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ARTICLE INFO ABSTRACT

Keywords: We investigated the degree to which plant species diversity, drought and fertiliser level in a grassland ley can

Crop affect performance of a follow-on crop in a rotation. Grassland species and functional group diversity (grasses,

Diversity legumes and herbs) were manipulated from monocultures to six-species mixtures in the grassland ley phase. A
E::j;?}d simulated two-month summer drought treatment was compared to a ‘rainfed’ control. Plots received 150 kg ha™!
Rotation yr~! of nitrogen (N) fertiliser; additional replicates of L. perenne monoculture received 300 kg ha™! yr™1 of N
Yield fertiliser. After two years, grassland communities were terminated, and each plot reseeded with an Italian
Multispecies ryegrass (Lolium multiflorum) model crop; its yield indicated the relative legacy effect of the preceding treatments
Fertiliser (plant diversity, drought, N input). There was a modest but constant negative effect of drought on dry matter
Mixture (—0.36 £ 0.091 t ha™!) and nitrogen yield (DMY and NY respectively) of the subsequent crop of L. multiflorum,

across all plant communities. There were strong differences among the identity effects of the six former grassland
species on DMY and NY of L. multiflorum. Legume species had the strongest effects on DMY of L. multiflorum
(6.09 t ha™! for the former T. pratense monoculture and 6.54 t ha™? for T. repens). The lowest crop yield was from
the former low-diversity high-input replicates (4.16 t ha™! for former L. perenne monoculture with 300 kg ha™!
yr~1). There was no evidence that interspecific interactions in the grassland phase affected yield of the follow-on
crop. Thus, the legacy effect of grassland mixtures was estimated by the identities and proportions of the species
sown in the mixture. Similar patterns were obtained for NY. High-diversity, low-input grassland yielded more
DMY and NY than low-diversity, high-input grassland (across both ley and follow-on crop phases). However, a
legume proportion in the grassland ley of at least 33% is required to achieve high forage and crop performance in
a grassland-crop rotation.

1. Introduction

Beneficial crop rotations are increasingly important (e.g. EU Farm to
Fork Strategy European Commission (2020)) to enhance the circular
bio-economy and reduce significant environmental impacts associated
with both imported protein crops and nitrogen fertiliser derived from
fossil fuels (Lemaire et al., 2015). How do we design beneficial crop
rotations that best meet the multiple demands of agro-ecosystems to be
economically viable and environmentally sustainable?

In a rotation, crop production depends on multiple interacting fac-
tors, some of which can be controlled by farm management (e.g. species
composition of the preceding crop, rotation length, field management)
(Gotze et al., 2017; Garland et al., 2021), and others which cannot (e.g.
soil type, climate, severe weather events). A variety of management

decisions and environmental conditions in one part of a rotation can
have persistent effects on successive crops (which we term the ‘legacy
effect’), and could variously result in nutrient mining, nutrient build-up
and/or stimulation of soil biological functioning through plant-soil
feedback (Van der Putten et al., 2016).

Intensively managed grasslands are part of rotational systems,
alternating crop with grassland in crop-livestock farms (or even
sequentially reseeding grasslands in livestock-only systems). Pasture-
crop combinations bring agronomic and environmental benefits
compared to tillage systems, improving crop yield when following a
grassland, soil organic matter and water dynamics (Eriksen, 2001;
Franzluebbers et al., 2014; Martin et al., 2020). By diversifying culti-
vations at field scale over time, grassland-crop rotations can help miti-
gate the vulnerability of intensively managed systems to extreme
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weather associated with climate change (Dardonville et al., 2020;
Emadodin et al., 2021).

Here, we investigate how factors influencing yield of grassland ley
(plant species composition and diversity, drought and fertiliser level)
also subsequently affect the follow-on crop in a rotation. The effect of
plant diversity on ecosystem functioning has been well studied, but very
few experiments explore the effects of plant diversity within crop rota-
tions. On the other hand, of studies that investigated the effect of a
previous crop on the subsequent one(s), the vast majority relate to
tillage rotations with rare consideration of perennial grassland leys (but
see review from Martin et al., 2020). Of the latter, most articles reported
that plant diversity (of grassland leys and cover crops) and especially
legume inclusion, lead to increased agronomic, environmental or eco-
nomic benefits in crop rotations (Smith et al., 2014; Nemecek et al.,
2015; Reckling et al., 2016; Hegewald et al., 2018). Rasmussen et al.
(2012) quantified the nitrogen transfer from legumes to grass compan-
ion species and follow-on crop. Following this study, Fox et al. (2020b)
showed that the legume proportion of an intensively managed grassland
underpinned the biomass and nitrogen yield (DMY and NY respectively)
response of a following crop, “with previous legume proportions of 50%
having a comparable effect compared with that of a previous legume
monoculture”.

