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ABSTRACT

Legumes have underpinned transformational change onNew Zealand sheep and beef farms over the
last 30 years. This was through an emphasis on ewe nutrition based on lucerne or red clover
dominant pastures, and increased use of subterranean and white clovers on uncultivatable hill
country. Pre- and post-weaning lamb growth rates have increased, and enabled earlier slaughter
of heavier lambs. The farm systems results include greater numbers of hoggets mated, higher
lambing percentages and greater ewe efficiency (kg lamb weaned/kg ewe mated). Extension
packages to support legume use have compared growth rates of resident and legume-based
pastures, economic analyses of successful farms and management packages for the most
appropriate legume in different environments. Over the same period, the dairy industry rapidly
expanded in cow numbers and area onto flat irrigated land on the Canterbury Plains. The
nitrogen deficiency of perennial ryegrass was overcome by a linear increase in nitrogen fertiliser
use. Environmental concerns from this intensification has led to a legislated nitrogen cap of
190 kg/ha.year. This, coupled with a recent trebling in urea price, has returned attention to
increasing the white clover content of these pastures. Nitrogen applications can be minimised by
using diverse pastures sown with a legume, herb and <8 kg/ha of perennial ryegrass. Work on
other legumes, including annuals and those with condensed tannins, has to date failed to
increase their use in most pastoral settings, with the exception of the perennial lupin which is
adapted to high-aluminium soils in the South Island High Country.

Keywords: alfalfa, Lupinus polyphyllus L,Medicago sativa L, red clover, rhizobia, subterranean clover,
T. michelianum L, T. pratense L, T. repens L, T. subterraneum L, T. vesiculosum L, technology transfer,
Trifolium ambiguum M. Bieb, white clover.

Introduction

Legumes have always played a central role in New Zealand’s pastoral-based agriculture 
systems (Caradus et al. 2021). Arguably, the country’s wealth has been generated by the 
ability of white clover (Trifolium repens L.) to fix nitrogen (N) from the atmosphere, 
which is then transferred, predominantly via animals, to the associated perennial 
ryegrass (Lolium perenne L.) plants (Caradus et al. 1995). Indeed in the late 1980s white 
clover was considered so important that it was named as New Zealand’s ‘competitive 
edge’ and a special symposium was held to celebrate that fact (Woodfield 1995). It 
remains the most commonly sown legume, and is supported by the breeding of new 
cultivars by commercial companies and the local herbage seed industry. The feed value 
of white clover and its contribution to New Zealand milk and meat production are well 
documented (Brock et al. 1989) and taught to undergraduates early in their academic 
career. White clover has the ability to produce clonal daughter plants from stolons and 
regenerate from a hard seed bank (Knowles et al. 2003). This ensures it is the legume 
uppermost in people’s minds when they generically refer to it being a ‘good’ or ‘bad’ 
year for clover from Southland to Northland. In the last 30 years much of the publicly-
funded breeding effort for white clover has had a molecular focus (e.g. Jones et al. 2006) 
but so far this has failed to transfer to commercially successful outcomes. Alongside this 
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superstar of the New Zealand pastoral sector, other legumes 
have received less historic research attention and advocacy. 
Red clover (Trifolium pratense L.) is often included in pasture 
mixes in ‘summer safe’ regions, defined as those expected 
to receive sufficient summer rainfall to support pasture 
growth in most years. In contrast, lucerne (alfalfa; 
Medicago sativa L.) and subterranean (sub) clover (Trifolium 
subterraneum L.) are promoted for eastern dryland regions 
(350–800 mm rainfall) that do not have access to irrigation, 
and experience 1–5 months of water-stress-induced yield 
reductions in most years. These four legumes have received 
the bulk of the research and extension messages over the last 
30 years. They are the most sown species across the diverse 
soil types and climates that make up the New Zealand 
landscape. 

To understand the role of these legumes in New Zealand 
pastures, it is also important to understand the changes in 
land use that have driven the research and extension 
agenda. Traditionally, dairy farming occurred in regions 
considered ‘summer safe’, such as Waikato and Taranaki, 
which received >1000 mm of rainfall annually. However, 
since the 1990s, the introduction of centre pivot irrigation 
onto the previously summer dry (650 mm annual rainfall) 
Canterbury Plains led to rapid expansion of dairying 
farming. The result was that urea fertiliser replaced N 
fixation to support high stocking rates (3.44 cow/ha cf. 
national average of 2.86; LIC and DairyNZ 2021) on  
shallow soils that are prone to nitrate (NO3 

−) leaching 
(Carrick et al. 2013). 

