreased	from	March	to	November	 (−36%),	whereas	 in	 litter	
of	rubber,	it	was	highest	in	June	(48%	higher	than	in	November)	and	
in	oil	palm	 in	September	 (77%	higher	 than	 in	November)	 (Figure 3, 
Tables	S2 and S3).	Similar	to	litter,	in	rainforest	soil,	the	F:B	ratio	de-
creased	from	March	to	November	(−82%),	but	not	 in	plantations.	 In	
soil	of	rubber,	it	was	highest	in	November	and	lowest	in	June	(−37%)	
and	 in	 oil	 palm,	 it	 was	 highest	 in	March	 and	 lowest	 in	 September	
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F I G U R E  1 Seasonal	variations	in	
below-	canopy	air	relative	humidity	and	
temperature, and in soil moisture and 
temperature	(30 cm	depth)	at	the	study	
sites	in	2017.	Local	polynomial	regression	
smoothers	with	95%	confidence	intervals	
are shown. Different land uses are shown 
with	colors:	rainforest	(green),	rubber	
(orange),	and	oil	palm	(yellow).	Vertical	
dashed lines indicate the four sampling 
dates:	March,	June,	September,	and	
November

F I G U R E  2 Seasonal	variations	in	
parameters	for	soil	and	litter	(bulk),	
microorganisms,	and	animal	taxa	(animals)	
in	rainforest,	rubber,	and	oil	palm	
plantations.	Histograms	show	medians	in	
the	litter	(light	color,	above	the	line)	and	
soil	(full	color,	below	the	line)	for	each	
parameter	in	each	Season	and	Land	use	
(Sys).	Measurement	units	are	given	in	
Table 1.	The	bubble	diagram	shows	the	
results	of	linear	mixed-	effects	modeling.	
Bubble	sizes	are	proportional	to	the	
chi-	square	of	the	corresponding	factor	
effects;	dark	circled	bubbles	indicate	
significant effects
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(−52%)	(Figure 3,	Tables	S2, S3 and S5).	 In	contrast	to	the	F:B	ratio,	
the	GN:GP	ratio	was	66%	higher	in	soil	than	in	litter,	but	it	also	var-
ied	 interactively	way	with	 Land	 use,	 Season,	 and	 Layer	 (significant	
Season × Land	use × Layer	interaction;	Figure 3,	Tables	S2, S3 and S5).

In	litter	of	all	land	uses,	the	GN:GP	ratio	was	highest	in	March;	
however, in litter of rainforest, it continuously decreased from 
March	to	November	(−61%),	whereas	in	litter	of	rubber,	it	was	lowest	
in	September	(55%	lower	than	in	March)	and	in	oil	palm	in	June	(42%	
lower	than	in	March)	(Figure 3,	Tables	S2 and S3).	Similar	to	litter,	in	
soil,	the	GN:GP	ratio	was	highest	in	March	and	it	continuously	de-
creased	from	March	to	November	in	soil	of	rainforest	(−83%),	rubber	
(−73%),	and	oil	palm	plantations	(−62%)	(Figure 3,	Tables	S2 and S3).

Among	 animal	 groups,	 Psocoptera,	 Diptera,	 Oribatida,	 and	
Mesostigmata	 were	 30–	80%	 more	 abundant	 in	 September	 and	
November,	 as	 compared	 to	 March	 and	 June,	 in	 each	 land	 use	
(Season	effect,	Figure 2,	Tables	S2 and S3).	 In	Psocoptera,	Diptera	
and	 Symphyla	 seasonal	 changes	 in	 abundance	 varied	 with	 Land	
use	 (Figure 2,	 significant	 Season × Land	 use	 interaction,	 Tables	 S2 
and S3).	 The	 vertical	 distribution	 between	 litter	 and	 soil	 varied	
with	Season	 in	 five	out	of	nine	 animal	 groups	and	 this	 effect	 var-
ied	with	Land	use	for	Diptera	and	Coleoptera	(Figure 2, significant 
Season × Land	use × Layer	 interaction,	Tables	S2 and S3).	Total	ani-
mal	metabolism	generally	did	not	vary	consistently	with	Season	and	
Land	use	but	was	higher	in	soil	than	in	litter	at	most	sampling	dates	
(Figure 2,	Layer	effect,	Tables	S2 and S3).

3.3  |  The magnitude of seasonal variations and 
correlations with climate

In	 both	 plantations,	 seasonal	 variations	 in	 microbial	 community	
indicators	 were	 almost	 40%	 higher	 than	 in	 rainforest	 (Figures 4 

and S2).	In	addition,	in	litter	of	oil	palm	plantations,	seasonal	varia-
tions	in	animal	abundance	were	up	to	40%	higher	than	in	rainforest	
(mostly	driven	by	Collembola,	Mesostigmata,	and	Symphyla),	and	in	
soil	parameters,	 it	was	almost	35%	higher	 (mostly	driven	by	water	
content,	carbon	concentration,	and	roots	biomass;	Figures 4 and S2).

