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Abstract
Diversified crop rotations have been suggested to reduce grain yield losses from the 
adverse climatic conditions increasingly common under climate change. Nevertheless, 
the potential for climate change adaptation of different crop rotational diversity (CRD) 
remains undetermined. We quantified how climatic conditions affect small grain and 
maize	yields	under	different	CRDs	 in	32	 long-	term	 (10–63 years)	 field	experiments	
across	 Europe	 and	 North	 America.	 Species-	diverse	 and	 functionally	 rich	 rotations	
more than compensated yield losses from anomalous warm conditions, long and 
warm dry spells, as well as from anomalous wet (for small grains) or dry (for maize) 
conditions. Adding a single functional group or crop species to monocultures coun-
teracted yield losses from substantial changes in climatic conditions. The benefits of 
a further increase in CRD are comparable with those of improved climatic conditions. 
For	instance,	the	maize	yield	benefits	of	adding	three	crop	species	to	monocultures	
under	detrimental	 climatic	 conditions	 exceeded	 the	 average	 yield	of	monocultures	
by	up	to	553 kg/ha	under	non-	detrimental	climatic	conditions.	Increased	crop	func-
tional richness improved yields under high temperature, irrespective of precipitation. 
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1  |  INTRODUC TION

Climate change negatively affects crop production (Jägermeyr 
et al., 2021),	which	is	the	basis	of	food	systems	globally.	More	than	
a	 third	of	global	crop	yield	variability	 is	explained	by	climatic	vari-
ability (Ray et al., 2015).	Growing	season	temperature	is	increasing	
and, in some regions, precipitation is becoming more intense and in-
terspersed with more frequent and longer dry spells (IPCC, 2021). 
Both	high	temperature	and	low	precipitation	can	independently	or	
simultaneously	lower	crop	productivity,	by	limiting	carbon	fixation,	
growth and investment in reproduction (Hatfield & Prueger, 2015; 
Prasad et al., 2011). High precipitation can reduce crop yields 
through	waterlogging	and	lodging	(Beillouin	et	al.,	2020). Crop yields 
can	 thus	 be	 negatively	 affected	 by	 both	 dry	 spells	 and	 excessive	
precipitation (Li et al., 2019; Troy et al., 2015). Even short periods 
of	 extreme	 conditions	 or	 co-	occurring	 adverse	 but	 not	 extreme	
growing conditions, like heat and water stress, can severely reduce 
yields	(Brás	et	al.,	2021; Hamed et al., 2021; Luan et al., 2022;	Matiu	
et al., 2017;	 Vogel	 et	 al.,	2019). There is an urgent need to adapt 
our cropping systems to reduce yield losses due to climate change 
(Challinor et al., 2014;	Khanal	et	al.,	2021).

Cropping systems are becoming increasingly simplified in many 
regions,	 with	 fewer	 and	 fewer	 crops	 grown	 in	 rotation	 (Bennett	
et al., 2012; Crossley et al., 2021; Schaak et al., 2023). Nevertheless, 
increasing crop diversity by including more crops and/or cover crops 
in the rotation could increase yields in several crops, particularly at 
low	 fertilization	 (MacLaren	 et	 al.,	2022; Smith et al., 2023). In di-
verse rotations, soil fertility and water and nutrient use efficiency 
could be enhanced (Jian et al., 2020; Tanaka et al., 2005; Wang 
et al., 2018), which might help buffer against detrimental climatic 
conditions (Isbell et al., 2017). Indeed, higher crop rotation diversity 
(CRD) reduced maize yield losses in unfavourable years in several 
North	American	long-	term	experiments	(Bowles	et	al.,	2020;	Gaudin	
et al., 2015). However, yields were not linked to specific climatic con-
ditions in these studies, so the joint effect of changes in CRD and 
climatic	conditions	was	not	quantified.	When	explicitly	 taking	 into	
account growing season conditions, the benefits of a diverse rota-
tion to small grain cereal yields were especially high during dry years 
in	seven	long-	term	experiments	across	Europe	(Marini	et	al.,	2020), 
but	CRD	level	was	not	explicitly	considered,	potentially	confound-
ing effects of climatic conditions and diversity level. Therefore, it 

remains unclear how climatic conditions affect yield outcomes as 
CRD is changed by small increments, that is, beyond considering 
monocultures	and	diverse	rotations	as	a	dichotomy.	Exploring	these	
relationships could indicate how diverse the rotation needs to be 
to buffer yield losses under specific detrimental growing conditions.

Crop performance under variable climatic conditions is often as-
sessed using averages of temperature and cumulative precipitation 
over the entire growing season or parts of it (e.g., Huang et al., 2021; 
Marini	 et	 al.,	2020). However, these averages do not account for 
the effects of short but potentially damaging events such as heat 
waves and dry spells, and their combinations, which are becoming 
increasingly more frequent. It remains uncertain whether increasing 
CRD	reduces	yield	 losses	under	detrimental	 short-	term	conditions	
and how this might vary with the duration and intensity of single or 
compounded weather events.

The benefits of a more diverse rotation depend not only on the 
number of species included in the rotation but also on their role in the 
ecosystem (Nilsson et al., 2022; Smith et al., 2023). Species belong-
ing to the same functional group share some traits and functions, for 
example,	two	cereal	species	are	more	similar	in	resource	acquisition	
than a cereal and a legume species are. Therefore, functional redun-
dancies might limit the benefits of diversification. Conversely, dis-
tinct functional groups, such as cereals, annual legumes, broadleaf 
crops (e.g., Brassicaceae and Solanaceae)	and	leys,	that	is,	a	mix	of	pe-
rennial or biennial grasses and legumes, have complementary traits 
and	deliver	 functions	 that	can	enhance	performance.	Examples	of	
functions	 are	 atmospheric	 nitrogen	 fixation	 for	 legumes	 and	 per-
manent soil cover for leys. Trait and functional complementarity are 
particularly effective in promoting several key ecosystem services, 
such as enhanced pathogen regulation, soil fertility, and resource 
use efficiency, and diverse response to stress (Cadotte et al., 2011; 
Duchene et al., 2020;	 Griffiths	 et	 al.,	 2022; Peralta et al., 2018). 
This	 likely	 explains	why	 functional	 richness	 steadily	 enhances	 ce-
real	 yields,	whereas	 species	diversity	 leads	 to	a	maximum	yield	at	
intermediate levels (Smith et al., 2023).	Understanding	whether	it	is	
sufficient to increase crop species diversity rather than functional 
richness to mitigate yield losses from detrimental climatic conditions 
is critical to effectively adapt to climate change.

To evaluate the effects of increasing CRD on crop yields in rela-
tion to climatic conditions and over time, we collected meteorolog-
ical and grain yield data of spring and winter small grains, and maize 
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Conversely, yield benefits peaked at between two and four crop species in the ro-
tation, depending on climatic conditions and crop, and declined at higher species 
diversity.	Thus,	crop	species	diversity	could	be	adjusted	to	maximize	yield	benefits.	
Diversifying rotations with functionally distinct crops is an adaptation of cropping 
systems to global warming and changes in precipitation.

