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Abstract

Pasture and improved grasslands are commonly managed by a combination of artificial fertilisation and biomass removal, but a
deeper understanding of how management options interact over the long-term are required to improve sustainability. Studies of
multi-trophic responses to these options can provide important insights for biodiversity and soil management, particularly when they
cover long time periods. In this study, we provide a novel perspective on long-term experimental field studies of grassland manage-
ment by examining the direct and indirect effects of N fertilisation and mowing (with biomass retention and removal) on above-
ground biodiversity, below-ground soil chemistry and their interactions. Our experimental treatments were applied annually from
1994 in medium to high soil fertility conditions on a non-native pastoral farm in New Zealand, and analysis of data to 2013 show
that in general, plants and soil properties did not respond to N fertiliser treatments. In response to mowing regimes, soil properties
exhibited subtle, but annually varying changes mostly related to biomass retention or removal, and plant richness was consistently
higher under all mowing treatments. The management regime with the greatest gains in diversity also depended on year of study.
We further analysed the indirect effects of mowing treatments on plant and arthropod richness via soil properties using structural
equation modelling, and found that the impact of mowing is likely to be mediated by soil chemistry changes. In particular, the direct
positive impact of mowing on plant richness may be offset by changes to soil properties, depending on whether biomass is retained
or removed. We suggest that management regime effects on soil chemistry may limit plant composition changes to those species
able to take advantage of altered conditions. These findings suggest that management to improve grassland diversity and soil condi-
tions should consider the abiotic history and conditions of the site.
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Introduction

A quarter of global land use is dedicated to permanent
pasture and meadows (FAO 2022), with a substantial por-
tion managed intensively to maximise productivity and qual-
ity of livestock feed (Bengtsson et al., 2019; Paudel et al.,
2021). While such grasslands are managed with a wide
range of techniques and are subject to varying local site
characteristics and land-use history (Gilhaus et al., 2017),
common components are often fertilisation and biomass
removal via grazing or mowing (Borer et al., 2014;
Gilhaus et al., 2017; Socher et al., 2012). Nutrient addition
to grasslands typically increases biomass, but this often
occurs at the expense of species diversity due to subsequent
increased dominance of competitive species, a reduction in
structural diversity and the limited light availability under a
dense canopy (Borer et al., 2014; Harpole & Tilman, 2007;
Hautier et al., 2009; Leps, 2014). This may be undesirable,
especially as farmers are under pressure to help protect bio-
diversity and other ecosystem services such as soil nutrient
cycling (Caradus et al., 2021; Paudel et al., 2021). Species
loss is often ameliorated by removal of biomass as this
reduces light competition, altering community structure and
belowground dynamics (Borer et al., 2014; Yang et al.,
2019). Nevertheless, the combined impacts of fertilisation
and biomass removal are complex in that they depend on ini-
tial species abundance and composition (Avolio et al., 2014;
Leps, 2014), on the life-history traits of the species being
disturbed (Baer et al., 2020), and on the nature and fre-
quency of the disturbance event (Miller et al., 2011).

In addition to direct impacts on primary production, com-
bined fertilisation and biomass removal can also impact
other trophic levels. For example, mechanical turf distur-
bance and prescribed burning impacted the composition and
functional diversity of spider communities in an abandoned
Czech pasture (Hamrik & Kosulic, 2021), and large and
highly mobile exotic spiders were the first to colonise burnt
tussock grassland in New Zealand (Malumbres-Olarte et al.,
2014). In addition, over long time periods, plant communi-
ties can impact their own productivity and composition
through feedbacks with soil biota and abiotic properties
(Eisenhauer, 2012; Guerrero-Ramirez et al., 2019; van der
Putten et al., 2013). High plant diversity can lead to heterog-
enous soil microhabitats and diverse soil organisms
(Eisenhauer et al., 2012; Hooper et al., 2000), which in turn
can feedback to the plant community via resource partition-
ing and enhancing niche dimensionality (Eisenhauer et al.,
2012; Guerrero-Ramirez et al., 2019). The impact of plant-
soil feedbacks may be affected by management such as graz-
ing (Chen et al., 2017; Veen et al., 2014), but few experi-
mental field studies consider the effects of manipulation
treatments on several trophic levels at the same time, or on
the possibility of feedbacks mediating plant diversity
changes.

