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!BSTRACT
4HEORETICAL AND EMPIRICAL STUDIES SHOW INCREASED DIVERSITY IN CROPS� SUPPLY CHAINS� AND MARKETS
HELPS STABILIZE FOOD SYSTEMS� !T THE SAME TIME GLOBAL COMMODITY MARKETS AND INDUSTRIAL AGRICULTURE
HAVE DRIVEN HOMOGENIZATION OF LOCAL AND REGIONAL PRODUCTION SYSTEMS� AND CONSOLIDATED POWER IN
FEWER LARGER SPECIALIZED FARMS AND DISTRIBUTERS� 4HIS IS A GLOBAL CHALLENGE� WITH NO OBVIOUS GLOBAL
SOLUTIONS� !N IMPORTANT QUESTION THEREFORE� IS HOW INDIVIDUAL COUNTRIES CAN BUILD THEIR OWN
RESILIENCE THROUGH MAINTAINING OR INCREASING DIVERSITY WITHIN THEIR BORDERS� (ERE WE SHOW� USING
FARM LEVEL DATA FROM 'ERMANY� THAT SPREADING PRODUCTION RISK BY GROWING THE SAME CROPS ACROSS
DIFFERENT FARMS CARRIES STABILIZING BENEFITS BY ALLOWING FOR INCREASED SPATIOTEMPORAL ASYNCHRONY
WITHIN CROPS� 7E ALSO FIND THAT INCREASING ASYNCHRONY BETWEEN THE YEAR
TO
YEAR PRODUCTION OF
DIFFERENT CROPS HAS STABILIZING EFFECTS ON FOOD SUPPLY� )MPORTANTLY� THE BENEFITS OF INCREASING CROP
DIVERSITY ARE LOWER IN SPECIALIZED LANDSCAPES GROWING THE SAME CROP ON LARGE PATCHES� /UR RESULTS
ILLUSTRATE CLEAR BENEFITS OF DIVERSIFIED CROPS� PRODUCERS� AND AGRICULTURAL LANDSCAPES TO BUFFER SUPPLY
SIDE SHOCKS� AND FOR INCORPORATION IN SUBSIDIES AND OTHER REGULATORY MEASURES AIMED AT STABILIZING
FOOD SYSTEMS�

�� )NTRODUCTION

3UPPLY SIDE VARIABILITY AND SHOCKS DRIVEN BY VARI

ABLE AND EXTREME WEATHER AND PEST OUTBREAKS PRESENT
A MAJOR CHALLENGE FOR FOOD SYSTEMS �)IZUMI AND
2AMANKUTTY ����� ,ESK ET AL ����� $EUTSCH ET AL �����
-EHRABI ����	� ! KEY GLOBAL CONCERN IS THAT ONGOING
AND INCREASING HOMOGENIZATION OF PRODUCTION SYS

TEMS� AND AGRICULTURAL LANDSCAPES� IS RENDERING THEM
VULNERABLE TO THESE DRIVERS �+ASTNER ET AL ����� "EN

!RI AND-AKOWSKI ����� 2AMANKUTTY ET AL ����� .YS

TR�M ET AL ����	� )NCREASING DIVERSITY IN PRODUCTION
SYSTEMS HAS THEREFORE BEEN PROPOSED AS A KEY MECH

ANISM TO OFFSET THESE RISKS �2AMANKUTTY ET AL �����
2ENARD AND 4ILMAN ����� %GLI ET AL ����	� ! KEY FACTOR
UNDERPINNING THE STABILIZING EFFECTS OF DIVERSIFICATION�
IS THE IMPACT EFFECTS OF DIVERSITY ON ASYNCHRONOUS

PRODUCTION DYNAMICS� 4HESE EFFECTS CAN ARISE FROM
EITHER GROWING THE SAME CROPS AT DIFFERENT LOCA

TIONS �LEADING TO ASYNCHRONY WITHIN CROPS	� OR GROW

ING DIFFERENT CROPS AT A GIVEN LOCATION �ASYNCHRONY
BETWEEN CROPS	� SUCH AS ACROSS FARMS OR REGIONS
�-EHRABI AND 2AMANKUTTY ����	 �FIGURE �	� (OW

EVER� IN REALITY THESE TWO EFFECTS MIGHT TRADE
OFF WITH
EACH OTHER IN PRACTICE� AND THE RELATIVE IMPORTANCE OF
EACH FOR THE STABILITY OF PRODUCTION SYSTEMS IS POORLY
UNDERSTOOD�

)N THE CONTEXT OF THIS STUDY� ASYNCHRONY WITHIN
CROPS DESCRIBES THE ASYNCHRONY OF THE YEAR
TO
YEAR
PRODUCTION OF THE SAME CROP AT DIFFERENT FARMS WITHIN
A GIVEN REGION AND TIME INTERVAL �FIGURE ��D		� )T ARISES
FROM DIFFERENCES IN FARMER DECISION MAKING� AND SPA

TIAL HETEROGENEITY IN BIOPHYSICAL AND SOCIAL CONDITIONS
�E�G� +OUADIO AND .EWLANDS ����	� )F DIFFERENCES
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&IGURE �� #ONCEPTUAL REPRESENTATION OF THE METRICS DERIVED AT THE DISTRICT LEVEL� �A	 3TYLIZED REPRESENTATION OF A DISTRICT CONSISTING
OF THREE FARMS CULTIVATING THREE CROPS EACH WITH DIFFERENCES HARVESTED AREAS� �B	 0RODUCTION STABILITY 3DISTRICT REPRESENTS THE
YEAR
TO
YEAR STABILITY OF TOTAL CALORIC PRODUCTION OVER ALL CROPS IN A DISTRICT �SEE EQUATION � FOR DETAILS	� �C	 !SYNCHRONY BETWEEN
CROPS �DISTRICT LEVEL	 "DISTRICT DESCRIBES THE ASYNCHRONY OF THE YEAR
TO
YEAR PRODUCTION OF DIFFERENT CROPS WITHIN A DISTRICT �SEE
EQUATION � FOR DETAILS	� �D	 !SYNCHRONY WITHIN CROPS7DISTRICT DESCRIBES THE ASYNCHRONY OF THE YEAR
TO
YEAR PRODUCTION OF THE SAME
CROP AT DIFFERENT FARMS WITHIN A DISTRICT� WHICH IS AGGREGATED OVER ALL CROPS USING CROP HARVESTED AREA
WEIGHTED MEANS �SEE
EQUATIONS � AND � FOR DETAILS	� �E	 !SYNCHRONY BETWEEN CROPS �FARM LEVEL	 &DISTRICT DESCRIBES THE ASYNCHRONY OF THE YEAR
TO
YEAR
PRODUCTION OF DIFFERENT CROPS WITHIN A FARM� WHICH IS AGGREGATED OVER ALL FARMS USING FARM HARVESTED AREA
WEIGHTED MEANS �SEE
EQUATIONS � AND � FOR DETAILS	�

IN CROP MANAGEMENT DECISIONS� OR CLIMATE� LEAD TO
ASYNCHRONOUS YEAR
TO
YEAR PRODUCTION PATTERNS IN THE
SAME CROP �E�G� WITH A PRODUCTION SURPLUS IN ONE
PLACE AND A LOSS IN THE OTHER	� MULTIPLE PRODUCERS CAN
TOGETHER STABILIZE THE PRODUCTION SYSTEM TIED TO THAT
CROP �-EHRABI AND 2AMANKUTTY ����	� )N GENERAL�
LARGER AREAS WITH HIGH SPATIAL HETEROGENEITY BETTER BUF