The increase of 2.7 M dairy cattle (including bobby calves) 
to the national herd between 1990 and 2021 (Statistics 
New Zealand 2022) also led to expansion of dairy support 
land for grazing replacement stock and growing winter 
forage crops. The pastoral land under dairy increased from 
1.4 to 2.2 Mha from 1990 to 2020/21. This was associated 
with a reduction in the number of sheep and beef farms 
from 19 600 to 9165 (Beef + Lamb New Zealand Economic 
Service, Statistics New Zealand 2022) as land was converted 
to dairy and the remaining farms increased in size. The aim 
of this paper is to explain how these changes in land use 
have driven the legume research and extension that has 
occurred in New Zealand over the last 30 years. It will 
outline the impact of the dairy expansion on the sheep and 
beef sector, the importance of legumes to cope with that 
change and the impact of those changes on productivity. It 
will also highlight how recent legislative change, that limits 
inorganic N to 190 kg/ha, is likely to impact on farms and 
the current research strategies required to work within that 
limit. The objective is to show how legumes (genotype; G) 
have played a central role in a range of livestock farming 
systems (environments; E) provided appropriate management 
(M) packages are available and implemented on-farm. Thus, it 
will explore legume research and use in New Zealand through 
the interaction of G × E × M. 

Nitrogen and the dairy industry

At a global level the importance of N fertiliser to ensure 
the population is fed has been summarised succinctly by 
Evans (1998) and van Ittersum (2011). Essentially, until the 
1960s, expanding the area of arable land was necessary 
to feed a growing global population. However, the arrival 
of inorganic N fertiliser as part of the ‘green revolution’ 
enhanced crop production and increased yields through 
agricultural intensification. This essentially stopped forest 
clearing for food production for the next 50 years. The tool 
of using inorganic N only arrived in New Zealand in the 
1990s. Until that time white clover had been the main 
source of N inputs into predominantly pastoral-based farming 
systems. Furthermore, the main area of cropping land on the 
Canterbury Plains used crop rotations. These had a regener-
ative pasture or white clover seed crop phase followed by 
depletive crops such as wheat and barley before returning 
to legume crops or the pasture phase to restore the soil N 
levels for the following cereal crops (Addiscott 2005). This 
practice remains in place for many of the cropping areas 
on deeper soils. However, the Canterbury Plains also has 
53%, or 890 000 ha, of shallow stony soils (soil < 0.45 m, 
slope < 15°; Carrick et al. 2013) that are difficult to crop. 
This plain is also the largest area of flat land in the country, 
sitting over abundant water in unconfined aquifers. In the 
1990s, this land was transformed by the arrival of centre 
pivot irrigation. The application of water highlighted that N 
was actually more limiting for pasture production. Mills 
et al. (2006) reported that a typical dryland (rainfed) 
pasture grew 6.5 t dry matter (DM)/ha.year. Full irrigation 
only increased that yield to 10 t DM/ha/year (Fig. 1). It 
was only with the addition of N fertiliser that the maximum 
potential yield of >20 t DM/ha.year could be achieved. 
Therefore, it is not surprising that the use of inorganic N 
increased linearly through the 1990s as the irrigated dairy 
conversions continued (Moot et al. 2020a). Based on the 
assumption that fully fertilised grasses need a leaf N 
content of about ~3.5% (Peri et al. 2003) to maximise 
light interception and photosynthesis, there is a need for 
~700 kg N/ha to meet demand. Assuming about 200 kg N/ha 
is mineralised, based on the yield of the non-fertilised 
plots, another 500 kg N is required. If we assume that N is 
fixed at ~25 kg N/tonne of legume grown (Lucas et al. 2010; 
Peoples et al. 2012), and these pastures contain ~20% 
legumes over the year, that provides another 100 kg N/ha. 
The shortfall is then ~400 kg N/ha.year. Farmers in 
Canterbury and other dairy areas of New Zealand increased 
their N use accordingly (Fig. 2), particularly with the 
arrival of the clover root weevil (Sitona obsoletus Gmelin), 
which reduced the N fixation component (Eerens et al. 
2005). The consequent increase in stocking rates led to 
increased milk production, which increased land values and 
locked in the need for high levels of inorganic N. The 
public backlash against this dairy expansion was galvanised 
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Fig. 1. Mean daily growth rate (kg DM/ha.day) and annual production (t DM/ha.year) of a dryland
9-year-old ‘Wana’ cocksfoot monoculture averaged over two growth seasons at Lincoln
University, New Zealand. Treatments were fully irrigated with non-limiting N (I + N; ⚫), fully
irrigated with no N (I − N; ⚪), rainfed with non-limiting N (D + N; ▴) and rainfed with no N
(D − N; △) (Mills et al. 2006; Mills et al. 2009).

