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Abstract
In	natural	ecosystems,	arthropod	predation	on	herbivore	prey	is	higher	at	lower	lati-
tudes,	mirroring	 the	 latitudinal	 diversity	 gradient	 observed	 across	many	 taxa.	 This	
pattern	 has	 not	 been	 systematically	 examined	 in	 human-	dominated	 ecosystems,	
where	frequent	disturbances	can	shift	the	identity	and	abundance	of	local	predators,	
altering	predation	rates	from	those	observed	in	natural	ecosystems.	We	investigated	
how	latitude,	biogeographical,	and	local	ecological	factors	influenced	arthropod	pre-
dation	 in	Brassica oleracea-	dominated	 agroecosystems	 in	 55	 plots	 spread	 among	 5	
sites	in	the	United	States	and	4	sites	in	Brazil,	spanning	at	least	15°	latitude	in	each	
country.	 In	both	the	United	States	and	Brazil,	arthropod	predator	attacks	on	senti-
nel	model	caterpillar	prey	were	highest	at	the	highest	latitude	studied	and	declined	
at	 lower	 latitudes.	The	rate	of	 increased	arthropod	attacks	per	degree	latitude	was	
higher	 in	 the	United	States	and	 the	overall	 gradient	was	 shifted	poleward	as	com-
pared	to	Brazil.	PiecewiseSEM	analysis	 revealed	that	aridity	mediates	 the	effect	of	
latitude	on	arthropod	predation	and	largely	explains	the	differences	in	the	intensity	
of	the	latitudinal	gradient	between	study	countries.	Neither	predator	richness,	preda-
tor	density,	nor	predator	resource	availability	predicted	variation	in	predator	attack	
rates.	Only	greater	non-	crop	plant	density	drove	greater	predation	rates,	though	this	
effect	was	weaker	than	the	effect	of	aridity.	We	conclude	that	climatic	factors	rather	
than	ecological	community	structure	shape	latitudinal	arthropod	predation	patterns	
and	that	high	levels	of	aridity	in	agroecosystems	may	dampen	the	ability	of	arthropod	
predators	to	provide	herbivore	control	services	as	compared	to	natural	ecosystems.
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1  |  INTRODUC TION

In	the	19th	century,	Alfred	Russell	Wallace	first	proposed	that	biotic	
interactions	between	many	plants	and	animal	taxa	may	be	stronger	
at	 lower	 latitudes,	 creating	 a	 latitudinal	 biotic	 interaction	gradient	
parallel	 to	 the	 latitudinal	 biodiversity	 gradient	 (Wallace,	 1878). 
Researchers	in	the	21st	century	continue	to	examine	this	Latitudinal	
Biotic	 Interaction	 Hypothesis	 (LBIH),	 both	 to	 understand	 current	
patterns	in	biodiversity	and	biotic	interactions,	and	to	anticipate	the	
effects	of	climate	change	on	future	global	macroecological	patterns	
(Bale	et	al.,	2002;	Schemske	et	al.,	2009).	Recently,	a	meta-	analysis	
examined	 the	 accumulated	 empirical	 evidence	 on	 the	 LBIH	 and	
found	that	both	herbivory	and	predation	decrease	significantly	with	
increasing	latitude	and	that	this	pattern	was	strongest	for	ectother-
mic	predators	(Zvereva	&	Kozlov,	2021).	One	potential	explanation	
for	this	biogeographic	pattern	is	Paine's	Predator	Hypothesis,	which	
states	 that	 at	 lower	 latitudes,	 predator	 communities	 are	more	 di-
verse,	and	that	diversity	creates	redundancies	and	complementation	
in	 prey	 consumption	 that	 drives	 equatorial	 increases	 in	 predation	
(Paine,	1966;	 Pianka,	1966).	 However,	 Zvereva	 and	 Kozlov	 (2021) 
suggest	 that	 climate	may	 be	 the	 critical	 factor	 driving	 changes	 in	
predation	intensity	observed	in	ectothermic	predators.	Local	and	re-
gional	studies	have	explored	how	predator	community	composition	
and	climate	influence	predation,	yet	little	is	known	about	how	both	
factors	may	 contribute	 to	 latitudinal	 predation	 gradients,	 particu-
larly	in	human-	dominated	ecosystems.

At	 least	 45%	 of	 global	 land	 cover	 is	 dominated	 by	 human	 ac-
tivity	 including	 areas	 used	 for	 housing,	 transportation,	 and	 food	
production	 (Hooke	 et	 al.,	 2012).	 Unlike	 most	 natural	 ecosys-
tems,	 human-	dominated	 ecosystems	 experience	 frequent	 and	
diverse	 disturbances,	 such	 as	 tillage,	 planting,	 and	weed	manage-
ment	 actions	 known	 to	 perturb	 ectothermic	 arthropod	 predators	
(Schowalter,	 2012).	 These	 disturbances	 make	 agroecosystems	 an	
ideal	setting	in	which	to	test	the	extent	of	latitudinal	predation	gradi-
ents	and	the	proposed	underlying	mechanisms.	If	predator	diversity	
drives	higher	predation	rates	at	lower	latitudes,	then	the	latitudinal	
predation	gradient	may	be	much	weaker	in	agroecosystems	due	to	
the	 reduced	 plant	 and	 arthropod	 diversity	 characteristic	 of	 most	
food	production	 systems	 (Gonthier	et	al.,	2014).	Alternatively,	 the	
homogenization	of	both	global	crop	 taxa	and	crop-	associated	cos-
mopolitan	arthropod	predators	and	herbivores	may	give	rise	to	sim-
ilar	predation	rates	regardless	of	location,	resulting	in	no	detectable	
gradient	(Bebber	et	al.,	2014).	Still,	if	the	climate	is	the	major	factor	
driving	 latitudinal	 predation	 gradients,	 then	 arthropod	 predation	
gradients	could	exist	with	similar	strength	in	agroecosystems	as	pre-
viously	documented	 in	primarily	 forest	ecosystems	 (Jeanne,	1979; 
Novotny,	2006;	Roslin	et	al.,	2017),	given	the	large	regional	scale	at	
which	climate	acts.

