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ABSTRACT
Intercropping (IC) can reduce nitrogen fertilizer requirements, supress weeds, and improve crop
yields and yield stability. Three field trials were conducted in Denmark in 2018 with
intercropping and sole crops (SC) using spring wheat, barley, faba bean and field pea to
compare productivity under five fertilizer levels.

The trials were carried out using in a split-plot design with four. Anomalous weather during the
2018 cropping season created drought conditions and high temperatures above 31°C.

No effect of fertilizer treatment was found, and total dry matter and grain yields were supressed
in all systems. Wheat grain yields averaged 2.14 t ha™' across systems, ranging from 1.58 tha™' as a
component of the IC to 2.44 t ha™' as SC, and barley grain yields averaged 2.35 t ha™'. Faba bean
yielded 1.78 t ha™" as SC, but failed in the IC. Pea failed in both systems. Intercropping barley
with cover crops had no effect on grain yield or total dry matter. These results suggest that
intercropping provided no production advantage during a drought and illuminate the need to
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continue conducting research and breeding on drought-resistant cultivars.

Introduction

Crop productivity is projected to increase in northern
Europe under multiple climate change scenarios due
to increasing precipitation and warmer temperatures,
and to decrease in southern Europe due to increasing
aridity (Iglesias et al. 2012; Stagge et al. 2017). The
already perceptible northward shift in European agro-
ecological zones is predicted to accelerate in the
coming decades (Ceglar et al. 2019), including a detect-
able northward shift of drought (Stagge et al. 2017).
While farmers in northern Europe could stand to gain
from overall climate change in the coming decades
from the increasing temperature and CO, concentration,
gains may be countered by the predicted increase in fre-
quency, duration and spatial extent of extreme weather
events (Iglesias et al. 2012; Grillakis 2019). The increasing
rainfall predicted for northern Europe can adversely
affect field accessibility, lodging and flooding in fields
(Trnka et al. 2015). These natural hazards leave farming
systems vulnerable to economic stress and present chal-
lenges to ensuring food security (Ray et al. 2015).

The 2003 summer heat wave in Europe followed by a
prolonged drought period caused widespread crop

damage, and the 2018 record-breaking high tempera-
tures and drought in northern and central Europe
caused severe crop failures (Beillouin et al. 2020). While
wetter conditions in southern Europe made up for
some of the grain losses in other regions in 2018,
Europe suffered an overall loss of grain harvest by
4.8% compared to harvests in 2017 (EUROSTAT 2020).

Extreme temperatures and water stress are known to
affect wheat productivity (Hossain et al. 2012; Trnka et al.
2015; Vignjevic et al. 2015; Makinen et al. 2018), and
winter wheat yield in Europe was especially low in
2018 (Beillouin et al. 2020). High temperature reduces
yield by accelerating plant development, but the most
sensitive phase to high temperature stress are anthesis
and grain-filling stages (Porter and Gawith 1999; Vignje-
vic et al. 2015; Makinen et al. 2018). Temperature
between 27° C and 31° C and higher around anthesis
can adversely affect pollen fertility, resulting in fewer
grains, and reduces grain filling to produce lighter
grains (Trnka et al. 2014).

High temperature coupled with low precipitation
result in a negative feedback where high temperature
drives more evapotranspiration in an already stressed
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plant, which results in greater water deficit in the plants
(Vignjevic et al. 2015). The water deficit also reduces the
cooling of crops, affecting their overall development.

Drought and high temperature also adversely affect
legumes, perhaps more than cereals. Though varietal
phenotype matters (Gollner et al. 2019), the broad
leaves and canopy of legume plants, compared to
wheat, result in higher rates of evapotranspiration
(Mdller et al. 1986), and their shallow rooting systems
limit the root soil profile resulting in more rapid exhaus-
tion of the soil water than cereals (Muller et al. 1986).
Faba beans are particularly sensitive to both high temp-
erature and drought stress, especially during the repro-
ductive phase (Miller et al. 1986; Lavania et al. 2014).
Water stress is known to reduce N, fixation in legumes,
even more than both carbon and nitrate assimilation,
through decreasing nodule mass and number (Serraj
et al. 1999), although Sepulveda-Caamanio et al. (2018)
found that some Rhizobia strains are drought tolerant.
Krogman et al. (1980) suggest that water stress also
limits yield in legumes, since soil moisture and N,
fixation are highly correlated.

