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Abstract

Background Combinations of grasses and nitrogen-
fixing legumes are ubiquitous in most natural and
derived pastoral grasslands. This was not formerly the
case in New Zealand’s unique indigenous grasslands
that are now frequently impacted by exotic pasture
grasses and legumes. Understanding the co-existence
of native and exotic plants is the broad focus of this
research.

Aims Spillover of nitrogen (N) from clovers to
grasses in diverse pasture is well known. We ques-
tion whether grasses provide reciprocal nutritional
benefits to legumes. Does the mutual exploitation of
soil biogeochemistry by legumes and grasses help
to explain their coexistence and, if so, does this have
implications for biodiversity in NZ’s novel native
grassland communities?

Methods Combinations of grasses and legumes,
including a native tussock grass, were grown in a
nutrient-poor (low P, S, Ca, Mg, Mn, and B) high
country soil in a pot experiment, quantifying the foliar
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acquisition of nutrients from soil. Field data were
obtained by sampling foliage of clover in single- and
mixed-species patches in a more fertile lowland pasture.
Results Benefits of legume and grass growing
together were reflected in enhanced productivity and
higher uptake of a range of key nutrients. This was
most evident but not restricted to a combination of
two exotic species: cocksfoot and white clover. In the
nutrient-poor soil, legumes grew better in combination
with different species of introduced grasses. Uptake
of key elements from soil to plants significantly dif-
fered with combinations of legumes and grasses com-
pared to individual species. Elevated concentrations
of P, K and S were recorded in clover when growing
with grasses, although Ca uptake was lower. Expected
reciprocal reduction of clover N or enhanced grass N
were not recorded. Mass balance data (total extraction
of key nutrients from the soil pool) showed that com-
bination of grasses and legumes exploit soil nutrients
(particularly P, Zn, Mn and Mo) more effectively than
single species alone. In grasses, only tissue concen-
trations of K, S and Zn significantly increased when
growing with legumes, but native tussock grass pro-
cured less nutrients when growing with the exotic leg-
umes. Field sampling of clover from the more fertile
lowland soil showed significantly higher foliar con-
centrations of K, Mn, Cu and B, but less Ca.

Conclusions The findings are indicative of a mutu-
alistic relationship: legumes derive nutritional ben-
efits from growing with grasses. Native tussock
grass contained less N when growing with the exotic
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legumes, suggesting less compatibility and a lack of
adaptation to coexistence.

Keywords Grassland - Mutualism -
Biogeochemistry - Clover - Transgressive
overyielding - Soil chemistry - Trace elements