FER LOCAL VARIABILITY AND SHOCKS� E�G� RELATED TO CLIMATE
OR WEATHER EVENTS� POLITICAL CONDITIONS AND MANAGE

MENT �VAN .ES AND 3CHEFFER ����� 3UWEIS ET AL �����
#OTTRELL ET AL ����	�

!SYNCHRONY BETWEEN CROPS DESCRIBES THE ASYN

CHRONY OF THE YEAR
TO
YEAR PRODUCTION OF DIFFERENT
CROPS WITHIN A GIVEN REGION �FIGURE ��C		 OR FARM
�FIGURE ��E		� )NCREASING CROP DIVERSITY STABILIZES AGRI

CULTURAL PRODUCTION IF DIFFERENT CROPS SHOW DIFFER

ENTIAL RESPONSES TO CLIMATIC� ECONOMIC AND POLITICAL
VARIABILITY AND SHOCKS� AS WELL AS DIFFERENCES IN AGRI

CULTURAL MANAGEMENT �2IST ET AL ����� 2ENARD AND
4ILMAN ����	� 4HIS IS THE SAME STABILIZING MECHAN

ISM IDENTIFIED AS @RESPONSE DIVERSITY� OF DIFFERENT SPE

CIES FOUND IN BIODIVERSITY RESEARCH �%LMQVIST ET AL
����	� !CROSS DIFFERENT REGIONS OR LARGE GEOGRAPHIC

UNITS THESE DIFFERENTIAL PHYSIOLOGICAL RESPONSES CAN BE
FURTHER INCREASED BY SPATIALLY HETEROGENEOUS BIOPHYS

ICAL OR SOCIAL CONDITIONS� !SYNCHRONY BETWEEN CROPS�
IS ONE IMPORTANT PROPERTY THAT CAN EXPLAIN WHY A
HIGHER CROP DIVERSITY SUPPORTS THE STABILITY OF NATIONAL
FOOD PRODUCTION �%GLI ET AL ����	�

4O FOSTER STABILITY OF AGRICULTURAL PRODUCTION�
MANAGEMENT APPROACHES THAT INCREASE ASYNCHRONY
WITHIN AND BETWEEN CROPS NEED TO BE INVESTIGATED
IN ADDITION TO OTHER OPTIONS� 7HILE CROP DIVERSIFICA

TION INCREASES ASYNCHRONY BETWEEN CROPS� ASYNCHRONY
WITHIN CROPS ALSO CAN BE ADDRESSED BY INCREASING THE
NUMBER AND DIVERSITY OF FARMS AND PRODUCTION SYS

TEMS� AND ALTERING LANDSCAPE CONFIGURATION� E�G� BY
MOVING AWAY FROM SPECIALIZED LANDSCAPES WITH FEW
LARGE FARMS GROWING THE SAME CROP �,IN ����	� "ESIDE
THEIR POTENTIAL STABILIZING EFFECTS FOR FOOD SUPPLY� CROP
AND LANDSCAPE DIVERSITY CAN ALSO BENEFIT BIODIVERSITY
AND ECOSYSTEM SERVICES �3EPPELT ET AL ����� �����
+REMEN AND -ERENLENDER ����� 'ARIBALDI ET AL �����
,I ET AL ����	� IN PARTICULAR IF HABITAT FOR SPECIES IS
INCREASED AND DEPENDENCY ON AGRICULTURAL INPUTS IS
REDUCED �2IST ET AL ����	�

�
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7HILE THE EFFECT OF ASYNCHRONY WITHIN AND
BETWEEN CROPS HAS BEEN RECENTLY ASSESSED INDIVIDU

ALLY AT THE GLOBAL LEVEL� THEIR RELATIVE IMPORTANCE TO
STABILIZE AGRICULTURAL PRODUCTION FOR NATIONAL PRO

DUCTION SYSTEMS HAS NOT� )N THIS STUDY WE INCLUDE
THREE APPROACHES TO BETTER UNDERSTAND THESE MECH

ANISMS� &IRST� WE USED FARM LEVEL DATA IN 'ERMANY
TO INVESTIGATE THE EFFECT OF ASYNCHRONY WITHIN CROPS
ACROSS FARMS IN A DISTRICT� AS WELL AS THE ASYNCHRONY
BETWEEN CROPS AT THE FARM AND DISTRICT LEVEL� ON THE
DISTRICT
SPECIFIC YEAR
TO
YEAR STABILITY OF TOTAL CALORIC
PRODUCTION �FIGURE �	� 3ECOND� WE EMPIRICALLY INVEST

IGATED THE EFFECT OF INCREASING THE NUMBER OF FARMS
AND CROPS WITHIN A DISTRICT ON ASYNCHRONY WITHIN
AND BETWEEN CROPS� RESPECTIVELY� 4HIRD� WE SIMU

LATED A MODEL LANDSCAPE WITH DIFFERENT MANAGEMENT
APPROACHES �SPECIALIZED� FRAGMENTED� DIVERSIFIED	 TO
ASSESS THE EFFECT AND POTENTIAL TRADE
OFFS OF CROP
DIVERSIFICATION ON ASYNCHRONY WITHIN AND BETWEEN
CROPS UNDER VARIABLE TEMPERATURE AND PRECIPITATION
REGIMES�

�� -ATERIALS ANDMETHODS

���� %MPIRICAL ANALYSES
&OR THE EMPIRICAL ANALYSES� WE EXTRACTED DATA FOR
TWO TIME INTERVALS �����n����� ����n����	 FROM THE
@4ESTBETRIEBSNETZ� DATASET� A COMPREHENSIVE ASSESS

MENT OF MANAGEMENT AND SOCIOECONOMIC VARIABLES
ON MORE THAN �� ��� FARMS ACROSS 'ERMANY �TABLE �	�
4O EXCLUDE FARMS WHERE CROP CULTIVATION IS OF VERY
MINOR RELEVANCE� WE SORTED THEM BY THE AVERAGE CROP

LAND AREA OVER ALL REPORTED YEARS IN DESCENDING ORDER
AND DIVIDED IT BY THE TOTAL CROPLAND AREA OF ALL FARMS
AND CALCULATED THE CUMULATIVE SUM�7E ONLY INCLUDED
FARMS UP TO OF ����� OF THE CUMULATIVE SUM�

4O CALCULATE YEAR
TO
YEAR PRODUCTION STABILITY�
SEVERAL PREPARATION STEPS WERE NEEDED� 7E CONVER

TED CROP
SPECIFIC PRODUCTION FROM TONS TO CALORIES
USING STANDARDIZED NUTRITIVE FACTORS �TABLE �	� 7E
NOTE THAT FOR THE ILLUSTRATIVE PURPOSES OF THIS PAPER
THIS CONVERSION ASSUMES SUBSTITUTABILITY OF SUPPLY
BUT FUTURE APPLICATIONS MAY SPECIFY REPLACEABLE OR
SUBSTITUTABLE GOODS FOR MARKETS� 7E AGGREGATED ��
CROPS TO �� MAJOR CROPS GROUPS �SUPPLEMENTARY TABLE
3� �AVAILABLE ONLINE AT STACKS�IOP�ORG�%2,�����������
MMEDIA		� &OR EACH TIME INTERVAL� WE ONLY INCLUDED
CROPS FOR WHICH TIME SERIES WERE COMPLETE AND WHERE
BOTH PRODUCTION AND HARVESTED AREA WERE REPORTED�
&OR EACH YEAR� WE THEN SUMMED CALORIE PRODUCTION OF
ALL CROPS ACROSS ALL FARMS WITHIN EACH DISTRICT �@2EGIER