Farming systems are presently impacted by global
climate change, requiring adaptive measures. Alterna-
tive agricultural systems and practices are increasingly
necessary to achieve yield stability and system resilience
(Malézieux et al. 2009). Intercropping (IC) - the combi-
nation of two or more crops with temporal and spatial
overlap - is one such system of agricultural intensifica-
tion that can improve yields, reduce water use, and
reduce greenhouse gas emissions (Jensen et al. 2020)
and NOs. The increased canopy of an intercropped
field can reduce soil moisture evaporation and improves
both water use efficiency and nutrient use efficiency
through resource partitioning between morphologically
different crops, and vegetation mixtures can specifically
help with yield stability in drought conditions (Van den
Hoof and Lambert 2016). Cereal-legume IC systems
have the added benefit of nutrient use efficiency, with
the functional capture of atmospheric N, by the
legume (Karpenstein-Machan and Stuelpnagel 2000;
Andersen et al. 2005; Chapagain and Riseman 2014;
Jensen et al. 2020; Rodriguez et al. 2020). For this
reason, IC is considered an effective practice in organic
cropping systems. Experimental trials have shown that
different levels of mineral N fertilizer inputs do affect
yield (Hauggaard-Nielsen and Jensen 2001; Sobkowicz
and Sniady 2004; Ghaley et al. 2005), but great variability
is found between crop combinations and field con-
ditions. Less is known about the performance of IC
systems in drought conditions.

The objectives of these field trials were to test the
hypotheses that productivity gains can be achieved in

intercropping systems compared to sole cropping, and
that productivity would be affected by different fertilizer
amounts and sources. The severe drought that occurred
in northern Europe in 2018, coupled with record high
temperatures, provides an opportunity to also report
on the performance of these crops and cropping
systems under extreme weather conditions. Thus, a
final objective of this paper is to report on the perform-
ance of a wheat-legume intercrop and a barley-clover/
rye fodder mixture relative to sole crops under
drought conditions, and the differential effect of
drought on the targeted crop species.

Materials and methods
Study site

The study was carried out in northern Europe at the field
research station at Hajbakkegard, in Taastrup, Denmark
(55°40'N, 12°18'E), which is managed by the Department
of Plant and Environmental Sciences, University of
Copenhagen. The fields are located at 25-27 m a.m.s.l.
The trial was carried out in 2018 between May and
August under rainfed conditions.

Northern, central and eastern Europe experienced
extreme temperatures and dry conditions from March
to August in 2018 (Beillouin et al. 2020). The average
daily temperature during the trial period from May 1
through August 8 as recorded at the meteorological
station at the site was 18.9°C, which was significantly
higher than the average of 15.7° C for the previous five
years (p <0.001) (Table 1). The maximum temperature
in the 2018 season was 32.6° C on day 79 after sowing,
with two consecutive days over 31.0° C (Figure 1). Pre-
cipitation during the period was 48 mm, which is 23%
of the five-year average of 209 mm (p < 0.001).

Field environments

Three field trials were conducted in two different field
environments. Trial 1 (T1) was on an open field with a
history of conventional management and cultivated
with annual grain crops at least since 2000, with the
application of fertilizer, herbicide and pesticide inputs.
Trials 2 (T2) and 3 (T3) were carried out on fields
100 m wide situated between short-rotation woody
crop shelterbelts established in 1995 as a combined
food and energy system (CFE) (Ghaley and Porter
2013). Since 2000, the CFE system had been in crop
rotations of barley under-sown with clover/rye, clover/
rye, and wheat. Prior to the current trial, the CFE
system was managed organically, without the use of fer-
tilizers, herbicides or pesticides. Nutrient sources were
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Table 1. Mean daily air temperature and standard deviations, and sum of total precipitation at the trial site in the dates of the
investigation, compared to the five-year average for the same time. All pairs between time periods are significantly different at

p<0.001 (one-sample, one-way t-tests).

