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ARTICLE INFO ABSTRACT

Keywords: Increasing plant diversity in agroecosystems is proposed to enhance multiple ecosystem services. Adding se-
Caraway lected forbs such as caraway (Carum carvi L.) and plantain (Plantago lanceolata L.) to productive grass-clover
Fertilization

mixtures can further enhance forage yields, root biomass, uptake of mineral nutrients and improve animal
performance. Yet, it remains unclear whether and how adding these forbs to grass-clover mixtures can influence
soil microbial communities and associated soil carbon (C) and nitrogen (N) cycling. Based on a three-year
grassland experiment varying in species diversity and composition with and without fertilizer application, we
determined soil microbial community composition and functions related to C and N cycling under laboratory
incubations. Results showed that inclusion of caraway modified soil microbial community composition by en-
hancing fungal-to-bacterial phospholipid fatty acids of the ryegrass-red clover mixture. Adding plantain to the
ryegrass-red clover mixture increased the relative decomposition rate of the labile C pool, but not of the re-
calcitrant C pool. Yet, B-glucosidase activity and net N mineralization were unchanged due to inclusion of either
forb. Moreover, fertilization with cattle slurry generally weakened these forb-induced changes in soil microbial
properties. These findings demonstrate that adding selected forbs to unfertilized grass-clover leys can modify soil
microbial community composition and associated C and N cycling, implying a potential for promoting long-term
soil C sequestration through enhanced fungi-to-bacteria ratio, but a limited role in improving soil N fertility.

Forage mixtures
Nitrogen mineralization
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Soil carbon dynamics

1. Introduction

Perennial grass-clover mixtures characterized by high productivity,
increased resource use, efficient weed suppression and improved soil
fertility are increasingly practised in intensively managed grasslands
(Finn et al., 2013; Isbell et al.,, 2017). Agronomists have recently
identified several competitive perennial forbs, such as chicory (Ci-
chorium intybus L.), caraway (Carum carvi L.) and plantain (Plantago
lanceolata L.) (Elgersma et al., 2014; Hogh-Jensen et al., 2006;
Sanderson et al., 2003). Adding these forbs to the productive grass-
clover mixtures can further enhance herbage yield and root biomass
(Cong et al., 2017), increase uptake of mineral nutrients from deep soil
layers (Pirhofer-Walzl et al., 2011) and improve animal performance in
terms of meat production and milk quality (Somasiri et al., 2015). Yet,
it remains largely unexplored whether including these forbs in grass-
clover mixtures can influence soil microbial community composition
and associated carbon (C) and nitrogen (N) cycling, which is crucial for
assessing their potential for soil C sequestration and soil N fertility.

Soil microbial communities mediate key ecosystem processes that
control nutrient cycling and organic matter (OM) decomposition. One
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of the ways that plant species diversity and composition influence soil
microbial communities and associated soil C and N processes is through
changes in the total amount of belowground OM input (Bardgett and
Wardle, 2010). For example, increasing plant diversity has been found
to enhance soil microbial community biomass, microbial respiration,
decomposition rate of labile C pool and net N mineralization, which is
largely ascribed to increased biomass production associated with
greater plant diversity (Dijkstra et al., 2005; Lange et al., 2015; Zak
et al., 2003). Another way is through changes in the quality of below-
ground input that is closely related to the characteristics of added plant
species (Bardgett and Wardle, 2010). For example, legumes with high
root quality (e.g. low root C/N or lignin/N ratio) are often found to
have higher soil microbial biomass, activity of soil enzymes (e.g. B-
glucosidase) and soil N mineralization rate than non-leguminous forbs
and grasses (Dijkstra et al., 2006; Fornara et al., 2009).

Our recent study has shown that inclusion of plantain enhanced
annual herbage yield (by 10-14%) and root biomass (by 20-44%) of
ryegrass (Lolium perenne L.)-red clover (Trifolium pratense L.) mixtures,
while inclusion of caraway maintained the similar herbage yield but
slightly increased root biomass (by 9-12%) of ryegrass-red clover
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mixtures (Cong et al., 2017). Moreover, Jing et al. (2017) showed that
caraway herbage had the highest OM digestibility, followed by white
clover and red clover, and plantain with the lowest OM digestibility.
Collectively, these results suggest that including caraway and plantain
in grass-clover mixtures will differentially affect the quantity and
quality of belowground OM input, consequently influencing soil mi-
crobial community biomass, composition and functions related to soil C
and N cycling.