UNGSBEZIRK�	 TO OBTAIN OVERALL PRODUCTION IN KILOCAL

ORIES� 4O ACCOUNT FOR STABILITY INDEPENDENT OF LONG

TERM TRENDS� WE TIME
DETRENDED ANNUAL PRODUCTION
DATA BY REGRESSING ANNUAL TOTAL CALORIE PRODUCTION
ON YEAR SQUARED FOR EACH TIME INTERVAL �2ENARD AND
4ILMAN ����	� 7E CALCULATED YEAR
TO
YEAR PRODUCTION
STABILITY 3$ AS THE NON
TIME
DETRENDED MEAN OF TOTAL

CALORIC PRODUCTION DIVIDED BY THE TIME
DETRENDED
STANDARD DEVIATION OF TOTAL CALORIC PRODUCTION FOR
EACH DISTRICT AND TIME INTERVAL FOLLOWING-EHRABI AND
2AMANKUTTY �����	

3$ = µ$/σ$ ��	

WHERE µ$ IS THE NON
TIME
DETRENDED MEAN OF THE
TOTAL CALORIC PRODUCTION OF A DISTRICT AND σ$ IS THE
TIME
DETRENDED STANDARD DEVIATION OF TOTAL CALORIC
PRODUCTION OF DISTRICT $�

4O CONFIRM THAT PRODUCTION STABILITY IS DIRECTLY
RELATED TO SUPPLY SHOCKS �2ENARD AND 4ILMAN ����	�
WE GROUPED ALL DISTRICTS IN BOTH TIME INTERVALS INTO
FOUR EQUALLY SIZED BINS OF INCREASING PRODUCTION STA

BILITY AND CALCULATED HOW OFTEN ANNUAL PRODUCTION
WAS AT LEAST ��� BELOW THE RESPECTIVE MEAN PRODUC

TION OF A GIVEN DISTRICT AND TIME INTERVAL�

&OR ALL THREE ASYNCHRONY METRICS �ASYNCHRONY
WITHIN CROPS� ASYNCHRONY BETWEEN CROPS AT FARM AND
DISTRICT LEVEL	� WE FIRST CALCULATED SYNCHRONY FOLLOWING
,OREAU AND DE -AZANCOURT �����	 AND -EHRABI AND
2AMANKUTTY �����	 WITH THE @CODYN� PACKAGE �VERSION
�����	 IN 2 �(ALLETT ET AL ����	 AND SUBTRACTED IT FROM
� TO RECEIVE ASYNCHRONY� 7E CALCULATED WITHIN CROP
ASYNCHRONY7C BETWEEN THE TIME
DETRENDED PRODUC

TION IN FARMS WHERE A GIVEN CROP C WAS REPORTED
�EQUATION ��		

7C = �− σ�
C /

(
N∑

I=�

√
FI,I

)�

��	

WHERE σ�
C IS THE TOTAL VARIANCE OF THE TIME
DETRENDED

PRODUCTION OF CROP C IN A DISTRICT AND THE DOMIN

ATOR REFLECTS THE SUMOF THE RESPECTIVE VARIANCES WITHIN
FARMS FI,I �THE NUMBER OF FARMS N RANGES FROM � TO ���
DEPENDING ON THE DISTRICT	�

"Y USING HARVESTED AREA
WEIGHTED MEANS OF THESE
VALUES WE CALCULATED THE AVERAGE ASYNCHRONY WITHIN
CROPS IN A DISTRICT AND TIME INTERVAL 7$ OVER ALL
CROPS

7$ =
N∑

I=�

(7C ×WC) ��	

WHEREWC IS THE WEIGHT OF EACH CROP C BASED ON THE HAR

VESTED AREA OF THIS CROP RELATIVE TO THE TOTAL HARVESTED
AREA OF ALL TEN CROPS�

4O DERIVE ASYNCHRONY BETWEEN CROPS AT THE FARM
AND THE DISTRICT LEVEL� WE TIME
DETRENDED CROP
SPECIFIC
CALORIC PRODUCTION IN EACH FARM� OR AGGREGATED OVER ALL
FARMS IN A DISTRICT� RESPECTIVELY�7E THEN DERIVED ASYN

CHRONY BETWEEN CROPS FOR EACH FARM "F �EQUATION ��		
OR DISTRICT "$ �EQUATION ��		

"F = �− σF
�/

(
N∑

I=�

√
CI,I

)�

��	

�
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4ABLE �� $ATASETS USED IN THIS STUDY� 4EMPORAL EXTENT REFLECTS THE YEARS EXTRACTED FOR THIS STUDY� #ROP CALORIES REFLECT STANDARDIZED
NUTRITIVE FACTORS�

$ATA 2EFERENCE $ESCRIPTION
2ESOLUTION�
TEMPORAL EXTENT 5NIT 52,

!REA HARVESTED "-%, �����	 #ROP
SPECIFIC
HARVESTED AREAS

&ARM� ����n���� HA WWW�BMEL
STATISTIK�DE�LAND
WIRTSCHAFT�TESTBETRIEBSNETZ�TESTBE
TRIEBSNETZ
LANDWIRTSCHAFT
BUCH
FUEHRUNGSERGEBNISSE�

#ROP YIELDS #ROP
SPECIFIC
YIELDS

&ARM� ����n���� DT�HA

#ROP CALORIES &!/ �����	 &OOD BALANCE
SHEETS

.! KCAL���� G WWW�FAO�ORG�DOCREP�����X����E�8
����E���HTM�0����?������

WHERE σ�
F IS THE TOTAL VARIANCE OF THE TIME
DETRENDED

PRODUCTION OF FARM F AND THE DOMINATOR REFLECTS
THE SUM OF THE RESPECTIVE VARIANCES WITHIN CROPS CI,I
�THE NUMBER OF CROPS N RANGES FROM � TO � DEPENDING
ON THE FARM	

"$ = �− σ�
$/

(
N∑

I=�

√
CI,I

)�

��	

WHERE σ�
$ IS THE TOTAL VARIANCE OF THE TIME
DETRENDED

PRODUCTION OF DISTRICT $ AND THE DOMINATOR REFLECTS
THE SUM OF THE RESPECTIVE VARIANCES WITHIN CROPS CI,I
�THE NUMBER OF CROPS N RANGES FROM � TO � DEPENDING
ON THE DISTRICT	�

4O AGGREGATE FARM LEVEL ASYNCHRONY BETWEEN CROPS
TO THE DISTRICT LEVEL &$ WE AVERAGED ASYNCHRONY
BETWEEN CROPS FOR EACH FARM OVER ALL FARMS IN A DIS