K E Y W O R D S
climate	change	adaptation,	climate	resilience,	crop	diversification,	Europe,	long-	term	
experiments,	North	America,	sustainable	agriculture
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from	32	European	and	North	American	long-	term	(10–63 years)	field	
experiments	 (LTEs)	 (Smith	et	 al.,	2023). We characterized growing 
season conditions both via anomalies in average temperature and 
precipitation, and via the occurrence of dry spells. We define det-
rimental	climatic	conditions	as	seasonal	or	shorter-	term	conditions	
that reduce monoculture yields below local averages. Our two main 
hypotheses were: (1) yield losses due to detrimental climatic con-
ditions are mitigated with increasing CRD, and (2) grain yield ben-
efits from increasing CRD are more pronounced under detrimental 
than	average	or	high-	yielding	climatic	conditions.	We	also	explored	
how changes in grain yield across gradients of climatic conditions 
differ depending on whether functional richness or species diversity 
is used to characterize CRD. Our findings could support designing 
climate-	resilient	cropping	systems.

2  |  METHODS

2.1  |  Crop yield data

Our dataset comprised 21 LTEs in Europe and 11 in North America, 
for	a	total	of	941	site-	year	combinations,	117	rotations	and	27,402	
observations and spanning a wide gradient of climates, from 
Mediterranean	to	Sub-	arctic	ones.	All	crops	were	rain-	fed.	Crop	ro-
tations ranged from continuous monocultures, that is, a single crop 
species grown every growing season, to increasingly diverse rota-
tions,	that	is,	up	to	six	crop	species	grown	in	succession	over	a	cer-
tain	number	of	growing	seasons.	Some	experiments	also	included	a	
fallow period (7% of rotations), cover crops (28% of rotations) and 
more than one crop grown during the same growing season, that 
is,	 intercropping	and	undersowing	 (26%	of	 rotations).	Experiments	
included at least two different crop rotations, but not necessarily a 
monoculture.	For	robust	inference,	we	restricted	the	analyses	to	ex-
periments	that	had	been	in	place	for	at	least	10 years.	This	ensured	
that a minimum of two full rotation cycles of the longest rotation 
were	completed	for	all	LTEs,	except	for	Woodside	LTE,	for	which	the	
last	4 years	of	the	second	rotation	cycle	were	missing.	Furthermore,	
to avoid confounding effects between rotations and other manage-
ment	practices,	we	selected	experiments	where	all	crop	rotations	re-
ceived similar treatments or adaptive management was applied (e.g., 
applications of pesticides or herbicides as needed). Details on the 
LTE	experimental	design,	climatic	conditions	and	diversity	levels	are	
summarized in the Supplementary Information (Table S1). Additional 
information is reported in Smith et al. (2023), which used the same 
yield	dataset,	but	did	not	explore	the	role	of	climatic	conditions.

In most LTEs, each phase of the rotation was present every year, 
with	the	exception	of	El	Encín	and	Foggia	LTEs,	where	the	 indica-
tor crop—winter wheat in both cases—was harvested once every 
2 years.	Yields	were	collected	 for	10–63 years,	except	 for	El	Encín	
and	Foggia	LTEs	 for	which	7 years	of	data	 spanning	14 years	were	
available.	Some	experiments	 included	treatments	applied	to	all	ro-
tations,	related	to,	for	example,	amount	of	fertilizer,	tillage	intensity	
and management of residues. Since the effects of these options 

were not the focus of this study, but greatly affect crop yields, we 
combined	them	with	 replicates	 into	 the	variable	 “Group”	 to	simul-
taneously take into account the variation relative to replicate and 
treatment effects (see Section 2.4).	For	example,	a	LTE	with	repli-
cates	(1,	2,	etc.)	and	two	fertilizer	treatments	(A	and	B)	would	have	
several	distinct	Groups:	A1,	B1,	A2,	B2,	etc.

We chose cereal crops as indicator crops because they are key in 
human and animal nutrition, widely grown, economically important 
and well represented in our dataset. We analysed spring small grains, 
winter	small	grains	and	maize	separately,	because	we	expected	sub-
stantial differences in yield outcomes based on physiological and 
phenological	 dissimilarities	 and	 previous	 results	 (Fan	 et	 al.,	 2016; 
Kadam	et	al.,	2014;	Marini	et	al.,	2020). Small grain yield data were 
only available from the European LTEs and maize from the North 
American LTEs. All yield data of the individual crops refer to grain 
dry matter. To reduce yield variability due to crop species and geo-
graphic	 location,	 we	 considered	 yield	 anomalies	 as	 mean-	centred	
yield	data	obtained	by	subtracting	the	indicator	crop-	specific	long-	
term mean yield from individual yield observations at each LTE. We 
did not detrend the yield anomalies (and climatic indices; see below) 
to be able to capture the net effects of the interactions of diversity 
with technological improvements and climate change occurred over 
the duration of the LTEs.

2.2  |  CRD metrics

To capture different aspects of crop diversity in the rotation and likely 
pathways of impact, we considered two indices to measure CRD: (i) 
species diversity, measured by a modified version of Simpson's re-
ciprocal	diversity	index	(D) (Simpson, 1949), accounting for both the 
total number of species and their relative abundance over the length 
of the rotation, and (ii) the count of functional groups present in the 
rotation,	that	is,	“functional	richness”	(FR)	(Smith	et	al.,	2023).

We calculated the species diversity D as

where c is the total number of crop species in the rotation, pi is the ratio 
of the number of years during which the ith species occurs to the length 
of the rotation in years. In other words, we modified the commonly 
employed	Simpson's	 index	 to	consider	 the	proportion	of	co-	existing	
species in a certain time period rather than a defined space. When 
the	rotations	included	intercrops	(in	26%	of	the	cases),	we	divided	pi 
by the number of crop species intercropped with the ith species, thus 
effectively increasing D. While different rotation lengths and number 
of species can result in the same D,	this	index	provides	an	approxima-
tion	of	how	many	species	are	included	in	a	given	rotation.	For	example,	
D = 1	corresponds	to	a	monoculture	and	D = 2	to	a	2-	year	rotation	with	
two crop species.

We	used	 functional	 richness	 (FR)	 as	 an	 alternative	measure	of	
CRD to take into account niche differentiation among four func-
tional groups: cereals (present in all rotations), legumes, broadleaves 

(1)D =
1

∑c

i=1
p2
i

,
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and	biennial	or	perennial	 leys.	FR = 1	 indicates	a	rotation	 including	
one	or	more	cereal	 species	 (i.e.,	 a	 cereal	monoculture	or	a	 cereal-	
only	 rotation),	 and	FR = 2	 indicates	a	 rotation	 including	cereals	 to-
gether	with	an	additional	functional	group,	for	example,	one	or	more	
legume	or	broadleaf	or	ley	species,	while	FR = 3	indicates	cereals	and	
two additional functional groups.