Arthropod	predators	provide	crucial	herbivore	pest	control	ser-
vices	in	agroecosystems.	Therefore,	considerable	attention	has	been	
directed	toward	understanding	the	ecological	conditions	associated	
with	stronger	predation	rates.	Regional	studies	reveal	that	predation	
on	herbivore	prey	usually	increases	with	greater	arthropod	predator	

densities	and	diversity,	both	of	which	are	supported	by	 the	provi-
sioning	of	key	predator	resources	through	plant	diversity	manage-
ment	(Gurr	et	al.,	2017;	Root,	1973).	Plant	diversity	within	and	near	
crop	fields	is	determined	by	a	combination	of	cultivar	selection	and	
tolerance	for	non-	crop	plants.	When	tolerated	in-	field,	weed	plants	
may	contribute	significantly	to	overall	plant	richness	and	could	fol-
low	the	latitudinal	plant	diversity	gradient	found	in	natural	ecosys-
tems	(Barthlott	et	al.,	2007).	The	inclusion	of	diverse	weed,	crop,	and	
wild	plants	within	and	near	crop	fields	often	increases	the	availabil-
ity	of	shelter,	nectar,	alternative	prey,	and	pollen	resources	required	
by	many	arthropod	predators	 to	persist	and	 reproduce	 (González-	
Chang	et	al.,	2019).	However,	the	effect	of	predator	resource	avail-
ability	 on	 predator	 diversity,	 density,	 and	 attack	 rates	 appears	 to	
depend	 greatly	 on	 the	 specific	 arthropod	 and	 plant	 taxa	 present	
(Andow,	1991;	Schellhorn	&	Sork,	1997).	 It	 is	unclear	whether	 the	
taxa	 associated	 with	 globally	 replicated	 cropping	 systems	 change	
with	latitude	in	ways	that	impact	the	effect	of	resource	availability	
on	predation	intensity.

Climate	may	influence	latitudinal	predation	patterns	indirectly	
through	shifts	 in	arthropod	predator	resource	availability	and	di-
rectly	 through	 effects	 on	 predator	 behavior,	 altering	 mortality	
to	 predators	 and	 predator	 lifespans.	 Within	 a	 given	 ecosystem,	
arthropod	predator	attacks	on	 sentinel	prey	have	been	 found	 to	
peak	during	wet	seasons	when	preferred	prey	are	most	abundant,	
suggesting	 an	 indirect	 influence	of	 climatic	 conditions	on	preda-
tion	 through	 prey	 resource	 availability	 (Molleman	 et	 al.,	 2016). 
More	directly,	an	experimental	warming	experiment	showed	that	
increased	temperatures	can	elicit	increased	interference	and	com-
petition	among	co-	occurring	predators	 such	 that	predation	 rates	
decrease	(Barton	&	Schmitz,	2018).	Yet,	a	globally	distributed	ex-
periment	revealed	that	higher	temperatures	at	lower	latitudes	are	
correlated	 with	 increased	 predation	 rates	 (Romero	 et	 al.,	 2018). 
The	 incorporation	 of	 community	 data	 into	 such	 globally	 distrib-
uted	experiments	could	illuminate	whether	the	effects	of	climate	
on	predation	are	due	to	shifts	 in	resources,	species	distributions,	
or behavior.

As	emphasized	by	Roslin	et	al.	(2017),	standardized	methods	are	
crucial	to	detecting	large-	scale	biogeographic	patterns	in	predation.	
To	evaluate	the	reach	and	drivers	of	latitudinal	arthropod	predation	
patterns	we	 assessed	 arthropod	predator	 attack	 rates	 on	uniform	
sentinel	 caterpillar	 baits	 in	 organic	 agroecosystems	 dominated	 by	
a	 single	crop	species,	Brassica oleracea	 (L.).	The	B. oleracea	 system	
is	 well-	researched	 as	 a	 globally	 grown	 staple	 vegetable	 crop	 and	
hosts	a	cosmopolitan	pest-	herbivore	community,	including	Brassica-	
specialist	caterpillars	upon	which	we	modeled	prey	baits	(Grzywacz	
et	 al.,	 2010).	 By	 surveying	 arthropod	 and	 plant	 communities	 and	
measuring	 predation	 intensity	 within	 Brassica	 study	 sites	 located	
across	 15°	 latitude	 in	 the	United	 States	 and	 21°	 latitude	 in	 Brazil	
we	assessed	Paine's	(1966)	Predator	Hypothesis	which	predicts	that	
predator	attack	rates	increase	with	higher	predator	richness	at	lower	
latitudes,	against	the	hypothesis	that	climate	factors	mediate	the	ef-
fect	of	latitude	on	predation	through	direct	effects	on	predator	com-
munities	and	indirect	effects	on	predator	resources.
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2  |  MATERIAL S AND METHODS

2.1  |  Site selection

We	assessed	predation	rates	in	B. oleracea-	dominated	agroecosystems	
across	latitudinal	transects	in	the	central	United	States	(30°–	45°N)	and	
eastern	Brazil	 (8°–	30°S)	during	 the	2017	growing	 season	 (Table	S1). 
We	selected	5	 study	 sites	 in	 the	United	States	 and	4	 study	 sites	 in	
Brazil.	In	each	site,	study	plots	were	embedded	in	similar	background	
native	 ecosystems	 (grasslands	 and	 savannas)	 with	 access	 to	 a	 met-
ropolitan	area	market	to	minimize	between-	plot	and	site	variation	in	
growing	practices.	All	plots	were	located	on	practicing	organic	farms	
that	eschewed	applications	of	insecticides	that	could	interfere	with	ar-
thropod	predator	function	(Bommarco	et	al.,	2011).	Variation	in	farmer	
weed	management	 and	 inter-	cropping	 practices	 created	 a	 range	 of	
within-	field	 vegetational	 diversity	 among	 plots	within	 each	 site.	On	
the	high	end	of	vegetation,	diversity	was	plots	planted	in	polyculture	
cropping	 schemes	with	 low	weeding	 intensity	whereas	plots	on	 the	
low	end	of	this	spectrum	practiced	monoculture	cropping	and	inten-
sively	weeded	to	remove	most	additional	plant	diversity.	Elevation	av-
eraged	273	(SE	=	14 m)	meters	in	United	States	plots	and	766	(SE	= 84) 
meters	among	Brazilian	plots	(Table	S1).	At	each	site,	we	established	
study	plots	 in	production	 fields	 containing	predominantly	 leafy	kale	
or	collard	cultivars	 in	 the	mid-		 to	 late	vegetative	growth	stage,	with	
each	plot	measuring	approximately	20 × 20 m.	Fields	planted	in	flower-
ing	varieties	of	B. oleracea	including	broccoli	and	cauliflower	were	oc-
casionally	used,	and	the	open	leaf	structure	of	these	cultivars	closely	
aligned	with	the	architecture	of	 leafy	varieties.	 In	total,	we	assessed	
predation	rates	in	55	Brassica	sites	with	an	average	of	6.11	(sd	= 2.67) 
distinct	plots	per	site	in	nine	sites	(Table	S1).	This	compares	favorably	
with	previous	studies,	which	assessed	predation	at	two	(Jeanne,	1979),	
three	(Novotny,	2006),	or	five	(Roslin	et	al.,	2017)	sampling	plots	per	
site	with	five	to	eight	sites	total.