TRICT USING HARVESTED AREA
WEIGHTED MEANS

&$ =
N∑

I=�

("F ×WF) ��	

WHERE "F IS THE ASYNCHRONY BETWEEN CROPS IN A FARM
AND TIME INTERVAL� AND WF IS THE WEIGHT OF EACH FARM
BASED ON THE HARVESTED
AREA OF THIS FARM RELATIVE TO THE
TOTAL HARVESTED AREA OF ALL FARMS�

4HE FINAL DATASET INCLUDED �� DATA POINTS� REFLECT

ING �� INDIVIDUAL DISTRICTS FOR TWO TIME INTERVALS�
"ASED ON THE DERIVED METRICS� WE ESTIMATED THE
DEPENDENCE OF PRODUCTION STABILITY ON ASYNCHRONY
WITHIN AND BETWEEN CROPS� 7E NOTE THAT ASYNCHRONY
BETWEEN CROPS AT THE FARM LEVEL CAN BE SEEN AS A SCALING
FACTOR FOR DISTRICT LEVEL PRODUCTION STABILITY �-EHRABI
AND 2AMANKUTTY ����	� (ERE� INSTEAD OF DECOMPOS

ING THE VARIABILITY INTO THE CONTRIBUTING FACTORS USING
THEORY� WE UNDERTOOK A STATISTICAL ANALYSIS TO ESTIMATE
THE LINEAR EFFECT OF THE CHANGE IN ASYNCHRONY WITHIN
CROPS AND EITHER FARM LEVEL OR DISTRICT LEVEL ASYN

CHRONY BETWEEN CROPS� ON PRODUCTION STABILITY FOR A
GIVEN DISTRICT� 4O DO THIS WE FIT A LINEAR MIXED
EFFECTS
MODEL USING THE @NLME� LIBRARY IN 2 �0INHEIRO ET AL
����	 INCLUDING A RANDOM INTERCEPT FOR THE DISTRICT TO
ACCOUNT FOR CORRELATED ERRORS BETWEEN TIME INTERVALS

3$ = β� +β�7$ + β�"$ + β�&$ + )$ + ε$ ��	

WHERE 3I IS THE YEAR
TO
YEAR PRODUCTION STABILITY OF DIS

TRICT $� β� IS THE INTERCEPT� β�� β� AND β� ARE THE
REGRESSION COEFFICIENTS FOR ASYNCHRONY WITHIN CROPS�
DISTRICT LEVEL ASYNCHRONY BETWEEN CROPS AND FARM LEVEL
ASYNCHRONY BETWEEN CROPS� RESPECTIVELY� )I IS THE RAN

DOM INTERCEPT FOR EACH DISTRICT $ AND ε$ IS THE ERROR
TERM�

4O ASSESS DISTRIBUTION OF THE RESPONSE VARIABLE� WE
USED THE @FITDISTRPLUS� PACKAGE IN 2 �$ELIGNETTE
-ULLER
AND $UTANG ����	� 0RODUCTION STABILITY WAS CLEARLY
LOG
NORMALLY DISTRIBUTED �∆!)#C OF −� OR LESS COM

PARED TO A NORMAL DISTRIBUTION	� /NCE WE HAD ESTAB

LISHED THIS RELATIONSHIP BETWEEN ASYNCHRONY AND STA

BILITY� WE INVESTIGATED THE EFFECT OF HAVING A GREATER
NUMBER OF DIFFERENT FARMS �DIVERSE PRODUCERS	 GROW

ING THE SAME CROP ON ASYNCHRONY WITHIN CROPS AT THE
DISTRICT LEVEL AND THE EFFECT OF THE NUMBER OF CROPS
GROWN IN A DISTRICT ON ASYNCHRONY BETWEEN CROPS� 7E
NOTE THAT BETWEEN � AND �� ASYNCHRONY IS THEORETIC

ALLY EXPECTED TO INCREASE WITH THE NUMBER OF FARMS
AND CROPS IN A NON
LINEAR FASHION� BUT HERE WE ESTIM

ATE THE EMPIRICAL FORM OF THAT RELATIONSHIP FOR OUR
STUDY REGION� 7ITHIN EACH DISTRICT WE RANDOMLY AND
ITERATIVELY ADDED FARMS FROM � TO ��� AND FOR EACH
NUMBER OF FARMS� WE DERIVED ASYNCHRONYWITHIN CROPS
FOR EACH DISTRICT AS DESCRIBED ABOVE� ,IKEWISE� WITHIN
EACH DISTRICT� WE RANDOMLY AND ITERATIVELY ADDED CROPS
AND DERIVED ASYNCHRONY BETWEEN CROPS AS DESCRIBED
ABOVE� 4O ACCOUNT FOR STOCHASTICITY IN THE SAMPLING OF
FARMS AND CROPS� WE REPEATED THIS PROCEDURE TEN TIMES
AND DERIVED MEAN VALUES AND STANDARD DEVIATION�

4O ASSESS THE ROBUSTNESS OF OUR RESULTS� WE
REPEATED ALL EMPIRICAL ANALYSES WITH SPLITTING THE
DATA INTO TWO TIME INTERVALS OF ONLY EIGHT YEARS
�����n����� ����n����	 AND WITH A DIFFERENT FUNC

TION TO TIME
DETREND PRODUCTION DATA� 4HEREFORE� WE
USED A LOESS FUNCTION WITH A SMOOTHING PARAMETER OF
���� TO REGRESS ANNUAL TOTAL OR CROP
SPECIFIC CALORIE
PRODUCTION ON YEAR FOR EACH TIME INTERVAL �-EHRABI
AND 2AMANKUTTY ����	�

���� 3IMULATION
4O EXPLORE THE IMPACTS OF SPECIALIZED FARMING ON THE
STABILITY OF PRODUCTION� WE SIMULATED DIFFERENT MAN

AGEMENT STRATEGIES IN A MODEL LANDSCAPE� (ERE WE
SIMULATE THE EFFECT OF TEMPERATURE AND PRECIPITATION

�

htpp://www.bmel-statistik.de/landwirtschaft/testbetriebsnetz/testbetriebsnetz-landwirtschaft-buchfuehrungsergebnisse/
htpp://www.bmel-statistik.de/landwirtschaft/testbetriebsnetz/testbetriebsnetz-landwirtschaft-buchfuehrungsergebnisse/
htpp://www.bmel-statistik.de/landwirtschaft/testbetriebsnetz/testbetriebsnetz-landwirtschaft-buchfuehrungsergebnisse/
htpp://www.bmel-statistik.de/landwirtschaft/testbetriebsnetz/testbetriebsnetz-landwirtschaft-buchfuehrungsergebnisse/
www.fao.org/docrep/003/x9892e/X9892e05.htm#P8217_125315
www.fao.org/docrep/003/x9892e/X9892e05.htm#P8217_125315


%NVIRON� 2ES� ,ETT� �� �����	 ������ , %GLI ET AL

ON CROP
SPECIFIC SUITABILITY AS A PROXY FOR PRODUC

TION �:ABEL ET AL ����	� AND USE THIS TO DERIVE AGGREG

ATED MEASURES OF ASYNCHRONY WITHIN AND BETWEEN
CROPS FOR A SET OF MANAGEMENT STRATEGIES� 7E DID
NOT ATTEMPT TO SIMULATE A PARTICULAR GEOGRAPHICAL
REGION BUT TO INVESTIGATE THE GENERAL EFFECTS OF RANDOM
CLIMATE VARIABILITY AND DIFFERENT LANDSCAPE MANAGE