Regarding the influence of plant diversity on legacy effects, it is
possible to envisage scenarios where the configuration of species within
and among rotations could have a negative, neutral or positive impact
on legacy effects, and on the total productivity of a rotation that has
multiple crop combinations. For example, plant diversity can increase
biomass production in grasslands (Nyfeler et al., 2009; Finn et al., 2013;
Grange et al., 2021) and so could enhance the yield of a following crop
through increased belowground biomass and microbial activity that
have the effect of increasing organic matter and available nitrogen for a
follow-on crop (Eisenhauer et al., 2017). As a contrasting example,
higher DMY and NY from grassland mixtures can be partly explained by
better use of available resources (Eisenhauer et al., 2016), which could
result in lower levels of nutrients being available for the following crop.
Grassland species can also have a strong impact on soil biology even
after converting to a crop (Crotty et al., 2016). Thus, depending on the
net outcome of these processes, the effect of plant diversity on the legacy
effect of a grassland on a subsequent crop could conceivably be positive,
negative or null. The potential long-term effect of weather disturbance
could also interfere in the magnitude of the legacy effect of a grassland
on a subsequent crop.

However, the legacy effect of grassland leys remains poorly studied
beyond legume species, leaving three significant knowledge gaps. First,
the Fox et al. (2020b) study was one of the few to manipulate functional
group composition and observe the effects on a follow-on crop. Focusing
on the legume effect, their study represented each of the grass and herb
functional groups by one species. There is a need to widen in-
terpretations by including extra non-legume species, in order to assess
the effects of within- and across-functional group interspecific in-
teractions in grassland leys on a following crop.

Second, compared to the potential strong effect of legumes on legacy
effects, the relative legacy effect of higher fertiliser levels in grassland
systems remains unclear. Mineral fertiliser application remains the most
common intensification practice but raises concerns about its environ-
mental impact. Comparing high-diversity and low-input management to
a low-diversity and high-input reference reveals the potential of plant
diversity to enhance legacy effects. Third, it is unclear how environ-
mental disturbances interact with the above factors (plant diversity and
fertiliser application) to modify legacy effects. Extreme weather events
associated with climate change (Houghton et al., 2001) are a pressing
concern for agricultural systems, and the potential impact on legacy
effects within rotational systems is unclear (Kollas et al., 2015).

We addressed these knowledge gaps in a three-year field experiment
that included combinations of six species (two grasses, two legumes and
two herbs) to improve understanding of the effect of plant diversity in a
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grassland ley on the performance of a follow-on model crop of Italian
ryegrass (L. multifiorum). (Fig. 1). In addition, the experiment investi-
gated the effect of summer drought (crossed with plant diversity) and
fertiliser increase (for low plant diversity) during the grassland ley on
the subsequent crop yield. Thus, we jointly studied the effect of plant
diversity, drought and fertiliser increase on the legacy effect measured
as performance of a follow-on model crop. The specific aims of this study
were to:

- Investigate the effect of grassland diversity (from monocultures to
six-species combinations) on the performance of a follow-on model
crop of Italian ryegrass (L. multiflorum).

Quantify the effect of an extreme weather event (drought) on legacy
effects in a grassland-crop rotation.

Compare the legacy effects of a range of grassland mixtures at low
nitrogen fertiliser rate, with the legacy effect of a high-nitrogen
reference level with low plant diversity.

Identify beneficial practices in grassland management to enhance
yields in both a follow-on crop and a full crop rotation.

2. Materials and methods
2.1. Overview of experiment

As part of a three-year crop rotation study, we established a multi-
species grassland experiment (grassland phase) that manipulated plant
diversity, water supply (rainfed, drought) and included a high nitrogen
treatment of Lolium perenne monoculture for comparison. Plot perfor-
mance during the grassland phase was measured for two full growing
seasons. Retaining the same spatial structure of the plots, we established
an Italian ryegrass (Lolium multifiorum) monoculture as a model crop
(crop phase) on each plot, and measured Italian ryegrass performance on
the plots for one season. We define the legacy effect as the net effect of
the prior treatments during the grassland phase on the subsequent
performance of Italian ryegrass.