In New Zealand, where 25.5% of land use was under
high-productivity grassland management in 2016
(Whitehead et al., 2021), the need to understand the impacts
of management are important to balancing productivity with
the country’s commitments to sustainability (Caradus et al.,
2021). In these productive areas, the species pool is typically
non-native, consisting of introduced perennial grasses,
legumes, herbs and annual forage crops. In particular, the
European introduction of cocksfoot (Dactylis glomerata L.),
perennial rye-grass, and clovers (predominantly white clo-
ver, Trifolium repens L.) played a large role in the conver-
sion of native forest and other natural habitats to productive
grassland in the 1950s and 60 s. These introductions also
brought a range of invasive, non-native plant species includ-
ing hawkweed (Hieracium) and thistle (Cirsium) species,
which today form a part of the seed bank in and around pas-
toral farms. Generally, while farmers appreciate the benefit
of conserving native species in remnants and marginal vege-
tation (Maseyk et al., 2021), native plants do not contribute
to pastoral farming as they are not adapted to ungulate graz-
ing (Caradus et al., 2021). amongst the range of manage-
ment practices, nitrogen fertiliser application is common,
although farmers are being encouraged to reduce this reli-
ance and return to less intensive legume-based pastures
(Caradus et al., 2021). In addition, returning plant residues
to the soil may benefit important soil micro-organisms and
provide nutrients that are otherwise limiting (Adair et al.,
2013; Cabon et al., 2021). However, the long-term implica-
tions of these combined practices are not well understood.

In this study, we use a long-term pasture management
experiment to examine the direct and indirect effects of fer-
tilisation and mowing on above- and below-ground grass-
land properties. The experimental area was set up in a
paddock planted with a typical mixture of non-native species
used for New Zealand pastoral grazing. The treatments com-
prised a combination of urea nitrogen fertiliser and three
mowing regimes that varied in terms of regularity and
whether or not biomass was retained. The biomass retention
treatment was included as an additional alternative manage-
ment practice to periodically improve nutrient enrichment
(e.g., Cabon et al., 2021). We hypothesised that:

a) In line with similar previous studies (Borer et al., 2014; Gaisler et al.,
2019; Yang et al., 2019), mowing would positively impact plant diver-
sity, and mediate the negative effect of fertilisation;

b) Plant diversity would also respond positively indirectly to this biomass
retention via changes in soil quality. In previous work on these plots,
soil properties have responded to the treatment with the biomass
retained, because this represents an increase in the litter provided to
soil organisms and nutrient cycling (Boitt et al., 2018);

c) Consistent with other long-term grassland experiments, greater plant
diversity would accommodate more arthropod diversity
(Weisser et al., 2017).

The results of this study will provide important insights
into the relationships between biodiversity, soil fertility and
management at the higher end of the grassland productivity
scale. In addition, it provides an opportunity to evaluate the



154 M.A.K. Gillespie et al. / Basic and Applied Ecology 63 (2022) 152�163
impacts of combined management options on non-native
species composition in the long-term.
Materials and methods

Study area and experimental design

The study area and experimental design are part of the
Long-Term Ecology Trial established at Lincoln University,
New Zealand (S 43°38051, E 172°28005) in 1994. During
the study period, the average summer (Dec-Feb) temperature
of 16.6 °C and average rainfall of 123 mm was recorded at
Plant & Food Research approximately 2 km away. Details
of the site have been described elsewhere (Farrell et al.,
2014; Simpson et al., 2012), but we provide a brief outline
here. The study area is a lowland agricultural field with a
history of mixed cropping prior to establishment of the trial,
with Wakanui silt loam soil (Mottled Immature Pallic [NZ];
Udic Ustochrept [USDA]; Soil Survey Staff 1999), and
‘medium’ (Olsen P: 28 mg P kg�1) soil fertility
(Simpson et al., 2012). In 1994, a new mixed grassland was
established to simulate the species composition of a typical
non-native New Zealand grazing paddock, including red
clover (Trifolium pratense L. cv. Pawera; sowing rate 10 kg/
ha), white clover (T. repens L. cv. Tahora; 4 kg/ha), peren-
nial ryegrass (Lolium perenne L.; 15 kg/ha) and cocksfoot
(Dactylis glomerata L. cv. Kahu; 8 kg/ha).