MENT STRATEGIES ON ASYNCHRONY WITHIN AND BETWEEN
CROPS� 7HILE THIS IS A SIMPLIFICATION TO ILLUSTRATE GEN

ERAL PATTERNS� FUTURE STUDIES COULD INCLUDE MORE REAL

ISTIC CLIMATE DYNAMICS INCLUDING EXTREME EVENTS�

7E FIRST INITIALIZED A LANDSCAPE WITH � × �� � × �
OR ��× �� PIXELS� 4HEN� WE RANDOMLY SELECTED ONE TO
TEN CROPS THAT WERE ALSO PRESENT IN THE EMPIRICAL ANA

LYSES �TABLE 3�	� AND ALLOCATED THEM WITH EQUAL AREA
SHARES ACCORDING TO ONE OF THREE LANDSCAPE MANAGE

MENT STRATEGIES� SPECIALIZED� FRAGMENTED AND DIVERSI

FIED� 4O CREATE THE SPECIALIZED AND FRAGMENTED LAND

SCAPE� WE USED THE @NLM?MDP� FUNCTION IN THE @.,-2�
PACKAGE WITH A ROUGHNESS OF � �CLUMPED	 AND � �FRAG

MENTED	� RESPECTIVELY �3CIAINI ET AL ����	� 4HIS FUNC

TION CALCULATES THE RELATIVE DISPLACEMENT ��n�	 FROM
A RANDOMLY SELECTED PIXEL �FIGURE 3�	� 7E THEN ALLOC

ATED THE GIVEN NUMBER OF CROPS WITH EQUAL WEIGHTS
USING THE @UTIL?CLASSIFY� FUNCTION IN THE @LANDSCA

PETOOLS� PACKAGE �3CIAINI ET AL ����	� &OR THE DIVERSI

FIED LANDSCAPE� WE ALLOCATED EACH CROP EQUALLY TO EACH
PIXEL�

7E KEPT THE CROP DISTRIBUTION CONSTANT WHILE WE
SIMULATED ANNUAL TEMPERATURE AND PRECIPITATION FOR
TEN YEARS WITH FIXEDMEAN VALUES ��� ◦# AND ���MM	�
WERE ALL CROPS CONSIDERED SHOWED RELATIVELY HIGH SUIT

ABILITY VALUES� %ACH YEAR WE RANDOMLY SAMPLED TEM

PERATURE AND PRECIPITATION FROM A UNIFORM DISTRIBU

TION WITH THE MAXIMUM DEVIATION FROM THE MEAN
VALUE SET TO �� ◦# AND ��� MM� RESPECTIVELY� 4O SIMU

LATE CLIMATE GRADIENTS� WE USED THE @NLM?MDP� FUNC

TION WITH A ROUGHNESS OF � �CLUMPED	 AND TRANS

FORMED THE RESULTING RANGE ��n�	 TO THE ACTUAL TEMPER

ATURE AND PRECIPITATION RANGE �MEAN± DEVIATION	�7E
NOTE THAT WE IMPLICITLY ASSUMED HOMOGENEITY REGARD

ING OTHER LANDSCAPE VARIABLES THAT WOULD BE RELEVANT
HERE �E�G� SLOPE AND SOILS	�

&OR EACH PIXEL AND ALLOCATED CROP WE COMPUTED
ANNUAL TEMPERATURE AND PRECIPITATION RELATED SUIT

ABILITY USING GENERAL CROP
SPECIFIC CLIMATE RESPONSE
FUNCTIONS THAT ASSOCIATE A SUITABILITY INDEX FROM � �NOT
SUITABLE	 TO � �HIGHLY SUITABLE	 TO EACH TEMPERATURE
OR PRECIPITATION VALUE �:ABEL ET AL ����	 �FIGURE 3�	�
7E SELECTED THE MINIMUM OF THE RESULTING SUITABILITY
VALUES PER CROP �FOR EITHER TEMPERATURE OR PRECIPITA

TION	� AS SUITABILITY IS RESTRICTED BY THE LOWEST SUITABIL

ITY IN EITHER� 7E USED THIS SUITABILITY FOR CROP GROWTH
AS A SIMPLE PROXY FOR PRODUCTION�7E CALCULATED CROP

SPECIFIC ASYNCHRONY BETWEEN ALL PIXELS WHERE A GIVEN
CROP WAS CULTIVATED AND AVERAGED IT OVER ALL CROPS TO
ESTIMATE ASYNCHRONY WITHIN CROPS �NO WEIGHTING WAS
NEEDED BECAUSE CROP SHARES WERE SIMILAR	� .EXT� WE

CALCULATED THE TOTAL ANNUAL PRODUCTION OF ALL PIXELS
FOR EACH CROP TO DERIVE ASYNCHRONY BETWEEN CROPS AS
DESCRIBED ABOVE�

&OR EACH COMBINATION OF LANDSCAPE SIZE� NUM

BER OF CROPS AND MANAGEMENT STRATEGY �N = ��	� WE
REPEATED THE SIMULATION FOR ��� TIMES AND CALCULATED
MEAN AND STANDARD DEVIATION OF THE RESPECTIVE ASYN

CHRONIES WITHIN AND BETWEEN CROPS�

7E USED THE STATISTICAL SOFTWARE 2 ����� �2 #ORE
4EAM ����	 RUN VIA 23TUDIO �23TUDIO 4EAM ����	 FOR
ANALYSES AND SIMULATIONS�

�� 2ESULTS

���� %MPIRICAL ANALYSES
9EAR
TO
YEAR PRODUCTION STABILITY WAS CLOSELY RELATED
TO SUPPLY SIDE SHOCKS� WITH THE HIGHER THE STABILITY
THE LOWER THE FREQUENCY OF SHOCKS �FIGURE 3�	� 9EAR

TO
YEAR PRODUCTION STABILITY� ASYNCHRONY WITHIN CROPS
AND DISTRICT LEVEL ASYNCHRONY BETWEEN CROPS WERE GEN

ERALLY LOWER IN %ASTERN 'ERMANY �FIGURES � AND 3�	�
&ARM LEVEL ASYNCHRONY BETWEEN CROPS WAS PARTICULARLY
HIGH IN DISTRICTS IN (ESSE� .ORTH 2HINE
7ESTPHALIA
AND "ADEN
7UERTTEMBERG�

"OTH ASYNCHRONY WITHIN AND BETWEEN CROPS WERE
POSITIVELY RELATED WITH PRODUCTION STABILITY �FIGURES �
AND 3�� TABLES � AND 3�	� (OWEVER� UNLIKE THE EFFECT
OF ASYNCHRONY BETWEEN CROPS IN A DISTRICT� WHICH HAD
MARKED STABILIZING EFFECTS ON DISTRICT LEVEL PRODUC