Introduction

Coexistence and maintenance of diversity in plant
communities are explained as a result of different spe-
cies exploiting resources that are spatially and tempo-
rally variable between and within habitats (Burrows,
1990; Hggh-Jensen and Schjoerring 2001; Homulle
et al. 2021). Competition for resources is much more
extensively studied than the mutual benefits that
may be derived for different plant species growing
together (Craine and Dybzinski 2013; Trinder et al.
2021). However, complementarity between species
can be highly significant; agricultural intercropping
of two or more species is one obvious and demonstra-
ble example (Li et al. 2014; Gliessman 2015). This
has been explained in terms of the abilities of each
species to exploit different niches in the above-ground
environment and root zone (Zhang et al. 2015). In
terms of plant nutrition, the best-known example of
complementarity is symbiotic nitrogen fixation in
legumes that provides incidental spillover of nitro-
gen to soil, for example from clovers to grasses in
mixed-species grasslands (Fornara and Tilman 2008;
Pirhofer-Walzl 2012). A greater total herbage yield is
obtained by the two functional types growing together
rather than individually (Schipanski and Drinkwater
2012; Sturludéttir et al. 2014); this also balances pal-
atability and improves nutritional benefits to stock. In
this example, and in view of widespread and naturally
occurring grass-legume associations, we question
whether this relationship and its association with soil
fertility operates only in one direction, or if grasses
provide other elements to clovers as reciprocal nutri-
tion. Our hypothesis is that spillover of N from clo-
vers iS an intentional strategy to procure limiting
nutrients from neighbouring grasses. This is based
on an assumption that there would be no selective
advantage to legumes of fixing N in excess of their
own requirements. Conversely, there would be a clear
advantage to be able to acquire limiting soil nutrients
without direct metabolic cost (Lynch et al. 2021).
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This topic has contemporary interest in New Zea-
land where unique indigenous grasslands existed
largely without herbaceous legumes and entirely
without grazing mammals, thus providing a near
unique location to study this particular type of plant
functional complementarity. Pastoral farming systems
first arrived with European settlers in the 19th Cen-
tury, and clovers were introduced less than 100 years
ago (Caradus 1996). Indigenous tussock grasslands
currently account for about 13% of land cover, with
a further 34% of land converted to sheep, beef and
dairy pasture that is largely exotic (Stats™Z 2021).
Native grassland plant communities that are associ-
ated particularly with higher altitude (High Coun-
try) habitats now co-exist with grazing mammals
and invasive plants species, and they are frequently
impacted by nutrient top-dressing and over-sowing
of exotic pasture grasses and legumes. This means
they now exist as novel native grassland communities
(idem Wilsey et al. 2018). Pasture containing exotic
fodder species is far more responsive to enhanced fer-
tility. Exotic legumes (including Trifolium spp. and
Lotus spp.) have become widely naturalised, includ-
ing in high country native tussock grasslands, poten-
tially threatening more than one-third of the country’s
native plant species, of which 93% are endemic in the
High Country (Mark and Galloway 2012). Herba-
ceous legumes are virtually absent from native flora
and this family is restricted to only a relatively small
number of species: 34 species that are mostly trees
and shrubs, compared to at least 113 species of fully
naturalized exotic legumes (Wardle 1991; Allen and
Lee 2006; Dollery et al, 2019).

Graminaceous species are known to release phy-
tosiderophores, which promote absorption of Fe and
Zn (Erenoglu et al. 2000; Banakar et al. 2017). There
are only a few examples where this has been shown
to benefit adjacent species; for example, both Fe and
Zn acquisition are increased in peanuts when they are
grown with maize (Inal et al. 2007; Zuo and Zhang
2008; Xiong et al. 2013) and in guava growing with
grasses (Kamal et al. 2000). However, there appear
to be few insights into whether legumes similarly
receive nutritional benefits from grasses in grassland
pastures.

The aim of the present study was simply to investi-
gate whether native and exotic grasses provide nutri-
tional benefits to invasive legumes, rather than this
relationship being a one-way provision of nitrogen to
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grasses. This is investigated using glasshouse experi-
ments and field sampling.

Materials and methods
Plants and soils

The legumes selected for this study were white clo-
ver (Trifolium repens L.) and birdsfoot trefoil (Lotus
pedunculatus Cav.), both of which have been widely
seeded in New Zealand and elsewhere. White clover
is the main legume of temperate pastures and mead-
ows (Rochon et al. 2004), planted in New Zealand
since the late 1920s alongside several other spe-
cies of annual and perennial clovers (Rattray 2005).
Lotus is also commonly sown on hill country in
New Zealand, particularly at wetter, more acid, or
more infertile sites (Armstrong 1974). Two com-
mon exotic pasture species of grasses and one native
tussock grass were selected: perennial ryegrass
(Lolium perenne), cocksfoot (Dactylis glomerata)
and silver tussock (Poa cita). Ryegrass is the most
productive, palatable and digestible grass species
under fertile conditions and is also the most widely

Table 1 Physico-chemistry of the two soils

planted species in New Zealand but is less suited
to drier locations and the high country. Cocksfoot
is more hardy and drought-tolerant (Sanada et al.
2010). Poa cita is a common tussock grass species
particularly suited to exposed, windy locations and
dry soil (Hunter and Scott 1997), and is widespread
in natural grasslands and less developed grazed pas-
ture. Ryegrass and cocksfoot were grown from seed
and Poa tussock seedlings were collected from the
Lincoln University campus where the species has
been widely planted.