Average daily temperature (°C)

Monthly precipitation (mm)

Month 2018 +s.d. 5 yr average +s.d. 2018 5 yr average +s.d.

May 155 3.4 1.9 3.2 22.8 51.5 21.9

June 17.6 1.9 15.7 24 5.1 63.1 16.7

July 20.5 2.6 17.4 2.6 18.1 67.4 324

August 219 1.7 17.8 1.9 2.0 27.1 1.3
means 18.9 157 sums 48.0 209.0

mainly derived from biological nitrogen fixation and the
application of animal manure. Because of the history of
organic management, the T2 and T3 fields had an
especially high incidence of thistle. Therefore, where
perennial weeds were present in the fields, manual
weeding took place periodically in the first five weeks
of the trial.

The soil in the three fields were sandy loam Luvisol
(FAO-UNESCO 1997). The soil bulk density of T1 field
was 1319 cm™3 (s.d.=0.13, n=4) and lower than in
the T2 field (mean=1.50 g cm™> s.d.=0.09, n =4). This
difference was significant (t-test 0.05, p=0.048). The
soil water content for both fields was 13.6% by weight
at the time of collection.

Experimental design

Three field trials, each consisting of three cropping
systems (Table 2), were conducted under a split-plot
design with four replicates, with crop systems as main
plots in four replicates and fertilizer treatments as sub-
plots. Crop rows were 100 m long and 6 m wide, sown
with a 1 m pathway between the rows. Each row con-
sisted of a single cropping system. Seeding densities fol-
lowed common practices by commercial farmers.

The crop combinations employed are in Table 2. Crop
used in T1 and T2 were faba bean (Vicia faba L., cultivar
unknown), spring wheat (Triticum aestivum L. cultivar
unknown), and field pea (Pisum sativum L., cultivar Javlo).
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Figure 1. Weather during the study season (May 1 — August 8) for 2018 (light) and a five-year average (2014-17, 2019; dark), with (a)
daily precipitation (mm), (b) average daily temperature (°C), and (c) daily maximum temperature (°C). Biomass sampling dates are
indicated by BM. Critical maximum temperatures are indicated in (c) at 31°C (dashed line) and 27°C (dash-dot line) (Trnka et al. 2014).



4 R.R.SEARS ET AL.

Table 2. Characteristics of the 2018 field trials.

Descriptor Trial 1 (T1) Trial 2 (T2) Trial 3 (T3)
Field environment open field shelterbelt shelterbelt
Field management  conventional organic organic
history
Fertilizer treatment A A B
(see Table)
Cropping systems wheat SC wheat SC barley SC
faba bean SC field pea SC barley-clover/
wheat-faba wheat-pea rye IC
bean IC IC barley-clover/

rye-chicory IC
Additive (100%
of SC)
Seed rate (kg

additive (75%
of SQ)
Seed density

additive (75%
of SC)
Seed density

IC design

Sowing (in order of

crops above) (m?) (m?) ha™")
80 50 190
400 400 190:30
60:300 38:300 190:30:10

Crop varieties were chosen for their synchronicity in matu-
ration, within one week of each other to facilitate com-
bined harvesting, reducing labour and machinery
expenses. Spring barley (Hordeum vulgare L., cultivar
unknown) was at the center of T3, coupled with a fodder
mix [DLF ForageMax 47, containing 35% white and red
clovers (Trifolium repens L. and T. pratense L., respectively)
and rye (65%)], and chicory (Cichorium intybus L., cv
Spadona). The chicory was added to the cover crop for
its role in improving soil structure with its taproot. The
intercrops in T1 and T2 were established using an additive
design with 75% plant density of both sole crops.