Apart from plant species diversity and composition, agricultural
management practices have a large impact on soil microbial properties.
Biinemann et al. (2006) showed that fertilization with organic
amendments such as animal manure can generally enhance soil mi-
crobial biomass and activity through either direct addition of C and N
sources and/or indirect influence on plant residue returns. Several
studies found that plant species effect on soil microbial properties sig-
nificantly differed in soils of different fertility (Bardgett et al., 1999;
Innes et al., 2004). Hence, it remains to be elucidated whether the effect
of including caraway or plantain in grass-clover mixtures on soil mi-
crobial properties will depend on fertilization with animal manure.

In this study, we first explored how inclusion of caraway or plantain
influenced soil microbial properties of the ryegrass-red clover reference
mixture in both fertilized (applied as cattle slurry) and unfertilized
treatments. Then, we examined how these differences, if any, were
related to herbage biomass, root biomass and root quality. We hy-
pothesized that (1) adding caraway or plantain to the reference mixture
influences soil microbial community biomass and microbial C and N
cycling through changes in root C input and quality; and (2) fertiliza-
tion weakens these forb-induced effects on soil microbial properties.

2. Materials and methods
2.1. Experimental site and treatments

A three-year grassland experiment was established in spring 2013 in
the long-term (since 1987) organic dairy crop rotation at the
Foulumgaard Experimental Station, Aarhus University, Denmark
(Eriksen et al., 2015). The preceding crop in 2012 was winter rye. The
experimental site was situated on a loamy sandy soil, classified as a
Typic Hapludult with 6.4% clay, 8.5% silt, 44% fine sand and 39%
coarse sand. The soil had a pH of 5.9, and contained 2.0% organic C and
0.17% total N. The annual mean temperature and annual precipitation
in 2013-2015 were 7.8, 9.5 and 8.6 °C, and 636, 853 and 904 mm,
respectively.

The experiment was laid out as a completely randomized block
design with species composition and fertilization as the two fixed fac-
tors, and with three replicates. The plant species composition consisted
of four pure stands (perennial ryegrass, Lolium perenne L.; red clover,
Trifolium pratense L.; caraway, Carum carvi L. and plantain, Plantago
lanceolata L.), one binary stand (the ryegrass-red clover reference
mixture) and two three-species stands (ryegrass-red clover-caraway and
ryegrass-red clover-plantain mixtures). Two levels of cattle slurry (0
and 250 kg total N ha™! yr~! with 52% NH, *-N) were applied across
all stands. In total, we had 42 plots with the plot size of 8m
length x 1.5m width. In each plot, 10 rows of seeds (0.12 m row dis-
tance) were sown by machine in May 2013. Adjacent plots were sepa-
rated by a 0.3 m buffer.

The sowing proportions of plant species are 50:50 for the binary
mixture and 20:20:60 for the three-species mixtures. Optimum seed
rates in pure stands were 15, 4, 12 and 12kgha™! for perennial rye-
grass, red clover, caraway and plantain, respectively. The seed rate of
each species in a mixture was calculated by multiplying the seed rate of
the species in its pure stand with the sowing proportion of the species in
the respective mixture. Cattle slurry was applied four times during the
growing season in both 2014 and 2015; with 100 kg N ha~* yr ! at the
beginning of the growing season and 50 kgN ha~! yr~! immediately
after the first, second and third harvests. All plots received a one-off
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200kgK ha™! (K,S0O,) application to avoid potassium and sulphur
deficiency. In dry periods of the growing seasons, 50-60 mm irrigation
was applied.