A previously-identified nutritionally-poor soil,
vegetated largely by more hardy shrubs and grasses
with no known history of fertilization, was collected
(1-20 cm depth) from a site near Lake Lyndon in
Canterbury (altitude 611 m) described by Gutierrez-
Gines et al. (2019). The soil was thoroughly mixed,
then air-dried and sieved (2 mm). Samples were ana-
lysed using standard methods by Analytical Services,
Soils and Physical Sciences Department, Lincoln
University (Table 1), showing a range of key determi-
nants (pH, calcium, sulphate-sulphur, soluble phos-
phorus, copper, magnesium, manganese) were less
than optimum for plant growth. Available phospho-
rus, calcium and boron were extremely deficient.

Indicators Units Pot Experiment Field Soil Typical Range*
pH M pH Units 5.70 5.90 5.7-6.2
Total Nitrogen ! % 0.46 0.29 0.3-0.6
Total Carbon ! % 5.80 33 -

Organic Matter ! % 10 5.6 7-17.0
Potassium [ me/100 g 0.49 0.91 0.3-0.6
Calcium P! me/100 g 2.03 5.7 5-12.0
Magnesium © me/100 g 0.60 1.31 0.6-1.2
Sodium © me/100 g 0.05 0.15 0.00-0.3
Sulphate Sulphur 7 mg/kg 6.43 2 10.0-20.0
Olsen Phosphorus ! mgl~! 433 21 20-30
Iron [® mgl~! 84 382 -
Manganese [ mgl ! 3.40 27.4 8.0-65.0
Copper [© mgl ! 0.37 1.3 0.4-2.0
Zinc [ mgl ! 1.73 5.4 0.80-4.00
Boron [0 mgl~! 0.19 0.48 0.60-1.20

“Typical range for agricultural soils in New Zealand. Method: [1] 1:2 (v/v) soil:water slurry followed by potentiometric determina-
tion of pH. /2] Determined by NIR, calibration based on Total N by Dumas combustion. [3] Determined by NIR, calibration based
on Total Carbon by Dumas combustion. [4] Organic Matter is 1.72 X Total Carbon. [5] 1 M Neutral ammonium acetate extraction
followed by ICP-OES. [6] Mehlich 3 Extraction followed by ICP-OES. [7] 0.02 M Potassium phosphate extraction followed by Ion
Chromatography. [8] Olsen extraction followed by Molybdenum Blue colorimetry
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In a smaller sampling exercise, white clover
was also sampled from a planted lowland pas-
ture on a more fertile soil on the university cam-
pus (Table 1). This was an attempt to investigate
whether differences in foliar nutrient concentra-
tions of clover differ if the plants are established in
single-species patches of clover, compared to when
it is growing in assemblages with other species.

Pot experiment

A pot experiment was located in a glasshouse at
the Lincoln University Nursery. All legumes and
grasses were initially propagated and established
in seed trays, then transplanted, singly or in com-
bination with each other, into (15 cm diameter,
20 cm height, 3.5L) plastic pots (Fig. 1). Eleven
experimental treatments consisted of three grasses
and two legumes growing either singly (5 species)
or in six paired combinations (Clover & Ryegrass;
Clover & Cocksfoot; Clover & Tussock; Lotus &
Ryegrass; Lotus & Cocksfoot; Lotus & Tussock).
Each treatment had 5 replicates (11 x5=355 pots),
arranged in a randomized single block design on a
glasshouse bench with natural daylight. Pots were
watered each day to maintain field capacity. Mean
glasshouse temperatures for the duration of the
experiment were 18.2 °C (range 14.2 — 32.1 °C).
After four months’ growth, above-ground plant
biomass was harvested, sorted into separate spe-
cies, then dried (65 °C, 48 h), weighed and finely
ground, prior to microwave digested using 5 M
nitric acid and chemical analysis using ICP-OES
following standard methodology.