TION� THE EFFECT OF ASYNCHRONY BETWEEN CROPS IN A FARM
ON PRODUCTION STABILITY AT THE DISTRICT WAS RELATIVELY
SMALL AND HIGHLY UNCERTAIN �EVEN THOUGH THESE EFFECTS
WERE STABILIZING FOR INDIVIDUAL FARM LEVEL STABILITY�
FIGURE 3�	� 7E CONCLUDE THAT PRODUCTION STABILITY IS
DEPENDENT ON BOTH ASYNCHRONOUS PRODUCTION WITHIN
THE SAME CROPS GROWN BY DIFFERENT FARMS AND BETWEEN
DIFFERENT CROPS AT THE DISTRICT LEVEL� WHILE BETWEEN CROP
ASYNCHRONY EFFECTS AT THE FARM LEVEL ARE LESS IMPORTANT
FOR STABILIZING DISTRICT LEVEL PRODUCTION�

7E ALSO FIND THAT HAVING MULTIPLE FARMS GROW

ING THE SAME CROP INCREASED ASYNCHRONY WITHIN CROPS
AND MAXIMUM VALUES WERE ACHIEVED WITH AROUND ���
FARMS OR MORE �FIGURES ��A	 AND 3��A		� )NCREASING
THE NUMBER OF CULTIVATED CROPS IN A DISTRICT INCREASED
ASYNCHRONY BETWEEN CROPS �FIGURES ��B	 AND 3��B		�
(OWEVER� THIS EFFECT SATURATED FOR THE TEN CROPS STUD

IED HERE AND AFTER SEVEN CROPS THE EFFECT SLIGHTLY
DECREASED� 7E CONCLUDE THAT ASYNCHRONOUS PRODUC

TION WITHIN THE SAME CROPS AND BETWEEN DIFFERENT
CROPS ARE INCREASED WHEN THE NUMBER OF PRODU

CERS GROWING THE SAME AND THE NUMBER OF CROPS IS
INCREASED� RESPECTIVELY� BUT THAT THESE EFFECTS SATURATE�

���� 3IMULATION
)N THE SIMULATION WE FOUND THAT INCREASING CROP
DIVERSITY �NUMBER OF CROPS	 REDUCES ASYNCHRONY
WITHIN CROPS IN SPECIALIZED LANDSCAPES� A NEGATIVE

�
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&IGURE �� 9EAR
TO
YEAR PRODUCTION STABILITY �A	� �E	� ASYNCHRONY WITHIN CROPS �B	� �F	� DISTRICT �C	� �G	 AND FARM LEVEL �D	�
�H	 ASYNCHRONY BETWEEN CROPS IN DISTRICTS IN 'ERMANY� 6ALUES WERE AVERAGED OVER TWO TEN
YEAR TIME INTERVALS �����n�����
����n����	 �N= ��	� $ARKER COLORS INDICATE HIGHER STABILITY AND ASYNCHRONY� 0RODUCTION DATA WERE EITHER TIME
DETRENDED WITH A
LINEAR MODEL �A	n�D	 OR A LOESS FUNCTION �E	n�H	�

4ABLE �� $ETERMINANTS OF YEAR
TO
YEAR PRODUCTION STABILITY IN DISTRICTS IN 'ERMANY FOR TWO TEN
YEAR TIME INTERVALS �����n�����
����n����	 �N= ��	� 0RODUCTION STABILITY WAS LOG
TRANSFORMED� 2EGRESSION COEFFICIENTS ARE SHOWN FOR FIXED EFFECTS INCLUDED IN THE LINEAR
MIXED
EFFECTS MODELS AND INDICATE THE CHANGE OF YEAR
TO
YEAR PRODUCTION STABILITY BY ONE UNIT OF CHANGE IN ASYNCHRONY WITHIN AND
BETWEEN CROPS� 0RODUCTION DATA WERE EITHER TIME
DETRENDED WITH A LINEAR MODEL OR A LOESS FUNCTION� 2� MARGINAL REFERS TO THE VARIANCE
EXPLAINED BY THE FIXED EFFECTS� 2� CONDITIONAL TO THE TOTAL VARIANCE EXPLAINED INCLUDING THE RANDOM EFFECT FOR THE DISTRICT� $UE TO THE SMALL
SAMPLE SIZE THE !KAIKE�S INFORMATION CRITERION WITH SMALL
SAMPLE CORRECTION �!)#C	 WAS COMPUTED�

,INEAR MODEL ,OESS FUNCTION

6ARIABLE %STIMATE �3%	 $& 4 P
VALUE %STIMATE �3%	 $& 4 P
VALUE

)NTERCEPT ��� �����	 �� ���� ���� ���� �����	 �� ���� ����
!SYNCHRONY WITHIN
CROPS

���� �����	 �� ����� ������� ���� �����	 �� ����� �������

!SYNCHRONY
BETWEEN CROPS
�DISTRICT LEVEL	

���� �����	 �� ���� ������� ���� �����	 �� ���� �������

!SYNCHRONY
BETWEEN CROPS
�FARM LEVEL	

���� �����	 �� ���� ���� ���� �����	 �� ��� ����

2� MARGINAL ���� � � � ���� � � �
2� CONDITIONAL ���� � � � ��� � � �
!)#C −����� � � � −����� � � �

EFFECT THAT IS NOT PRESENT IN DIVERSIFIED LANDSCAPES
�WITH REDUNDANCY IN PRODUCTION PORTFOLIOS ACROSS
SPACE	 �FIGURE �	� )N CONTRAST� REGARDLESS OF THE
MANAGEMENT STRATEGY� CROP DIVERSITY CONSISTENTLY
INCREASED ASYNCHRONY BETWEEN CROPS� WITH THE EFFECT
DECELERATING AFTER AROUND SIX CROPS WERE ADDED FROM
OUR CROP SELECTION� 4HIS RESULT WAS MOST CONVER

GENT IN LARGER LANDSCAPES� 7E CONCLUDE FROM THESE
RESULTS THAT INCREASING CROP DIVERSITY HAS STABILIZING
BENEFITS REGARDLESS OF THE MANAGEMENT STRATEGY� DUE
TO INCREASES IN BETWEEN CROP ASYNCHRONY� BUT THESE
BENEFITS ARE CONSTRAINED DUE TO DECREASINGWITHIN CROP
ASYNCHRONY IF LANDSCAPES ARE SPECIALIZED� 4OMAXIMIZE

THE BENEFITS OF CROP DIVERSITY� DIFFERENT CROPS HAVE TO
BE PRODUCED AND LANDSCAPES MUST BE DIVERSE IN THEIR
PRODUCTION PORTFOLIOS�

�� $ISCUSSION

)N THE LIGHT OF CLIMATE CHANGE� PEST OUTBREAKS� RISING
DEMANDS FOR FOOD �#HALLINOR ET AL ����� 6ALIN ET AL
����	 AND THE LIMITS TO FOOD PRODUCTION �3EPPELT ET AL
����	� INCREASING THE RESILIENCE OF AGRICULTURAL SYSTEMS
IS KEY TO REDUCE SUPPLY SIDE VARIABILITY AND SHOCKS�
/UR RESULTS SUGGEST THAT BOTH ASYNCHRONY WITHIN AND