2.2. Soil sampling and soil chemical properties

Just prior to the third harvest in mid-August 2015, eight soil cores
(2 cm inner diameter) per plot were taken to a depth of 10 cm. Soil
cores were taken randomly in three mixed stands. Given that 12-41% of
biomass yields were occupied by weeds across four pure stands, soil
cores were thus taken adjacently to the sown plant species in pure
stands meanwhile avoiding weed patches to minimize the side effects
from weeds. The samples were pooled, transferred to the lab and sieved
on a 4 mm-size mesh screen to remove larger roots, animals and stones
to obtain homogenized samples. A subsample was ground in a ball mill
and determined by Elemental Vario EL C/N Analyzer (Hanau,
Germany) to measure total C and N content. As expected, soil C, N
content or soil C/N ratio did not differ between stands after just three
years, but fertilization with cattle slurry significantly enhanced soil C
and N content (Table S1).

2.3. Soil microbial community biomass and composition

The phospholipid fatty acids (PLFAs) analysis is a rapid and sensi-
tive method to detect broad shifts in soil microbial community that
regulate soil C and N cycling (Bardgett et al., 1999; Frostegard et al.,
2011). The principle of the PLFAs method is that it creates a fingerprint
of the community structure using lipids of microbial membranes as
biomarkers for specific microbial groups (Zelles, 1999). The total con-
centration of PLFAs can also be used as a measure of viable microbial
biomass (Zelles et al., 1997). On the same day of soil sampling, about
2 g moist soil was subsampled from each of the treatments. The PLFAs
were then extracted using the same procedure described by Petersen
et al. (2002). In brief, fatty acids were first extracted using a modified
single-phase Bligh-Dyer extraction approach. Phospholipids were then
isolated by solid phase extraction, followed by alkaline trans-ester-
ification converting ester-linked fatty acids to the corresponding methyl
esters. An internal standard (13:0 Me/19:0 Me) was included for
quantification of PLFAs. In total, 19 PLFAs (> 0.3%) were identified
and subsequently classified into specific microbial groups: gram-posi-
tive bacteria, gram-negative bacteria, actinomycete, fungi and non-
specific group (Table 1). Given that many PLFAs are found to be non-
specific and common across taxa (Ruess and Chamberlain, 2010;
Frostegard et al., 2011), only widely accepted biomarkers are cau-
tiously selected to represent the corresponding microbial groups in this
study.

2.4. Soil microbial functions related to C and N cycling

2.4.1. Laboratory soil respiration
Microbial respiration was determined using the procedure described

Table 1
List of 19 identified PLFAs with classification into specific microbial groups.

Group Name Reference

Bacteria
Gram-positive 15:0, i15:0, al5:0, i16:0,
i17:0, al17:0

cy17:0, cy19:0

Frostegard and B&ath, 1996

Gram-negative Frostegard and Baath, 1996

Actinomycete 10Mel6:0, 10Mel7:0, Zelles, 1999
10Me18:0
Fungi 18:2w6¢ Federle, 1986

Non-specific 14:0, 16:0, 16:1w5c,
16:1w7c, 18:0, 18:1m9c,

18:1w9t

Ruess and Chamberlain, 2010;
Frostegérd et al., 2011
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by Cong et al. (2014). In brief, about 30 g sieved moist soil was in-
cubated in a 250 ml jar closed with a cotton plug at 20 °C over 112 days.
Soil sample was kept at 60% of water holding capacity by supplying
deionized water every week. The production of carbon dioxide (CO5)
was measured five times: on days 2, 7, 14, 56, 112 after filling the
bottles. On each date, two headspace samples in the begininng and after
4h (days 2, 7, 14) or 24 h (days 56, 112) incubation were analyzed for
CO, on the Micro GC 3000 Gas Analyzer. Daily soil respiration rate was
calculated by determining the difference in CO, concentrations be-
tween the two samples. To assess the decomposition rate of labile and
recalcitrant C pools, daily respiration rate was fitted to a two-pool C
model (Dijkstra et al., 2005).

R, = Cke™ + ¢ 1)

where R, is the daily C respiration rate (mg kg~ ! soil d 1) at time t, C;
and k are the pool size and the relative decomposition rate (d ~ 1 for the
labile C pool and c is the absolute decomposition rate (mg kg~ ' soil
d™1) of recalcitrant C pool. All parameters were optimized by mini-
mizing the root-mean-square error (RMSE). The coefficient of de-
termination (R?) between predicted and observed respiration rates was
on average 0.965 (SD = 0.029), indicating strong reliability of this
model.