Fig.1 Legumes and
grasses were grown as
either single or mixed
species
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Field sampling

White clover foliage was sampled from the lowland
pasture on the university campus which was a fenced
enclosure containing ryegrass, cocksfoot, white clo-
ver and few other species apart from plantain (Plan-
tago lanceolata L.). The site had been planted about
5 years previously on a Wakanui soil type consist-
ing of silt/sandy alluviums that are widespread in
the Canterbury lowlands on South Island (Molloy
1998). The paddock had no recent fertilizer applica-
tion or grazing. Clover foliage was sampled where it
was growing in patches alone, or else in patches with
cocksfoot, ryegrass or multiple assemblages of spe-
cies. Each sample was excised at the ground surface
and consisted of approximately 20 leaves and peti-
oles, without attached stolons. Soil contamination of
the samples was carefully avoided. Bulked samples
each consisting of 2 separate samples were replicated
5 times. Samples were analysed as described above.

Statistical analysis

Data not normally distributed were log-transformed
before analysis. Differences between means were
determined using one-way ANOVA, with a post-hoc
Fisher LSD test. All analyses were conducted using
Minitab 19.

Results

Pot experiment

Clover grew better in combination with cocksfoot,
and Lotus grew better in combination with ryegrass
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(Fig. 2). None of the grasses had significantly differ-
ent yields with or without legumes; yields of grasses
were in the range of 1.36 — 1.96 g pot ~! (c.f. 4.0
— 4.9 g pot 7! for legumes). There were significant
differences in nutrient concentrations in the foliage of
the two functional types (legumes, grasses) accord-
ing to whether they were growing singly or in com-
bination. In the legumes (Table 2), this was mostly
reflected in higher concentrations of P, K and S, and
lower concentrations of Ca, when growing with at
least one of the three grasses. Manganese concentra-
tions in foliage were also lower in the legumes when
they were growing with cocksfoot. Nitrogen concen-
trations in legume foliage were not significantly dif-
ferent, whether or not the legumes were growing with
grasses.

When grasses were growing with or without leg-
umes (Table 3), there was no evidence that N concen-
trations increased in grass foliage, although P concen-
trations were frequently lower (Table 3). Otherwise,
elemental concentrations in the foliage of the three
grasses showed few consistent significant differences
when growing with legumes. In ryegrass, only K and
S concentrations were significantly higher when this
species was growing with one of the legumes, but five
of the 13 elements were in lower concentrations. In

Fig. 2 Yield (g. dry wt. pot

~1) of each species growing 7 -
alone or in combination in

the pot experiment after

4 months growth (Open 6 -
bars show species growing

alone. Shaded bars show

clover and lotus yield when = 54 b
growing together with a
ryegrass (grey), cocksfoot 2 T
(dark grey) or tussock 3 4]
(black)). Statistical dif- = b
ferences (*, P <0.05) are K]
shown for growth of clover 3 3
. c -
and Lotus grown alone or in ©
combination .
3
2 24
1 4
0
C : :
/Ol’e/. h//tb /1/ h’/[/’

cocksfoot, only Ni and Zn were elevated when it was
growing with clover. In tussock, six elements (N, P,
K, Ca, B, Zn) were in lower foliage concentrations
in grasses when growing together with one of the
legumes.

The data were also analysed to show total uptake
of each element into grasses or legumes, calculated
as biomass x element concentration after 4 months’
growth (Fig. 3). As well as having higher tissue con-
centrations of P, significantly more P was taken up by
clover foliage when it was growing with cockfoot or
tussock, and seven other elements were taken up in
larger amounts when it was growing with cocksfoot.
Total uptake of both P and K into Lotus was higher
when this legume grew with ryegrass. When grow-
ing with clover, K and S uptake into ryegrass was
higher, and Zn and Ni uptake were higher in cocks-
foot. In tussock, P, B and Zn uptake into cocksfoot
and tussock were lower when they were growing with
legumes.