The treatments were established on 5 £ 5 m plots
arranged in four randomised blocks with eight treatments
applied per block (32 plots in total). The eight treatments
consisted of four mowing regimes, with and without fertil-
iser application. The four mowing regimes consisted of:

1) Unmown: undisturbed control,
2) Irregular retained: irregular mowing with biomass retained on the

plot,
3) Irregular removed: irregular mowing with biomass removed, and
4) Regular retained: regular mowing with biomass retained (Fig. 1).

For the Irregular mowing treatment, mowing was applied
when the sward reached approximately 30 cm in height. The
speed at which this height was reached after each cut varied
depending on recent rainfall, resulting in a range of 2 to 5
cuts per year. For the Regular mowing treatment, the first
cut was applied when the sward reached 30 cm, and subse-
quent cuts were applied once per month (September to
March) resulting in 6 to 7 cuts (depending on the time for
the sward to reach 30 cm initially).

Soil analyses carried out in July 1994 revealed that the
soil pH was very low (»5) across the trial area, and accord-
ingly lime was applied to the entire trial later in 1994 to
increase the soil pH to between 5.5 and 6. The fertiliser was
applied in September (spring) each year and was a urea
nitrogen fertiliser (50 kg N ha�1), in line with common prac-
tice in lowland managed grassland.
Plant and arthropod sampling

The experimental plots were measured annually during
most years for plant (1998 to 2013) and invertebrate (2000
to 2010; Appendix A: Table S1) species composition by
undergraduate students on an introductory ecology course.
To sample the plant community, five 0.25m2 quadrats were
randomly located within each plot. All plant species found
within each quadrat were identified and recorded. For the
calculation of plant species richness and for multivariate
analysis, we only used data on the 11 most common species
identified in plots: Cirsium arvense (L.), Hypochaeris radi-
cata (L.), D. glomerata, Taraxacum officinale (L.), Stellaria
media (L.), Rumex obtusifolius (L.), Bromus willdenowii
(Kunth.), T. repens, T. pratense, L. perenne and Achillea
millefolium (L.). Other plant species, including one native
species, were identified in some years, but these were not
recorded often enough to be included in analyses. To
account for differences in sampling effort between 2011 and
2013 (five quadrats per plot) and the other years (ten quad-
rats per plot), we estimated species richness as the number
of species from the 11 most common found per quadrat.

As invertebrates are generally difficult for the novice to
identify in the field, species were grouped by Order. To col-
lect the invertebrates within each plot, students used a Vor-
tex suction device, with four random samples of five
seconds duration per plot. Arthropods were sorted in the
field before returning the material to the plot.
Soil sampling

Five soil samples (7.5 cm depth, 3 cm diameter) were
taken from each plot of the Unmown, Irregular retained and
Irregular removed treatments each year in July for chemical
analyses, including total carbon, total nitrogen, bioavailable
phosphorus (Olsen P), exchangeable cations, and pH. The
Regular retained plots were not included due to limited
resources. Methods for soil chemistry characterisation are
described in Farrell et al. (2014). Most soil variables were
collected only between 2003 and 2013. Although a small
number of soil variables were recorded in 1999 and 2002,
they have only been included in univariate analysis and not
multivariate analysis. Initial soil data for 1994 (before the
liming treatment described above) are shown in the Results
section.
Data analysis

All data analysis was conducted using the R programming
environment (v 3.6.2, R Core (Team, 2021)). Plant species
richness and arthropod order richness were analysed with a
repeated measures linear mixed model using the nlme pack-
age (Pinheiro et al., 2020), with Mowing, Fertiliser and Year
(as a factor) as fixed effects, together with their interactions,



Fig. 1. The Long-Term Ecology Trial at Lincoln University (2017) with three of the four mowing regimes depicted (Photo: L. Condron).
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and Plot as the repeated (random) factor. We also initially
included Block as a random factor, but this was dropped
as it did not improve model fit as measured by AICc
(second-order Akaike Information Criterion, corrected for
small samples). Where necessary, we used the Constant
Variance (VarIdent) function structure to homogenise the
variance of residuals. We constructed models using the
grouping factors Year, Mowing treatment, and a combi-
nation of the two in this function, and selected the most
appropriate model based on AICc, and a visual inspec-
tion of the residuals. All model residuals were also
inspected visually for normality.