2.4.2. B-glucosidase assay

B-glucosidase, as one of the most adundant extracellular enzymes, is
involved in the enzymatic degradation of cellulose in soil. B-glucosidase
activity is considered as an important biological indicator of soil ferti-
lity (Turner et al., 2002). B-glucosidase activity was assayed by the
method of Eivazi and Tabatabai (1988), using the substrate p-ni-
trophenyl-B-D-glucoside (pNPG). Briefly, about 2g sieved soil was
mixed with 4 ml of 0.05M modified universal buffer (pH = 6) and 1 ml
pNPG (25 mM) in a 10 ml tube, and then incubated in a water bath for
2hat 20°C. The reaction was terminated by adding 1ml of CaCl,
(0.5M) and 2ml of 0.1 M Tris buffer (pH = 12). The mixture was
centrifuged for 10 min at 4000 rev min~ ' and the absorbance measured
at 400 nm. All measurements were carried out in triplicate for each soil
sample and a blank. Values were corrected for a blank. -glucosidase
activity was expressed as mg p-nitrophenol (pNP) kg ™! soil h™'.

2.4.3. Soil potential net N mineralization

Two 20-g subsamples of sieved soils were used to measure soil po-
tential net N mineralization (Cong et al., 2014). In brief, one subsample
was extracted immediately with 50 ml of 1 M KCl for mineral N ana-
lysis. The other subsample was adjusted to 65% of water holding ca-
pacity, covered with polyethylene film and incubated in the dark at
20 °C for 6 weeks. Soil moisture content was kept constant throughout
the incubation period. After incubation, the subsample was extracted
again for mineral N analysis. The KCI extracts were filtered and ana-
lyzed for concentrations of NH;"-N and NO; ™ -N using a Technicon
Auto-Analyzer III (Bran + Luebbe, Norderstedt, Germany). The soil
potential net N mineralization rate (mg N kg~ * soil d ~*) was calculated
by subtracting pre-incubation soil mineral N from post-incubation soil
inorganic N concentrations and dividing it by the incubation period of
42 days.

2.5. Herbage yield and root biomass

The data of herbage yield and root biomass were obtained from a
parallel study conducted within the same experiment (Cong et al.,
2017). Briefly, the harvests were performed four times in each of two
production years (2014 and 2015). At each harvest, herbage dry matter
yield was determined by cutting the herbage at 7 cm stubble height and
drying ca. 500 g subsample at 80 °C. Botanical composition of plant
mixtures was measured by separating ca. 300 g subsample into each of
the sown species and pooled unsown species (i.e. weeds). The cumu-
lative herbage biomass yield of each sown species and weeds up to soil

89

Soil Biology and Biochemistry 121 (2018) 87-94

sampling time was calculated by summing their respective annual
biomass yield in 2014 and biomass yield in the first three harvests in
2015. Notably, despite a higher sowing proportion (i.e. 60%), caraway
and plantain represented only 18-22% and 38-41% of the cumulative
herbage yield in their respective mixtures (see Fig. S1). Standing root
biomass were determined immediately after the 3rd harvest in 2015
using the auger method. Roots were retrieved by washing soil samples
on a 425-uym mesh and subsequent repeated decantation from a con-
tainer onto the sieve (Cong et al., 2017).

2.6. Root quality parameters

Within each of the four pure stands, three individual plants of sown
species were dug out up to 10 cm to obtain fresh roots. Roots were then
washed, dried and ground in a ball mill. Root C and N contents were
measured using Elemental Vario EL C/N Analyzer (Hanau, Germany).
Lignin content of root samples was determined by the acid detergent
lignin method (Van Soest, 1967). Root C/N ratio and lignin/N ratio
were then calculated to indicate root quality.