An estimate of the total acquisition of nutrients
from the soil pool contained within the pots was
calculated by adding together data for all of the foli-
age contained in each pot. Total offtake of nutrients
often was not always simply explained by higher bio-
mass yields or higher tissue concentrations, but by a

b
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3). Superscripts indicate significant differences

Table 3 Foliar concentrations of nutrients in grasses growing with and without the two legumes. Values are means=+s.e. (n

(P <0.05); bold values indicate differences to when the grasses were growing alone

Ni

Mn Zn Cu Mo

Fe

Mg

Ca

P

N (%)

Treatments

-1

mg kg

4100 2420® 2392 194* 50.8% 735% 3.63% 164 % 092%

9030 *

1610 9880 *

1.5%
1.6*
1.3%
1.2%
1.3%
1.1?
1.1?

Ryegrass growing alone

1.19%

57702 3060 @ 5640 " 1692 1952 2642 6.85 % 1.82% 10.4 %
2.7° 8.3P 0.54%

24,900

13302
565"

growing with clover

366 * 104 ® 3122 4.18"

6100 2140° 27402

16,000 ®

growing with lotus

6780 2280 % 2690 ? 2542 376 ¢ 24.6% 485% 2.7 8.26% 099%
2980%

24,800 *

1030 %
918 %

Cocksfoot growing alone

4852 68.6" 7.34% 532% 7442 127"

672%

7700 * 2350

17,300 ®

growing with clover

5340° 2770 4790 % 1292 277% 426% 4.69% 2.51° 5.67% 0.67%

17,700 ®
12,400 2

782%

growing with lotus

1350 % 3030? 99.5% 89.6% 30.1% 4.15% 1.92% 6.76 * 0.72%

3670 *

13302
847"

Tussock growing alone

1220% 3790 2 7222 71.6% 199" 4.58% 1.63% 4.98" 0.51%

2940

16,500
6930 "

1.0ab

0.7b

growing with clover

1160 * 25402 1112 11 20.7" 2712 235% 513" 045%

2590 P

458 ¢

growing with lotus

combination of both (Fig. 4). When clover grew with
cocksfoot, a 30% larger harvest of biomass corre-
sponded to nearly 50% greater extraction of P from
soil, and substantially more Mn, Zn and Mo.

Field sampling

When clover grew with any of the companion plant
species in a field situation, K and Mn were consist-
ently in higher concentration in its foliage (Table 4).
In some cases, Ca, B and Cu were also higher, but
foliar concentrations of P and Mo were lower in clo-
ver when growing with cocksfoot.

Discussion

Legume-grass assemblages are usually more pro-
ductive than either of these plant functional types in
monoculture (Sleugh 2000; Sturludéttir et al. 2014).
This is an example of transgressive overyielding in
which functional differences between species lead to
a strong complementarity (Schmid 2008; Hooper and
Dukes 2004). It is generally understood that produc-
tivity is enhanced by better spatial and temporal cap-
ture of light in the mixed-species canopy, and of soil
resources below-ground (Gliessman 2015; Homulle
et al. 2021). In particular, nitrogen fixation in leg-
umes, spillover of this nutrient to soil and its exploita-
tion by adjacent species has provided an explanation
for overyielding in grassland pastures (Hggh-Jensen
and Schjoerring 2001; Gylfadéttir et al. 2007; Scott
et al. 2018). Little attention appears to have been
given to the possibility that grasses may also improve
the nutritional status of legumes through modification
of soil biogeochemistry, but the findings of the pre-
sent study suggest this is the case.