2.2  |  Predation assessment methods

We	followed	established	methods	 to	hand-	roll	0.5 × 3	 cm	artificial	
caterpillars,	designed	to	mimic	late-	instar	Trichoplusia ni	(L.)	larvae,	an	
important	Brassica	pest,	from	green	plasticine	(Van	Aken	Plastalina	
10508)	(Howe	et	al.,	2009;	Roslin	et	al.,	2017;	Sam	et	al.,	2015).	At	
each	 study	 site,	 an	 average	 of	 18.25	 (sd	= 3.33) caterpillar baits 
were	 glued	 with	 Loctite™	 Control	 Superglue	 to	 the	 underside	 of	
the	 central	 vein	of	 a	 lower	 leaf,	 a	 common	 location	 for	 late-	instar	
lepidopteran	larvae	on	Brassica	crops	(Kumar	&	Omkar,	2018). Baits 
were	exposed	for	2 days,	as	in	Roslin	et	al.	(2017),	collected	into	2 ml	
centrifuge	tubes,	and	stored	on	ice	until	scoring	to	avoid	any	non-	
predatory	indentations	in	the	malleable	plasticine	material.	We	used	
the	scoring	key	developed	by	Low	et	al.	(2014) to score caterpillars 
as	not-	attacked	or	attacked	by	a	mammal,	bird,	or	arthropod	preda-
tors	(Figure	S1).	Missing	caterpillar	baits	(n =	31,	3.1%)	were	removed	
from	the	analysis	as	we	could	not	confirm	that	the	absence	was	due	
to	predation.

2.3  |  Local vegetation assessment

The	 same	 day	we	 deployed	 the	 artificial	 caterpillars,	we	 also	 sur-
veyed	the	plant	and	arthropod	communities	in	each	plot.	We	used	
the	point-	quadrat	method	(Goodall,	1952)	with	80	pins	per	plot	ar-
ranged	in	two	perpendicular	20 m	rows	of	40	vertical	pins	every	half	
meter,	to	characterize	the	plant	community.	Given	the	distinct	row	
structure	 and	 frequent	 weed	 removal	 in	 agricultural	 production,	
we	oriented	 transects	 diagonally	 across	 rows	 to	 capture	 between	
and	 along	 row	 variation	 in	 vegetation	 and	 chose	 the	 half-	meter	
point	interval	based	on	the	large	size	of	the	focal	crop	(diameter	ap-
proximately	0.5–	1	m)	and	sparsely	vegetated	space	between	rows	
(1–	1.5	m)	and	to	minimize	potential	damage	to	crop	through	point-	
dropping	(Caratti,	2006).	For	each	point	dropped	along	the	transect	
we	recorded	if	the	point	was	intercepted	with	bare	ground	or	a	plant	
and	identified	the	plant	to	species.	Plant	community	data	were	miss-
ing	for	two	of	our	plots	in	the	Minas	Gerias	(MG)	site	and	were	thus	
omitted	from	any	analysis	using	plant	data.	We	then	calculated	the	
density	of	B. oleracea	and	non-	Brassica	plants	as	a	number	of	points	
identified	as	B. oleracea	or	a	non-	Brassica	plant	divided	by	the	num-
ber	of	points	observed	per	plot	and	species	 richness	 for	all	plants	
including	B. oleracea	(minimum	plant	richness	= 1).

2.4  |  Local arthropod assessment

To	characterize	the	arthropod	community,	we	randomly	selected	12	
non-	adjacent	Brassica	 plants	within	 our	 study	 plot,	 avoiding	 plants	
bordering	the	edge	of	the	plot,	and	systematically	visually	identified	
and	counted	arthropods	from	the	foliage	crown	to	stem	base,	turning	
over	all	 leaves	top	to	bottom	and	within	a	0.5	m	radius	around	the	
focal	plant.	In	one	site,	the	Federal	District,	24	instead	of	12	plants	
were	sampled	per	plot,	therefore	we	corrected	for	this	oversampling	
by	 rarifying	 arthropod	 community	 count	 data	 to	 a	 random	 sample	
of	12	plants	per	plot	for	this	site	prior	to	analysis.	We	simplified	ant	
counts	to	the	presence/absence	on	a	plant	to	account	for	recruitment	
behavior	and	expressed	this	as	the	proportion	of	plants	with	ants.	All	
arthropods	observed	on	 the	12	 focal	 plants	were	 identified	 in	 the	
field	to	family	or	species	when	possible	and	densities	for	each	taxon	
were	 recorded	per	site.	We	then	characterized	 taxa	by	 the	 trophic	
guild	(predator,	parasitoid,	herbivore,	pollinator,	and	detritivore)	and	
calculated	the	density	and	family	richness	of	all	arthropod	taxa	pre-
sent,	 as	 well	 as	 for	 herbivore	 prey	 and	 predator	 groups.	 Previous	
analyses	 compared	 results	 with	 all	 predators	 and	 those	 known	 to	
specifically	attack	caterpillars,	however,	results	were	not	significantly	
different	as	most	predator	taxa	observed	to	consume	caterpillars.