2.7. Statistical analysis

The linear mixed-effects model was employed to analyze the effects
of species composition and fertilization on cumulative herbage yield,
soil C and N content, and microbial properties, with blocks as random
effects and with species composition and fertilization as fixed effects.
Differences between treatments were tested using Tukey's post hoc test.
The molar percentages (mol%) of 19 PLFAs were investigated by a
principal component analysis (PCA) after log (mol% + 1) transforma-
tion. Relationships between herbage yield, root biomass, soil C and N
content, microbial properties, and root quality parameters (i.e. C/N
ratio and lignin/N ratios) were tested using simple linear regression. All
analyses were performed using the R software version 3.4.1.

3. Results
3.1. Species composition and fertilization effects on soil microbial properties

The effect of plant species composition on soil microbial community
biomass (measured as total PLFAs) depended on fertilization at a
marginal significance level (P = 0.087; Table 2): without fertilization,
caraway pure stand hosted the highest microbial biomass among all
stands, but this effect disappeared when slurry was applied (Fig. 1A).
The similar trend was also observed for bacterial PLFAs (Fig. 1B), gram-
positive bacterial, gram-negative bacterial, actinomycete and non-spe-
cific PLFAs (Fig. S2). Notably, fungal PLFAs in caraway pure stand were
significantly larger than the other three pure stands, independent of
fertilization. In addition, inclusion of caraway significantly enhanced
fungal PLFAs of the ryegrass-red clover reference mixture (Fig. 1C),
consequently leading to higher fungal-to-bacterial PLFAs (Fig. 1D). In
contrast, neither total PLFAs nor PLFAs from specific microbial group
changed when plantain was included in the reference mixture. Fertili-
zation generally enhanced total and subgroup microbial biomass, but
did not affect fungal-to-bacterial PLFAs.

Principal component analysis of the PLFA profile showed large
differences in soil microbial community composition between stands
when no fertilizer was applied (Fig. 2A). Specifically, caraway pure
stand (“Cc”) was clearly separated from the reference mixture (“Lp-Tp”)
along the PC1 axis, explaining 42% of the total variation. The compo-
nent loadings revealed that caraway hosted higher 18:1w9c, 18:1w9t
and 18:2w6¢, whereas the reference mixture had higher gram-positive
bacteria featured by i15:0, al5:0 and i17:0 (Fig. 2A; Fig. S3). The
ryegrass-red clover-caraway mixture containing higher 18:2w6c¢ and
10Me18:0 was further separated from the reference mixture along the
PC2 axis, explaining 20% of the variation. Inclusion of plantain (“Lp-
Tp-P1”) also shifted soil microbial community composition of the
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Table 2
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P values for analysis of variance (ANOVA) for the main and interactive effects of fertilization and species composition on soil microbial community biomass, composition and functions.

Soil microbial properties Fertilization Species composition Fertilization X Species composition
Biomass Total PLFAs < 0.001%** 0.180 0.0877F
Composition Bacterial PLFAs < 0.001*** 0.710 0.0897
Fungal PLFAs 0.0907 < 0.001*** 0.940
Fungal-to-bacterial PLFAs 0.990 0.002%** 0.990
Gram-positive (G*) bacterial PLFAs 0.002%* 0.840 0.033*
Gram-negative (G™) bacterial PLFAs < 0.001%** 0.200 0.760
Actinomycete PLFAs 0.039* 0.059* 0.003**
Non-specific PLFAs 0.002** 0.24 0.230
Functions Decomposition rate of labile C pool (k) < 0.001%** 0.0687 0.0787
(C and N cycling) Decomposition rate of recalcitrant C pool (c) < 0.001%** 0.370 0.360
B-glucosidase activity < 0.001%** 0.037* 0.710
Net N mineralization rate < 0.001*** 0.003** 0.300
Net ammonification rate 0.290 < 0.001%** 0.950
Net nitrification rate < 0.001*** 0.0667 0.017*

***p < 0.001; **P < 0.01; *P < 0.05; P < 0.1.

reference mixture along PC2, mainly by increasing the perecentage of
non-specific PLFAs, such as 14:0, 16:0 (Fig. S3). In contrast, fertilization
generally weakened the differences in soil microbial community com-
position between stands, evidenced by a tendency of convergence to-
wards origin (Fig. 2B).