Fig. 2. Total nitrogen (N) consumption (x000 t) in New Zealand. Data sourced from the New
Zealand Fertiliser Association (https://www.fertiliser.org.nz/) to 2017-18. Data for 2019 were
sourced from the International Fertiliser Association IFASTAT database (https://www.ifastat.
org/databases/).

by predicted increasing levels of NO3 
− in ground water and 

streams (Dymond et al. 2013), particularly caused by 
winter leaching from urine patches on stony soils (Di and 
Cameron 2002). The resultant legislative change in 2021 has 
now restricted the amount of N allowable to 190 kg N/ha 
(https://www.legislation.govt.nz/regulation/public/2020/ 
0174/latest/LMS364253.html). This reduction aims to 
reduce pasture production but also nitrous oxide (N2O) 
losses from the use of urea (van der Weerden et al. 2016). 

Research to mitigate the impact of NO3 
− leaching has 

concentrated on reducing the N output from cows through 

inclusion of plantain (Plantago lanceolata L.) (Minnée 
et al. 2020; Navarrete et al. 2022) and chicory (Cichorium 
intybus L.) (Mangwe and Bryant 2021), while trying to find 
pastures that can support milk production without the 
need for high inorganic N inputs. To this end, Myint et al. 
(2021) evaluated monocultures, binary and tertiary mixes 
of perennial ryegrass, white clover and plantain under 
irrigated conditions. They identified the optimal mix as 
12 kg/ha perennial ryegrass plus 7 kg/ha of white clover 
and reported this mix was just as productive as the same 
pasture with the addition of ~200 kg N/ha, with both 
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Fig. 3. Annual proportion of perennial ryegrass (circles) and white
clover (triangles) components of an irrigated 50:50 perennial
ryegrass/white clover pasture mix with (closed) or without (open)
nitrogen fertiliser over 5 years at Lincoln University, Canterbury,
New Zealand from the diversity experiment described in Myint et al.
(2021).

pastures producing 20.5 t DM/ha.year. However, the N drove 
changes in botanical composition over time with higher grass 
and less legume present (Fig. 3). Further research, with all 
possible combinations of six pasture species, identified a 
four-species mix, sown with 7.5 kg/ha perennial ryegrass, 
5.6 kg/ha plantain, 1.9 kg/ha white clover and 4.4 kg/ha red 
clover, as the optimal combination to maintain diversity and 
productivity under irrigated conditions (Black et al. 2021). 
This pasture mix produced and yielded 17.4 t DM/ha.year 
with no applied N. This result confirms previous research 
(Hurst et al. 2000; Black et al. 2006a) that has also advocated 
a 4–8 kg/ha ryegrass sowing rate to ensure legumes are 
established at a level that can support up to 40% legume to 
optimise production (Cosgrove 2005) without the need for 
inorganic N. 

Legumes for sheep and beef systems

The impact of N for dryland (rainfed) systems was also shown 
by Mills et al. (2006). The addition of N increased pasture 
yields from 6.3 to 15.3 t DM/ha.year. This highlighted that 
N deficiency was also the main limitation to rainfed 
systems. Obtaining that N from the most appropriate legume 
(G) has been the focus of research and extension for the last 
30 years, which has contributed to productivity gains in the 
sheep and beef systems. 

Lucerne

The initial focus on lucerne for summer dry east coast environ-
ments confirmed the seasonal nature of plant partitioning 
(Moot et al. 2003). Understanding the physiological responses 
of lucerne to environmental cues (temperature and 

photoperiod) has enabled best grazing management 
practice to be developed and implemented on-farm (Avery 
et al. 2008). Subsequent adoption of management practice 
based on plant growth rather than phenological stage 
(e.g. flowering; Sheaffer et al. 1988) has continued to be 
reported (Anderson et al. 2014) and refined for different 
stock classes (Moot et al. 2016), including for beef cattle in 
Argentina (Berone et al. 2020). These research results have 
created impact through a Beef + Lamb New Zealand 
(B + LNZ)-maintained lucerne text alert extension service 
received by over 1300 users. As the area of lucerne on 
individual farms has increased, further research examined 
how some set-stocking could be accommodated at lambing 
(Sim and Moot 2019), before rotational grazing with 
mobs of up to 700 ewes plus lambs after ~4 weeks. The 
improvement of animal performance was detailed for ‘Bog 
Roy’, a high country station (350 mm annual rainfall) over 
an 11-year period (Moot et al. 2019). This demonstrated 
the impact of the increased lucerne area from 30 to 200 ha 
and the subsequent economic improvements. Specifically, 
the total lamb weight weaned increased from 90 to 160 t, 
initially through improved condition score and lambing 
percentages of the ewes from 110% to 135%. Mean daily 
lamb live-weight gain increased from 170 to 220 g/hd.day, 
which enabled earlier weaning at 85 compared with 120 days. 
Consequently, the ewes did not lose as much condition during 
lactation, so they required less feed to return them to mating 
weight, and the total lamb weaned per ewe mated increased 
from 26 to 36 kg. 