2.5  |  Statistical analyses

We	performed	all	statistical	analyses	using	R	(R	Version	4.1.1,	R	Core	
Team,	2018).	To	examine	the	relationship	between	predation	and	bio-
geographic	factors	we	used	generalized	linear	mixed-	effects	models	
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(GLMM)	for	proportions,	modeling	predation	as	the	ratio	of	the	num-
ber	of	baits	attacked	versus	not	attacked	to	assess	daily	predation	
risk	for	each	study	plot.	Assuming	binomial	distributed	errors	and	a	
logit-	link	function,	we	modeled	predation	response	as	a	function	of	
country,	latitude	(absolute	value),	and	the	interaction	of	country	and	
latitude,	adding	site	nested	within	 the	country	as	a	 random	factor	
to	partition	local	variation	among	sampling	plots	within	a	site	from	
variation	among	sites	at	different	latitudes.	We	included	country	as	a	
fixed	effect	in	this	model	due	to	the	lack	of	latitudinal	range	overlap	
between	study	countries,	as	Zvereva	and	Kozlov	(2021)	found	that	
the	strength	of	the	latitudinal	predation	gradient	changed	distinctly	
among	distinct	climates	associated	with	different	latitudinal	ranges.	
Initially,	we	constructed	this	model	for	each	type	of	predator	attack-
ing	the	model	caterpillars	(arthropod,	bird,	and	mammal)	as	well	as	
a	model	for	all	predator	attack	types.	However,	when	attacks	by	a	
given	type	of	predator	occurred	at	one	or	fewer	sites	within	a	coun-
try,	data	 from	 that	 country	was	 removed	 from	 the	model	 and	 the	
model	was	simplified	to	 include	only	 latitude	as	a	fixed	effect	and	
site	as	a	random	effect.	We	fit	all	predation	models	with	the	“glmer”	
function	using	adaptive	Gauss-	Hermite	quadrature	in	the	lme4	pack-
age	in	R	(Bates	et	al.,	2015;	Bolker	et	al.,	2009).	We	assessed	model	
fit	by	examining	plots	of	residuals	versus	fitted	values	and	Pearson's	
goodness	of	fit	statistic	and	significance	of	predictors	with	Wald	χ2 
type	3	 test	of	main	effects	 in	R.	To	aid	 in	model	 fit	 interpretation	
we	used	 the	 “r.squaredGLMM”	 function	 in	 the	MuMIN	package	 to	
calculate	R2

GLMM	marginal	and	conditional	values	using	methods	de-
veloped	by	(Nakagawa	et	al.,	2017)	(Bartón,	2010).

Next,	we	 examined	 factors	 known	 to	 influence	 predation	 that	
could	 not	 be	 adequately	 controlled	 for	 by	 site	 selection	 that	may	
influence	 observed	 latitudinal	 patterns;	 namely	 within-	site	 vari-
ation	 in	 vegetational	 diversity	 and	 variation	 in	 elevation	 and	 cli-
mate	 among	 sites	within	 a	 country.	 Agronomic	 practices	 of	weed	
removal,	 intercropping,	 and	 cover	 cropping	 are	 often	 regionally	
influenced	 (Shennan,	 2008),	 therefore	 we	 assessed	 whether	 veg-
etational	 diversity	 among	 plots	within	 a	 given	 site	would	 obscure	
latitudinal	differences	 in	predation	rates	by	modeling	all	predation	
responses	as	a	function	of	the	site,	plant	richness,	and	the	interac-
tion	of	site	and	plant	richness,	adding	country	as	a	random	effect.	
We	assessed	model	fit	and	fixed	effect	significance	with	the	same	
methods	as	the	latitude	models	above.	To	characterize	climate	gra-
dients	in	our	study	we	collected	data	from	the	WorldClim	database	
(Fick	&	Hijmans,	2017)	with	the	“getData”	function	 in	the	package	
raster	(Hijmans,	2021).	Temperature,	measured	as	mean	annual	tem-
perature	 (MAT)	correlated	 strongly	with	 latitude	among	our	 study	
sites	 (Pearson's	χ2 =	0.90,	p < .001),	 therefore	was	not	analyzed	as	
a	 potential	 confounding	 climate	 factor.	 Instead,	 we	 examined	 the	
Köppen	aridity	 index	 (Aridity	 Index	=	Mean	Annual	Precipitation/
[MAT	+33],	lower	index	values	indicate	greater	aridity)	as	this	index	
is	 a	 good	 proxy	 for	 plant	 productivity	 across	 a	 gradient	 of	 humid	
and	arid	climates	 in	North	and	South	America	and	was	not	signifi-
cantly	 correlated	 with	 the	 latitudes	 studied	 (Pearson's	 χ2 =	 0.13,	
p =	.341),	(Quan	et	al.,	2013).	To	examine	if	variation	in	elevation	and	
aridity	could	obscure	 latitudinal	patterns	 in	predation	we	modeled	

predation	response	as	a	function	of	elevation,	aridity,	 latitude,	and	
country,	scaling	all	continuous	variables,	allowing	for	all	fixed	effect	
interactions,	 and	 adding	 site	 nested	 within	 country	 as	 a	 random	
factor.	To	assess	the	significance	of	fixed	effect	terms	we	used	the	
function	 “drop1”	 in	 the	 lme4	 package	 to	 sequentially	 simplify	 the	
model,	starting	with	the	most	complex	interactions	and	computing	a	
likelihood	ratio	test	(LRT)	statistic	at	each	step	(Hertzog	et	al.,	2017). 
When	 removal	 of	 a	 given	 fixed	effect	 did	not	 significantly	 impact	
model	fit	as	indicated	by	LRT	statistic,	that	term	was	removed.	We	
assessed	 the	overall	model	 fit	 as	above	and	constructed	new	uni-
variate	GLMMs	with	variables	in	significant	interactions	to	estimate	
unscaled	impacts	on	predation	rates.