�
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&IGURE �� /BSERVED EFFECT OF ASYNCHRONY WITHIN CROPS�
DISTRICT AND FARM LEVEL ASYNCHRONY BETWEEN CROPS ON
YEAR
TO
YEAR PRODUCTION STABILITY IN DISTRICTS IN 'ERMANY FOR
TWO TEN
YEAR TIME INTERVALS �����n����� ����n����	
�N= ��	� 0RODUCTION STABILITY WAS LOG
TRANSFORMED�
2EGRESSION COEFFICIENTS �±3%	 ARE SHOWN FOR FIXED EFFECTS
INCLUDED IN THE LINEAR MIXED
EFFECTS MODELS AND INDICATE THE
CHANGE OF PRODUCTION STABILITY BY ONE UNIT OF CHANGE IN
ASYNCHRONY WITHIN AND BETWEEN CROPS� 0RODUCTION DATA
WERE EITHER TIME
DETRENDED WITH A LINEAR MODEL �DARK GRAY	
OR A LOESS FUNCTION �GRAY	�

BETWEEN CROPS ARE IMPORTANT MECHANISMS TO REDUCE
VARIABILITY AND THUS TO STABILIZE AGRICULTURAL PRODUC

TION� -OREOVER� BY USING SIMULATIONS� WE IDENTIFY
TRADE
OFFS BETWEEN INCREASING CROP DIVERSITY AND PRO

DUCTION STABILITY THAT ARE INTRODUCED IN HIGHLY SPECIAL

IZED PRODUCTION LANDSCAPES�

!SYNCHRONYWITHIN CROPS GROWN AT DIFFERENT FARMS
IS A KEY MECHANISM TO INCREASE THE YEAR
TO
YEAR STA

BILITY OF AGRICULTURAL PRODUCTION� 4HIS IS BECAUSE HAV

ING MORE FARMS WITHIN A DISTRICT LEADS TO HIGHER
ASYNCHRONY WITHIN CROPS� 4HIS SUGGESTS THAT� DESPITE
HIGH LEVELS OF CONVENTIONAL INTENSIFICATION IN 'ER

MANY �6ÁCLAV�K ET AL ����� ,EVERS ET AL ����	� FARMS DO
SHOW HETEROGENEITY� FOR EXAMPLE REGARDING DECISION
MAKING� BIOPHYSICAL AND SOCIAL CONDITIONS� (OWEVER�
IN %ASTERN 'ERMANY FOR EXAMPLE� ASYNCHRONY WITHIN
CROPS IS GENERALLY LOWER THAN OTHER REGIONS� POSSIBLE
DUE TO THE EMERGENCE OF RELATIVELY LARGE� SPECIALIZED
AND SIMILAR FARMS DURING THE FORMER 'ERMAN $EMO

CRATIC 2EPUBLIC �"AUERKÅMPER ����� .IEDERTSCHEIDER
ET AL ����� $ITTRICH ET AL ����	�

7E FOUND THAT ASYNCHRONY BETWEEN CROPS IS
ANOTHER IMPORTANT MECHANISM TO STABILIZE AGRICUL

TURAL PRODUCTION� 7HILE AT THE NATIONAL LEVEL BETWEEN
CROP ASYNCHRONY SHOWS A HIGH POSITIVE ASSOCIATION
WITH YEAR
TO
YEAR PRODUCTION STABILITY �%GLI ET AL
����	� THE EFFECT OF DISTRICT LEVEL ASYNCHRONY BETWEEN
CROPS WAS WEAKER THAN THE EFFECT OF ASYNCHRONY WITHIN
CROPS IN OUR STUDY� -OREOVER� THE POSITIVE EFFECT OF
CROP DIVERSITY TURNS SLIGHTLY NEGATIVE AFTER SEVEN CROPS�

INDICATING THAT SOME CROPS REACT SIMILARLY TO VARI

ABILITY AND DISTURBANCES AND THUS EXPERIENCE SIMILAR
YEAR
TO
YEAR PRODUCTION DYNAMICS� 4HIS PATTERN WAS
ALSO OBSERVED IN THE SIMULATION�.EVERTHELESS� OUR RES

ULTS SHOW STRATEGIES TO STABILIZE AGRICULTURAL PRODUC

TION ALSO NEED TO ACCOUNT FOR THE ASYNCHRONY BETWEEN
CROPS�

4HE EFFECT OF FARM LEVEL ASYNCHRONY BETWEEN CROPS
ON STABILIZING DISTRICT LEVEL PRODUCTION WAS RELATIVELY
SMALL AND HIGHLY UNCERTAIN� (OWEVER� FARM LEVEL ASYN

CHRONY BETWEEN CROPS IS POSITIVELY RELATED TO YEAR

TO
YEAR PRODUCTION STABILITY AT THE FARM LEVEL �FIGURE
3�	� WHICH IS LIKELY IMPORTANT FOR FARM VIABILITY�
IN PARTICULAR IN THE LIGHT OF THE EXTREME DROUGHTS
IN ����n����� AS WELL AS INCREASING ECONOMIC PRES

SURE AND MARKET FLUCTUATIONS �-ACHOLDT AND (ON

ERMEIER ����	� )N ADDITION OUR SIMULATION INDICATES
THAT DIVERSE LANDSCAPES ALSO AVOID TRADE
OFFS BETWEEN
ASYNCHRONY WITHIN AND BETWEEN CROPS� )N SPECIAL

IZED LANDSCAPES� CROP DIVERSIFICATION NEGATIVELY AFFECTS
ASYNCHRONY WITHIN CROPS� BECAUSE CROP
SPECIFIC SPA

TIAL EXTENT AND HETEROGENEITY ARE REDUCED�

/UR FINDINGS CLEARLY SUGGEST THAT FOOD SYSTEM
HOMOGENIZATION IS RISKY �2AMANKUTTY ET AL ����� .YS

TR�M ET AL ����	 AND PRODUCTION SYSTEMS SHOULD
BE REVERSED BY DIVERSIFICATION FROM THE FIELD TO THE
LANDSCAPE SCALE �,IN ����� 7ANGER ET AL ����	� 3UCH
LARGE
SCALE PERSPECTIVE ON MANAGING FARMLAND LAND

SCAPES IS A PROMISING LEVERAGE� /N THE ONE HAND� CROP
DIVERSIFICATION AT THE FARM LEVEL INCREASES ASYNCHRONY
BETWEEN CROPS AT BOTH THE FARM AND LANDSCAPE LEVEL�
WITHOUT CONSTRAINING ASYNCHRONY WITHIN CROPS� /N
THE OTHER HAND� PROVIDING OPPORTUNITIES TO INCENT

IVE MORE FARMS IN TOTAL� AND MORE DIVERSIFIED FARMS
COULD BE A PROMISING AVENUE TO ADDRESS ASYNCHRONY
WITHIN CROPS AND TO AVOID FURTHER HOMOGENIZATION
OF FARMS ACROSS LARGE SCALES �WITH IMPORTANT IMPLIC

ATIONS FOR LAND CONSOLIDATION POLICIES	� 7HILE THE DIR

ECT PAYMENTS OF THE #OMMON !GRICULTURAL 0OLICY OF
THE %UROPEAN 5NION HAVE FAVORED LARGE
SCALE FARMS�
GREENING MEASURES AND THE PROGRAMS RELATED TO RURAL
DEVELOPMENT� FOR EXAMPLE SUBSIDIES FOR CROP DIVER