The five fertilizer treatments in T1 and T2 consisted of
applications of a mix of organic and chemical fertilizers in
different amounts and proportions within rows (Table 3
(@)). The fertilizer rates were designed to reflect the
local nitrogen fertilizer application rates in Denmark,
where spring wheat is allowed to be fertilized between
165-181 kg N ha™' depending on the soil types and the
cropping history of the fields (Landbrugsstryrelsen
2020). Where organic and chemical fertilizer were com-
bined (F2 and F4), each type constituted 50% of the nitro-
gen rate. The use of organic and chemical fertilizer
provides a more complete profile of nutrients due to
the slow release of nutrients from the organic source,
which can have improved growth and yield effects on
crops. The use of chemical and organic fertilizer also pro-
vides insights into how much of the chemical fertilizer can
be substituted with organic fertilizer, to reduce the fossil
fuel-based chemical fertilizer for crop production. In the
third trial, where spring barley is used, only chemical fer-
tilizer was applied, and in five different amounts, to look
for a threshold point at which it is economically beneficial
to apply the fertilizer and to assess the incremental
change in yield with increase in fertilizer application
until the fertilizer effect flattens out with further addition
of chemical fertilizer. The national fertilizer guidelines for

Table 3. Fertilizer application for (a) trials 1 and 2 with wheat-
grain legume intercropping, and (b) trial 3 with barley-living
mulch intercropping.

Total N

Total chemical Total organic

Treatment fertilizer (kg N fertilizer (22-3-8) fertilizer (9-3-4 +
no. ha™") (kg ha™") 25) (kg ha™")
(a) Trials 1 &
2
F1 0 - -
F2 125 285 694
F3 125 570 -
F4 180 420 1000
F5 180 800 -
(b) Trial 3
FT1 50 238 -
FT2 100 476 -
FT3 150 714 -
FT4 200 952 -
FT5 250 1190 -

spring barley were 141-159 kg N ha™' (Landbrugsstryrel-
sen 2020), and we have pushed fertilizer rates by 1.6 times
higher to assess the limit of the fertilizer effect. (Table 3
(b)). The fields were sown and fertilized in the beginning
of May 2018.

Data collection

The field trials were established on 7 May 2018. Above-
ground biomass was sampled three times during the
growing season, at 52 (BM1), 74 (BM2), and 93 (BM3)
days after sowing (DAS). The final harvest corresponded
to the physiological maturity of both crops, including
the full development of the grains. Plant material was
collected from each plot in an area of 0.25 m? for BM1
and BM2, and in 0.50 m? for BM3 and grains. All
samples were oven dried at 65° C for 48 h. Oven-dry
weights are reported here.

In T1 and T2 (wheat-bean, wheat-pea), the biomass
from each crop was separated and subsequently
weighed. For T3 (barley-cover crop) all the biomass in
the sample was weighed together; and only at the
final harvest was barley grain separated and weighed.
Total dry matter (TDM) values reported for BM3
include both straw and grain. Grain yield (GY) values
reported here are based on a subsample of grains separ-
ated from the collected biomass.

Statistical analysis

Response variables of interest in this study were above-
ground biomass, assessed as total dry matter (TDM), and
grain yield (GY). Independent variables considered were
fertilizer treatment and replicate. Linear mixed models
were used to assess the effect of fertilizer application
on TDM and GY among the cropping systems at each
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sample date. The first model used a combination of crop
system and treatment as fixed effects and block as a
random effect. Where there was no fertilizer treatment
effect, the model consisted of TDM or GY as dependent
variables and analyzed separately for each collection
date using a one-way ANOVA with the crop system as
fixed effect and block:treatment as random effect. To
report significance from the model procedures, the
mean model standard error and p values from Tukey
pairwise contrast analyses are reported. All analyses
were carried out in R Studio v1.3.1093 (R Core Team
2020) with the Ime4 (Hothorn et al. 2008) and multcomp
(Bates et al. 2015) packages. Differences for all analyses
are considered significant if p < 0.05. Missing values in
the data and extreme outliers from human error were
replaced with the average of the other three replicates.