To	examine	whether	local	biotic	and	climate	effects	mediate	the	
effect	of	latitude	on	arthropod	predator	attack	rates	we	conducted	
piecewise	structural	equation	modeling	 (SEM)	using	 the	piecewise-
SEM	package	in	R	(Lefcheck,	2016).	Piecewise	SEM	can	test	multiple	
hypotheses	in	a	single	causal	network	and	can	incorporate	a	variety	
of	model	structures,	distributions,	and	assumptions	(Lefcheck,	2016). 
We	 constructed	 our	 causal	 network	 based	 on	 Paine's	 Predation	
Hypothesis,	 ecological	 theory,	 and	 results	 from	our	biogeographic	
pattern	analysis.	We	tested	the	following	predictions	related	to	ar-
thropod	predation	rate	as	depicted	in	Figure 1:

1.	 Latitude	 drives	 the	 diversity	 of	 all	 taxa,	 including	 predators	
(H1.1)	 and	 predation	 is	 stronger	 where	 predators	 are	 more	
diverse	 (H1.2)	 (Paine,	 1966).

2.	 Predator	density	is	dependent	on	prey	density	(H2.1)	and	preda-
tion	pressure	increases	with	greater	densities	of	predators	(H2.2)	
(Wangersky,	1978).

3.	 More	diverse	cropping	systems	contain	a	greater	amount	of	di-
verse	shelter,	nectar,	alternative	prey,	and	pollen	resources	that	
support	more	abundant	and	diverse	predator	communities	(H3.1),	
which	enhances	arthropod	predation	rates	(H3.2)	(Root,	1973).

4.	 Aridity,	shown	to	mediate	the	effect	of	 latitude	on	predation	 in	
our	biogeographic	pattern	analysis,	influences	the	composition	of	
arthropod	predator	communities	(Tsafack	et	al.,	2019).
Prior	to	analysis,	we	rescaled	all	continuous	predictor	variables	

to	 zero	mean	 and	 unit	 variance	 using	 the	 “decostand”	 function	 in	
the vegan	package	(Oksanen	et	al.,	2020)	so	that	our	parameter	esti-
mates	reflect	effect	size	among	variables	measured	at	very	different	
scales	 (Nieminen	et	al.,	2013).	We	then	used	the	car	package	 (Fox	
et	al.,	2021)	to	run	a	variation	inflation	factor	(VIF)	analysis	with	all	
predictor	variables	to	check	models	for	variable	independence	(Zuur	
&	Ieno,	2016).	We	found	no	variables	to	have	a	VIF	score	greater	than	
the	conservative	threshold	of	3,	thus	all	variables	are	included	in	our	
causal	network.	The	seven	component	models	examined	(1)	the	ef-
fect	of	aridity,	predator	richness,	and	predator	density	on	arthropod	
predation	rates,	(2)	the	effect	of	latitude	on	aridity,	(3)	the	effect	of	
aridity,	 latitude,	 non-	Brassica	 plant	 density	 and	 richness,	 and	 prey	
density	 and	 richness	 on	 predator	 density	 and	 (4)	 richness,	 (5)	 the	
effect	of	latitude	and	non-	Brassica	plant	richness	on	prey	richness,	
(6)	the	effect	of	non-	Brassica	plant	density	on	prey	density,	and	(7)	
the	effect	of	non-	Brassica	plant	density	and	latitude	on	non-	Brassica 
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plant	richness.	All	component	models	were	fit	as	GLMMs	with	site	
nested	within	the	country	as	a	random	factor.	We	examined	tests	of	
directed	separation	to	identify	missing	significant	correlations	in	our	
model	and	updated	the	component	models	to	include	any	identified	
missing	 interactions,	 and	 then	 evaluated	 the	 goodness	 of	 fit	with	
Fisher's	C	Test	(Sudnick	et	al.,	2021).	For	each	endogenous	variable,	
we	examined	both	the	marginal	and	conditional	R2	values.

3  |  RESULTS

3.1  |  Attacks on model caterpillars

The	mean	recovery	rate	per	site	of	model	caterpillars	was	96.9	± 7%	
(Table	S1).	Of	the	974	recovered	model	caterpillars,	we	detected	276	
instances	of	attack,	the	majority	of	which	was	attributable	to	arthro-
pods	 (90.2%).	Birds	accounted	for	the	second	most	attacks	 (6.1%),	
followed	by	mammals	(3.2%).	However,	model	caterpillars	were	only	
attacked	by	birds	and	reptiles	in	one	plot	each	in	Brazil,	and	by	mam-
mals	 in	one	plot	 in	 the	United	States	 (Table	S1,	Figure	S1).	Attack	
rates	on	model	caterpillars	by	arthropods	were	not	significantly	dif-
ferent	between	the	two	study	countries	(LRT	χ2 =	0.13,	p = .71).

3.2  |  Effect of latitude on predation

The	 prediction	 of	 Wallace	 (1878),	 and	 other	 ecological	 theoreti-
cians	(Paine	et	al.,	1966;	Pianka,	1966),	did	not	hold	in	our	agricul-
tural	ecosystem.	Contrary	to	previous	expectations	and	studies,	we	
found	 that	 daily	 arthropod	 predator	 attacks	 on	model	 caterpillars	
increased	significantly	with	increasing	latitude	and	that	the	strength	

of	this	pattern	varied	by	study	country	 (Wald	χ2 =	8.65,	p = .003) 
(Figure 2b,	 Table	 S2).	 Our	 model	 of	 the	 effects	 of	 latitude	 and	
country,	 controlling	 for	 sample	 site	explained	75%	of	 the	variance	
in	arthropod	predation	 (Table	S2).	 In	 the	United	States,	arthropod	
predation	 increased	significantly	 faster	with	 latitude	 than	 in	Brazil	
(Table	S2).	For	every	1°	 latitude	 increase	 in	 the	United	States,	 the	
odds	of	arthropod	attack	increased	by	44.4%	(41.5–	47.5%,	95%	CI)	
from	the	odds	of	0.03	at	the	lowest	latitude	studied	(30.1°N;	Austin,	
Texas).	In	Brazil,	the	odds	of	arthropod	attack	increased	more	slowly,	
by	39.4%	per	1°	latitude	(37.8–	41.1%,	95%	CI)	reaching	the	odds	of	
0.37	at	the	highest	absolute	latitude	studied	in	Brazil	(29.7°	S;	Santa	
Maria,	Rio	Grande	do	Sul).	Moreover,	the	latitude	of	minimum	preda-
tion	differed	by	country,	with	less	than	5%	baits	attacked	at	30.1°N	
in	the	United	States	and	in	Brazil	at	8.3°S.	We	found	a	similar	trend	
in	the	effect	of	latitude	on	bird	predator	attacks	in	the	United	States,	
with	the	odds	of	bird	attacks	increasing	43.6%	(36.2%–	52.5%	CI)	per	
degree	latitude	increase	(Wald	χ2 =	3.19,	p =	.074,	Table	S2).	In	con-
trast,	Brazilian	mammal	predator	attacks	did	not	vary	with	latitude	
(Wald	χ2 =	0.19,	p =	.665,	Table	S2).