SIFICATION AND YOUNG FARMERS� COULD SUPPORT SUCH
CHANGES �0E�ER ET AL ����� ����	�

'IVEN THE MULTIPLE CHALLENGES AGRICULTURE FACES
TODAY� A FUNDAMENTAL TRANSFORMATION IS NEEDED TO
ACHIEVE PRODUCTIVE� SUSTAINABLE AND RESILIENT AGRICUL

TURAL SYSTEMS �"AILEY ET AL ����� #AMPBELL ET AL �����
+REMEN AND -ERENLENDER ����� 3EPPELT ET AL ����	�
$IVERSIFICATION SHOULD BE CONSIDERED AS A CLEAR OPTION
FOR INCREASING AND STABILIZING PRODUCTION� WHILE REDU

CING NEGATIVE EXTERNALITIES OF CONVENTIONAL INTENSIFIC

ATION �"ECKMANN ET AL ����	� SUCH AS THE EROSION OF
LONG
TERM RESILIENCE �2IST ET AL ����	� 7E THINK THERE
ARE LIKELY TO BE ADDITIONAL BENEFITS TO FARMERS AND SOCI

ETY� &OR EXAMPLE� INTERCROPPING HAS BEEN FOUND TO
INCREASE BOTH PRODUCTIVITY AND STABILITY �2ASEDUZZA

MAN AND *ENSEN ����� -ARTIN
'UAY ET AL ����	� AND

�
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&IGURE �� %FFECTS OF ADDING FARMS �A	 AND CROPS �B	 ON ASYNCHRONY BETWEEN AND WITHIN CROPS� RESPECTIVELY� IN DISTRICTS IN 'ERMANY
FOR TWO TEN
YEAR TIME INTERVALS �����n����� ����n����	� 7ITHIN EACH DISTRICT AND NUMBER OF RANDOMLY SELECTED FARMS OR CROPS
ASYNCHRONY WITHIN AND BETWEEN CROPS WAS CALCULATED� ,INES SHOW MEAN VALUES OVER ALL DISTRICTS AND TIME INTERVALS± � STANDARD
DEVIATION �SHADED AREAS	� ONLY INCLUDING ESTIMATES WITH AT LEAST THREE DISTRICTS� 0RODUCTION DATA WERE EITHER TIME
DETRENDED WITH A
LINEAR MODEL �DARK GRAY	 OR A LOESS FUNCTION �GRAY	�

&IGURE �� 3IMULATED EFFECT OF INCREASING CROP DIVERSITY �NUMBER OF CROPS	 IN MODEL LANDSCAPES OF VARYING SIZE AND UNDER DIFFERENT
MANAGEMENT STRATEGIES �DIVERSIFIED� FRAGMENTED� SPECIALIZED	 ON ASYNCHRONY WITHIN AND BETWEEN CROPS� $URING EACH SIMULATION
�TEN YEARS	� CROP DISTRIBUTION WAS HELD CONSTANT WHILE A RANDOM TEMPERATURE AND PRECIPITATION GRADIENT WAS RANDOMLY SIMULATED
EACH YEAR� !NNUAL CLIMATE WAS USED TO DERIVE CROP
SPECIFIC SUITABILITY AND ASYNCHRONY WITHIN AND BETWEEN CROPS� ,INES SHOW MEAN
VALUES OVER ALL ��� REPETITIONS± � STANDARD DEVIATION �SHADED AREAS	�

�
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DIVERSIFICATION AT MULTIPLE SCALES CAN PROMOTE BIOD

IVERSITY AND ECOSYSTEM SERVICES �+REMEN AND -ILES
����� +REMEN AND -ERENLENDER ����	� 4HEREFORE�
INTEGRATED APPROACHES AT MULTIPLE SCALES COULD POTEN

TIALLY ACHIEVE HIGHER PRODUCTION AND STABILITY WITH
LOWER ENVIRONMENTAL IMPACTS THAN TODAY �3EUFERT ET AL
����� )VERSON ET AL ����� 4SCHARNTKE ET AL ����� -ULLER
ET AL ����� +NAPP AND VAN DER (EIJDEN ����� 3IRAMI
ET AL ����	�

�� #ONCLUSION

/UR STUDY SUGGESTS THAT BOTH ASYNCHRONY WITHIN AND
BETWEEN CROPS ARE IMPORTANT MECHANISMS TO STABILIZE
AGRICULTURAL PRODUCTION� #ULTIVATING THE SAME CROPS
ACROSS DISTINCT FARMS INCREASES ASYNCHRONY WITHIN
CROPS� WHILE INCREASING THE NUMBER OF CROPS GROWN
ENHANCES ASYNCHRONY BETWEEN CROPS� ! COMBINATION
OF CROP AND LANDSCAPE DIVERSIFICATION FURTHER HELPS
AVOIDS TRADE
OFFS BETWEEN THESE TWO STABILIZING MECH

ANISMS� /UR FINDINGS DEMONSTRATE A NEED FOR INTEG

RATED MANAGEMENT APPROACHES FROM THE FARM TO THE
LANDSCAPE LEVEL TO FOSTER RESILIENT FARMING SYSTEMS IN
THE LIGHT OF CLIMATE CHANGE� RISING DEMANDS FOR AGRI

CULTURAL PRODUCTS AND RISKS OF AGRICULTURAL SPECIALIZA

TION� &URTHER STUDIES COULD INCORPORATE OTHER ASPECTS
OF ASYNCHRONY AND ITS UNDERLYING DRIVERS� FOR EXAMPLE
RELATED TO GROWING CROPS IN MULTIPLE SEASONS� DIFFER

ENCES IN AGRICULTURALMANAGEMENT� FARMS AND DISTURB

ANCE TYPES �2EIDSMA ET AL ����� #OTTRELL ET AL �����
%GLI ET AL ����	� 0ARAMETRIZING COMPUTER SIMULATIONS
FOR DIFFERENT REGIONS AND FUTURE CLIMATE SCENARIOS IS
NEEDED TO UNDERSTAND THESE MECHANISMS IN THE CON

TEXT OF CLIMATE CHANGE� &URTHER STUDIES COULD ALSO
INVESTIGATE THE ROLE OF TRADE IN STABILIZING DOMESTIC
FOOD SUPPLY �+UMMU ET AL ����	� 5NCOVERING A WIDE
RANGE OF MECHANISMS WORKING AT DIFFERENT LEVELS OF
ORGANIZATION� SCALES AND TIME HORIZONS WILL BE NEEDED
TO IDENTIFY COMPREHENSIVE PATHWAYS TOWARDS PRODUCT

IVE� SUSTAINABLE AND RESILIENT FARMING SYSTEMS �"ATTISTI
AND .AYLOR ����� 6ALIN ET AL ����� ,ESK ET AL �����
7EISE ET AL ����	�

$ATA AVAILABILITY STATEMENT

&OR DATA PROTECTION REASONS� THE FARM LEVEL DATA IS
ONLY AVAILABLE AT THE *OHANN (EINRICH VON 4HÀNEN

)NSTITUT� "RAUNSCHWEIG� 'ERMANY� !LL OTHER DATA THAT
SUPPORT THE FINDINGS OF THIS STUDY ARE OPENLY AVAIL

ABLE AT THE FOLLOWING 52,� HTTPS���GITHUB�COM�LEGLI�
!SYNCHRONY'ERMANY�
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