Clover and Lotus had higher yields when grow-
ing with grasses than when growing alone. No more
or less N was measured in foliage of any of the spe-
cies apart from the native tussock grass that actually
acquired less nitrogen when growing with legumes.
Otherwise, there were no significant differences in the
total foliar content of N. However, as was also indi-
cated by the routine soil analysis, N did not appear
to be an important nutrient limiting plant growth in
this soil. The experimental conditions provided ade-
quate soil moisture for growth which is likely to have
favoured the growth of legumes over grasses, and

@ Springer
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160] [_]clover b
D Clover (Ryegrass)
140 I:I Clover (Cocksfoot)
1204 [ clover (Tussock) b
a
100 a a ab
80 [ a a
60 N
40 X a aa ba b
0 T
a0 P (mg x10) K (mg) ca (mg) Mg (mg) s (mg x10) cu (pe) B (ug) Mo (ug x100)
- b
8- 80+ [ Jtotus b 801 [ |Ryegrass
I:l Lotus (Ryegrass) ab I:l Ryegrass (Clover)
3 60 [ totus (Cocksfoot) ab [ ryegrass (Lotus)
T 60
E - Lotus (Tussock)
o -
] b a
- b ab ab a 40+ ab a
S i a
- 204 204
=
2 -
S 0 t T 0 : :
5 P (mg x10) K (mg) K (mg) S (mg x10)
2
60 [ cocksfoot b 304 [ JTussock a
50 \:l Cocksfoot (Clover) I:I Tussock (Clover) a b
l:l Cocksfoot (Lotus) 25 [ Tussock (Lotus) b
a
40+ 20 .
304 15
ab a
204 1
10 b ab b
0 % 0 , ‘
K (meg) Zn (mg) B (1g) Ni (kg x10) P (mg x10) B (Lg) Zn (ug)

Fig. 3 Total foliar content of selected nutrients in legumes and grasses, growing either alone or with each other (companion species

are shown in the keys in brackets)

there may have been little investment in root nodules
and reliance on N from this source.

At least six elements (P, S, Ca, Mg, Mn, and B)
were deficient in the pot experiment soil. There was
evidence from the present study that all these ele-
ments, and also Mo, were extracted in higher con-
centrations, quantities or total amounts from the total
soil pool by a combination of legumes and grasses,
compared to either plant type alone. The best exam-
ple was of clover growing with cocksfoot; eight ele-
ments were taken up in larger amounts into clover
foliage. Field sampling of a more fertile soil similarly
showed significantly higher uptake of K, Mn, Cu and
B, which suggests compatibility is a real phenomenon
in the field situation in grasslands.

Phosphorus, K and S concentrations in the foliage
of legumes were higher in the presence of grasses.
Foliar concentrations of K and S were also higher in

@ Springer

ryegrass when it was growing with legumes. Other-
wise, key elements were in lower foliar concentra-
tions in grasses when they were growing with clovers.
This was most evident in the native tussock where N,
P, K, Ca, B and Zn were in lower foliage concentra-
tions when growing with legumes. Grasses consist-
ently extracted lesser amounts of the total soil pool
of nutrients when growing alone. The native tussock
grass did not benefit nutritionally from the presence
of legumes, but higher P concentrations were found in
tussock foliage and, as a companion plant, clover had
a higher concentration of P when it was growing with
tussock. It appears that tussock grass has some ability
to mobilise P in its rhizosphere.

Possible mechanistic explanations for some of
these findings are provided in the scientific literature.
Phosphorus is a particularly critical element due to its
low solubility and mobility in soil (Scott and Condron
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(A) Clover
200%
®
& 150%
100%-{ A
@
A 50% n
Yield T T T T T T
-30% O -20%% -10% i 10% 20% 30%
-50% |
-100%]
Nutrients

Fig. 4 Differences in the total harvest of vegetation and nutri-
ents from pots when clover (A) or lotus (B) were growing with
companion species. Symbols descriptions: squares=P; trian-
gles=Mn; circles=Zn; diamonds=Mo. Open symbols are

(B) Lotus
- 100% %
o [ 80%
- 60%
L 40%
- 20% g
0
Yield T T T T T l' T T T T T T T T T
3098 20%  -10% 10%  20% 30%  40%
@ L 20%
°
L -40%
Nutrients

the legume with ryegrass; shaded symbols are the legume with
native tussock; black symbols are the legume with cocksfoot.
Percentage change is the difference to when the legumes grew
alone

Table 4 Comparison of foliar concentrations (mg kg ~!) of nutrients in clover growing in patches by itself or with different compan-

ion plants in a mixed-species paddock

Treatments P K Ca Mg
mg kg ™!