2.2. Grassland phase

A multi-species grassland experiment was established in April 2017
(formerly a permanent pasture of perennial ryegrass on a sandy loam
soil of stagnic brown podzolic type (Baxter, 2007)). A six species pool
from three functional groups (FGs) was used to create 19 different plant
communities of one to three FGs. These communities comprised
monocultures and mixtures of grass (L. perenne and Phleum pratense),
legume (Trifolium pratense and Trifolium repens) and herb species
(Cichorium intybus and Plantago lanceolata), and followed a simplex
design (Cornell, 2011) across 39 main plots (Table A.1). These plots
received an annual fertiliser rate of 150 kg ha™! of nitrogen (150 N),
60 kg ha™! of phosphorus and 300 kg ha™! of potassium. Four extra
replicated plots of L. perenne had a double rate of nitrogen (300 N)
applied, as a high N comparison. The location of the 43 main plots was
randomised and each 7 m x 5 m main plot was split into two 3.5 mx 5 m
split-plots, and each half was randomly assigned to receive either a
‘rainfed’ control or ‘drought’ water supply treatment. In each of 2018
and 2019, the rainfed control sub-plots received normal water supply
(extra water supply was added through irrigation in 2018 for control
plots to reach standard rainfall pattern), and the drought sub-plots were
covered with a rainout shelter for two months, in order to simulate two
consecutive years of summer drought. During each of 2018 and 2019, all
plots were harvested on seven occasions, cutting the central strip of each
sub-plot (1.5 m x 5 m) at 4.5 cm height, to simulate grazing. See Grange
et al. (2021) for results of the dry matter yield measurements recorded
during the grassland phase, showing that increased plant diversity
enhanced yield and resilience to drought.
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Fig. 1. Drone image overview of the experi-
mental design and plot management to track

Y ~ the effect of plant diversity, drought and fer-
Grassland phase (2018' 2019) Crop phase (2020) tiliser level on the legacy effect within plots.

. Manipulation of plant dive rsity ¢ Same layout First, we mampglated grassland diversity and
water supply during a two-year grassland phase

and water su pp|y ® Reseeding of Italian ryegrass and included a ‘high nitrogen fertiliser, low

. s . . diversity’ reference treatment (left). We then

Igh fertlller cOmparison i * Uniform management terminated the grassland plots to establish a

2.3. Crop phase

All of the grassland plots were reseeded in April 2020 to establish an
Italian ryegrass (L. multiflorum) monoculture as a follow-on model crop,
keeping the same main- and split-plot locations of the grassland phase.
To do so, the experimental field was sprayed with herbicide and the top
5 cm tilled with a power harrow. All plots of the follow-on crop received
a total of 40 kg ha! of N in two applications of urea. Although the 43
main plot and split-plot structure was maintained, neither the experi-
mental drought nor high N level treatments were applied during the crop
phase. All plots were treated exactly the same, and only differed in the
preceding treatments of the grassland phase: plant diversity, water
supply level and nitrogen level. We tested the effect of these prior
treatments on the Italian ryegrass monoculture by measuring above-
ground DMY from four harvests during the 2020 growing season
(Fig. A.1). Dry matter was then analysed using NIRS technology to assess
nitrogen content, organic matter digestibility and metabolisable energy.
The same calibration as published in Lorenz et al. (2020) was used.
Nitrogen yield (NY) was determined by multiplying the DMY by its ni-
trogen content. The DMY and NY from the follow-on crop is used to
estimate the relative effects of plant diversity, drought, and 300 N on
legacy effects.

2.4. Statistical analysis

Results from the grassland phase were published in Grange et al.
(2021); here we analyse measurements from the follow-on crop phase.
Crop total DMY and NY of Italian ryegrass across the four harvests were
analysed separately using a Diversity-Interactions model (Kirwan et al.,
2009) presented in Eq. 1:

6 6
y= ZﬂiPi + Z 6yPiP; +yXy | * Drought + ¢ 1)

i=1 ij=1

i<j

Where y is the subplot-level performance of the following crop of
Italian ryegrass (either DMY or NY), and the predictors are the sown
species proportions in the former grassland phase (P;), with g; the
‘identity effect’ for the ith species. Species interactions are modelled
through pairwise interactions effects (6;), multiplied by the product of
the species concerned (P;Pj). An additional term, y, represents the effect

L. multiflorum (Italian ryegrass) monoculture as
a model crop, keeping the same field layout and
with uniform management across plots (right).
A split-plot design was used; in the grassland
ley phase the rain shelters (that were used to
simulate drought conditions) were randomly
assigned to one half of each main plot and are
visible in the grassland phase image.

of increased nitrogen fertiliser rate for the replicates of L. perenne
monocultures during the grassland phase. The factor X was coded 0 and
1 for plots that received 150 N (Xy = 0) and 300 N (X = 1) fertiliser
respectively. Only L. perenne monoculture plots received the high N
treatment; but for these subplots P; was coded 0, thus, y is the expected y
of high N L. perenne monocultures. All predictors were crossed with a
factor representing the effect of the summer drought simulated during
the grassland phase (Drought). Thus, each of the terms f;, §; and y has
two estimates: one for rainfed conditions and the other for drought.
Models with gradually decreasing complexity were compared to each
other using AICc (i.e. drought as an additive factor not interacting with
other terms, or absent; interactions simplified or absent; and redun-
dancy of species within functional groups). Details of the range of
models tested are presented in Table A.2.