Despite the documented success of several high profile 
farmers in adopting more direct feeding of lucerne there 
is always some hesitation to change. Therefore, a recent 
Hill Country Futures research programme (https://www. 
hillcountryfutures.co.nz/) has documented the yield advan-
tages of lucerne and other improved species compared with 
the resident vegetation. Fig. 4 shows that, over 3 years on a 
summer dry Banks Peninsula property, lucerne consistently 
grew 2–3 times as much feed as the resident pasture (Smith 
et al. 2022). This occurred in both a summer drought 
year (2020–21) and a wet summer year (2021–22), which 
highlights the increased resilience to the variability of 
climate that the legume has provided, because it is never 
deficient in N. In this case the lucerne is used for grazing 
hoggets that are lambing to ensure these young stock are 
not underfed during lactation, when they still need to grow 
themselves. Thus, the appropriate management package (M) 
coupled with documented case studies of the right species (G) 
in the right environment (E) has been instrumental in driving 
practice change on-farm (e.g. Tayler et al. 2016). To integrate 
lucerne on-farm also requires understanding of the animal 
issues that may cause reluctance for on-farm integration. 
One area of concern is high levels of coumesterol in lucerne 
herbage that can cause premature mammary development 
(Fields et al. 2016) and reduce ovulation rates. High 
coumesterol levels (>25 mg/kg DM) have been shown to be 
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Fig. 4. Total accumulated dry matter (DM) production (t DM/ha) of improved and unimproved
pastures over three growth seasons at Willesden Farm, Banks Peninsula, Canterbury (Smith et al.
2022). Annual (July–June) rainfall was 718 (2019–20), 629 (2020–21) and 768 mm (2021–22).

caused by high humidity within the canopy and independent 
of plant growth stage (Fields et al. 2018). Removing ewes 
2–3 weeks before mating has been determined as adequate 
to reduce the potential for lowered conception (Fields 
et al. 2019). 

The ability to encourage on-farm adoption has required 
continuous high quality research to underpin the extension 
process (Carberry 2001). For lucerne that work has focussed 
on using 20 years of research to update the APSIM_Lucerne 
model with particular emphasis on understanding the impact 
of fall dormancy and grazing management on lucerne quality 
(Ta et al. 2020) growth and development (Yang et al. 2021, 
2022). In addition, a simplified yield calculator based on 
thermal time has been developed to enable farmers in other 
regions to use local weather records to estimate yield (Moot 
et al. 2022). 

An ongoing debate related to the use of lucerne mono-
cultures is whether the inclusion of a grass can improve 
the yield and quality of feed. In a 5-year grazing experiment 
on a shallow soil at Ashley Dene in Canterbury, Moot 
et al. (2020b) confirmed that live-weight gain of lambs was 
directly proportional to the amount of lucerne in the diet. 
The animal production from the lucerne–grass mixes was 
not different to the monoculture in the first year or two, 
when the lucerne dominated the pastures. However, once 
the grass component increased, the overall quality of herbage 
declined and so did animal production. A feature of this graz-
ing experiment was the ceiling growth rate of ~320 g/hd.day 
achieved by the Coopworth lambs stocked at 14 ewes 
plus twins/ha. Lamb growth rates were buffered by ewe 
live-weight so the impact of the lower legume content was 
only obvious when the total live-weight of the systems 
was considered. Recent interest in multispecies mixes that 

include lucerne in these dry areas has again posed the 
question about using monocultures. This is currently being 
addressed in a new farmlet study on low and high P soils at 
Lincoln University (https://drylandpastures.com/research-
projects/regenerative-agriculture-dryland-experiment-rade/). 