Fe Mn Zn Cu Mo B Ni

Clover growing alone 2080 7660°% 7890  2950°
growing with ryegrass 3380* 9100° 9400° 2830°
growing with cocksfoot ~ 2500¢ 8570 ® 12,000 3300°
growing with muti-plants 2510% 9000" 85702  2950°?

1890%® 342% 3767 31.6% 7.30% 047° 1581° 1.76°
2030 464° 66.8" 382° 10.7" 050 17.86% 245°
1790 279 702 27.4° 877%® 019" 18.69" 1.18°
1690° 363% 611" 30.1%® 7.67% 0.11% 17.52% 2372

Bold alphanumericals indicate significant differences to when clover was growing alone

2003; Saleem et al. 2020); P availability in the rhizo-
sphere is increased by secretion of organic exudates
and also by the release of protons, the latter particu-
larly in acid soil (Cu et al. 2005). Evidence of part-
ner plants being complementary to one another in the
context of exploiting this element has been found pre-
viously (Homulle et al. 2021; Lambers et al. 2021).
Potassium was not deficient in the experimental soil,
but it is known that legumes have a higher K absorp-
tion efficiency than grasses (Wang et al. 2014), which
would suggest legumes have an advantage in com-
petition for K when growing with grasses. Root exu-
dates containing glutamic acid, tyrosine, and leucine
increase K uptake from the soil. In the pot experiment
of the present study, K concentrations in Lotus and
grass foliage were both higher when they were grow-
ing together rather than alone. In the field sampling,

clover had higher foliar K concentrations when it was
growing with grasses. This may be due to K mobility
being increased in the grass rhizosphere soil, but then
shared with the legumes.

Of course there are also functional interactions
between physico-chemical variables. The interaction
of S with other elements through its modification
of rhizosphere conditions generally exceed its own
direct nutritional value, but legumes require more S
than grasses and microbial activity associated with
grass rhizospheres accelerate the oxidation and min-
eralization of organic S into S*~ or SO,*~ (Wain-
wright 1984). When soil pH is lower, soil redox
potential decreases and solubility of Fe and Mn
increases. Grasses also respond to Fe, Zn, Mn and Cu
deficiency with enhanced siderophore release from
roots (Marschner and Romheld 1994; Erenoglu, et al.
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2000). Uptake of Zn, Mn and Cu is poorly controlled
in plants (Lambers et al. 2021). In the present study,
clover had higher foliar concentrations of these ele-
ments when it grew with ryegrass and tussock. Clo-
ver-cocksfoot and Lotus-ryegrass assemblages pro-
cured more Mn in the present study. Also, in the field
sampling of the present study, when clover grew with
any of the grass species or multi-species assemblages,
foliage concentrations of Mn were higher.

Phytosiderophores may have played a key role
in higher Cu and B concentrations in clover foliage
when growing with cocksfoot, but mechanistic expla-
nations are likely to be more complex. Understanding
Zn deficiency provides a good example (Hafeez et al.
2013). Each essential nutrient has specific physiologi-
cal and biochemical roles; Zn influences the nitrogen
content of legumes (Buerkert et al. 1990; Bolanos
et al. 1994) and rhizobia can mobilise Zn in soil to
some extent (Chen 2003). The results of the present
study indicate that cocksfoot mobilized Zn and its
uptake when growing by itself. Clover may then have
consumed mobile Zn, limiting availability of this
element to cocksfoot, in turn stimulating cocksfoot
to synthesize and secrete mugineic acids. Molybde-
num is known to be an important trigger for photo-
synthesis and N metabolism (Imran et al. 2021), and
this element was better exploited from the soil pool
by mixtures of legumes and grasses in the pot experi-
ment of the present study. Similarly, Mg is known to
improve N-use efficiency (Tian et al. 2021); foliar
concentrations of Mg were lower in grasses in the
presence of legumes.