2.3  |  Climatic data and climatic index calculation

Daily	 gridded	 meteorological	 data	 relative	 to	 the	 pixel	 in	 which	
each	 LTE	 is	 located	 were	 extracted	 from	 the	 E-	OBS	 database,	 v	
23.1 (Cornes et al., 2018)	 in	Europe	and	from	the	CONUS	dataset	
(Livneh et al., 2015)	in	North	America.	The	data	included	daily	maxi-
mum temperature and daily precipitation, at a spatial resolution of 
0.1° × 0.1°	 for	 Europe	 and	 0.0625° × 0.0625°	 for	 North	 America.	
While some LTEs had field weather stations available, we chose to 
use gridded data for all LTEs for consistency.

To summarize the growing conditions, we considered two sets 
of climatic indices: (i) growing season climatic indices, represented 
by	average	maximum	daily	temperature	and	cumulated	precipitation	
during	each	growing	season,	and	(ii)	intra-	seasonal	climatic	indices,	
quantifying	 potentially	 short	 but	 detrimental	 conditions	 expected	
to	 become	 more	 common.	 As	 intra-	seasonal	 climatic	 indices,	 we	
chose	 length	of	the	 longest	dry	spell,	 that	 is,	maximum	number	of	
consecutive days with daily precipitation <2 mm,	and	their	average	
maximum	temperature.	The	two	sets	of	indices	had	a	similar	explan-
atory power of yield variations across a wide climatic gradient (Luan 
et al., 2021).	We	included	intra-	seasonal	climatic	indices	because	av-
eraging climatic conditions over entire growing seasons potentially 
exclude	short-	term	damaging	events	 (Troy	et	al.,	2015). We repre-
sented	 the	 growing	 season	 temperature	 as	 the	 average	maximum	
daily temperature instead of mean daily temperature as the former 
had	a	higher	explanatory	power	 in	most	of	our	models	 (Table S2). 
Nevertheless, using mean daily temperature provided similar results 
(not shown).

We	defined	the	site-	specific	growing	season	for	spring	crops	and	
maize based on locally available planting and harvesting informa-
tion.	For	winter	crops,	we	considered	only	the	main	growing	season,	
starting at the end of winter dormancy, as defined based on the rate 
of accumulation of growing degree days (see Section S1 for details).

Local climate effects were limited because the timing of the 
growing season was such that growing season climatic indices often 
overlapped in range and distribution despite large differences in 
annual conditions across sites (Figures S1–S4). Despite this sub-
stantial	 overlap,	 to	 focus	 on	 the	 effects	 of	 inter-	annual	 variability	
of the climatic indices on yield anomalies, we used the climatic con-
dition anomalies, thus removing the effects on yields attributable 
to the local climate. The climatic indices included in analyses were 
the anomalies of cumulated precipitation (P) and average tempera-
ture (T) as seasonal indices, and anomalies in the highest number 
of consecutive dry days (CDD)	and	the	average	maximum	tempera-
ture during these dry days (TDD)	as	within-	season	indices.	For	each	

index,	 the	anomalies	were	calculated	by	subtracting	 the	LTE	 long-	
term	mean	from	each	year	value.	As	LTE	 long-	term	mean	we	used	
the	mean	over	 the	duration	of	each	experiment.	Choosing	 longer-	
term	means,	for	example,	relative	to	a	period	common	to	all	sites,	did	
not alter the results (not shown).

2.4  |  Statistical analyses

We	explored	how	yield	anomalies	of	winter	and	spring	small	grains	
and maize vary with CRD, and pairs of climatic indices via two sets 
of	mixed-	effect	models.	 In	 the	 first	 set	 of	models,	 CRD	was	 rep-
resented by the continuous species diversity D, in the second set 
of	models	 as	 categorical	 functional	 richness	FR.	Beyond	CRD,	 ad-
ditional	fixed	factors	were	as	follows:	years	since	the	beginning	of	
the	experiment	 (t:	continuous),	climatic	 index	1	 (X1: T or TDD) and 
climatic	index	2	(X2: P or CDD).	For	all	models,	as	random	factors,	we	
used calendar year of sampling (year: categorical) and the variable 
“Group”	nested	within	LTE	to	account	for	variation	relative	to	spatial,	
temporal and design dependence. We differentiated t and year to 
separate	yield	variations	explained	by	technological	 improvements	
over time and legacy effects of rotations since their implementation, 
captured by t,	from	variations	due	to	LTE-	specific	effects	of	sampling	
year on yield, captured by year. Temperature and precipitation can 
have compound effects on yield outcome (Luan et al., 2021; Prasad 
et al., 2011; Zscheischler et al., 2020). We therefore included the in-
teraction between the climatic indices, X1: X2 (T:P or TDD:CDD), as a 
fixed	effect.	Further,	we	considered	a	quadratic	dependence	on	the	
temperature	index,	X1

2 (i.e., T2 or TDD2), because several plant pro-
cesses have an intermediate thermal optimum (Wang et al., 2017). 
We	included	the	two-	way	interaction	term	between	CRD	and	either	
X1 or X2 to assess how the response to temperature and precipita-
tion anomalies, or to number of consecutive dry days and their tem-
perature,	 change	with	 CRD.	We	 assumed	 non-	linear	 relationships	
between CRD and yield responses, alone and in interactions with 
the climatic conditions, to account for possible diminishing returns 
of diversity on yield (Smith et al., 2023).	Models	were	fitted	sepa-
rately for the three groups of indicator crops—spring small grains, 
winter small grains and maize.

In	summary,	the	fixed	part	of	the	model	considering	species	di-
versity D was

where �0 is the intercept, �t is the yield change resulting from a 
unitary increase in t, �D and �D2 are, respectively, the linear and 
quadratic yield change corresponding to a unitary increase in D, 
�Xi and �Xi2 are, respectively, the linear and quadratic yield changes 
corresponding	 to	 a	 unitary	 increase	 in	 the	 climatic	 index	Xi, �Dt 
and �D2t quantify the interactions between time and D and D2, 

(2)

Yield=�0+�tt+�DD+�D2D
2
+�X1X1+�

X1
2X1

2
+�X2X2

+�DtDt+�D2tD
2
t+�X1X2X1X2+�

X1
2
X2
X1

2
X2+�DX1DX1

+�DX2DX2+�
DX1

2DX1
2
+�D2X1

D
2
X1+�D2X2

D
2
X2

+�
D2X1

2D
2
X1

2
,
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respectively, that is, the change in �D and �D2 in response to a uni-
tary change in t, �X1X2 and �X12X2 quantify the interactions between 
X1 and X2, that is, the change of �X1 and �X12 in response to a unitary 
increase	in	explanatory	variable	X2, while �DXi ,	�DX12, �D2Xi

 and �D2X1
2 

represent the interactions between D or D2 and Xi or Xi
2.	For	FR,	

the	fixed	part	of	the	model	was

where �FRj is the yield change of having j ( j = 2,	 3,	 4)	 functional	
groups	 in	a	rotation	 (FR2,	FR3	or	FR4)	compared	with	a	rotation	
with	only	cereals	 (FR1,	β0), �FRjt, �FRjXi, �FRjX12 quantify the interac-
tions	 of	 FR	with	 time	 t	 and	 the	 climatic	 index	Xi or Xi

2, and the 
other symbols have the same meaning as in Equation (2) but dif-
ferent values.