To assess changes over time to the plant community in
response to the mowing treatments (fertiliser treatments
were left out due to non-significant effects on plant rich-
ness), we applied a Principal Response Curve (PRC;
Van den Brink & Ter Braak, 1999) with the vegan package
(Oksanen et al., 2019). We again used abundance data for
the eleven plant species listed above and set the Unmown
treatment as the control benchmark for the PRC. To test the
significance of the PRC we performed a permutation test
with 499 permutations. To further explore the temporal
dynamics and reordering of the most common plant species,
we used rank clocks to plot the mean rank order of abun-
dance of key species over time (Collins et al., 2008), using
the codyn package (Hallett et al., 2016). We also conducted
a PRC analysis on the soil properties, to explore the effect of
both Mowing and Fertiliser treatments on combined soil
characteristics over time. The variables used were those for
which most data were available (K, Mg, P, Ca, Total N%,
Total C%, C:N ratio and pH), and they were standardised
using the decostand function of the vegan package before
conducting the analysis. The Mowing and Fertiliser treat-
ments were combined into one categorical variable for this
analysis, as the PRC method only allows for one grouping
variable at a time.
Finally, to test the indirect effects of treatments on plants
via soil chemistry, we used multigroup piecewise structural
equation modelling (SEM) via the piecewiseSEM package
(Lefcheck, 2016). Full details of this method are given in
Appendix A; briefly, this technique allows us to construct
separate linear (mixed) models for each response (endoge-
nous) variable, representing paths in a hypothesised net-
work, before piecing them together to test the network of
relationships. The multigroup SEM then allows us to test
whether the relationships apply to every year, or just certain
years (sensu Larson & Larson, 2010). For this model, data
from 2003 to 2007 and 2011 were used as these were the
only years with data for plants, soil and arthropods together,
and as soil variables were not measured on the Regular
retained plots, this treatment is excluded. To condense the
correlated soil variables down to fewer components, we con-
ducted Principal Component Analysis (PCA) on the scaled
variables and used the first two principal components as
“Soil Component” variables. The component linear models
of the SEM were constructed as linear mixed models, with
the two irregular mowing treatments included as dummy
variables where applicable and Plot as random factor in all
cases.
Results

Plant species richness

There was a significant effect on plant species richness of
Mowing treatment, Year and the interaction between the
two (Table 1, Fig. 2). In all cases, Fertiliser and the interac-
tions involving this treatment were not significant. Confi-
dence intervals around mean plant species richness indicate
that the differences were predominantly between Unmown
and the other three mowing regimes, with occasional



Table 1. Type III Analysis of deviance results for repeated meas-
ures linear mixed-effects models on the species richness per
quadrat.

df x2 p

Mowing 3 55.7 <0.001
Year 10 20.4 0.026
Fertiliser 1 0.1 0.734
M £ Y 30 54.7 0.004
M £ F 3 0.9 0.820
F £ Y 10 9.6 0.488
M £ F £ Y 30 26.2 0.666
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differences amongst the latter (Fig. 2). Such patterns are not
consistent through time, and indicate frequent reshuffling of
species richness ranks amongst the mowing regimes.
Plant community response

The PRC showed a significant difference in species com-
position between treatments and the unmown control
(p = 0.002); the first axis explained 41% of the variance in
community composition change over time (Fig. 3A). All
three of the mowing treatments significantly diverged from
the Unmown plots in terms of community composition over
time. Species weights between �0.5 and 0.5 tend to be con-
sidered weak or unrelated to the PRC. Thus, C. arvense
showed a strong benefit from the Unmown treatment, while
H. radicata, L. perrene, T. repens, T. pratense, A. millefo-
lium and Taraxacum officinale benefitted from the three
other mowing treatments. The rank clocks for these key spe-
cies show that the Unmown treatment had low cover of most
species (though it was dominated by D. glomerata) and
increasing covers of C. arvense and A. millefolium
(Fig. 3B). The latter species had a strong negative species
weight in the PRC, suggesting that it benefitted from the
Fig. 2. Plant species richness (number of species per quadrat) plotted as p
treatment per year (n = 8). Error bars are 95% confidence intervals.
mowing treatments and the rank clocks of these regimes
show relatively high covers of the species. In addition,
amongst the three treatments with mowing, T. pratense was
dominant at the beginning of the study period before declin-
ing over time, being replaced with increasing covers of the
remaining species.
Arthropod richness