Soil	moisture	averaged	for	3 days	before	the	sampling	was	sig-
nificantly associated with parameters of the decomposer system in 
rubber	and	oil	palm	plantations	(R2 =	0.44–	0.67,	p < .010)	but	not	in	
rainforest	(R2 =	0.07,	p =	.589,	Figure 5).	By	contrast,	soil	moisture	
and	air	humidity	averaged	for	28 days	before	the	sampling,	were	not	
associated with parameters of the decomposer system in oil palm 
plantations	(Table	S4).

4  |  DISCUSSION

Here,	we	analyzed	complex	changes	in	the	decomposer	system	asso-
ciated with seasonal variations in climatic conditions under tropical 
land-	use	change.	The	majority	of	the	measured	litter	and	soil,	micro-
bial,	and	animal	parameters	(20	out	of	26)	changed	with	the	season.	
Land use shifted these seasonal changes in 13 parameters, either 
directly	or	by	modifying	the	vertical	distribution	of	the	given	param-
eter.	Further,	the	magnitude	of	the	seasonal	variations	in	microbial	
parameters	in	soil	of	rubber	and	oil	palm	monocultures	considerably	
exceeded	that	in	rainforest	(by	almost	40%).	These	changes	reflect	
the higher sensitivity of the decomposer system of plantations to 
short-	term	(3 days)	variations	in	microclimatic	conditions	compared	
to rainforest.

Our	main	 hypothesis	was	 that	 seasonal	 variations	 in	microbial	
and	animal	parameters	(their	maxima	and	minima)	shift	in	time	and	
are more pronounced in plantations than in rainforest. This was 
supported especially for microorganisms, as seasonal changes in 

F I G U R E  3 Seasonal	variations	in	the	
fungi-	to-	bacteria	(F:B)	ratio	and	Gram-	
negative-	to-	Gram-	positive	(GN:GP)	ratio	
in	litter	(upper	panel)	and	soil	(lower	panel)	
of	different	land	uses	(rainforest,	rubber,	
and	oil	palm	plantations)



    |  9 of 13KRASHEVSKA et al.

the	 majority	 of	 microbial	 parameters	 were	 affected	 by	 land	 use.	
Furthermore,	 the	F:B	PLFA	ratio	as	 indicator	of	carbon	sequestra-
tion	 (Malik	 et	 al.,	 2016)	 showed	higher	 seasonal	 variation	 in	 plan-
tations than in rainforest, where it was similar throughout the year. 
Higher	GN:GP	 bacterial	 PLFA	 ratios	 in	 plantations	 in	most	 of	 the	
seasons,	especially	in	litter,	indicate	lower	C	availability	and	thereby	
lower	ecosystem	productivity	in	plantations	than	in	rainforest	(Fanin	
et al., 2019).	This	may	indicate	higher	sensitivity	of	microorganisms	in	
plantations	to	seasonal	climatic	changes	than	in	rainforest.	However,	
plantation	management	such	as	herbicide	and	fertilizer	applications	
may	also	have	contributed	to	the	observed	differences.	Among	soil	
animals, seasonal variations in rainforest were less pronounced than 
in	 plantations	 in	 Psocoptera,	 Diptera,	 and	 Coleoptera	 but	 not	 in	
other taxa. This is in line with our expectation that soil microorgan-
isms	more	 sensitively	 and	more	quickly	 respond	 to	environmental	
changes	than	soil	animals.	This	may	be	due	to	higher	growth	rates	of	
microorganisms than animals and higher dependency on water avail-
ability	as	well	as	seasonal	changes	in	litter	and	soil	parameters,	for	
example,	pH	(Bahram	et	al.,	2018;	Bickel	&	Or,	2020).	Surprisingly,	