The	 mixed-	effects	 statistical	 models	 were	 fitted	 using	 the	
“lme4”	 package	 version	 1.1-	26	 (Bates	 et	 al.,	 2015) in R version 
4.1.0 (R Core Team, 2021). The R statements are reported in the 
Supplementary Information (Section S2, Equations S2 and S3). The 
model assumptions were checked by visual interpretation of the 
residual	 plots	 using	 the	 “DHARMa”	 package	 in	 R	 (Hartig,	2021). 
We detected 3.2% outlier observations when running the first 
model (Equation 2) on maize and 0.13% outliers when running it on 
spring small grains, and no outliers when running any of the mod-
els on winter small grains. Removing the outliers did not alter the 
statistical significance of the model variables, or our conclusions. 
Therefore, we kept the outliers in the analyses. We tested all mod-
els	 for	multi-	collinearity,	 based	on	generalized	 variance	 inflation	
factor	(GVIF),	using	the	“car”	package	in	R	(Fox	&	Weisberg,	2019). 
We	found	no	multi-	collinearity	 in	any	of	 the	models	 (Tables S3–
S6). To establish the robustness of our results to the choice of 
LTEs, we removed one site at a time and repeated the analyses 
for each model and indicator crop. None of our conclusions were 
noticeably affected by removing any site. Predicted yields were 
calculated	including	the	random	component	using	the	“ggeffects”	
package in R (Lüdecke, 2018), setting time at t = 15 years,	an	arbi-
trary intermediate value. The same patterns hold for other choices 
of t	(not	shown).	Model	trends	and	estimated	marginal	means	were	
calculated	 using	 “emmeans”	 package	 in	 R	 (Lenth,	 2021), setting 
time at t = 15 years.

When	 exploring	 the	 potential	 of	 CRD	 as	 climate	 change	 ad-
aptation, we considered reference changes commensurate with 
the	 observed	 local	 variability	 and	 expected	 shifts	 under	 climate	
change. In the following, we present the changes in yield anomalies 
for selected changes in CRD and T, P, TDD and CDD. These changes 
in anomalies were calculated by substituting the estimated model 
coefficients (Tables 1–4) into Equations (2) and (3).	For	T and TDD, 
we	assessed	yield	responses	to	a	1.5°C	increase,	and	hence	anom-
aly,	in	line	with	the	average	long-	term	temperature	goal	set	by	the	

Paris	Agreement	(UNFCCC,	2016).	For	P and CDD, we determined 
the	cumulative	frequency	distribution	of	each	 index,	LTE	and	 in-
dicator crop, and divided the LTEs into subsets with low and high 
variability of P and CDD (Figures S5 and S6).	For	P, we considered 
ranges	between	the	first	and	third	quartiles	that	exceeded	an	in-
terval	of	10 cm	per	growing	season	as	sites	having	high	variability,	
and	ranges	within	an	interval	of	10 cm	as	sites	having	low	variabil-
ity.	 For	CDD, we considered ranges between the first and third 
quartiles	that	exceeded	an	interval	of	10 days	per	growing	season	
as	having	high	variability,	and	ranges	within	an	interval	of	10 days	
as	 having	 low	 variability.	 To	 exemplify	 the	 effects	 of	 a	 drier	 cli-
mate, within each subset, we chose the rounded averages of the 
first quartiles above 0 (i.e., the local mean) for CDD, or below 0 for 
P,	as	reference	deviations	from	the	long-	term	averages	worsening	
the	growing	conditions.	Using	more	extreme	values,	for	example,	
the	 15th	 and	 85th	 percentiles,	 did	 not	 change	 the	 patterns	 dis-
cussed	below,	although	predicted	values	differ,	as	expected	 (not	
shown).

3  |  RESULTS

With	fixed	climatic	conditions,	yield	anomalies	(and	hence	yields)	
of small grains generally increased from low to intermediate spe-
cies diversity (D; Equation 1) and declined at higher levels of diver-
sity,	while	for	maize	yields	increased	up	to	the	maximum	species	
diversity present in the dataset (Figures 1 and 2), as previously 
shown (Smith et al., 2023). Conversely, increasing functional rich-
ness consistently increased or maintained the yield benefit even 
at	high	 richness.	With	 fixed	CRD,	yields	 increased	with	decreas-
ing growing season temperature anomalies (T, and hence tem-
perature) in all indicator crops, whereas decreasing cumulated 
precipitation anomalies (P, and hence precipitation) reduced 
yield anomalies (and therefore yields) of maize, had little effects 
on winter small grain cereals and was beneficial for spring small 
grain cereals (Figure 1).	With	fixed	CRD,	 increasing	anomalies	of	
a number of consecutive dry spells (CDD, and hence length of dry 
spells) and temperature during dry spells (TDD) reduced yields 
for maize and winter small grain cereals, and had little effects on 
spring small grain cereals (Figure 2). The strength and shape of the 
relationship between CRD and grain yield anomalies depended on 
climatic conditions and their interaction, and on the indicator crop 
(Tables 1 and 2).

3.1  |  The maximum yield benefits of species 
diversity depended on climatic anomalies

The	maximum	yield	benefit	attainable	via	 increasing	species	diver-
sity was reduced, but not cancelled, by detrimental climatic condi-
tions (Figure 1; Table 1). Here, we present the difference in yield 
benefit between continuous monoculture (i.e., species diversity 1) 
and the highest yielding diverse rotation at anomalously low (first 

(3)

Yield=�0+

4
∑

j=2

�FRj FRj+�tt+�X1
X1+�X1

2X1
2
+�X2

X2+

4
∑

j=2

�FRjtFRjt

+

4
∑

j=2

�FRjX1FRjX1+

4
∑

j=2

�FRjX2FRjX2+

4
∑

j=2

�FRjX1
2FRjX1

2

+�X1X2X1X2+�X1
2X2

X1
2X2,
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quartile) or high (third quartile) P and T (or CDD and TDD),	at	Year	15,	
that is, the largest possible benefit of species diversity.

Under	high-	yielding	seasonal	conditions	for	small	grains	(first	T 
quartile and first P quartile, Figure 1),	 the	maximum	yield	benefits	
attainable	via	species	diversity	were	508 kg/ha	(95%	CI	[274,	742])	
and	973 kg/ha	(95%	CI	[701,	1244])	for	spring	and	winter	small	grains	
respectively.	Under	low-	yielding	conditions	(third	T and P quartiles, 
Figure 1),	the	maximum	yield	benefits	attainable	via	species	diversity	

were	reduced	to	393 kg/ha	(95%	CI	[148,	637])	and	722 kg/ha	(95%	
CI	[431,	1013])	for	spring	and	winter	small	grains	respectively.	For	
maize,	 the	maximum	yield	benefits	attainable	via	species	diversity	
were	1601 kg/ha	(95%	CI	[1268,	1935]),	under	high-	yielding	condi-
tions (first T quartile and third P quartile, Figure 1).	Low-	yielding	con-
ditions (first P quartile and third T	quartile)	 reduced	the	maximum	
yield	benefits	attainable	via	species	diversity	to	1368 kg/ha	(95%	CI	
[1026,	1710],	Figure 1).