We model the crop performance on sown proportions because the
sowing event is the primary manipulation of proportions in the design of
a grassland community, whether for experimental purposes, or as part of
a farming system. Sown and realised proportions averaged across mix-
tures are displayed in supplementary material (Fig. A.2).

3. Results

Here, we report the effect of the treatments applied in the preceding
grassland phase (species diversity, water supply treatment and fertiliser
level) on the follow-on crop performance. After the model selection
process detailed in Table A.2, the best model for both responses (total
dry matter yield (DMY) and nitrogen yield (NY)) was:

6
Y=Y _BPi +1Xy+1Xp+e @

i=1
Drought was included as an additive factor and coded as a dummy
variable with either Xp = 0 for split-plots treated as rainfed or Xp = 1
split-plots where drought was simulated during the grassland phase. For
both total DMY and NY, the best fitting model included no interaction
effects (i.e. no evidence of any dj different from 0, Eq. 1). Thus, we found
no evidence of synergistic or antagonistic interaction effects between
grassland species affecting the following crop performance. Conse-
quently, the final Diversity-Interactions model included species identity
effects, and an additive effect of the drought factor (Eq. 2). The 300 N
treatment (Xy) for L. perenne monoculture was also not crossed with
drought in the final model. Given the way the dummy variables are set
up, y is the expected y for rainfed 300 N L. perenne monoculture, and
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y +n is the expected y for drought 300 N L. perenne monoculture. The
legacy effect of any community, including mixtures at 150 N, is pre-
dicted from the weighted average of the identity effects of its component
species, plus the effect for drought level. Thus, the fixed effects in Eq. 2
can be expressed to two ways, plugging in Xy = 0 for any monoculture or
mixture at 150 N gives: Zleﬂipi + nXp, and plugging in Xy =1 for
300 N L. perenne monoculture gives: y +1Xp (since all P; = 0 in this case).
(It would be inappropriate to extrapolate the 300 N effects for com-
munities other than L. perenne monoculture.).

3.1. Strong identity effects and no effect of interspecific interactions on
crop yield under rainfed conditions

Among the six monocultures of the tested grassland species, the two
legume species resulted in the highest dry matter and nitrogen DMY and
NY of Italian ryegrass in the crop phase (Table 1 and Fig. 2). Under
rainfed conditions, former grassland monoculture of T. repens resulted in
the highest DMY of Italian ryegrass, followed by T. pratense (6.54 and
6.09 t ha~! respectively). Among the non-legume species, C. intybus was
the best performing one, leading to 5.45t ha™! of Italian ryegrass
biomass, under rainfed conditions. Results for the NY followed the same
trend as DMY, with legume species delivering the highest legacy (142
and 134 + 4.58 kg of N ha™! against an average of 104 kg of N ha™! for
the non-legume species).

No evidence of interspecific interactions (Eq. 2) meant that mixtures
were predicted as the weighted average of component species. The ex-
amples given in Table 1 illustrate the importance of the proportion of
legume in the grassland phase to enhance the yield of the follow-on crop.
For example, the DMY of Italian ryegrass monoculture was 0.63 t ha™!
(P < 0.001) higher if the preceding grassland ley was sown with 80%
legume instead of 33%, although both contained the same six species.
Similar differences were observed between equi-proportional mixtures
of four species, whether including legumes or not. The effect of sown
legume proportion in grassland mixtures on the yield of the follow-on
Italian ryegrass crop is displayed in Fig. 3b.

3.2. Crop dry matter and nitrogen yield affected by drought and nitrogen
level

During the grassland phase, soil moisture content in the drought
treatment was restored to that of the rainfed level two months after the
termination of drought (by mid-September in both 2018 and 2019), and
there was considerable rainfall over the winter of 2019. Nevertheless,
the experimental drought treatment in the preceding grassland phase

Table 1

Model estimates and standard errors of the dry matter and nitrogen yield of
L. multiflorum for the growing season (four harvests) (a) for the separate effects
of previous grassland sown composition, fertiliser level and drought treatment
(Eq. 2), and (b) model predictions for selected examples of mixtures (rainfed
conditions). Drought had a significant (P < 0.001) and negative constant effect,
and affected the yield of each community by the same magnitude.