For arthropod order richness, the patterns over time were
less consistent than for plants. There was a significant effect
of Year, Mowing and their interaction (Table 2), but Fertil-
iser and the interactions involving this treatment were not
important. Generally, the Unmown treatment tended to have
significantly more arthropod groups than did the mown
treatments (Fig. 4), but the differences were not as clear in
every year as they were for plants.
Soil chemistry properties

Initial and final soil properties are shown in Appendix A:
Table S2. The PRC for soil properties was significant
(Fig. 5, p = 0.002) and the first axis explained 34% of the
variance in soil property composition over time. The two
irregular mowing treatments showed divergence from the
unmown treatment, but this appears more pronounced for
Irregular removed. By contrast, the Irregular retained treat-
ment resembles the Unmown in some years. Furthermore,
fertiliser only seems to have a consistent effect on soil chem-
istry in the Unmown plots. The soil properties K, P, Mg,
Total C and Total N, were all negatively related to the
response curve, suggesting that these variables show a
strong affinity with the two Irregular retained treatments
(with and without fertiliser), and that these properties are
less characteristic of the Irregular removed treatments. Plots
of the variables by treatment over time (Appendix A, Fig.
redicted means from a linear mixed effect model for each Mowing



Fig. 3. (A) Principal response curves for plant species composition showing the change in the first PRC axis over time for the Mowing treat-
ments. Treatment effect values are shown in reference to the Unmown (control) treatment (grey horizontal line). Species weights are shown
to the right representing the affinity of each species with the response shown in the diagram (dashed lines delimit �0.5 and 0.5 species
weights). (B) Rank clock plots of the seven plant species with PRC species weights above 0.5 or below �0.5 in the annually treated plots.
The vertical grid line shows the starting (and ending) ‘12 o’clock’ position on the rank clock which are the years 1998 and 2013. Species lines
towards the outside of the clock indicate high percent covers.
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S1) support this, to the extent that these elements differenti-
ate the Irregular retained treatment at least from the Irregu-
lar removed treatment.
Table 2. Type III Analysis of deviance results for Repeated meas-
ures linear mixed models on Arthropod order richness.

df x2 p

Mowing 3 8.1 0.044
Year 10 7.5 0.678
Fertiliser 1 0.6 0.434
M £ Y 30 48.2 0.019
M £ F 3 2.3 0.514
F £ Y 10 4.6 0.914
M £ F £ Y 30 28.7 0.535
Structural equation model

The PCA of soil properties resulted in the first two princi-
pal components that explained 35.4% and 17.4% of the vari-
ation in soil variables. Component 1 strongly represents
nutrient availability, with high loadings for C and N content,
as well as Mg and P, while Component 2 represents a gradi-
ent of C/N ratios and Ca availability (Appendix A: Table
S3). The two axes also relate to several variables concur-
rently, such as K and P, reflecting the complexity of the
dataset.

The final piecewise SEM was an adequate fit to the data
(Fisher's C = 6.92, p = 0.328, df = 6; Fig. 6). The majority
of pathways in the model were consistent for all years, par-
ticularly those contributing to plant species richness. For
those not constrained to the global model, the link from the
Irregular removed treatment to soil component 2 was



Fig. 4. Predicted mean arthropod order richness from a linear mixed model plotted by a) Treatment and Year; and b) by Treatment only. Error
bars are 95% confidence intervals.
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significantly positive for all years, but differed in magnitude
from year to year (Appendix B). The link from the Irregular
retained treatment to soil component 1 was positive, but not
significant, in 2003, 2005 and 2006. In addition, the negative
link between soil component 2 and arthropods was only sig-
nificant for these same three years, and the negative link
between plants and arthropods was only significant in one
year (2005). Despite these inconsistencies, the positive
effects of the two mowing treatments on soil component 2
suggest that these treatments both led to lower levels of K, P
and C/N ratio and higher levels of Ca. To a large extent, this
reflects the patterns shown in Fig. S1, although the contrast-
ing effect of the treatments on soil component 1, which also
has positive loadings of K, P and Mg, indicates divergence
in soil chemistry between the treatments. In addition to the
direct impacts of mowing on plant richness, soil component
Fig. 5. Principal response curves for soil variables showing the change
ments. Treatment effect values are shown in reference to Unmown, no fe
N0 = No fertiliser applied; N1 = Fertiliser applied. Soil property weights
the response shown in the diagram (dashed lines delimits �0.5 property w
2 had a consistent negative effect. This effect alone indicates
that, all else being equal, plots with higher levels of varia-
bles such as K, P, and C/N ratio and low N and Ca tended to
have higher plant diversity. However, the impact of mowing
on these soil properties suggests that although mowing
increases plant diversity directly, this increase is mediated
by the negative impact of mowing on certain soil conditions.
Discussion