F I G U R E  1 Model-	predicted	yield	difference	from	baseline	yield	anomaly	for	(a)	spring	small	grains,	(b)	winter	small	grains	and	(c)	maize,	
as	a	function	of	species	diversity,	growing	season	average	daily	maximum	temperature	anomalies	(T) and cumulated precipitation anomalies 
(P) based on fitted Equation (2). To facilitate the comparisons across climatic conditions and species diversity, the baseline of yield anomaly 
(i.e.,	0 t ha−1 on the y-	axis)	is	set	to	the	yield	anomaly,	that	is,	deviations	from	the	site-		and	crop-	specific	local	mean,	of	the	monoculture	under	
long-	term	average	of	T and P and at t = 15 year—an	arbitrary	intermediate	value	of	the	time	elapsed	from	the	beginning	of	the	experiment;	
similar patterns occur when selecting other t. Colours and lines represent yield anomaly predictions for the first quartile (green solid lines), 
long-	term	average	(blue	dashed	lines)	and	third	quartile	(red	dotted	lines)	of	T.	For	each	indicator	crop,	the	left,	central	and	right	panels	show	
model	predictions	for	the	first	quartile,	the	long-	term	average,	and	the	third	quartile	of	P.	The	shaded	areas	extend	over	the	95%	confidence	
intervals.
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F I G U R E  2 Model-	predicted	yield	difference	from	baseline	yield	anomaly	for	(a)	spring	small	grains,	(b)	winter	small	grains	and	(c)	maize	
as a function of species diversity, the anomalies of the highest number of consecutive dry day (CDD) and average temperatures during 
that period (TDD), based on fitted Equation (2). To facilitate the comparisons across conditions and species diversity, the baseline of 
yield	anomaly	(i.e.,	0 t ha−1 on the y-	axis)	is	set	to	the	yield	anomaly,	that	is,	deviations	from	the	site-		and	crop-	specific	local	mean,	of	the	
monoculture	under	long-	term	average	CDD and TDD at t = 15 years.	Left,	central	and	right	panels	for	each	crop	refer	to	model	predictions	
within	the	first	quartile,	the	long-	term	average	and	the	third	quartiles	of	CDD.	The	lines	refer	to	the	first	quartile	(solid	green),	the	long-	term	
average (dashed blue) and the third quartile (dotted red) of TDD.	The	shaded	areas	extend	over	the	95%	confidence	intervals.
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The	 maximum	 yield	 benefits	 attainable	 via	 species	 diversity	
were	 also	 affected	 by	 intra-	seasonal	 climatic	 conditions,	 that	 is,	
anomalies in CDD and TDD, in directions dependent on the indica-
tor crop (Figure 2; Table 2).	Maximum	yield	benefits	attainable	via	
species diversity for spring small grains increased with TDD (Table 2, 
D × TDD interaction), but the effect was only noticeable under low 
CDD (Figure 2).	For	winter	small	grains,	the	maximum	yield	benefits	
attainable via species diversity decreased as TDD increased under 
average and high CDD (Figure 2).	For	maize,	the	difference	between	
monoculture	 yields	 and	 the	maximum	 yield	 benefit	 attainable	 via	
species diversity decreased as CDD and TDD increased (Figure 2). 
Taking	maize	 as	 example,	 the	 difference	 in	 yield	 benefit	 between	
a	 monoculture	 and	 the	 highest	 yielding	 rotation	 at	 Year	 15	 was	
1608 kg/ha	(95%	CI	[1245,	1971])	under	the	first	CDD and TDD quar-
tiles,	and	was	reduced	to	1360 kg/ha	(95%	CI	[1039,	1682])	under	the	
third CDD and TDD quartiles.

3.2  |  The yield- maximizing species diversity 
changed with climatic conditions

As P and T	 increased,	 the	 yield-	maximizing	 species	 diversity	 in-
creased in spring small grains, but decreased in winter small grains 
(Figure 1). Species diversity in maize also interacted with grow-
ing season temperature and precipitation (Table 1),	 but	 the	 yield-	
maximizing	species	diversity	was	likely	outside	the	range	of	species	
diversity included in our dataset (Figure 1).

The	yield-	maximizing	species	diversity	also	shifted	depending	on	
the	 length	 and	 temperature	 anomaly	 of	 the	 longest	 dry	 spell.	 For	
small	grains,	the	yield-	maximizing	species	diversity	increased	under	
longer and warmer dry spells (Figure 2).	For	maize,	 the	 length	and	
temperature of dry spells did not affect the relation between yields 
and species diversity (Table 2),	but	the	yield-	maximizing	species	di-
versity was higher than the species diversity range among the LTEs 
(Figure 2).

3.3  |  Yield benefits of species diversity 
compensated for warming- induced monoculture 
yield losses

Warming caused a yield reduction in monocultures that could be 
balanced by relatively small increases in species diversity (Figure 1). 
Taking	maize	as	example,	an	increase	in	growing	season	temperature	
of	1.5°C,	that	is,	a	shift	from	the	long-	term	average	to	the	93rd	per-
centile of T,	 reduced	maize	yield	by	486 kg/ha	 (95%	CI	 [−990,	18])	
under	 a	monoculture	 at	Year	15	under	 local	 average	precipitation	
(Equation 2). A species diversity of 2, in this case, would be sufficient 
to	maintain	the	yield	of	the	monoculture	under	long-	term	average	T 
and P (T = 0	and	P = 0).

Co-	occurring	 warming	 and	 negative	 precipitation	 anomalies	
led to even higher yield losses than warming alone for maize, and 

required higher species diversity to compensate monoculture yield 
losses (Table 1, T × P	 interaction).	 In	 the	 following	 examples,	 we	
present modelled yields in relation to the yields of a monoculture 
occurring	under	long-	term	average	of	T and P,	at	Year	15.	For	exam-
ple,	if	a	1.5°C	increase	in	T	co-	occurred	with	a	5 cm	decline	in	P, rep-
resenting a frequent anomaly in LTEs with relatively low variability 
in P (see Section 2.3), transforming a monoculture into a rotation 
with	species	diversity	of	2.59	would	compensate	the	potential	loss	
of	1150 kg/ha	(95%	CI	[−1553,	−746])	(Equation 2; Table 1). An addi-
tional	maize	yield	of	553 kg/ha	(95%	CI	[125,	980])	could	be	gained	
by	further	increasing	species	diversity	to	the	yield-	maximizing	level	
under	such	conditions,	that	is,	to	4.57.	The	compensatory	effect	of	
species diversity held also in LTEs with higher precipitation vari-
ability.	If	the	warming	of	1.5°C	occurred	with	a	8 cm	decline	in	P, a 
frequent P anomaly in LTEs with relatively high variability in P, in-
creasing	species	diversity	to	3.19,	could	buffer	the	expected	mono-
culture	yield	loss	of	1017 kg/ha	(95%	CI	[−1419,	−615])	(Equation 2; 
Table 1).