Results
Fertilizer treatment effects

Overall, there was no effect of fertilizer rate on total dry
matter (TDM) or grain yield (GY) in any cropping
system in any trial (Figure 2). Given the lack of fertilizer
treatment effect, for subsequent analyses, aggregate
datasets across fertilizer treatments and blocks (n=

Wheat-faba bean and wheat-pea intercrop

Total dry matter

The legume crops performed poorly throughout crop
development, yielding consistently well below wheat
SC and the IC (Table 4(a)). At crop maturity, in T1, with
wheat-bean, the TDM for the wheat SC was similar to
the IC, and both systems produced more than the pea
SC. In T2, with wheat-pea, the three systems were
different, with wheat SC > IC > pea SC (all p <0.0001).
Biomass decreased between 74 and 93 DAS in all three
systems in T1, indicating senescence, but not in T2,
where the wheat SC gained total dry matter.

The legume crops in the two IC systems largely failed
(Table 4(b)), with 0.05 t ha™' of TDM at final harvest for
the faba bean component in T1, and 0.14 t ha™' for
peas in T2.

Grain

Grain yield (GY) was highly correlated to TDM at final
harvest (CORR r=0.97). With all crop data pooled, the
average grain yield in T1 (2.10 t ha™') was greater than
in T2 (1.59 t ha™") (p<0.001). In T1, the bean SC GY
(1.78 t ha™") was less than the wheat SC (2.32 t ha™")
(p=0.003). The GY of the IC and legume SC were
lower in T2 than in T1 (Table 4(a)).

20) were used to evaluate system and crop In T2, the GY were significantly different among the
productivity. three cropping systems, with wheat SC > IC > pea SC
(a, T1) (b, T2) (c. T3)
B
5 5 L
5' =1 {51 .« F 7084
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] _ [N— S I 8
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Figure 2. Fertilizer treatment, from low to high (see Table 2), effect on dry matter at crop maturity for each cropping system in (a) T1,
wheat-bean IC; (b) T2, wheat-pea IC; and (c) T3, barley-cover crop IC. Boxes on raw data (n=4). No significant effects were found in any

of the cropping systems.
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(Table 4(a)). The GY of bean SC (1.78 t ha™') was 2.9 times
that of the pea SC (0.62 t ha™') (p < 0.001). Grain yield of
the legume plants in the IC systems were negligible, at
0.01 t ha™' of bean in T1, and 0.07 t ha™' GY of pea in
T2, and not significantly different (Table 4(b)).

Land equivalent ratio (LER)

In T1, the LER was 1.0 at the earliest growth stage and
less than 1.0 at later stages of crop development and
for GY (Table 5), indicating that there was no advantage
to the intercropping compared to sole cropping, and
even a slight disadvantage. In T2, the LER was higher
in the earlier stages of crop development than at crop
maturity, where even the wheat IC declined. The very
low LER in T2 was due to an increase in total dry
matter in the SC between 74 and 93 DAS and no increase
in the wheat IC.

Barley-based systems

There were no significant differences in TDM or GY at
crop maturity among the barley-based cropping
systems (T3) (Table 6). The only difference was at 74
DAS, where the barley SC had a higher TDM than the
barley-clover/rye system (p=0.002). TDM for these
barley-based systems was also similar to the TDM for
the wheat SC in T1 and T2 and the wheat-bean IC in
T1. The GY for barley in all three of these systems was
also similar to GY for wheat in T1 and T2.