It is recognised that it is difficult to identify the
specific plant traits that explain species comple-
mentarity and transgressive overyielding (Hooper
and Dukes 2004; von Felten and Schmid 2008), and
clearly nutrient mobility in soil and acquisition by
plants is particularly complex. The present study
lacks any investigation or analysis of the root systems
in the pot experiment or field site, but it is known that
there is a substantial rhizophere priming effect on
nutrient cycling (Lu 2020). Variations between plant
species in root exudation pattern and efficiency of
acquiring nutrients has long been discussed (Bardgett
et al. 1999), and combinations of clovers and grasses
have been shown to increase microbial enzyme activ-
ity in soil and release of nutrients from organic matter
(Sekaran et al. 2020). Findings in the present study
relating to each of the elements that were analysed
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are hardly definitive, but the body of evidence pre-
sented clearly illustrates benefits to legumes through
partnership with grasses. Productivity is increased
and nutrient acquisition from the soil is enhanced by
neighbouring grasses that have a complimentary role.
Increases of both productivity and foliar concentra-
tions showed a greater total offtake of P, Zn, Mo and
Mn from the soil nutrient pool.

In a broader practical context, increasing the leg-
ume component of pasture has been a goal of high-
country farming in New Zealand for several decades
by attempting to introduce a wide range of exotic clo-
vers and other herbaceous legumes to increase veg-
etation yields and stock productivity. The findings of
the present study indicate that cocksfoot and other
grasses, including native tussock, play a mutually
beneficial role that previously has been largely over-
looked. Native tussock grass contained lesser amounts
of N and five other nutrients when it was growing
with the exotic legumes, suggesting less compatibil-
ity, a lack of adaptation to coexistence and perhaps
to competition for soil N. Exotic herbaceous legumes
appear to offer little benefit to tussock grasses, but
sustaining residual assemblages of indigenous species
within the productive farming landscape is hugely
important to biodiversity conservation in New Zea-
land. This study suggests it would be worthwhile to
elucidate functionality of plant diversity in a wider
range of native plants in terms of biodiversity protec-
tion, soil biogeochemistry and efficient exploitation
of nutrient resources.

Conclusions

Legume nutrition is improved by neighbouring
grasses, and coexistence of these functional groups
provides more efficient soil biogeochemistry. This
manuscript appears to be a first report that spillo-
ver of N from clovers to grasses is an adaptation
and strategy to procure quid pro quo other limiting
nutrients from neighbouring grasses. In a nutrient-
poor soil, productivity increased and the mobility
of key elements in plants and soils significantly dif-
fered with combinations of legumes and grasses,
compared to either functional group alone. Foliar
concentrations differed and mass balance results
demonstrated that mixed species assemblages
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improved the efficiency of exploitation of the soil
pool of nutrients. White clover and Lotus grew bet-
ter in combination with different species of intro-
duced grasses. The results provide a demonstration
of transgressive overyielding. Sampling of clover in
a more fertile lowland pastoral grassland provided
results that suggested mutual compatibility between
legumes and other species is a more widespread and
frequent phenomenon. Mechanistic explanations for
these responses were not sought in this experimen-
tal work, but numerous potential explanations exist
in the scientific literature; it is likely that modifica-
tion of Ca and S and subsequently pH in the rhizo-
sphere, which is further modified by different root
structures and root exudates play key roles. These
findings have obvious significance towards under-
standing the value of plant diversity in pastoral
farming, but they also advance knowledge of native
and exotic plant co-existence that is highly relevant
to conservation and management of New Zealand’s
native biodiversity. The indigenous tussock grass
contained less N and no other nutritional benefits
when growing with exotic legumes, but did improve
the overall offtake of nutrients. This suggests less
compatibility, a lack of adaptation to coexistence
and a limited ability to compete for soil N. Further
research is justified.
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