The effect of species composition on the relative decomposition rate
of the labile C pool (k) also depended on fertilization (P = 0.078 at a
marginal significance level; Table 2). Without fertilization, k was higher
in pure stands of red clover and caraway than those of ryegrass and
plantain (Fig. 3A). Adding plantain to the reference mixture led to a
significantly higher k. The absolute decomposition rate (c) of the re-
calcitrant C pool was significantly enhanced by fertilization, but did not
differ between all stands (Fig. 3B).

Regardless of fertilization, B-glucosidase activity significantly dif-
fered between stands (P = 0.037; Table 2), with pure stand of caraway
being significantly higher than ryegrass pure stand and all the mixtures
(Fig. 3C). Inclusion of either caraway or plantain did not significantly
affect B-glucosidase activity in soils of the reference mixture. A similar
trend was observed for net N mineralization rate, except that pure stand
of red clover had significantly higher N mineralization rate than that of
ryegrass (Fig. 3D). The differences in net N mineralization rate were
largely attributed to those in net ammonification rate rather than net
nitrification rate (Fig. S4). Fertilization significantly enhanced net N
mineralization rate by 21% (P < 0.001; Table 2), with net nitrification
rate accounting for the most increase.
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Fig. 2. Principal component (PC) analysis of molar percentage (mol%) of 19 identified PLFAs after log (mol% + 1) transformation without (A) and with (B) fertilization. Along the first
two components, the mean scores ( = SE) from four pure and three mixed stands are presented. The loading of individual PLFAs are presented by their names. Note the loadings of PC1
and PC2 were both multipled by eight for clearer presentation. Abbreviations can be referred to Fig. 1.

3.2. Correlations between soil properties, herbage yield, root biomass and
root quality parameters

Cumulative herbage yield significantly differed between stands
(P < 0.001, Fig. S1). Inclusion of plantain significantly enhanced
herbage yield of the reference mixture, while the same pattern was also
observed for root biomass (see Fig. 4 in Cong et al., 2017). Surprisingly,
neither herbage yield nor root biomass significantly correlated with any
of soil chemical or microbial variables, except for a positive correlation

between herbage yield and k (Table 3). In contrast, soil C content po-
sitively correlated with soil microbial biomass (total PLFAs) and mi-
crobial functions related to C cycling, such as k, ¢, and B-glucosidase
activity (Table 3).

Total PLFAs and bacterial PLFAs positively correlated with micro-
bial C cycling (i.e. k, ¢ and B-glucosidase activity). Interestingly, fungal
PLFAs positively related to k rather than c, suggesting that the fungal
PLFAs mainly mediated C cycling of labile C pool. As expected, there
were good correlations between microbial C cycling and microbial N
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Fig. 4. Relationships between two parameters of root quality (C/N ratio and lignin/N ratio) of four plant species and three soil microbial functions (k, A and B; B-glucosidase activity, C
and D; Net N mineralization rate: E and F) in four pure stands. k refers to the relative decomposition rate of labile C pool. Data are means + SE (n = 3). P values and coefficients of
determination (R%) were shown for both fertilization levels in each panel. Regression lines were shown only when the linear relationship was statistically significant (P < 0.05), with

each point labeled with corresponding plant species. Abbreviations can be referred to Fig. 1.

cycling (i.e. net N mineralization).

Root quality parameters significantly differed between plant species
(Table 4). Overall, red clover and caraway had higher root N content,
lower root C/N ratio, lower lignin content, and lower lignin/N content
than ryegrass and plantain. Fertilization hardly influenced root quality
parameters of red clover, caraway and plantain, but significantly en-
hanced root N content and reduced root lignin content of ryegrass. As
expected, we found (marginally) significant negative correlations be-
tween root quality parameters (root C/N and lignin/N ratios) and mi-
crobial C and N cycling (i.e. k and net N mineralization) (Fig. 4).
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4. Discussion

We demonstrated that adding forb species (caraway or plantain) to
grass-clover mixtures influenced soil microbial community composition
and associated C and N cycling. But these effects differed between the
two forbs. Specifically, inclusion of caraway in the ryegrass-red clover
reference mixture significantly increased fungal PLFA (18:2w6c) but
decreased certain gram-positive bacterial PLFAs (i15:0, al5:0 and
i17:0), thereby enhancing fungal-to-bacterial PLFAs (Figs. 1 and 2).
Fungi have higher C utilization efficiency and lower ecosystem N losses
(e.g. leaching) than bacteria (de Vries and Bardgett, 2012; Six et al.,
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Table 3
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Pearson's correlation coefficients (r) among herbage yield, root biomass, soil chemical properties and soil microbial community biomass, composition and functions.