Red clover

One of the advantages of monocultures is that they are able 
to target weeds effectively, which can overcome some of 
the difficulties associated with legume establishment in hill 
country (Tozer and Douglas 2016). This strategy has been 
used to successfully integrate red clover monocultures into 
satellite areas of hill country farms in wetter (800–1100 mm) 
environments (E). In this case the right plant (G) is not 
lucerne, except on free-draining sandy soils. For example, 
Chapman et al. (2021) reported that their previous pastures 
were browntop (Agrostis capillaris L.) dominant and produced 
~4 t DM/ha. The addition of superphosphate and oversowing 
with white clover increased this to ~6 t DM/ha but did 
not alleviate the lack of spring (lactation) feed that was 
the major issue limiting stock performance on the farm. 
The easily cultivatable free-draining light land had been put 
into lucerne or was essential to grow forage crops to feed off 
during the long (110+ day) winter. Thus, they investigated 
the impact of introducing red clover dominant pastures into 
their system. The spring growth rates of the legume rich 
pastures were 80 kg DM/ha.day compared with the grass at 
44 kg DM/ha.day despite the addition of 40 kg N/ha. The 
resident vegetation was only producing 9 kg DM/ha.day 
over the same period. During the initial 3–4 years of legumes, 
the grass weeds (browntop) and red fescue (Festuca rubra L.) 
could be controlled with selective herbicides. This also 
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enabled other high quality forage species such as plantain 
to be included with the legumes. In this situation, legume 
rich pastures growing 16 t DM/ha.year are also fixing large 
amounts of N that is available to following grasses. When 
Italian ryegrass (Lolium multiflorum) was oversown in Year 
3 into the red clover dominant pasture, the total annual 
yield was 30 t DM/ha with no N fertiliser applied. At 
Inverary Station, the impact of system change was evident 
in the increased scanning percentage (from 150% to 170%) 
and decreased lamb wastage (from 25% to 15%). The 
difficulty with red clover remains its lack of longevity (Brown 
et al. 2005), despite efforts to increase persistence (Ford and 
Barrett 2011), so identifying which grass to sow into it after 
the weed grasses have been eliminated is the next challenge. 
The prime candidate in this environment is timothy (Phleum 
pratense L.), which fits with rotational grazing that is required 
to maintain red clover. This combination of species (G) has 
been long advocated for these summer cool moist environ-
ments, but usually for conserving as hay. Thus, renewed 
focus on the management (M) practices was required to 
ensure they could be successfully maintained. 

Subterranean (sub) clover

Subterranean clover use in New Zealand is usually as part of a 
grass-based pasture rather than sown as a monoculture. 
However, it remains a minor legume despite its obvious 
benefits in summer dry east coast regions (Costello and 
Costello 2003; Grigg et al. 2008) and extensive efforts to 
detail the key management periods to encourage its survival 
on-farm (Olykan et al. 2019). Much recent subterranean 
clover research in New Zealand has focussed on determining 
whether ratings for flowering dates, hardseededness (Teixeira 
et al. 2020a) and other traits documented from Australian 
breeding programmes, are consistent in temperate New 
Zealand (G × E). A meta-analysis of subterranean clover 
flowering dates showed that cultivars could be grouped 
into either ‘early’ or ‘late’ genotypes. Specifically, the time 
of autumn break had little impact on the date of spring 
flowering. This was driven by thermal time accumulation. 
Early cultivars required ~800 degree-days from the shortest 
day to flower while late cultivars took ~1100 degree-days. 
The longer spring growth is more appropriate for New 
Zealand conditions, where winter soil moisture has usually 
been recharged. However, recommendations remain to 
include several cultivars in a mix (Lucas et al. 2015) to  
allow the most adapted cultivar to dominate over time. To 
aid the management of subterranean clover, Guo et al. 
(2022) predicted the time of key development stages for 
early and late flowering cultivars across New Zealand. They 
mapped how the time of opening rain affected the time to 
first grazing using a 30-year weather dataset. This can 
affect the time of herbicide application, which should be 
based on the number of leaves present (Lewis et al. 2017). 
They also examined the time when flowering can be 

expected in different parts of the country, being mid-August 
for late flowering cultivars in the North Island and mid-
September to mid-October in the South Island. The period 
of safe grazing, between the fourth trifoliate leaf and 
flowering, was considered to be 25% longer for ‘late’ than 
‘early’ cultivars but this will change with soil type. In some 
situations the niche occupied by subterranean clover may 
also be occupied by white clover (Olykan et al. 2022), 
but management should focus on the subterranean clover 
to increase the content of the earlier growing legume 
(Olykan et al. 2021) to maximise pre-weaning live-weight 
gain in summer dry environments. Indeed cocksfoot (Dactylis 
glomerata L.) based pastures that included subterranean 
clover persisted for >8 years with the clover content 
dependent on the previous seasons seed set and the time of 
opening rain in autumn (Mills et al. 2015; Taylor et al. 
2021). There is opportunity to further exploit subterranean 
clover, particularly in saturated spring soil conditions, where 
the yannicum sub-species appears more suited than the 
commonly used subteraneaum (Taylor 2019). Under cold 
stress in New Zealand winters, some cultivars have shown 
leaf reddening due to anthocyanin in the leaves, but this 
is largely cosmetic in nature and has not affected yield 
(Teixeira et al. 2020b). 