only a few studies investigated seasonal changes in soil microorgan-
isms	in	different	land	uses	(Lan	et	al.,	2021;	Lepcha	&	Devi,	2020),	
whereas several studies investigated seasonal changes in soil ani-
mals	(Grimbacher	et	al.,	2018;	Grimbacher	&	Stork,	2009;	Montine	
et al., 2014),	but,	to	the	best	of	our	knowledge,	no	studies	exist	for	
Southeast	Asia	(but	see	Beng	et	al.,	2018).	Similar	to	our	study,	the	
abundance	 of	 litter-	dwelling	 Coleoptera	 in	 tropical	 rainforests	 of	
Australia	varied	with	season	(Grimbacher	&	Stork,	2009).	However,	
in contrast to Coleoptera, Formicidae did not show any changes 
with seasonality. This is in line with the results on epigaeic ants 
from	a	Brazilian	Atlantic	rainforest	but	contrasts	findings	from	other	
tropical	 forests	 (Grimbacher	 et	 al.,	 2018;	 Jacquemin	 et	 al.,	 2016; 
Montine	et	al.,	2014).	Also,	microarthropods,	such	as	Collembola	and	
Oribatida,	did	not	show	clear	seasonal	changes	in	the	different	land	
uses,	contrasting	results	from	the	tropical	forest	and	rubber	planta-
tions	in	China	(Beng	et	al.,	2018).	In	general,	in	our	study,	changes	in	
seasonal dynamics with changes in land use were more pronounced 
in	 soil	 macrofauna,	 that	 is,	 Coleoptera,	 Psocoptera,	 and	 Diptera	
(except	 Formicidae)	 than	 in	 microarthropods	 such	 as	 Oribatida,	
Mesostigmata,	and	Collembola	(except	Symphyla).

According	to	our	second	hypothesis,	seasonal	variations	modify	
the	 vertical	 distribution	 of	microbial	 and	 animal	 communities,	 es-
pecially	 in	plantations.	Although	the	results	of	this	study	generally	
support this hypothesis, the results also suggest that the effects 
of seasonal climatic variations on soil microorganisms are more 
pronounced than on soil animals. In microorganisms, the effect of 
season	and	land	use	were	different	in	litter	and	soil	in	8	of	11	micro-
bial	parameters	and	in	soil	animals,	it	was	in	2	out	of	11	parameters.	
Also,	 both	 indicators	of	 carbon	availability	 (F:B	 and	GP:GN	 ratios)	
had	 significant	 threefold	 interactions,	 suggesting	 that	 carbon	 use	
across	soil	and	litter	is	less	stable,	especially	in	plantations.	Previous	
studies have also reported that in addition to land use and seasons, 
soil	depth	affects	microorganisms	(Lepcha	&	Devi,	2020;	Seuradge	
et al., 2017).	However,	there	is	a	lack	of	knowledge	on	differences	in	
microbial	communities	between	litter	and	soil	layers,	as	most	studies	
investigating depth profiles focused on mineral soil and ignored the 

F I G U R E  4 Differences	in	the	magnitude	of	seasonal	variations	
in	soil	parameters,	microbial	community,	microbial	indicators,	and,	
density	of	animal	groups	in	litter	(upper	panel)	and	soil	(lower	panel)	
between	rainforest	and	rubber	(left)	and	rainforest	and	oil	palm	
plantations	(right).	Coefficients	of	variation	(CV)	of	samples	are	
taken at four seasons. Confidence intervals that do not cross the 
(dashed)	zero	line	indicate	significant	differences	to	rainforest

F I G U R E  5 Non-	metric	multidimensional	scaling	shows	the	association	of	soil	parameters	(brown),	microbial	parameters	(green),	and	
animal	groups	(red)	with	climate	variables	at	different	temporal	scales.	Parameters	in	litter	and	soil	were	bulked.	NMDS	was	constructed	
using	three	axes;	stress	values	were	0.081–	0.095.	Climate	variables	were	averaged	for	the	period	of	3,	13,	and	28 days	before	taking	the	
samples.	Only	significant	associations	are	shown,	arrow	thickness	reflects	the	explanatory	power	(R2)
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litter	 layer	(Fierer	et	al.,	2003; Ko et al., 2017).	This	 is	unfortunate	
as saprotrophic microorganisms are concentrated in the litter layer 
rather than the soil, especially in tropical regions including our study 
sites	(Krashevska	et	al.,	2015).	In	animals,	land	use	modified	seasonal	
changes	in	the	vertical	distribution	of	Diptera	and	Coleoptera.	This	
conforms to previous studies showing the sensitivity of Diptera and 
Coleoptera to seasonal climatic changes, especially in plantations 
(Beng	et	al.,	2018).	The	changes	in	abundance	and	depth	distribution	
in these taxa are likely related to their life cycle and larval stage in 
soil.	Many	Diptera	and	Coleoptera	species	are	associated	with	the	lit-
ter layer and the shallow litter layer and more pronounced variations 
in environmental factors in plantations may render them suscepti-
ble	 to	seasonal	climatic	variations.	 In	 fact,	 the	 litter	 layer	of	 tropi-
cal	forests	is	an	important	habitat	for	soil	organisms,	and	many	soil	
animal	taxa	suffer	 from	shallower	 litter	 layers	 in	plantations	 (Beng	
et al., 2018; Krashevska et al., 2015;	Susanti	et	al.,	2021).	Further,	
the	amount	of	 litter	changes	considerably	with	seasons	and	 these	
changes are most pronounced in plantations, especially in oil palm, 
with	the	amount	of	litter	being	lowest	in	March	and	June	following	
management practices, whereas in rainforest, the amount of litter 
stays	more	constant	throughout	the	year.	Unexpectedly,	Formicidae,	
which	have	been	shown	previously	to	respond	to	seasonal	changes	
in	climate	by	changing	their	vertical	distribution	 in	soil	 (Jacquemin	
et al., 2016),	did	not	show	any	variation	in	vertical	distribution	with	
the season or land use at our study sites. This, however, may reflect 
an	insufficient	sampling	of	this	group	due	to	the	patchy	distribution	
of	ant	colonies	(Rizqulloh	et	al.,	2021).