Discussion and conclusions
The impact of drought on the fertilizer effect

The first objective of this study was to determine
whether different rates and sources of fertilizer N
affected crop productivity. The rationale for sowing

crops together in mixed rows is that legumes grow
more slowly in the early stages than cereals. Under
normal growing conditions, this difference is advan-
tageous for the cereal to exploit the available nitrogen,
leaving little for legumes, which forces them to fix nitro-
gen to meet its own requirements. In these field trials, as
shown in Figure 2, there were no significant differences
in crop productivity that could be attributed to fertilizer
rate or source in any of the three trials. The likely expla-
nation is that the limiting resource in the system was
water, rather than nutrients. This is contrary to
findings, where increasing N fertilization countered the
decrease in crop DM production with increasing
drought stress (Tarighaleslami et al. 2012; Sedri et al.
2019). We included the application of organic N fertili-
zers in trials 1 and 2 because it can help optimize N
uptake by plants and N loss from the system due to
the slow release with mineralization, as opposed to the
bulk availability of mineral N fertilizers. The lack of rain,
however, likely supressed N mineralization of the
organic fertilizer in T1 and T2, therefore inhibiting the
expected slow release and availability of nutrients
during the season. The lack of water may also have
inhibited nodule formation in the legumes, thereby sup-
pressing N, fixation processes normally present (Plies-
Balzer et al. 1995; Serraj et al. 1999; Marino et al. 2007;
Prudent et al. 2016).

Extreme weather effects on crop productivity

A second objective of the study was to evaluate the rela-
tive productivity of intercropping compared to sole
crops. The occurrence of the extreme weather during
the trial period confounds the results but presents an
opportunity to amend the hypothesis to look into the
effects of drought and temperature stress on the

Table 4. Yields in tons ha™" of total dry matter (TDM) at three sample times and grain yield (GY) in trial 1 (T1) and trial 2 (T2) (a) among
cropping systems and (b) between the IC component crops. Values are means across blocks (n=4) and treatments (n=>5) (n=20). In (a)
and (b) separately, superscript letters indicate significant differences among (a) crop systems and in (b) between IC crops across trials.

Total dry matter (t ha™")

GY (tha™) )
Crop system 52 DAS +se 74 DAS +se 93 DAS +se 93 DAS +se

(@) Crop system

T bean SC 157°¢ 0.24 3.58 0 0.43 286 P 0.22 1782 0.14
wheat SC 3.63° 0.33 5.55 2 0.46 484° 0.34 232° 0.16
IC 3.66 2 0.27 521 % 0.36 4362 0.34 2.08° 0.19

T2 pea SC 142°¢ 0.40 2.00 ¢ 0.54 1.19°¢ 0.29 062 ¢ 0.18
wheat SC 261° 0.34 332° 0.47 4622 0.48 244° 0.27
IC 233° 0.33 349° 0.52 317° 0.37 1.60° 0.20
model s.e. 0.273 0.386 0.275 0.152

(b) IC component

T bean IC 0.12¢ 0.02 0.09 0.02 0.05 © 0.01 0.01 ¢ 0.01
wheat IC 3.32° 0.14 5.13° 0.20 4542 0.20 221° 0.11

T2 pea IC 0.25 ¢ 0.05 0.23°¢ 0.05 0.14 ¢ 0.02 0.07 © 0.01
wheat IC 2.11° 0.15 3.26° 0.28 3.09° 0.21 158 ° 0.11
model s.e. 0.145 0.249 0.203 0.106
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Table 5. Land equivalent ratios (LER) for trials 1 and 2, the wheat-legume intercrop systems. Values are means across blocks and

treatments (n=20).