Other legumes

These four main legumes have been advocated in New 
Zealand for at least 50 years. However, the development of 
specific management practices for each legume coincided 
with the need for intensification of hill country regions, 
including through helicropping (aerial direct drilling) (Lane 
et al. 2016), forced by the dairy expansion. Other legumes 
have also been tried and some have been valuable to 
farmers in specific niche areas, but remain minor in total 
seed sales (Monk et al. 2016) and thus receive little 
commercial support for their development. These include 
Caucasian clover (Trifolium ambiguum M. Bieb.) for which 
nodulation (Pryor et al. 1998; Black et al. 2014a) and 
establishment difficulties (Black et al. 2006b) have been 
overcome; however, it has failed commercially because it is 
difficult to produce high seed yields from. This means the 
value chain for seed growers and commercial companies is 
limited (Monk et al. 2016). Efforts to hybridise it with 
white clover (Widdup et al. 2003) have not yet produced a 
New Zealand bred cultivar, and Caucasian clover seed is no 
longer available commercially. In contrast, balansa clover 
(Trifolium michelianum L.) is a prolific seeding species (Nori 
et al. 2019) with several cultivars available. It has been 
shown to contribute to the total legume content in a mixed 
sward if managed appropriately (Monks et al. 2008; Mills 
et al. 2015). However, it has proven difficult to maintain 
and regeneration can be inhibited by hard seed or high soil 
temperatures (Olykan et al. 2021). Balansa clover has 
shown high total dry matter yields and early spring growth 
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due to a high radiation use efficiency compared with other 
winter annuals (Nori et al. 2015a). The need to allow 
reseeding is difficult to manage in mixed pastures 
(Macfarlane et al. 2015). Reseeding has also been an issue 
for arrowleaf clover (Trifolium vesiculosum L.), with the 
highest hard seed content (Nori et al. 2019) meaning it 
does not fit easily into New Zealand’s grazed pasture-based 
farm systems. It is also later to produce feed than sub and 
balansa clovers, so it is less useful during early lactation 
when the quantity and quality of feed is most important to 
support lactating stock. In contrast, gland clover (Trifolium 
glanduliferum Boiss.) is the earliest flowering of these 
annuals (Nori et al. 2015b), but seeds before it has taken 
full advantage of the spring moisture conditions. Thus, its 
environment of opportunity appears limited to dry faces in 
low (~350 mm) rainfall environments. Soft-seeded Persian 
clover (Trifolium resupinatum L.) can result in all seed 
germinating in late spring after seed set, with subsequent 
seedling death in the summer dry period. This means that 
no seed is set for regeneration (Nori et al. 2019), but it can 
be used as a one-off specialist crop. There are genotypes 
with greater hardseedness that may be more appropriate 
(Snowball 1993). At this stage, all of these species have 
limitations as one or more of the G × E × M components 
required to make them viable options for on-farm adoption 
requires further development. 

Russell lupin

One legume, the perennial Russell lupin (Lupinus polyphyllus 
Lindl.), has found a value chain in a specific environment. 
Lupin seed is produced in Canterbury for export into the US 
ornamental home garden market. Thus, seed is available for 
purchase, so availability is not the issue that it is for 
Caucasian clover. Both of these species have been 
advocated for a low pH, high soil aluminium niche for 
several decades (Scott 2001). However, the utility of the 
perennial lupin was questioned in relation to animals 
actually grazing it and the subsequent production that 
could be expected (Scott 2014). An on-farm comparison of 
lucerne and lupins developed a management package to 
utilise the species (Black et al. 2014b, 2015; Black and 
Ryan-Salter 2016) for merinos in this environment. It 
has been sown with cocksfoot and Caucasian clover as 
companion species on previously undeveloped browntop 
dominant intermontane regions. Its use as a pastoral species 
is questioned by environmentalists who have concerns 
about its impact on birds in braided river systems (Scott 
1989), so the management requires consideration of where 
to sow and when to graze to eliminate any potential spread 
outside of the paddock area. The advantage of the perennial 
lupin is that its Bradyrhizobium survive the hostile soil 
environment by living in root calluses and thus it can 
continue to fix N when more sensitive species have died 
(Ryan-Salter et al. 2014; Berenji et al. 2017). 

Condensed tannins

There has also been considerable research attention on the use 
of legumes with condensed tannins (CT) to improve livestock 
performance. Lotus corniculatus L. has been shown to increase 
wool production and ewe efficiency (Barry et al. 1999), and 
also reduce faecal parasite egg counts and increase lambing 
and weaning percentage (Barry et al. 2003). Lotus 
pedunculatus Cav., sulla (Hedysarum coronarium L.) and 
sainfoin (Onobrychis vicifolia Scop.) reduced egg hatching 
as the concentration of CT was increased (Molan et al. 
1999). Furthermore, Lotus spp. continue to be advocated 
for improving productivity of low pH, high aluminium soils 
(e.g. Stevens et al. 2020) but their niche opportunity is often 
thwarted by inconsistent seed supply (Monk et al. 2016) and 
difficulties of establishment in extensive high country terrain, 
under a predominantly set-stocked management (Berenji 
et al. 2018). Dairy research on L. corniculatus has demon-
strated increased milk yields and feed conversion efficiency 
compared with ryegrass and white clover pastures (Harris 
et al. 1998) but to date the challenges of maintaining it in a 
dairy rotation have prevented adoption. The most effective 
method may be to use Lotus spp. as silage to overcome 
periods of feed deficit (Woodward et al. 2002). Overall 
legumes that contain CT have shown promise in many 
research environments but have not yet been integrated 
into farm systems. Consequently, the research activity on 
these legumes has declined over the last 30 years. It may be 
revised as a tool to mitigate climate change, with results 
showing the potential to use legumes with CT to reduce 
methane (CH4) emissions (Waghorn et al. 2002). 