We observed a generally positive effect of all forms of
mowing on plant diversity, but no effect of fertiliser addi-
tion, and the management regime with the greatest gains in
diversity depended on the year of study. While the interan-
nual effects may have resulted from the way the data were
in the first PRC axis over time for the mowing and fertiliser treat-
rtiliser (control) treatment (grey horizontal line). Treatment codes:
are shown to the right representing the affinity of each variable with
eight).



Fig. 6. Global path model for multigroup piecewiseSEM analysis using data from 2003 to 2007 and 2011. Unstandardised coefficients are
given as labels on each arrow and the thickness of the line represents the size of the standardised coefficients. An asterisk symbol next to a
coefficient denotes that the link was not constrained to the global model, and could differ in magnitude and significance from year to year
(See Appendix B). Solid lines are significant pathways at the p < 0.05 level. Black lines are positive effects, red lines are negative effects.
Soil Components represent the first two axes of a PCA. Full soil component loadings are given in Appendix A: Table S3.
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collected, the consistent and long-term impact of mowing is
clear. Conversely, arthropod richness was negatively
impacted by management, and our SEM results suggest that
this is due to the indirect effect of mowing on plant commu-
nity diversity and composition. We suggest that the impact
of the different management options is likely to have been
mediated by impacts on soil properties.
Plant community structure

The lack of fertiliser effect on plant richness was surpris-
ing because N addition is known to impact graminoid cover,
increasing biomass, reducing available space and light lead-
ing to reductions in taxonomic diversity (Harpole et al.,
2016; Hautier et al., 2009; Titera et al., 2020). However, the
impact of the addition of nutrients depends on current nutri-
ent availability (Stiles et al., 2017). Our paddock has a
medium-high level of fertility and soil organic matter is rela-
tively low, suggesting that N was not limited in our unfertil-
ised plots. Responses to nutrient enrichment are also species
specific (Henrys et al., 2011), and the non-native species
pool at this experimental farm may already be depleted of
N-sensitive species. While some less common species were
recorded in some years in our plots, we lacked the data to
test whether they responded to treatments. As the number of
plant species with cover of <1% can impact the results of
grassland experiments (Gaisler et al., 2019), the lack of fer-
tilisation effect may be explained by our concentration on
non-native species, or because our species richness measure
was insensitive to small changes in diversity. Nevertheless,
a lack of fertilisation effect has been demonstrated else-
where. Li et al., and Gibson (2020) found a neutral effect of
nutrient addition in an Illinois old field system, suggesting
that plant community assembly processes play a greater role
than nutrient limitation, or that nutrients were not the main
limiting resource.

By contrast, all three mowing treatments were signifi-
cantly different in diversity from the Unmown control. Posi-
tive effects of management such as cutting and mulching on
species richness have been demonstrated for other grassland
management situations (Gaisler et al., 2019; Leps, 2014;
Li et al., 2020; Yang et al., 2019), due to the opening of the
canopy, reduction in dominant species biomass and the
decrease in light competition. Clear effects can also be
attributed to the high productivity of our site where high
growth rates of the non-native ruderal species found in our
plots ensure rapid colonisation, and repeated mowing pre-
vents competitive exclusion (Huston, 2014; Kershaw &
Mallik, 2013). Many of the invasive and weedy forb species
colonising our mown plots are known to be well adapted to
regularly-mown lawn communities, with high seedbank
densities (Fitter & Peat, 1994), and such local non-native
species pools are more likely to show positive effects of
mowing (Kershaw et al. 2013). Our focus on common non-
native species may have affected these results in that unmea-
sured responses of native or rare species may have contrib-
uted some differences. However, native species tend to be
poor competitors with non-native grasses and require protec-
tion from disturbance (Douglas et al., 2007), suggesting that
their influence would have been negligible here. The lack of
clear difference in richness or community composition
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between the two mowing frequencies and biomass retention/
removal was likely due to our limited taxonomic range, and/
or because our levels of mowing were not distinct enough.
Nevertheless, our SEM results, discussed below, suggest
that the differences in plot conditions may have been more
nuanced than could be detected by species richness alone.