Trial 1, wheat-bean

Trial 2, wheat-pea

LER BM1 BM2 BM3 GY BM1 BM2 BM3 GY
LERp legume 0.078 0.030 0.017 0.008 0.184 0.118 0.108 0.096
LERp wheat 0.918 0.934 0.947 0.964 0.825 0.991 0.673 0.646
LER 1.00 0.96 0.96 0.97 1.01 mm 0.78 0.74

intercropping systems and component crops. The results
from these trials demonstrate that drought negates any
potential advantage in productivity of intercropping
over sole cropping. Under normal experimental con-
ditions, intercropping of cereal-legume systems often
yields LER values above 1.0, indicating a production
advantage (Hauggaard-Nielsen et al. 2008), which was
not the case in the present trials (Table 5). The near-
total failure of the faba bean and pea components of
T1 and T2 explains the low LER values. The barley-rye-
chicory intercropping systems performed no better
than barley SC, with whole-system total aboveground
biomass and barley grain yield being the same in all
three cropping systems (Table 6). Since there is no evi-
dence that the presence of the companion cover crops
helped or hindered barley production during this
drought season, it could be beneficial for farmers to
include cover crops with barley for their ecosystem ser-
vices, such as weed suppression, soil stabilization, soil
water management, and pollinator services (Kaye and
Quemada 2017).

The drought caused near collapse of the legumes in
the intercropping systems and, coupled with weed com-
petition, almost total collapse of the pea SC system
(Table 4). Legumes are known to recover from drought
if there is some relief prior to the reproductive stage
(Prudent et al. 2016), but at this field site in 2018 there
was virtually no effective precipitation during the
entire cropping period.

The 2018 drought apparently decreased cereal and
legume grain production compared to normal years in
the Danish national agricultural trials (Table 7). In 2018,
the national trial GY for all the study crops was lower
than a four-year average, andthe production in our trials
was considerably lower even than the 2018 average.

Impacts of extreme weather on sole and
intercrops

Given the lack of effect in the fertilizer treatment, we must
turn to the water stress and temperature to explain these
results. There was virtually no effective precipitation during
the trial cropping season, thus requiring the plants to
utilize the residual soil moisture, which only diminished
over time. Water stress in the early growth period can

reduce biomass, which correlates with reduced grain pro-
duction (De Costa et al. 1997). The simultaneous emer-
gence of weeds in the CFE fields (T2, T3) may have
caused early N competition and lower biomass. The rate
of leaf senescence increases under water stress (Senapati
et al. 2019), and early senescence can be a drought
escape response. This physiological response may explain
the loss of biomass in all three crop systems in
T1between 74 and 93 DAS, although this did not happen
in T2 or T3. Despite the biomass loss in T1, both TDM
and GY at final harvest were greater than in T2, confound-
ing any mechanistic explanation of these results.

The deep root systems in cereal crops and the relatively
short roots in legumes may explain their relative perform-
ance in these trials (Gonzalez-Rizzo et al. 2009; Abdelha-
mid 2010). Under normal water conditions, wheat and
barley have robust root systems that reach laterally 12—
18 in. and to depths of 3-6 feet, which afford access to
more water resources (Weaver 1926). Roots of legumes
are generally shorter than cereals, and under drought
their root systems are smaller (Gonzalez-Rizzo et al.
2009; Abdelhamid 2010). This disparity in root system
size may have resulted in the cereals having an advantage
over legumes in exploiting the existing soil water.

Pea was most adversely affected by the drought in
both the IC and SC systems. Though pea has been culti-
vated in Denmark for a long time, it is not regarded as a
good crop in the wet northern Europe, for its dense
canopy structure reduces air circulation and drying
(Thompson and Taylor 1982). Faba bean is regarded as
one of few grain legume crops suitable to the northern
Europe climate (Thompson and Taylor 1982), while it is
also known for its high sensitivity to water stress
(Mdller et al. 1986). Some attempts were made in the
1980s to increase the cultivation of faba beans in north-
ern Europe to offset the high costs of importing soy for
animal feed, but its yield variability compared to cereals
makes it unattractive to producers (Thompson and
Taylor 1982). The relative success of faba bean sole
cropped in this trial indicates that it is at least better
adapted to drought than pea, perhaps because of its
ability to compete with weeds.

Cultivars perform differently under different con-
ditions: in wheat, Makinen et al. (2018) showed in a lit-
erature review that 78 percent of 525 cultivars
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Table 6. Average TDM (t ha™") at three times and GY (t ha™') for the three crop systems in Trial 2 (barley). Values are means of 20
plots, across treatments and blocks. Cropping systems with different letters are significantly different (p < 0.05), and no letters means

there are no differences.