(a) Model estimates DMY (t ha') NY (kg ha)
Lolium perenne 4.52 +0.196 96.9 + 4.59

Phleum pratense 5.09 +0.192 105.6 + 4.49
Trifolium pratense 6.09 + 0.196 133.9 + 4.58
Trifolium repens 6.54 + 0.196 142.0 + 4.58
Cichorium intybus 5.45 4+ 0.196 115.4 + 4.58
Plantago lanceolata 4.80 + 0.196 97.9 + 4.58

300 N L. perenne 4.16 + 0.196 88.9 + 4.58

Drought -0.36 £ 0.091 -9.4+228

(b) Examples of mixtures — rainfed DMY (t ha') NY (kg ha)
4-species grass — legume (equi-proportional) 5.56 + 0.091 119.6 + 2.17
4-species herb — legume (equi-proportional) 5.72 4+ 0.092 122.3 +£2.19
4-species grass — herb (equi-proportional) 4.97 £+ 0.092 104.0 + 2.18
6-species (equi-proportional) 5.42 £+ 0.075 115.3 + 1.81
6-species (80% legume, 10% grass, 10%herb) 6.05 £+ 0.105 131.2 + 2.49
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had a constant negative effect on the legacy effect of all communities on
the follow-on crop of Italian ryegrass (—0.36 t ha™! and —9.4 kg of N ha™!
for DMY and NY respectively, P = 0.0002). (Fig. 2, Table 1). Thus,
treatments with higher DMY and NY of Italian ryegrass were propor-
tionally less affected by drought. Summary data for metabolisable en-
ergy and digestibility of the follow-on crop are provided, but not
discussed any further (Fig. A.3).

Values of DMY and NY in the crop preceded by legume monocultures
were reduced by the drought, but were still higher than those for the
rainfed treatment for all of the other species. Indeed, T. pratense under
drought yielded 6.09-0.36 = 5.73 t ha~! and 133.9-9.35 = 124.6 kg of
N ha! respectively (Table 1), which are higher than any rainfed non-
legume monoculture or balanced mixture. As highlighted in Section
3.1, the legacy effect of mixtures equalled the weighted average of the
legacy effects of the species contained in the mixture. Because the effect
of drought was constant across all species, legacy effects of mixtures
were affected by drought in the same way as any other community
(Fig. 3b).

Compared to all other communities, lowest values of DMY and NY in
the crop phase were from the 300 N L. perenne monoculture (although
not significantly different from 150 N L. perenne only; DMY (—8%,
P =0.19) and NY (—7%, P = 0.21)). The overwhelming majority of
mixture communities in the ley had a significantly higher legacy effect
than the 300 N L. perenne monoculture, including mixtures without a
legume contribution (e.g. Table 1b). For example, the equi-proportional
mixture of the two species with lowest legacy effect (L. perenne and
P. lanceolata at 150 N) would lead to a higher legacy effect than that
from 300 N L. perenne (+0.5 t ha~! from the mixture, P = 0.037). Thus,
any mixture including other species from our species pool would deliver
higher legacy effects than from the L. perenne + P. lanceolata example.

3.3. Treatments in the grassland phase had consistent effects across
multiple harvests of crop yield

Harvest-scale raw data indicated the consistency of the treatment
effects in the preceding grassland phase across the four crop harvests of
L. multiflorum (Fig. 4). The DMY and NY advantage due to a preceding
legume ley monoculture was evident across all harvests. In contrast, the
legacy effect delivered by the high nitrogen treatment on perennial
ryegrass was consistently lower than that from any other functional
group or mixture.

4. Discussion

Grassland communities with higher proportions of legume species
delivered higher legacy effects to the follow-on crop. Mixtures per-
formed as the average of the component species due to the absence of
plant interaction effects on the legacy effect. Experimental drought
imposed during the grassland phase impacted the legacy effect by
reducing DMY and NY in the follow-on crop by a constant amount
(across all grassland communities).

4.1. Drought can impact yield in the follow-on crop in a rotation

In grassland experiments, rapid recovery of yield after disturbance
was identified in numerous studies; once soil moisture levels are
restored after experimental drought, grassland yields can show complete
recovery, or even over-compensation (Vogel et al., 2012; Hofer et al.,
2016; Haughey et al., 2018; Hahn et al., 2021). These studies strongly
indicate high grassland resilience after drought; in contrast, we found an
effect of a former drought in the subsequent year, after a change in crop
within a rotation. This legacy effect of drought cannot be allocated to a
remaining gradient in soil moisture as we showed in Grange et al. (2021)
that soil moisture in drought sub-plots was back to rainfed levels two
months after the end of drought simulation. In addition, all sub-plots
were treated the same during the crop phase, and thus received equal
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water supply (weather data displayed in Fig. A.1). It is highly likely that
complex, longer-term soil processes are involved in the legacy effect of
drought (which we did not directly measure in our study). The impact of
climate change effect on intensively managed grasslands might be
underestimated by resistance and resilience measurements that are
solely restricted to a single growing season in which the drought occurs.
Measurements of resilience should include more holistic and
longer-term (> 1 year, at least) aspects for better estimation of the
impact of disturbances such as drought.