Yield	reductions	associated	with	high	CDD and TDD in mono-
cultures could be balanced by the yield benefit increases in spe-
cies diversity (Figure 2).	 Monoculture	 yields	 were	 reduced	 by	
increasing CDD and TDD, from local average to the third CDD 
and TDD	quartiles	by	an	average	of	45 kg/ha	(95%	CI	[−270,	180])	
for	 spring	 small	 grains,	 166 kg/ha	 (95%	 CI	 [−423,	 91])	 for	 win-
ter	 small	 grains	 and	 511 kg/ha	 (95%	 CI	 [−827,	 −195])	 for	 maize	
(Figure 2). In those conditions, increasing species diversity from 
1 (monoculture) to 1.18 for spring small grains, 1.27 for winter 
small grains and 2.04 for maize was sufficient to compensate 
for these monoculture yield losses (Figure 2).	 Yield	 reductions	
caused	 by	 expected	 shifts	 in	 TDD and CDD towards a warmer 
and more variable climate, required higher species diversity to be 
mitigated.	For	example,	an	increase	of	1.5°C	in	TDD	co-	occurring	
with	a	3-	day	 lengthening	of	CDD—a level frequent in LTEs with 
relatively low variability in CDD—was predicted to reduce maize 
yield	by	359 kg/ha	 (95%	CI	 [−662,	−56])	 in	a	maize	monoculture	
(Equation 2; Table 2).	A	species	diversity	of	1.65	would	compen-
sate	for	the	yield	loss,	and	a	surplus	of	1000 kg/ha	(95%	CI	[691,	
1308])	 could	 be	 gained	 at	 the	 maximum	 species	 diversity	 in-
cluded	in	our	dataset	(4.57).	An	increase	of	7 days	in	CDD—typical 
of LTEs with relatively high variability in CDD—co-	occurring	with	
an	increase	of	1.5°C	in	TDD would require a species diversity of 
2.06	 to	 buffer	 a	monoculture	 loss	 of	 522 kg/ha	 (95%	CI	 [−874,	
−170])	(Equation 2; Table 2).

Increasing species diversity did not reduce the sensitivity of 
yield	 anomalies	 to	 changes	 in	 temperature	 anomalies,	 except	 for	
small grains under low precipitation and high temperatures, and 
winter	small	grains	under	long-	term	average	conditions	(Figure S7). 
Warming had a stronger negative effect on small grain yields for 
species	diversity	from	2	to	5	for	spring	grains	and	from	2	to	6	for	
winter grains (Figure S7).	The	sensitivity	of	yield	anomalies	to	yield-	
reducing precipitation anomalies did not change as species diversity 
increased for all indicator crops (not shown).
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3.4  |  Functional richness compensated for yield 
losses associated with detrimental conditions

Similar to species diversity, modest increases in functional richness 
compensated for yield losses associated with warming occurring at 
functional	 richness	1,	 that	 is,	cereal-	only	rotations.	For	example,	a	
functional	richness	of	2,	that	is,	adding	one	non-	cereal	crop	to	the	
rotation,	was	sufficient	to	balance	the	expected	yield	loss	of	cereal-	
only rotations under an increase in T from the average value to the 
third quartile at average P (Figure 3; Table 3).	Under	 these	 condi-
tions, the yield benefit of an increase in functional richness from 1 
to	2	gave	a	surplus	of	199 kg/ha	(95%	CI	[−25,	424])	for	spring	small	
grains,	 389 kg/ha	 (95%	 CI	 [127,	 650])	 for	 winter	 small	 grains	 and	
526 kg/ha	 (95%	CI	 [210,	 843])	 for	maize,	 compared	with	 a	 cereal-	
only	rotation	grown	under	long-	term	average	conditions.	The	yield	
surplus was even larger when functional richness was higher than 2 
under the same warming conditions (Figure 3). We observed analo-
gous outcomes for warm dry spells, that is, TDD in the third quartile 
(Figure 4; Table 4).

Increasing functional richness compensated yield losses in 
cereal-	only	rotations	even	under	warming	expected	due	to	climate	
change.	 Taking	 maize	 as	 example,	 a	 1.5°C	 warming	 under	 long-	
term	 average	 precipitation	 caused	 a	 maize	 yield	 loss	 of	 518 kg/
ha	 (95%	CI	 [−1022,	−15])	 in	cereal-	only	 rotations,	which	was	more	
than compensated by a functional richness of 2. The yield benefit 
of	 this	 functional	 richness	 increase	exceeded	 the	yields	under	 the	
current	long-	term	average	temperature	by	310 kg/ha	(95%	CI	[−188,	
808])	(Equation 3; Table 3).	If	the	1.5°C	warming	co-	occurred	with	a	
5	or	8 cm	decline	in	P, anomalies frequently observed in LTEs with 
low and high variability in P	 respectively,	 the	 cereal-	only	 rotation	

would require two additional functional groups (i.e., a functional 
richness	of	3)	to	compensate	for	the	yield	loss	of	842 kg/ha	(95%	CI	
[−1263,	 −421])	 or	 1037 kg/ha	 (95%	CI	 [−1437,	 −636]),	 respectively	
(Equation 3; Table 3). Similar patterns emerged also for spring and 
winter small grains.

4  |  DISCUSSION

4.1  |  Increased CRD more than compensated yield 
losses in low diversity rotations under detrimental 
climatic conditions in all crops

Increasing CRD mitigated staple cereal yield losses occurring in 
monocultures	and	cereal-	only	rotations	due	to	detrimental	climatic	
conditions, confirming our first hypothesis (Tables 1–4).	Yield	ben-
efits of relatively small increases in CRD, that is, one additional crop 
added	 to	monocultures	 or	 one	 functional	 group	 added	 to	 cereal-	
only rotations, compensated for yield losses in these low diversity 
rotations occurring under detrimental climatic conditions. Hence, 
increasing CRD could support climate change adaptation of cereal 
production under European and North American growing condi-
tions.	Analyses	of	additional	 long-	term	experiments	are	needed	to	
explore	whether	diversified	crop	rotations	buffer	yield	losses	due	to	
climate change also in other regions and crops.

For	 small	 grains,	 the	maximum	yield	benefits	attainable	via	di-
versification increased with decreasing temperature and precipi-
tation, that is, under favourable conditions. This stood in contrast 
to our second hypothesis and observations in grasslands (Wright 
et al., 2021).	 In	 maize,	 the	maximum	 attainable	 yield	 benefit	 was	

F I G U R E  3 Model-	predicted	yield	difference	from	baseline	yield	anomaly	for	(a)	spring	small	grains,	(b)	winter	small	grains	and	(c)	maize,	in	
response	to	functional	richness,	growing	season	average	daily	maximum	temperature	anomalies	(T) and cumulated precipitation anomalies 
(P), based on fitted Equation (3). To facilitate the comparisons across conditions and functional richness, the baseline of yield anomaly (i.e., 
0 t ha−1 on the y-	axis)	is	set	to	the	yield	anomaly,	that	is,	deviations	from	the	site-		and	crop-	specific	local	mean,	of	a	rotation	with	functional	
richness	1,	that	is,	cereal-	only,	under	long-	term	average	of	T and P, and at t = 15 years,	an	arbitrary	intermediate	value;	similar	patterns	
occur when selecting other t.	Symbols	represent	yield	anomaly	predictions	under	the	first	quartile	(green	squares),	long-	term	average	(blue	
diamonds) and third quartile (red triangles) of T.	For	each	indicator	crop,	the	left,	central	and	right	panels	show	model	predictions	within	the	
first	quartile,	the	long-	term	average	and	the	third	quartile	of	P.	The	whiskers	indicate	the	95%	confidence	intervals.
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largely unaffected by climatic conditions, also in contrast to our 
second hypothesis. However, the relative benefits, that is, the yield 
benefit divided by the average yield, were higher under detrimental 
compared with favourable conditions, as previously observed for 
maize	in	one	of	the	sites	(Gaudin	et	al.,	2015).