Total dry matter (t ha™")

GY (t ha™") }
Crop system 52 DAS +se 74 DAS +se 93 DAS +se 93 DAS +se
Barley SC 3.63 0.23 428° 0.28 4.31 0.17 2.29 0.09
Barley + clover/rye 3.44 0.23 324°¢ 0.25 4.40 0.18 2.31 0.10
Barley + clover/rye + chicory 3.52 0.23 3.93 % 0.24 4.40 0.24 2.45 0.14
s.e. model 0.299 0.305 0.215 0.197

reported on in Europe were found to suffer losses under
drought conditions. Crop breeding has traditionally
been the focus in agricultural adaptation to a changing
world, and perhaps now more than ever breeding must
be conducted for traits that increase resilience in the
face of a changing and variable climate. Given the differ-
ences among cultivars, selection is an important mitiga-
tion response to increasing climate variability and
extremes (Trnka et al. 2015). Senescence as a drought
escape response is one of the main limitations to pro-
duction, and thus, breeding crops to delay senescence
under water stress — or, stay-green breeding - is an
important avenue to maintaining vyield stability
(Vignjevic et al. 2015; Senapati et al. 2019).

Both rising local temperatures and extreme tempera-
tures associated with global climate change have been
predicted to have deleterious effects on crop yields
(Wheeler et al. 2000). Shifting production areas north-
ward is a proposed solution for the drying and
warming of southern Europe, but modeling suggests
that the increase in climate variability, especially the
increasing frequency of extreme weather events that
result in yield losses, outweigh the gains from shifting
(Trnka et al. 2015; Ceglar et al. 2019).

In a study on the perceptions of climate change
(Woods et al. 2017), Danish farmers were found to have
little concern about climate change impacts on their
farms, but that those who have more concern are likely

Table 7. Grain yield (t ha™") in sole cropping of the crops used in
this study from the Danish national trials (average of all cultivars
within each year) over four years and in 2018, these study trials,
and percent of GY in the present trials to the 2018 national trials.
(Source: SortInfo.dk)

Grain yield (t ha™")

% present study to

National trials, National Present 2018 national
Crop 4-y average trial, 2018 study trials
Spring 6.43 5.84 240 41
wheat
Spring 7.34 6.46 2.29 37
barley
Faba 6.56 3.10 1.78 57
bean
Field pea 493 4.30 0.62 14

to have an adaptive response to negative impacts. In
the face of uncertain impacts of future climate change,
they prefer to take incremental and flexible adaptations
rather than switching to different cropping systems
such as using intercrops or increasing rotations. Though
Danish agriculture is mostly rainfed, some irrigation
during drought could improve performance in the inter-
cropping system. Studies should be conducted in north-
ern Europe to determine the optimal times during crop
development for irrigation (Zhang et al. 2008).

In this paper, we report on the performance of wheat-
legume intercropping systems and a barley-clover/rye-
chicory mixture relative to sole crops under drought
conditions. There were no effects of the wide range of
fertilizer treatments on any of the cropping systems,
likely negated by the drought conditions. While the pro-
ductivity of all crops in all cropping systems was below
levels from average weather years, the wheat performed
relatively well compared to the legumes in both sole
cropping and intercropping systems. Barley performed
equally well as a sole crop and intercropped with
forage. No advantage was found in any of the intercrop-
ping systems over sole crops, and legumes failed almost
entirely in the intercrop. In these trials, widely cultivated
varieties were used, but in the face of climate change,
farmers will want to sow cultivars that are resilient to
climate extremes. The differential performance of these
crops under drought is a reminder of the need to con-
tinue conducting research and breeding on drought-
resistant cultivars. Cereals, and especially wheat, are
world’s most demanded food, and their climate resili-
ence is critical for global food security.
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