The effect of drought on the legacy effect was constant across all
plant communities. In contrast, Fox et al. (2020b) found no evidence of a
drought effect on grassland legacy effects. This suggests that drought
effects could be site-specific. Hofer et al. (2016) found that a very similar
method to impose an experimental drought treatment in different sites
resulted in differences in drought severity. They discussed the role of soil
properties in affecting drought severity, and considered that sandy soils
reach extreme levels of drought quicker than soils with higher amounts
of silt and clay. Thus, contrasting drought impacts on grassland legacy
effect across sites could be explained by soil properties. More research is
needed to clarify the processes involved.

The long-term impact of climate change has been explored in
extensive systems (Hossain and Li, 2020), but studies focusing on
long-term effect of drought in intensive systems are quite rare, especially
across crop rotations (but see Emadodin et al., 2021). Soil drying and

Dry matter yield
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Fig. 2. Modelled predictions from the Eq. (2) estimates
(Table 1a) for dry matter (a) and nitrogen yield (b) of an
Italian ryegrass (L. multiflorum) monoculture depending on
the previous grassland plant community. Shown are the
bc predicted monocultures for each species at 150 N, the
predicted 300 N L. perenne monoculture, and the equi-
proportional 6-species mixture at 150 N. Note that any
mixture community at 150 N can similarly be predicted
from the model. The 300 N L. perenne monoculture acts as a
high N comparison to the regular 150 N L. perenne com-
munity, as well as a reference for all other communities. All
predictions are shown for rainfed and drought conditions.
Pairwise comparison tests were performed across the dis-
played communities for rainfed estimates (black bars). Bars
that do not share a letter are significantly different

& y\\\}e, (¢ = 0.05). Communities that are different for rainfed
(éd. (black bars) are also different for drought (white bars), as
é',\@" the drought effect was constant across all communities.
R

Nitrogen yield

rewetting strongly affected humus and plant material decomposition
(Birch, 1958; Lopez-Sangil et al., 2018). Accelerating mineralisation of
organic nitrogen during rewetting can lead to important losses through
N-O emissions or leaching (Borken and Matzner, 2009; Guo et al., 2014),
thus reducing long-term fertility. Ploughing can also result in losses of
carbon and nitrogen from soil that could cumulate with weather
disturbance effect discussed above (Ball et al., 2007; Willems et al.,
2011); in our experiment, the plots were surface tilled to avoid such an
effect.

4.2. Large differences in identity effects resulted in large diversity effects,
even in the absence of interspecific interactions

There was no evidence of a net effect of grassland species’ in-
teractions on DMY and NY of Italian ryegrass and therefore no over-
yielding in legacy effects (i.e. greater yield in crop preceded by mixture
than weighted combination of the legacy effect of the component species
in monoculture). This absence of overyielding in legacy effect does not,
however, mean that there is no effect of plant diversity on the legacy
effect. The legacy effect in mixtures (in this experiment) is a weighted
combination of identity effects, with large differences among species;
thus, there were large differences in the legacy effect in mixtures that
depended on the relative proportion of the component species (as
evident in Fig. 3). In Fig. 5, we show that the six-species grassland



G. Grange et al.

European Journal of Agronomy 138 (2022) 126531

a) Grassland phase (average across 2018 and 2019)
Rainfed

02 04 06 038
(tha yr'

N

80 85 90 95 10.0 105 11.0 11.5 12.0 125

b) Crop phase (2020)G

02 04 06 08
4.2 (t ha-l)

4.5

02 04 06 08

89 (kg ha'N)
9I0 1(I)0 1';0 120 130 140

Drought
DMY G

02 04 06 08
(tha' yr'"

B

80 85 90 95 10.0 105 11.0 11.5 12.0 125

DMY

NY

02 04 06 038
80 (kg ha™' N)

T T
90 100 110 120 130 140

Fig. 3. Effect of functional group composition (relative proportion of grasses, legumes and herbs) on average annual dry matter yield (DMY) over two years in the
grassland phase (panels a; from Grange et al. 2021), and DMY and total NY (b) of L. multiflorum in the one-year crop phase. Predictions for the three functional groups
studied are displayed with equi-proportion of the two component species (i.e. equal proportion of L. perenne and P. pratense for grass (G), equal proportion of
T. pratense and T. repens for legume (L) and equal proportion of C. intybus and P. lanceolata for herb (H)). The short vertical red bars located in or beside the colour
legends indicate the performance of the 300 N L. perenne monoculture; where it is out of the legend range, the value is included in text above the red bar.
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Fig. 4. Harvest-scale raw data for DMY and NY of an Italian ryegrass crop
depending on community composition of the preceding grassland
(300 N L. perenne, 150 N: grass only, herb only, legume only or mixture of at
least two functional groups). Bars represent standard errors. The average point
for each community type is connected for each harvest to show the trends in
each response over time (four harvests from mid June to late September
(see Fig. A.1)).

increased the follow-on crop yield compared to a grass monoculture, as
the legume content in the mixture enhanced its legacy effect. The
monoculture of T. repens had the highest legacy effect; however, a
mixture with a high proportion of legume would also deliver a high
legacy effect (Table 1b, Fig. 3b).