The	 maximum	 attainable	 yield	 via	 diversification	 under	 det-
rimental	 conditions	 exceeded	 the	 average	 yield	 of	 monocultures	
under favourable conditions. In other words, increasing CRD can 
provide grain yield benefits comparable with improved climatic 
conditions,	 for	 example,	 decreasing	 temperature	 and	 length	 and	
temperature of dry spells for both small grains and maize, and in-
creasing	precipitation	for	maize.	These	results	confirm	that	species-	
diverse and functionally rich rotations enhance grain yields under all 
growing	conditions	(Bowles	et	al.,	2020;	Gaudin	et	al.,	2015;	Marini	
et al., 2020; Smith et al., 2023).	We	expanded	on	this	by	explicitly	
considering climatic conditions and CRD levels, which allowed us to 
estimate the beneficial effects of an increase in CRD and the change 
in CRD needed to cope with a set change in climatic conditions.

Yields	 increased	over	 time	and	more	so	at	 the	CRD	that	maxi-
mized yields (Tables 1 and 3). These yield increases were the net re-
sult of changing climatic conditions, and technological and breeding 
improvements	over	time	(Ortiz-	Bobea	&	Tack,	2018). Disentangling 
the two effects would require manipulating the climatic conditions 
in	experiments,	which	 remains	 rare	 for	arable	crops	 (e.g.,	Renwick	
et al., 2021). We surmise that the benefit of increasing CRD could 
be even greater than observed in our data, because temperature has 
increased	at	all	sites	during	the	experiments	(Figures S8 and S9) and 
warming generally has a negative effect on yields (Lobell et al., 2011).

The benefits of CRD for crop performance under low and high 
precipitation are likely mostly mediated by changes to soil proper-
ties and ecosystem functioning. Increasing CRD could improve soil 

structure and soil organic matter content, facilitating the reten-
tion	of	water	and	nutrients	in	several	field	experiments	(Kremen	&	
Miles,	2012; Schmer et al., 2020; Sprunger et al., 2020). Nevertheless, 
trade-	offs	might	occur	if	the	added	crops	increase	water	demands,	
as	observed	 in	some	experiments	 (Blanchy	et	al.,	2023), in the ab-
sence of sufficient soil water recharge outside the growing season. 
Improved soil water retention could reduce water stress under low 
precipitation and limit nutrient leaching under high precipitation 
(Renwick et al., 2019). Higher CRD also increased both the quantity 
and	quality	of	carbon	 inputs	 in	 field	experiments,	promoting	com-
plexity	in	microbial	communities,	and	in	turn	plant	nutrient	availabil-
ity	(Mooshammer	et	al.,	2022; Zhang et al., 2021), even at reduced 
soil	water	 content	 (Bowles	 et	 al.,	2022). Plant nutrient availability 
further increased with increased soil moisture, allowing diverse 
rotations to increase crop productivity under low and high precip-
itation thanks to positive nitrogen and water use linkages (Renwick 
et al., 2019).

The benefits of CRD to grain yields under warming likely resulted 
from	a	combination	of	mechanisms.	By	enhancing	soil	structure	and,	
hence,	water	availability	(Blanchy	et	al.,	2023;	Kremen	&	Miles,	2012; 
Schmer et al., 2020; Sprunger et al., 2020), CRD might reduce water 
stress and increase evaporative cooling, which mitigates heat stress 
(Sadok et al., 2021). Similarly, preceding crops with large and deep 
rooting systems can create biopores, that is, pathways in the soil 
that facilitate root growth of the following crop, and hence deeper 
water uptake (Han et al., 2015), buffering against soil water fluctu-
ations. Pest and pathogen pressure on staple grain crops increases 
with warming in temperate regions, based on observations and 
model analyses (Chaloner et al., 2021; Deutsch et al., 2018; Singh 
et al., 2023). Higher CRD might counteract this increase in pest pres-
sure by enhancing the diversity and abundance of predators to crop 

F I G U R E  4 Model-	predicted	yield	difference	from	baseline	yield	anomaly,	that	is,	deviations	from	the	site-		and	crop-	specific	local	mean,	
for (a) spring small grains, (b) winter small and (c) maize, in response to functional richness, and the anomalies of the highest number of 
consecutive dry days (CDD) and average temperatures during that period (TDD), based on fitted Equation (3). To facilitate the comparisons 
across	conditions	and	functional	richness,	the	baseline	of	yield	anomaly	(i.e.,	0 t ha−1 on the y-	axis)	is	set	to	the	anomaly,	that	is,	deviations	
from	the	site-		and	crop-	specific	local	mean,	of	a	rotation	with	functional	richness	1,	that	is,	cereal-	only,	under	long-	term	average	of	CDD and 
TDD, and at t = 15 years.	For	each	indicator	crop,	the	left,	central	and	right	panels	show	model	predictions	within	the	first	quartile,	the	long-	
term average and the third quartile of CDD. The symbols represent yield anomaly predictions under the first quartile (green squares), the 
long-	term	average	(blue	diamonds)	and	the	third	quartile	(red	triangles)	of	TDD.	The	whiskers	indicate	the	95%	confidence	intervals.
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pests in the field and in the cropped landscape (Aguilera et al., 2020; 
Heinen et al., 2023; Redlich et al., 2018; Rusch et al., 2013), reducing 
infestations (Wang et al., 2022). Crop diversity could also promote 
pathogen-	suppressing	microorganisms	and	reduce	the	presence	of	
suitable hosts for pathogens (Peralta et al., 2018).

The	 statistical	models	had	a	 low	degree	of	explained	variation	
(i.e., marginal R2).	 This	 was	 expected	 given	 the	 large	 variation	 in	
experimental	design,	 geographical	 location	and	variable	 treatment	
outcome from year to year. This prevents us from predicting future 
year-	to-	year	yields,	but	the	significant	effects	on	yield	anomalies	of	
CRD	and	climatic	conditions	over	the	whole	duration	of	the	experi-
ments	allow	for	robust	conclusions	on	CRD-	yield	responses	to	his-
torical climatic conditions.

4.2  |  Crop functional richness, not species 
diversity, was the main driver of yield benefits

Increasing crop functional richness enhanced yield anomalies, 
and hence yields, with no sign of decline, for all crops under high 
temperature and irrespective of precipitation. As such, functional 
richness steadily compensated yield reductions from detrimental 
climatic conditions occurring in monocultures and low diversity 
rotations.