For	 identifying	 environmental	 factors	 responsible	 for	 the	 ob-
served	 changes	 in	 seasonal	 variations	 in	 microbial	 and	 animal	
parameters,	we	correlated	short-		and	long-	term	fluctuations	in	envi-
ronmental	factors	with	microbial	and	animal	parameters.	The	results	
indicated	that	in	plantations,	but	not	in	the	rainforest,	fluctuations	
in	the	decomposer	system	were	driven	by	short-	term	meteorolog-
ical	 variability.	 This	 highlights	 the	 sensitivity	 of	 the	 decomposer	
system	 in	plantations	 to	variations	 in	 climate	which	presumably	 is	
due	to	reduced	buffering	of	changes	 in	environmental	 factors	due	
to the shallow litter layer in plantations. Earlier studies in central 
Amazonia	also	pointed	to	the	sensitivity	of	soil	microorganisms	and	
mesofauna	 to	 changes	 in	 microclimatic	 conditions	 (Kurzatkowski	
et al., 2004;	Martius	 et	 al.,	2004).	Overall,	 these	 findings	 indicate	
that	the	decomposer	system	in	plantations	is	little	buffered	against	
short-	term	microclimatic	fluctuations.	In	particular,	microorganisms	
and	animals	in	the	upper	biologically	most	active	soil	layers	may	suf-
fer	from	these	fluctuations.	Multiple	groups	of	soil	microorganisms	
and	animals	 together	 support	 soil	 functioning	 (Wagg	et	 al.,	2014).	
The differential responses of different groups to the changes in mi-
croclimate	may	decouple	established	soil	interaction	networks	that	
develop	over	long	time	periods	and	sustain	the	efficiency	of	carbon	
use	 and	 sequestration	 (Morriën	 et	 al.,	 2017).	 In	 this	 context,	 the	
observed	changes	in	microbial	parameters,	related	to	basic	biogeo-
chemical	processes,	and	macrofauna	abundances,	related	to	animal	
engineering of soils, may have complex compromising effects on soil 
functioning	and	the	services	soils	provide.	This	destabilization	of	the	

decomposer system is especially worrying in face of the increased 
frequency	of	extreme	climatic	events	under	global	change	affecting	
above-	belowground	ecosystem	functioning.

To conclude, we investigated for the first time seasonal changes 
in	the	decomposer	system	including	a	wide	range	of	soil,	microbial,	
and	animal	parameters	in	rainforest	and	major	agricultural	replace-
ment	systems	in	South	East	Asia,	a	focal	area	of	land-	use	change	in	
the	tropics.	Soil,	microbial,	and	animal	parameters	including	indica-
tors	of	the	carbon	cycle	varied	with	the	season	in	both	rainforests,	
and	oil	palm	and	rubber	plantations.	Indicators	of	the	structure	and	
functioning	of	microbial	communities	varied	strongly	with	the	sea-
son	in	plantations	but	not	in	rainforest,	and	this	was	also	true	for	in-
dicators	of	animal	communities	but	only	in	litter.	Seasonal	variations	
in	air	relative	humidity	over	a	time	window	of	3 days	were	associated	
with	variations	in	the	decomposer	system	in	plantations,	but	not	in	
rainforest	pointing	toward	the	loss	of	buffering	capacity	of	the	be-
lowground system with the conversion of rainforest into plantations. 
Reduced	buffering	in	plantations	was	associated	with	reduced	litter	
layer opening the perspective for management practices mitigating 
the	reduced	buffering	capacity	of	the	belowground	system,	for	ex-
ample,	mulching	practices	(Formaglio	et	al.,	2021; Tao et al., 2018).	
Our results further suggest that microorganisms are a sensitive in-
dicator of climatic changes in transformed land uses. Overall, our 
findings	suggest	that	land-	use	change	shifts	and	magnifies	seasonal	
variations	of	 the	belowground	ecosystem,	especially	 the	structure	
and	 functioning	 of	 microbial	 communities,	 with	 potentially	 major	
ramifications	for	the	services	they	provide	such	as	carbon	and	nu-
trient cycling. These ramifications ultimately may compromise the 
stability	of	tropical	ecosystems	in	particular	in	face	of	global	climate	
and	land-	use	change.
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