3.3  |  Vegetation diversity, elevation, and aridity

Neither	variation	in	local	site	vegetation	richness	(Tables	S3	and	S4) 
nor	 elevation	 (Table	 S5)	 influenced	 predation	 patterns.	 However,	
patterns	 of	 aridity	 were	 associated	 with	 the	 observed	 predation	
gradients	and	may	explain	the	equatorial	shift	in	predation	in	Brazil	
(Tables	S5	and	S6,	Figure 3).	Our	simplified	selected	model	of	poten-
tial	mediating	biogeographic	factors	included	all	2-	way	interactions	
of	country,	latitude,	and	aridity	except	the	interaction	of	latitude	and	
country,	and	explained	more	variation	in	arthropod	predation	as	the	

F I G U R E  1 A	priori	models	tested	with	piecewise	structural	equation	modeling	(SEM).	Our	causal	structure	incorporates	biogeographic	
and	ecological	theories	to	explore	the	direct	and	indirect	effects	of	latitude	on	arthropod	predation.	In	our	model,	latitude	can	influence	
arthropod	predation	indirectly	through	changes	in	predator	richness	associated	with	the	latitudinal	diversity	gradient	(arrows	1–	4)	or	
through	changes	in	aridity	(arrows	4–	9).	Relationships	between	predators	and	the	resources	of	predators	can	modify	these	indirect	
latitudinal	effects.	Predation	can	be	driven	by	predator	richness	(arrow	4)	or	density	(arrow	9).	Predators	require	diverse	and	abundant	prey	
and	plant	resources	to	persist	in	agroecosystems	(arrows	10–	17)	and	plant	density	can,	directly	and	indirectly,	influence	prey	communities	
(arrows	18–	20).	Here	plant	density	refers	to	the	density	of	non-	Brassica	plants.	Richness	variables	are	indicated	with	the	abbreviation	S	and	
are	measured	at	the	family	level	for	predator	and	prey	richness	and	the	species	level	for	plant	richness
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model	of	latitude	alone	(R2
GLMM =	0.90,	Table	S5).	The	model	showed	

a	 significant	 interaction	 of	 aridity	 and	 country	 (Wald	 χ2 =	 12.98,	
p < .001)	 and	 a	 trending	 interaction	 of	 aridity	 and	 latitude	 (Wald	
χ2 =	3.32,	p =	 .068)	 influenced	the	odds	of	daily	arthropod	preda-
tor	attack	 (Table	S7).	Because	of	differences	 in	continental	aridity	
gradients	between	study	countries,	the	study	site	at	approx.	30°N	
was	twice	as	arid,	as	the	study	site	at	approx.	30°S	(Figure 3a).	In	the	
model	to	estimate	unscaled	effects	of	aridity	on	arthropod	preda-
tion,	the	interaction	of	country	and	aridity	was	not	significant	(Wald	
χ2 =	0.53,	p =	.467),	and	for	a	unit	increase	in	Köppen	aridity	index	
(higher	 values	=	 less	 arid),	 odds	 of	 arthropod	 attack	 increased	 by	
42.7%	(37.5–	48.6%,	95%	CI)	(Figure 2b,	Table	S6).

3.4  |  Direct and indirect effects on arthropod 
predation (piecewiseSEM)

The	 final	 piecewiseSEM	 model	 incorporating	 aridity,	 plant	 (Table 
S3),	 predator	 (Table	 S7),	 and	 prey	 (Table	 S8)	 community	 vari-
ables	 explained	 67%	 of	 the	 variation	 in	 arthropod	 predation	 rate	
(AIC	 =	 123.16,	 Fisher's	 C	 =	 25.16,	 df =	 24,	 p =	 .397,	 Table	 S9). 
Reinforcing	 results	 from	 GLMM	 models,	 piecewiseSEM	 revealed	
that	aridity	(higher	AI	values)	decreased	with	latitude	(standard	es-
timate:	β =	1.49,	p =	.001)	and	predation	rates	increased	with	lower	
aridity	(β =	0.58,	p =	 .022)	(Figure 4,	Table	S9).	Despite	this	effect	
of	aridity	on	predator	function,	aridity	did	not	influence	the	density	

F I G U R E  3 Scatter	plots	showing	(a)	Köppen	aridity	index	(higher	values	=	less	arid)	by	latitude	and	(b)	the	predation	rate	(proportion	
of	attacked	model	caterpillars)	by	Köppen	aridity	index	for	each	study	site	in	Brazil	(black)	and	United	States	(gray)	Brassica oleracea 
agroecosystems.	Data	points	are	partially	transparent	and	appear	darker	when	overlapping.	The	curve	dashed	trend	line	in	panel	B	is	fitted	
from	the	logistic	regression	equation

F I G U R E  2 (a)	Map	of	study	sites	marked	by	their	state	abbreviations	and	with	a	number	of	sampled	field	plots	indicated	by	dot	size	and	
(b)	scatter	plot	showing	arthropod	predation	rate	measured	as	the	daily	fraction	of	model	caterpillars	attacked	by	arthropod	predators	by	
latitude	for	each	study	plot	in	Brazil	(black)	and	USA	(gray)	Brassica oleracea	agroecosystems.	Size	of	the	site	marker	on	the	map	scales	to	the	
number	of	sample	sites	per	state.	Data	points	are	partially	transparent	and	appear	darker	when	overlapping.	Curves	are	the	fitted	equations	
from	logistic	regression