Using a similar experimental design and modelling approach, Fox
et al. (2020b) found a legacy effect on DMY and NY due to synergistic
interactions between legume and non-legume species (in three of four
harvests). Other related studies investigated the effect of grassland di-
versity on processes likely to be involved in grassland legacy effects.
These found no evidence of interspecific interaction effects, and mixture
effects were determined solely by species’ identity effects e.g. microbial

Grassland

-
{ —

1 1
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activity (Fox et al., 2020a) or N losses through nitrous oxide emissions
(Cummins et al., 2021). More research is needed for greater generality
about the occurrence of synergistic interaction effects in multi-species
grassland leys on a subsequent crop.

4.3. Higher nitrogen level in grassland resulted in lower yield in follow-on
crop

Increased nitrogen fertiliser input in L. perenne monoculture grass-
land (300 N) did not result in a higher performance of the follow-on crop
in comparison to a lower fertiliser rate (150 N). In addition, the extra
nitrogen applied to the 300 N increased NY by only 64 kg N ha ™! yr?
during the grassland phase (unpublished). Thus, we assume that the
additional nitrogen was not stored in the soil (because it did not trans-
late into a legacy effect), and that nitrogen excess was lost from the
system. In intensively managed systems, there are numerous potential
sources of nitrogen loss, such as nitrate leaching and nitrous oxide
emissions (Steenvoorden et al., 1986; Cummins et al., 2021), with
demonstrated negative impact on the environment (Ravishankara et al.,
2009; Leip et al., 2015; Mahmud et al., 2021). By managing the
follow-on crop uniformly across all plots, we isolated the net effect of
increased fertiliser rate on DMY and NY of the follow-on crop (Figs. 3b,
5). This approach compares the effect of two fertiliser levels in a pre-
ceding crop on the legacy effect within a rotation, which is quite un-
common (cf. Christensen, 1997; Eriksen, 2001).

Similarly to N fertiliser rate and simulated drought, species compo-
sition effects on follow-on Italian ryegrass were still visible in the fourth
(and final) harvest of the follow-on crop (Fig. 4), suggesting the possi-
bility that legacy effects may persist for longer than one year (see also
Fox et al. (2020b) for similar results). Eriksen (2001) measured an
impact of a previous grassland on soil nitrogen stock and leaching three
years after conversion from grassland to tillage, although the effect
decreased over time. These various studies, and ours, indicate the need
for a longer duration of investigation to fully measure the legacy effects
of plant diversity, drought and fertiliser within intensively managed
grassland-crop rotations.

4.4. Overview of both rotation phases indicates benefit of grassland
diversity and legume content

We have focused on the results from the follow-on crop phase. In this
section, we jointly discuss results from both the grassland ley phase and
the follow-on crop phase in the context of the three-year rotation.

There was a strong degree of transgressive overyielding achieved by
grassland mixtures in the ley phase (Fig. 3a, from Grange et al. (2021)),
but overyielding due to legacy effects did not occur during the crop
phase (Fig. 3b). One plausible explanation for such an effect is that
overyielding in the grassland phase is permitted by effective resource
utilisation, that could exhaust available nutrients, and result in lower
subsequent DMY in the follow-on crop (Loreau and Hector, 2001; Isbell

Fig. 5. Comparison of alternative changes in
grassland management practice on mean
(& SE) dry matter yield in both the grassland
and follow-on crop. Relative to 150 N L. perenne
monoculture (low-diversity, low-input), we
compare the effect on yield across a grassland-
crop rotation of (a) a 150 N T. repens clover
monoculture (the community with the highest
legacy effect); (b) the six-species equi-propor-
tional grassland mixture receiving 150 N (high-
diversity, low-input), and; (©) a
300 N L. perenne monoculture (low-diversity,

Follow-on Crop

s

0 1 2 3 -
Effect on yield (thayr?)

high-input). Using predictions from the model
(Eq. 2), we plot the effects for scenarios (a), (b)
and (c¢) in rainfed conditions. Data from the
grassland phase is from Grange et al. (2021).