Sparameters

Herbage Root Soil C Soil N Soil C/N  Total Bacterial Fungal Fungal/ k c B-glucosidase Net N min

yield biomass PLFAs PLFAs PLFAs Bacterial
Herbage yield 0.65%** 0.11  0.07 0.04 —0.01 0.04 -0.13 —-0.16 0.33* 0.27 0.13 0.13
Root biomass 0.14 0.08 0.14 —-0.02 —0.04 0.11 0.17 0.22 0.06 —0.04 -0.17
Soil C 0.75%** 0.07 0.45%* 0.25 0.14 —0.06 0.33* 0.67* 0.54** 0.297
Soil N —0.32% 0.39* 0.16 0.05 -0.10 0.28F 0.51%** * 0.09
Soil C/N —0.08 0.12 0.00 —0.04 —0.01 0.08 —0.04 -0.10
Total PLFAs 0.46** 0.307 0.09 0.10 0.34* 0.52%** 0.18
Bacterial PLFAs 0.23 —-0.08 0.32* 0.47** 0.47** 0.22
Fungal PLFAs 0.92%** 0.40%*0.25 0.32* 0.10
Fungal/Bacterial 0.267 0.02 0.11 0.04
k 0.497** 0.42%* 0.39*
c 0.63%** 0.48%*
B-glucosidase 0.39*

Net N min.

§k, decomposition rate of labile C pool; ¢, decomposition rate of recalcitrant C pool; Net N min, net soil N mineralization rate.
Asterisks indicate the significance test of the correlations: ***P < 0.001; **P < 0.01; *P < 0.05; P < 0.1.

Table 4

Root quality parameters of the four sown plant species. The standard errors for the means

were shown in brackets.

Plant species Root C/N ratio Root lignin/N ratio

NO N250 NO N250
Ryegrass 40.3 (0.5) 28.0 (0.4)° 11.7 (0.7)* 5.2 (0.9)°
Red clover 22.7 (0.2)° 22.9 (0.1)° 3.5 (0.2)° 3.5 (0.2)
Caraway 24.9 (2.9)° 23.7 (0.2)° 1.6 (0.8)° 1.7 (0.4)¢
Plantain 35.1 (2.8)° 34.4 (0.2)° 9.5 (1.5) 9.6 (0.2)

Means with different lowercase letters showed significant differences (P < 0.05) be-
tween species within each column under two levels of fertilization.

2006). Hence, higher fungi:bacteria ratio and enhanced root biomass in
ryegrass-red clover-caraway mixtures (Cong et al., 2017) jointly suggest
that maintaining at least a modest biomass fraction of caraway (18-22%
in this study) in grass-clover leys can potentially enhance agricultural
sustainability in terms of increasing C sequestration and reducing N
losses in soil. In contrast, adding plantain to the reference mixture did
not significantly shift fungal PLFAs or fungi:bacteria ratio (Fig. 1), al-
though it increased the abundance of certain non-specific PLFAs
(Fig. 2). Importantly, inclusion of plantain in the reference mixture
accelerated the relative decomposition rate (k) of labile C pool (Fig. 3),
which could partly conteract the benefit of plantain in enhancing long-
term soil C sequestration through enhanced root biomass (Cong et al.,
2017).