Small	grain	yields	were	maximized	at	an	intermediate	species	di-
versity	of	the	crop	rotation.	At	which	CRD	the	maximum	occurred	
depended	on	climatic	conditions	and	indicator	crop.	For	winter	small	
grains,	the	yield-	maximizing	species	diversity	decreased	in	warmer	
and drier conditions. Spring small grains showed the opposite pat-
tern. This suggests that less diverse rotations provide higher bene-
fits to winter small grain yields under warming and low precipitation, 
compared with more diverse rotations. Winter small grains reach 
anthesis earlier than spring small grains and likely obtain a higher 
thermal optimum before the warmest period of the growing sea-
son begins (He et al., 2020).	Furthermore,	winter	small	grains	have	
deeper root systems than spring grains, which can sustain biomass 
productivity	 even	 under	water	 shortage	 (Kirkegaard	 et	 al.,	2007). 
We speculate that winter small grains require a lower species diver-
sity	 to	maximize	grain	yield	 than	 spring	 small	 grains	because	 they	
are relatively more productive under such conditions (Section 4.3). 
The diverging effect of CRD on small grain yield could also depend 
on the crop sequence (Reckling et al., 2022). We were not able to 
investigate this because crop sequences were heterogeneous across 
the	LTEs.	Full	factorial	designs	would	be	needed	to	disentangle	crop	
sequence effects from diversity effects.

The decline in small grain yields at high species diversity, but not 
at high functional richness, is likely the result of the choice of sown 
crops. The rotations included in our dataset are in line with typical 
local rotations. If the pool of crop species to choose from is small, 
just adding species might not provide the complementary functional 
traits that benefit cereal yield as diversity increases. Conversely, in-
creasing CRD through functional richness might be more effective 
than species diversity in providing functional traits that promote 

climate change adaptation in cropping systems (Cadotte et al., 2011; 
Smith et al., 2023; Wright et al., 2021). It is possible that increased 
functional richness in particular promoted soil benefits due to com-
plementarities in rooting depth, root density, and growing season 
period among the functional groups (Duchene et al., 2020;	Griffiths	
et al., 2022).	Moreover,	crops	with	large	and	deep	rooting	systems	
facilitate a deep root growth of the following crop via biopores lead-
ing to deeper water and nutrient uptake (Han et al., 2015). However, 
trade-	offs	can	occur,	as	 investments	 in	deeper	roots	can	decrease	
yields when water is not limited. Also, biopores increase leaching 
under heavy rainfall (Wendel et al., 2022).

For	maize,	 the	 species	 diversity	 that	maximized	 yields	 did	 not	
change across climatic conditions and coincided with the highest 
level included in the data. However, the data on maize had a nar-
rower range of species diversity compared with small grains. It is 
possible	 that	 extending	 the	 analysis	 to	 rotations	with	 higher	 spe-
cies	 diversity	 would	 show	 a	 shifting	 yield-	maximizing	 diversity	 in	
response	to	climatic	conditions.	It	remains	to	be	explored	whether	
a shift towards detrimental climatic conditions would require a spe-
cies diversity higher than the highest diversities covered in our study 
to	maximize	maize	yield.

4.3  |  Yield response to climatic conditions and CRD 
depended on indicator crop

Warming reduced yields in all crops irrespective of CRD and pre-
cipitation. At higher than average precipitation, the yield reductions 
from warming were higher in winter small grains than in spring small 
grains	and	maize,	irrespective	of	CRD.	For	a	given	temperature,	in-
creasing precipitation reduced yields in spring cereals, but increased 
them in maize and had no effect in winter small grains, irrespective 
of	 CRD.	 This	 partly	 contrasts	 the	 findings	 of	Marini	 et	 al.	 (2020), 
where spring small grain yields increased with precipitation. A possi-
ble	explanation	is	that	our	data	have	a	wider	geographic	distribution,	
including cooler and wetter sites with spring grain cereals, such as 
the	Tulloch	and	Woodside	LTEs	in	Northern	Scotland.	Moreover,	we	
considered	a	range	of	CRDs	whereas	Marini	et	al.	(2020) focused on 
the	monoculture-	diverse	rotation	dichotomy,	with	the	most	diverse	
rotations	corresponding	to	species	diversity	4–6,	that	is,	towards	the	
right end of the parabola in our results (Figures 1 and 2; Figure S10). 
In line with our results for spring small grains, yields of spring and 
winter	small	grains	in	Finland	declined	with	increasing	precipitation	
occurring	 in	 late	 developmental	 stages	 due	 to	 lodging	 (Peltonen-	
Sainio et al., 2011). Winter wheat was not grown at such latitudes, 
so we were unable to assess whether winter and spring cereals react 
similarly to such conditions. The wide climatic gradient covered in 
our dataset might have contributed to the lack of response to pre-
cipitation	 for	winter	 small	 grains.	 For	 example,	 in	 temperate	 LTEs	
such	as	in	Broadbalk	and	Woburn,	a	decrease	in	precipitation	had	lit-
tle	impact	on	winter	small	grain	yields,	while	in	Mediterranean	LTEs	
such as in El Encín and La Canaleja, it could lead to catastrophic yield 
losses (Figure S11).
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Long and warm dry spells negatively affected winter small grains 
as	expected	(Brás	et	al.,	2021), whereas the length and temperature 
of dry spells had negligible effects on spring small grain yields. The 
difference in response could be because the LTEs with spring small 
grains are located in cooler climates than for winter small grains, 
which	 included	Mediterranean	 sites	 (Figures S1 and S3; Table S1). 
Lower temperature reduces evapotranspiration, and possibly the 
negative impact of dry spells on grain yields in temperate compared 
with	Mediterranean	 climates.	Moreover,	 dry	 spells	were	 generally	
longer in LTEs with winter small grains than in LTEs with spring small 
grains (Figure S3; Table S1),	 likely	exacerbating	 the	 impact	of	high	
temperatures	on	grain	yields	(Matiu	et	al.,	2017).

Maize	yields	responded	most	negatively	to	co-	occurring	low	cu-
mulative precipitation and high average temperatures, and to long 
and warm dry spells, across all CRDs. These findings are in line with 
maize yield declines observed under combined warming and low 
precipitation, and under long dry spells (Lobell et al., 2014; Luan 
et al., 2021; Renwick et al., 2021).

5  |  CONCLUSIONS

We showed that diversifying crop rotations can decrease the vul-
nerability of cereal yields to detrimental climatic conditions, based 
on	primary	data	from	32	long-	term	experiments	across	Europe	and	
North	America.	In	these	contexts,	rotations	including	two	to	three	
species or at least two functionally different groups compensated 
for monoculture yield losses in small grains and maize occurring 
under detrimental climatic conditions. Climatic conditions such as 
anomalously warm and dry growing seasons and lengthy and warm 
dry spells are increasingly frequent due to climate change. Increasing 
CRD is thus an option for adapting cropping systems to climatic 
change.	Further	increasing	functional	richness	can	give	added	ben-
efits, promoting grain yields beyond average levels achievable by 
monocultures	 also	 under	 beneficial	 climatic	 conditions.	 Growing	
several crop species also reduces risks through a rich portfolio of 
crops that are unequally affected by climatic disturbances (Cadotte 
et al., 2011; Loreau et al., 2021; Schindler et al., 2015). Increasing 
CRD provides insurance against more variable and uncertain climatic 
conditions.
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