The composition of the disturbed communities was influ-
enced by the originally seeded forbs as well as the non-
native rosette-forming species T. officinale and H. radicata.
These low-growing species were able to take advantage of
new spatial niches and lower competition for light, as in
many previous studies (Gaisler et al., 2019; Tardella et al.,
2020). Conversely, the only originally-seeded species to
remain competitive on control plots was the grass D. glom-
erata, which maintained a high level of cover on all plots.
This tall graminoid is resistant to a range of management
treatments (Gaisler et al., 2019), and its fast growth and tus-
sock forming strategies are likely to have excluded the colo-
nisation by other species of the Unmown plots. The noxious
weed C. arvense, also characteristic of Unmown plots, is a
highly competitive species favouring decreasing levels of
management intensity (Gaisler et al., 2019). It also notewor-
thy that the prevalence of the leguminous clover species T.
pratense tended to decline over time in all treatments, but T.
repens increased in all mowing treatments. Grassland man-
agers in New Zealand are encouraged to return pastures to
legume-based systems (Caradus et al., 2021), and our results
suggest that while T. repens is resilient to mowing, enhanc-
ing clover diversity will require further management. In gen-
eral, the variability in species composition over time is a
common finding for long-term grassland experiments
(Gaisler et al., 2019; Leps, 2014), and it is also likely that
interannual weather variability played a role in the temporal
dynamics (Herben et al., 1995; Titera et al., 2020). Never-
theless, the importance of continuous long-term data collec-
tion is demonstrated here. Similarly, finer taxonomic
resolution data would help to elucidate any impacts of treat-
ments on native and rare species.
Arthropod community structure

The finding that arthropod diversity was greatest in the
undisturbed treatment is probably related to the relatively
stable micro-habitat structure in the Unmown plots
(Wratten et al., 2012). The taller vegetation would have pro-
vided more shelter and diverse niche space for a greater
range of species than the plots with repeated mowing. The
negative effect of plant richness was only strongly apparent
in one year, so the plant composition may have been more
important. In particular, the control plots were probably
structurally diverse, dominated by the tall-growing tussock
forming graminoid, D. glomerata, while the disturbed plots
contained more low-growing and rosette-forming species,
which would have maintained a certain level of openness in
the plot micro-habitat.
These results are partly consistent with findings in other
agricultural settings that promote agri-environmental fea-
tures such as vegetative buffers, strips of unmown vegeta-
tion at field margins to promote insect and plant diversity
(Case et al., 2020; Landis et al., 2005; Olson & Wack-
ers, 2007). In such studies, high densities and diversity of
invertebrates are found in field margins due to protection
from disturbance, but also due to high plant diversity com-
pared to the agricultural matrix. In our study, the protection
from disturbance appears to be a greater relative driver of
arthropod diversity than plant diversity. However, the
greater arthropod richness of the undisturbed areas may not
imply a preferred management option for maximising spe-
cies diversity and ecosystem function. Previous work on
field margins and undisturbed grassland plots has shown
that generalist species tend to benefit (Hamrik et al. 2021),
and functional diversity has been found to decrease with dis-
turbance (Gerisch et al., 2012). Our measure of arthropod
diversity was rather crude, but may also represent a form of
functional diversity. In this case, while mowing as an envi-
ronmental filter acts to favour more competitive and fast-
growing plant species, it may act to reduce the functional
diversity of the arthropod community as only generalist spe-
cies are able to tolerate the disturbed conditions
(Devictor et al., 2008).
Indirect impact of soil chemistry