0 1 2 3
Effect on yield (t ha?)
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et al., 2009). However, the range of community compositions associated
with highest grassland DMY was not associated with any systematic or
obvious reduction in DMY or NY of Italian ryegrass in the follow-on crop
phase (Fig. 3). Thus, we observed that strong performance of species
combinations in the grassland was not incompatible with strong per-
formance in the crop phase. Smith et al. (2014) found similar results
with annual cover-crops mixtures performing better than cover-crop
monocultures, without a subsequent effect on the follow-on cash-crop.
In our study, the sown proportion of the legume functional group was
associated with strong synergistic effects on DMY in the grassland phase,
and was also the driver of the legacy effect. Both legume content and
grassland diversity are therefore critical management tools for pro-
moting higher yields across the separate phases of the rotation.

The decision on which diversity of species (composition, richness,
and proportions) to sow needs to be adapted to the agronomic objec-
tives. This study suggests that plant diversity (approximately equi-
proportional combinations of the grasses, legumes and herbs) should
be favoured for higher grassland production while higher proportions of
the legume functional group in grassland phase should be favoured if
targeting highest legacy effects for DMY and NY of the follow-on crop.
These choices are not necessarily incompatible as a high legume content
in grassland mixtures would favour both forage and follow-on crop DMY
and NY. Indeed, looking at DMY and NY across each of the grassland
(Fig. 3a) and crop phase (Fig. 3b), the mixtures sown with ~33% to
~75% sown legume proportion delivered higher DMY than the grass
and herb monocultures for either treatment. However, the decision on
which non-legume species to associate with legumes in a mixture would
differ depending on agronomic objectives (relative importance of out-
comes for the grassland forage phase and the crop phase). Indeed, some
non-legume species would deliver more yield in grassland phase, and
others would deliver higher legacy effects. More investigation is needed
to quantify the contribution of a wider range of legume and non-legume
forage species that could favour both higher yields and environmental
benefits.

4.5. High-diversity, lower-nitrogen grassland out-yielded low-diversity,
high-nitrogen grassland across both ley and follow-on crop phases

The application of high levels of nitrogen fertiliser to promote higher
yields is associated with several environmental impacts (Bacon, 1995).
Our approach allows us to compare three different management sce-
narios that vary in terms of reliance on legumes only, diversity level, and
fertiliser level. Using the 150 N L. perenne monoculture (low-diversity,
low-input) as a reference level for yields in both the grassland and crop
phases (Fig. 5), we compare the effect on yield for (a) the 150 N T. repens
clover monoculture (the community with the highest legacy effect), to
quantify the effect of changing species identity at the same level of input
and diversity; (b) the six-species equi-proportional grassland mixture
receiving 150 N (high-diversity, low-input) to quantify the effect of an
increase in plant diversity, and; (c) the 300 N L. perenne monoculture
(low-diversity, high-input) to quantify the effect of an increase in fer-
tiliser use.

Relative to the 150 N L. perenne, the legume monoculture in grass-
land had the greatest legacy effect; however, the legume-only yield
benefit was considerably lower in the grassland phase (Fig. 5a) than that
from the equi-proportional 6-species mixture (Fig. 5b). Directly
comparing the high-diversity, lower-nitrogen plant community with the
low-diversity, high-nitrogen community across the combined grassland-
crop rotation, plant diversity delivered higher performance (Fig. 5b),
while higher fertiliser level (300 N L. perenne) resulted in lower yields
(Fig. 5¢).

Our results are in line with those of Eriksen (2001), who showed that
an unfertilised grass-clover mixture produced similar NY to a L. perenne
monoculture receiving 300 kg ha~! yr™! of N fertiliser during grassland
phase, but doubled the NY of the following cereal crop. That work also
showed that such grassland legacy effect allowed optimal cereal DMY
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without any need of fertiliser in the first crop after grassland termina-
tion. In contrast, after a succession of cereal cultivations only, 115 kg of
N ha! at least were needed to attain such DMY. The grassland residual
effect persisted over at least three years, although it decreased over time.

Recommendations for grassland diversity and legume content
depend on the relative importance of each phase of the rotation,
although a diverse grassland with high legume proportion (at least 33%)
would deliver high yields in both the grassland and crop phase, as
illustrated in Fig. 3. Indicators other than yield should also be consid-
ered to refine recommendations to enhance both the agronomic and
environmental performance of grassland.

In conclusion, the relative advantage of plant diversity over fertiliser
in enhancing yield was evident in both the grassland and crop phases.
There was a constant but moderate effect of drought across all com-
munities in the crop phase. The use of plant diversity through legume-
based multi-species grassland mixtures is a practical and effective
management action to improve yields within crop rotations that contain
grassland leys.
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