4.1. Mechanisms underlying enhanced fungi:bacteria ratio by adding
caraway

Plant species can considerably modify soil microbial community
composition through changes in the quantity, variety and quality of
plant-derived organic substrates (Bardgett et al., 1999; Grayston et al.,
1998; Hartmann et al., 2009). Several studies have shown an enhanced
fungi:bacteria ratio upon the addition of labile C sources and suggested
that increased abundance of fungi belong to a fast-growing fungal
group that specializes in metabolizing relatively large amounts of labile
C-rich substrates (Broeckling et al., 2008; Chigineva et al., 2009; de
Graaff et al., 2010). Denef et al. (2009) further revealed that the fast-
growing fungi were very active in processing plant-derived labile C
sources since the greatest 13C enrichment was observed in fungal bio-
marker PLFAs. Our study showed that caraway had high root quality
evidenced by low C/N ratio and lignin/N ratio (Table 4), and that low
C/N ratio was positively related to the relative decomposition rate (k)
of labile C pool (Fig. 4). Moveover, fungal PLFAs were found to posi-
tively correlate with k rather than c¢, the decomposition rate of
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recalcitrant C pool (Table 3). These results suggest that caraway en-
hanced fungal PLFAs and fungi:bacteria ratio of the reference mixture
probably through feeding fungi with labile C sources derived from
caraway roots. Further work requires direct demonstration of the uti-
lization of plant-derived labile C sources by fungi using stable isotope
probing of PLFAs (Treonis et al., 2004) as well as detailed investigation
of fungal community composition using molecular techniques such as
high-throughput 18S rDNA and ITS gene pyrosequencing (Anderson
and Cairney, 2004).

4.2. Mechanisms underlying enhanced C cycling of the labile C pool by
adding plantain

Substrate quality is a key factor in influencing decomposition rate of
organic matter (Swift et al., 1979). We observed the lowest decom-
position rate in ryegrass pure stand, which was probably attributed to
low root quality of ryegrass (Table 4). In addition, adding plantain
substantially reduced ryegrass biomass of grass-clover mixture (Fig.
S1), which thus would increase overall quality of belowground C input.
Consequently, this may lead to increased decomposition rate of labile C
pool in plantain-containing mixtures. This is in agreement with the
biomass ratio hypothesis (Grime, 1998), which proposes that ecosystem
processes in a plant community are determined by the functional traits
of plant species and its abundance.

Another possible mechanism could be due to the synergistic effect
occurring during decomposition of litter mixtures (Hittenschwiler
et al., 2005). For example, Vachon and Oelbermann (2011) showed
enhanced decomposition rate of N-poor residue of maize when mixed
with N-rich residue of soybean because N mineralized from soybean can
be transferred to maize to facilitate decomposition. This ‘N transfer’
mechanism may also work between N-rich red clover and N-poor
plantain, which requires further examination.

4.3. Fertilization and soil fertility mediated the forb-induced changes in soil
microbial properties

We found that fertilization generally enhanced microbial biomass
and C and N cycling. As expected, fertilization weakened the forb-in-
duced effects on soil microbial properties. However, in contrast with
previous findings from several grassland biodiversity experiments
(Dijkstra et al., 2005; Lange et al., 2015; Zak et al., 2003), we found
that enhanced herbage yield and root biomass in plantain-containing
mixtures compared to grass-clover mixtures did not lead to a concurrent
increase in soil microbial biomass, 3-glucosidase activity or soil N mi-
neralization rate. This could be explained by higher soil fertility (2%
soil organic C) in this study, which may have masked the forb-induced
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effects on soil microbial properties. Indeed, our results showed that soil
C and N content, rather than herbage yield and root biomass, positively
correlated with soil microbial biomass and associated C and N cycling
(Table 3).

In conclusion, our study provides the first evidence that inclusion of
certain forb species such as caraway and plantain differentially influ-
enced soil microbial properties of unfertilized ryegrass-red clover leys,
and the differences were probably driven by the quality of soil C input
rather than its quantity. These findings suggest that including caraway
and plantain into grass-clover mixtures holds potential for enhancing
long-term soil C sequestration and ecosystem N retention, but has a
limited role in improving soil N fertility, especially in relatively fertile
soils. Yet, these results were obtained based on just one sowing pro-
portion (i.e. 60%) of forbs sown with grass-clover leys. Future studies
are needed to investigate the range of forb proportions, over which
these forb-induced effects on soil microbial properties are evident, and
to quantitively understand their potential roles in the build-up of soil C
stocks and soil fertility in agricultural grasslands.
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