The SEM model and soil analysis were consistent in that
mowing affected soil chemistry in complex ways. Irregular
retained tended to feature higher total N and C content,
probably due to the increase in organic matter via the addi-
tion of mown plant litter (Boitt et al., 2018). These plots,
and the Unmown, also had consistently higher levels of Mg,
K and P relative to the Irregular removed plots, which we
attribute to nutrient depletion following continued biomass
removal (Boitt et al., 2018; Simpson et al., 2012). The differ-
ential impact of the two mowing treatments on soil compo-
nent 1 (high N, C, Mg and P) supports the key role of
biomass retention or removal on soil chemistry, although
this soil component was not important in later stages of the
model. By contrast, mowing positively impacted soil com-
ponent 2 (low C:N ratios, low K, and high Ca), and the
impact of biomass removal on this was variable, but greater
in magnitude every year. As component 2 only explained a
small amount of the variation in soil properties, this variable
reflects finer differences in soil chemistry, and the subse-
quent negative link to plant richness implies a mediating
role of these properties. For example, the strong direct
increase in plant richness of Irregular removed to maximise
the competitive release effect appears to be offset by a nega-
tive impact of slight reductions in C:N ratio and K in this
treatment. Similarly, retaining biomass reduced both of the
direct and indirect impacts on plant richness, resulting in rel-
atively similar plant richness overall. The SEM result could
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also suggest a pathway for interannual variation in richness.
For example, when species richness was at its most different
in 2004 between the two irregular mowing treatments, the
effect of Irregular removed on soil component 2 was at its
lowest and most similar to Irregular retained (Unstandar-
dised coefficients 1.86 and 1.92).

In general, the effects of mowing on soil chemistry may
have limited the competitive release effect to those species
able to take advantage of both the altered soil and light con-
ditions. Plant species colonising the mown plots could be
considered to pass through several environmental filters
(Baer et al., 2020), rather than a simplified single mowing
filter. Species such as T. repens, T. pratense, L. perenne and
H. radicata that can quickly colonise newly opened areas,
also exhibit traits that enable them to establish better when
competition is low. Conversely, C. arvense the dominant
species in Unmown treatments is a slower-growing, longer-
lived and highly competitive perennial. This perhaps reflects
a trade-off between nutrient and light availability, which is
an important mechanism in grassland plant diversity
(Ward et al., 2020), and supports the suggestion that hetero-
geneity in soil resources are likely to be key to diverse grass-
land communities (Baer et al., 2020).

The above- and below-ground dynamics are likely to be
more complicated than we have been able to test. In our
SEM, we specified the path to point from soil conditions to
plant diversity, but it could be argued that the arrow should
point in the other direction. For example, Teixeira et al., and
Pe~na-Claros (2021) built their SEM with plant diversity pos-
itively impacting a soil chemistry and biology gradient
together with a direct negative management effect. Simi-
larly, the long-term Jena grassland experiment has demon-
strated that plant species richness has significant
consequences for soil processes (Weisser et al., 2017), via
the availability of water and organic resources (Lange et al.,
2014). However, plant-soil feedback mechanisms are proba-
bly reciprocal: plots with a history of accommodating fast-
growing species are likely to have higher nutrient turn-
over rates (Wright et al., 2004; Reich, 2014), promoting
a positive feedback to the same plant species due to
increased nutrient availability. Furthermore, high diver-
sity plant communities may facilitate future growth
through diversifying the biotic and abiotic resources in
the soil (Eisenhauer, 2012; Guerrero-Ramirez et al.,
2019). Many other mechanisms may also be involved
and environmental conditions are also likely to be key to
the nature of plant and soil interactions (Guerrero-
Ramirez et al., 2019). We should also note that our low
taxonomic resolution and focus on common non-native
plants may have affected our species richness results
here, and further study is required to confirm the path-
ways hypothesised by our SEM. Nevertheless, we recom-
mend that future long-term studies of grassland
management incorporate dynamic SEM models that
allow the researcher to explore plant-soil and soil-plant
feedbacks from year to year.
Conclusions

We have shown that in medium to high soil fertility con-
ditions, in lowland pastures consisting of non-native species
pools, the long-term application of grassland management
has some predictable but annually varying outcomes. Fertil-
iser application did not produce a biotic response that we
could measure, but mowing increased plant species richness
via competitive release, and reduced arthropod order rich-
ness through structural disturbance, regardless of cutting fre-
quency. Interannual variation in richness and soil chemistry
are likely to be influenced by local climate, but we have also
demonstrated that changes to soil chemistry can play a sub-
tle mediating role in distinguishing effects between manage-
ment options. These findings require more in depth study,
but support a recommendation that management to improve
diversity and soil conditions should consider the history and
abiotic conditions of the site.
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