(a) (b)
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(β =	0.13,	p =	 .391)	or	richness	(β =	−0.02,	p =	 .995)	of	arthropod	
predators.	 Most	 predator	 taxa	 observed	 in	 the	 field	 are	 known	
to	 attack	 caterpillar	 prey	 (Table	 S7).	 Yet,	 neither	 predator	 density	
(β =	0.10,	p =	.344)	nor	predator	richness	(β =	−0.02,	p =	.857)	in-
fluenced	observed	predation	rates	as	expected	by	the	theories	that	
informed	our	model	construction	(Figures 1	and	4).	However,	plots	
with	greater	prey	densities	had	greater	predator	richness	(β =	0.38,	
p =	.002)	and	predator	densities	(β =	0.48,	p =	.001).	Predator	den-
sities	 were	 also	 enhanced	 in	 plots	 with	 greater	 predator	 richness	
(β =	0.33,	p =	.045).	Though	not	included	in	our	original	model,	the	
test	of	direct	separation	detected	a	missing	significant	relationship	
between	 non-	Brassica	 plant	 density	 and	 arthropod	 predation	 that	
was	included	in	the	final	model	(Figure 4).	Arthropod	predation	was	
higher	 in	 plots	 with	 greater	 non-	Brassica	 plant	 density	 (β =	 0.22,	
p =	 .028).	 Latitude	did	 not	 influence	predator,	 prey,	 or	 plant	 rich-
ness	in	our	study	system	and	prey	richness	was	neither	a	significant	
predictor	nor	response	of	any	other	variable	in	our	model	(Figure 4,	
Table	S9).

4  |  DISCUSSION

Utilizing	 a	 standardized	 agroecosystem	 and	 assessment	 protocol,	
this	 study	 disentangled	 the	 influences	 of	 local	 ecological	 factors	
and	 geographic	 context	 on	 latitudinal	 arthropod	 predation	 pat-
terns.	 In	 both	 the	 United	 States	 and	 Brazil,	 we	 found	 an	 overall	
increase	 in	daily	arthropod	attack	 rates	on	sentinel	prey	with	 lati-
tude	in	Brassica-	dominated	agroecosystems,	a	reversal	of	the	gradi-
ent	observed	 in	natural	ecosystems	 (Roslin	et	al.,	2017;	Zvereva	&	
Kozlov,	2021).	The	 range	of	 the	 fraction	of	 sentinel	prey	attacked	
daily	(0–	0.28)	was	commensurate	with	previous	studies	utilizing	ar-
tificial	caterpillar	baits	across	a	range	of	latitudes	in	natural	ecosys-
tems	(Roslin	et	al.,	2017),	and	in	agroecosystems	studied	at	a	single	
latitude	(Ferrante	et	al.,	2017;	Howe	et	al.,	2015).	Supporting	the	hy-
pothesis	that	climate	drives	latitudinal	patterns	in	arthropod	preda-
tion,	our	results	show	that	the	strength	of	the	latitudinal	arthropod	
predation	pattern	varied	significantly	between	study	countries	with	
distinct	climates.	Specifically,	we	found	that	continental	patterns	in	
aridity	rather	than	local	differences	in	arthropod	predator	richness	
or	density	mediate	the	relationship	between	latitude	and	predation.

Our	site	selection	methods	which	emphasized	uniformity	of	back-
ground	native	ecosystems	(grasslands	and	savannas)	and	production	
methods	 (organic)	 precluded	 controlling	 for	 latitudinal	 variation	 in	
aridity	among	sites.	In	central	North	America,	the	highest	aridity	is	
associated	with	the	desert	belt	at	27–	33°N	latitude,	which	includes	
our	lowest	latitude	site	in	central	Texas	(30°N).	The	South	American	
aridity	 gradient	 in	 Brazil	 is	 not	 associated	with	 the	 southern	 des-
ert	belt	and	is	 instead	related	to	the	climate	of	the	South	Atlantic,	
with	the	aridest	location	at	our	lowest	latitude	site	in	Pernambuco	
(8°S)	(Franchito	et	al.,	2014;	Silva	&	Souza,	2018).	For	both	historical	
and	economic	reasons,	Brazilian	population	density	and	agricultural	
production	 remain	 highly	 concentrated	 along	 the	 Atlantic	 coast,	
therefore	 it	was	not	possible	 to	 select	 study	 sites	with	 a	 range	 in	

aridity	 that	more	 closely	mirrored	 sites	 in	 the	United	 States	 (Dias	
et	al.,	2016).	A	twofold	difference	in	aridity	between	study	sites	at	
approximately	30°	latitude	in	each	country	likely	explains	the	stark	
differences	in	the	observed	predation	rates	between	those	two	sites	
and	the	overall	poleward	shift	in	the	predation	gradient	in	the	United	
States	(Figure 3a).

If	 temperature	alone	mediated	the	effect	of	 latitude	on	preda-
tion,	we	would	have	seen	a	consistent	effect	of	latitude	in	both	coun-
tries	due	to	the	tight	correlation	between	latitude	and	mean	annual	
temperature	across	the	agricultural	sites	studied.	A	recent	survey	in	
China	found	that	carabid	predator	communities	were	less	stable	in	
drier	climates	due	to	an	increase	in	the	dominance	of	single	species	
(Tsafack	et	al.,	2019).	 It	 is	unclear	 if	similar	subtle	shifts	 in	species	
dominance	occurred	in	the	Brassica	agroecosystem	studied	here,	as	
field	constraints	limited	identification	to	the	family	level.	Further,	all	
studied	plots	were	irrigated	to	promote	crop	growth,	therefore	how	
aridity	 influences	predator	plant	and	herbivore	prey	 resources	are	
also	unresolved	by	this	study.	Our	piecewiseSEM	model	did	not	de-
tect	any	missing	links	between	aridity	and	measures	of	plant,	prey,	or	
predator	variables,	indicating	that	this	climate	variable	may	be	act-
ing	independently	of	community	composition	on	predator	function.	
Under	drier	climates,	arthropod	predators	may	change	behaviors	to	
avoid	water	loss	or	may	benefit	more	from	alternative	shelters	found	
outside	of	the	cropping	areas	such	as	leaf	rolls	(Romero	et	al.,	2022). 
Future	 studies	 that	 prioritize	 site	 selection	 based	 on	 contrasts	 in	
aridity	could	better	determine	if	the	effect	of	aridity	on	arthropod	
predation	 is	 due	 to	 shifts	 in	 community	 composition	 or	 predator	
behavior.