Rhizobia

In most cases the rhizobia required for symbiotic N fixation 
are considered present in the New Zealand soils (Lowther 
and Kerr 2011). This is the case for white, red and sub 
clovers for which the addition of rhizobia is considered 
unnecessary unless new land that has not previously been 
in pastures is being broken in. The ubiquitous nature of the 
standard TA1 strain has been confirmed through investigation 
of nodule occupancy from many different locations and soil 
conditions (Shah 2019). These rhizobia seem to be equally 
successful for nodulating balansa, Persian and gland clovers. 
New techniques have confirmed that any rhizobia added 
with white clover seed are quickly lost from the nodule and 
the resident population invades (Wigley et al. 2016a). For 
lucerne, the introduced rhizobia were found for several 
months after sowing (Wigley et al. 2016b), although other 
bacteria have also been shown to form nodules, even in the 
absence of rhizobia (Wigley et al. 2017). The success of 
lucerne establishment was largely independent of the seed 
coat used but inoculation increased yield by 40% in the first 
year until the rhizobia infected the uninoculated control 
(Jáuregui et al. 2019). In drier environments, a coated seed 
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coat was most effective at ensuring nodule occupancy of the 
desired rhizobia strain (Wigley et al. 2015). The search for 
rhizobia with tolerance to different pH conditions (Shah 
et al. 2021, 2022), or those that can fix N and solubilise 
phosphorus has shown some success in the laboratory (Seth 
2017) with work in progress to translate these results into 
the field. 

For other legume species, specific rhizobia are required 
and their absence can be a cause of establishment failure. 
Black et al. (2014a) showed that the slow establishment of 
Caucasian clover could mean the bacteria are dead before 
the roots are sufficiently developed to be invaded and 
the symbiosis established. They transplanted low-vigour 
plants from a high country station to warmer conditions 
and saw an immediate recovery and root nodulation. This 
issue remains to be resolved if Caucasian clover is to 
become successful in this environment, despite the selection 
and commercialisation of rhizobia specifically for this legume 
(Pryor et al. 1998). There is evidence that rhizobia from 
Caucasian clover are more tolerant of low pH/high aluminium 
soils than lucerne (Berenji et al. 2017). The impact of 
inoculation may not always be apparent immediately after 
sowing. In cultivated soils the release of N may be sufficient 
to grow the establishing seedlings, so the benefits of inocula 
tion are not immediately obvious. However, in the second 
season, once the soil N has been depleted, inoculated plants 
have been shown to out-yield non-inoculated plants (Berenji 
et al. 2015). 

Impact on greenhouse gas emissions

It is difficult to quantify the exact impact of legumes on 
the sheep and beef sector over the last 30 years. However, 
the area of farmed land has reduced by 38% or 4.6 Mha 
(Fig. 5). Over the same period, total sheep numbers have 
declined from 57.9 M to 26.0 M, and the number of 
breeding ewes from 40.4 M to 16.6 M between 1990–91 
and 2020–21 (Fig. 6). Conversely, increased lambing 
percentages (from 100% to 132%) and higher lamb growth 
rates (Moot and Davison 2021) have meant corresponding 
total lamb production has only dropped by 5–10%. 
Over the same period the total greenhouse gas emissions 
from CH4 and N2O, expressed as CO2-equivalents (CO2-e) 
have dropped by about 30% (Fig. 7) because of the decline 
in animal numbers. In addition, the emissions intensity 
(kg methane/kg carcass weight) has declined by 30% from 
1 to 0.7 kg from 1990 to 2016 (Ledgard 2017). This is because 
ewes are heavier and more efficient at raising lambs. There 
has also been an increase in hogget mating which can only 
occur with ewe lamb target weights of 48–55 kg/hd (Haslin 
et al. 2022) if animals are growing 220+ g/hd.day from 
birth (~5 kg) to mating. Thus, a range of legumes suited to 
different parts of New Zealand have contributed to the 
transformation of the sheep and beef industry. 