Our	 results	 do	 not	 support	 Paine's	 Predator	 Hypothesis,	 spe-
cifically,	that	the	latitudinal	predation	gradient	arises	due	to	higher	
predator	richness	at	lower	latitudes	following	the	latitudinal	diversity	
gradient.	However,	little	data	exists	to	contextualize	why	arthropod	
predator	 richness	 in	our	model	agroecosystem	was	not	 influenced	
by	latitude.	To	the	best	of	our	knowledge,	only	three	other	studies	
(Jaffe	et	al.,	2007;	Jeanne,	1979;	Privet	&	Pétillon,	2020) have applied 
standardized	sampling	protocols	to	assess	if	arthropod	predators	are	
more	diverse	at	tropical	latitudes.	Results	from	these	studies	do	sup-
port	the	 latitudinal	diversity	gradient,	however,	each	assessed	 just	
one	predatory	taxon	(ants	or	spiders)	and	only	Jeanne	(1979)	exam-
ined	a	true	latitudinal	gradient	across	more	than	two	sites.	Without	
knowledge	of	how	entire	predator	assemblages	change	with	latitude	
in	natural	ecosystems,	we	can	only	conjecture	that	a	failure	to	meet	
the	first	assumption	of	the	predator	hypothesis	could	be	attributable	
to	 local	ecological	 factors	driven	by	management	practices.	While	
we	found	within-	site	variation	in	weed	tolerance	and	intercropping	
practices	 thought	 to	 support	 arthropod	predator	 richness,	we	did	
not	find	variation	in	these	practices	among	sites.	This	indicates	that	
the	availability	of	predator	resources	thought	to	enhance	predator	
richness	(Root,	1973)	is	independent	of	latitude	in	Brassica	cropping	
systems.

That	neither	higher	predator	richness	nor	density	enhanced	ar-
thropod	attacks	on	sentinel	prey	contradicted	our	predictions	based	
on	ecological	theories	(Paine,	1966;	Root,	1973;	Wangersky,	1978). 
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In	 a	 community	 context,	 arthropod	 predators	 exhibit	 a	 range	 of	
interactions	 including	 niche	 complementation,	 redundancy,	 and	
intraguild	 predation,	 with	 resultant	 positive,	 neutral,	 or	 negative	
effects	 of	 predator	 richness	 and	 density	 on	 predation	 rates,	 re-
spectively	 (Casula	 et	 al.,	2006).	 The	 two	most	 abundant	 predator	
groups	 found	 in	our	 study	 system,	 coccinellid	 beetles	 and	 spiders	
are	known	to	engage	frequently	in	complex	intraguild	and	extragu-
ild	interactions	(Hodge,	1999;	Finke	&	Denno,	2002).	Further,	in	re-
sponse	to	environmental	stressors	such	as	heat	or	plant	community	
disturbances	both	coccinellids	(Snyder,	2009)	and	spiders	(Schmitz	&	
Barton,	2014)	change	foraging	patterns	in	ways	that	may	impact	pre-
dation	rates.	Future	experiments	comparing	the	behavior	of	globally	
distributed	 arthropod	 predators,	 such	 as	 the	 coccinellid	Harmonia 
axyridis	 (Pallas)	 (Roy	et	al.,	2016)	 across	a	 range	of	 latitudes	could	
clarify	 if	variation	in	 intraguild	 interactions	within	predator	assem-
blages	in	agroecosystems	decouples	global	predation	patterns	from	
predicted	effects	of	predator	richness	and	density.

While	global	patterns	of	crop	 losses	have	not	been	well	docu-
mented	 (Bebber	 et	 al.,	2014),	 our	 finding	 that	 predation	 rates	 de-
cline	 with	 latitude	 aligns	 with	 indirect	 evidence	 that	 herbivory	 is	
likely	higher	in	lower	latitude	agroecosystems.	Research	on	soybean	
agroecosystems	 in	 the	United	States	 showed	 that	 pesticide	 appli-
cation	rates	decreased	by	66%	from	Louisiana	(30°N)	to	Minnesota	
(45°N),	a	similar	 range	of	 latitudes	 to	 those	studied	here	 (Deutsch	
et	al.,	2018;	Ziska,	2014).	Much	of	the	focus	in	temperate	agroeco-
systems	 has	 been	 placed	 on	modifying	 local	 and	 landscape	man-
agement	 methods	 to	 enhance	 predation	 as	 an	 ecosystem	 service	
(Chaplin-	Kramer	 et	 al.,	 2011;	 Lichtenberg	 et	 al.,	 2017).	 However,	
our	 results	 demonstrate	 that	 arthropod	 predation	 can	 be	 highly	
variable	 across	 geographic	 ranges	 and	 is	 most	 strongly	 predicted	
by	aridity	rather	than	management	factors.	While	plots	with	more	
area	covered	in	non-	crop	plants	were	associated	with	greater	attack	
rates	this	effect	was	 less	strong	than	that	of	aridity.	This	suggests	
that	management	recommendations	aimed	at	enhancing	arthropod	

predation	 in	agricultural	systems	 likely	have	variable	effectiveness	
between	regions	with	distinct	climates.

The	main	 strength	 of	 conducting	 our	 study	 of	 the	 Latitudinal	
Biotic	 Interaction	 Hypothesis	 in	 a	 standardized	 agroecosystem	
was	the	ability	to	examine	the	contribution	of	 local	ecological	and	
climatic	 factors	 on	 predation	 gradients.	 Our	 results	 suggest	 that	
aridity,	rather	than	predator	and	predator	resource	characteristics,	
modulates	the	effect	of	latitude	on	arthropod	predation	in	agroeco-
systems.	This	supports	previous	work	that	highlights	the	sensitivity	
of	 biotic	 interactions	 involving	 ectothermic	 predators	 to	 changes	
in	climate	(Romero	et	al.,	2022;	Zvereva	&	Kozlov,	2021).	However,	
we	 conclude	 that	 arthropod	 predation	 increases	 with	 latitude	 in	
Brassica	agroecosystems,	the	opposite	pattern	observed	 in	natural	
ecosystems.	This	distinct	biogeographic	pattern	highlights	the	need	
to	examine	how	climate	influences	key	biotic	interactions	in	human-	
dominated	ecosystems	to	manage	and	maintain	arthropod-	mediated	
ecosystem	services.
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