Despite this, the emissions profile of New Zealand remains 
a challenge for agriculture. Over 80% of the country’s 
electricity is produced from renewable sources, and so 
pastoral-based agriculture is responsible for over 50% of 

Fig. 5. Change in pastoral land area for sheep, beef, deer and goat ( ) and dairy ( ) farming systems in
New Zealand from 1990–91 to 2020–21. Figures for 2020–21 are provisional. (Note: This figure was
produced from data supplied by the Beef + Lamb New Zealand Economic Service and includes Stats
NZ’s data, which are licenced by Stats NZ for reuse under the Creative Commons Attribution 4.0
International licence.)
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Fig. 6. Change in the total number of breeding ewes (2 tooth and over put to ram; ⚫) and ewe
lambing percentage (⚪) in NewZealand from 1990–91 to 2020–21 (Moot andDavison 2021). Figures
for 2020–21 are provisional. (Note: This figure was produced from data supplied by the Beef + Lamb
NewZealand Economic Service and includes Stats NZ’s data which are licensed by Stats NZ for reuse
under the Creative Commons Attribution 4.0 International licence).

Fig. 7. Cumulative decrease (%) in warming from CH4 and N2O, expressed as CO2-e, from sheep and
beef cattle in New Zealand over 30 years from 1990/91 to 2020/21. Figures for 2020/21 are provisional.
(Note: This figure was produced from data supplied by the Beef + Lamb New Zealand Economic Service
and includes Stats NZ’s data, which are licensed by Stats NZ for reuse under the Creative Commons
Attribution 4.0 International licence).

total emissions (Ministry for the Environment 2021). Dealing reducing the mean time from birth to slaughter for sheep 
with this fact has become a political issue. The government and cattle (Moot and Davison 2021), which results in lower 
has set goals for further reductions of emissions from the emissions and reduced maintenance respiration (de Klein 
agriculture sector. In the absence of practical CH4 inhibitors et al. 2008). In short, productivity gains based around the 
(Leahy et al. 2019) or other technologies, it is likely that in increased use of high quality forages, predominantly 
the medium term these can only be achieved by further legumes, has transformed the sheep and beef sector and is a 
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viable option to further reduce their emissions in the 
foreseeable future. On average, 14% of hill and high country 
farms are covered by a combination of exotic forestry (2%), 
native bush, woody scrub vegetation and wetlands (12%) 
(Moot and Davison 2021), which means these farms are 
close to or already carbon neutral (Case and Ryan 2020). 

For dairy, emissions have increased because cattle 
numbers have increased from 3.4 M in 1990 to 6.1 M in 2021 
(Moot and Davison 2021). This has been the main contributor 
to the 17% rise in total emissions from agriculture over the 
same period (Ministry for the Environment 2022). However, 
the emissions intensity from New Zealand dairy cows is the 
lowest in the world at 0.77 kg CO2-e per unit of fat 
corrected protein compared with a global average of 1.47 
(Mazetto et al. 2021). If there is an increase in pasture 
legume content as a result of the new rules on N fertiliser 
(Myint et al. 2021) then further reductions in emission 
intensity may be possible. To date, other investigations into 
reducing greenhouse gas emissions from pasture-fed dairy 
cows have failed to produce practical on-farm solutions. 
Thus, the restriction to 190 kg N/ha will most likely result 
in reduced stocking rates and total stock numbers, plus lower 
N2O emissions from less inorganic fertiliser use. Indeed the 
independent, but government appointed, Climate Change 
Commission has recently advocated for a direct tax on N 
fertiliser, which may encourage even greater use of legumes 
on-farm in the next 30 years. 

Conclusions

The New Zealand pastoral sector will remain the most 
important contributor to the wealth of the country for the 
foreseeable future. The use of legumes to provide the N 
required to optimise plant and animal production has been, 
and will continue to be, a key component of that success. 
The interaction of species (G), environment (E) and manage-
ment (M) has meant different issues have needed to be 
addressed across the diverse New Zealand landscape to 
support the pastoral-based livestock industries. For summer 
dry regions, the research has focused on increased lucerne 
management flexibility, dealing with associated animal 
health concerns and the extension of exemplars of transforma-
tional change on-farm. Greater adoption of appropriate 
subterranean clover grazing management on hill country 
has been promoted to complement lucerne growing on 
cultivatable ground. In ‘summer safe’, higher-rainfall hill 
country environments, a satellite farming approach of legume 
(red clover) monocultures or legume and herb mixes has 
the potential to ensure the productivity gains made over 
the last 30 years can be continued into the future. The key 
to success has been to ensure the right legume is put in the 
right environment and, importantly, that there is an appro-
priate management package developed to support on-farm 

adoption. This requires ongoing high quality research 
through on-station experiments, coupled with model develop-
ment to answer questions around impacts on land use 
and climate change. At the same time there is a need to 
maintain on-farm demonstrations and case studies that are 
most relevant to the farming communities that ultimately 
have the task of producing food under increasing legislative 
and consumer requirements. For future success, the New 
Zealand Government and levy-based industries must continue 
to invest in the primary sector to ensure the tools are available 
to deliver at all levels of the value chain, across the mosaic 
of landscapes within geographically distinct regions of 
New Zealand. 
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