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Abstract: New Zealand hill country sheep and beef farms contain land of various slope classes. The
steepest slopes have the lowest pasture productivity and livestock carrying capacity and are the
most vulnerable to soil mass movements. A potential management option for these areas of a farm is
the planting of native shrubs which are browsable and provide erosion control, biodiversity, and a
source of carbon credits. A bioeconomic whole farm model was developed by adding a native shrub
sub-model to an existing hill country sheep and beef enterprise model to assess the impacts on feed
supply, flock dynamics, and farm economics of converting 10% (56.4 hectares) of the entire farm,
focusing on the steep slope areas, to native shrubs over a 50-year period. Two native shrub planting
rates of 10% and 20% per year of the allocated area were compared to the status quo of no (0%)
native shrub plantings. Mean annual feed supply dropped by 6.6% and 7.1% causing a reduction in
flock size by 10.9% and 11.6% for the 10% and 20% planting rates, respectively, relative to 0% native
shrub over the 50 years. Native shrub expenses exceeded carbon income for both planting rates and,
together with reduced income from sheep flock, resulted in lower mean annual discounted total
sheep enterprise cash operating surplus for the 10% (New Zealand Dollar (NZD) 20,522) and 20%
(NZD 19,532) planting scenarios compared to 0% native shrubs (NZD 22,270). All planting scenarios
had positive Net Present Value (NPV) and was highest for the 0% native shrubs compared to planting
rates. Break-even carbon price was higher than the modelled carbon price (NZD 32/ New Zealand
Emission Unit (NZU)) for both planting rates. Combined, this data indicates planting native shrubs
on 10% of the farm at the modelled planting rates and carbon price would result in a reduction in
farm sheep enterprise income. It can be concluded from the study that a higher carbon price above
the break-even can make native shrubs attractive in the farming system.

Keywords: bioeconomic modelling; native shrubs; cash operating surplus; hill country; sheep

1. Introduction

Sheep and beef cattle in New Zealand are managed together to complement pasture
utilization [1] and they contribute more than 95% of the red meat produced that is available
for export [2]. In 2020, there were approximately 26 million sheep and 3.89 million beef
cattle in New Zealand [3,4]. Sheep and beef cattle farms occupy approximately 63% of
agricultural land with over half of the farms located on hill country [5].

Hill country is classified as land below 1000 meters containing slopes greater than 15◦

and accounts for approximately 37% of the farmed land in New Zealand [6]. The slopes
across hill country farms differ but are generally a mixture of low (<7◦), medium (8◦ to
20◦), and steep (>21◦) slope classes [2,7]. Land use and productivity varies with slope; low
and medium slopes are mainly planted with improved pastures while less grazable steep
slopes may be used for grazing or utilized for plantation forestry with the non-utilizable
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portions allowed to revert to native vegetation [1,2,8]. Even with improved pastures, low
herbage production on the steep slopes limits their use for grazing, often with a carrying
capacity of less than eight stock units per hectare [6,9,10].

Native vegetation on hill country sheep and beef farms represents approximately 12%
of the national native flora cover [5,11], indicating the contribution these farm types are
making to revegetation and restoration of native flora. The low native vegetation cover
resulted from clearance for pasture expansion in the early 1900s, which exposed some hill
country to the vulnerability of soil mass movement, environmental degradation, and loss
of native biodiversity [6]. Attempts to mitigate soil mass movement in hill country have
utilized spaced exotic species such as poplars (Populus spp.) and willows (Salix spp.) [12]
and land use change to plantation forestry with radiata pine (Pinus radiata) [13]. Poplars and
willows are comparatively easy to establish, have deep and expansive roots that stabilize
steep slopes [12–14], can supply valuable fodder [15,16], and, if well-spaced, can provide
carbon trade income [14,17], but they are deciduous and management intensive [18].
Plantation forestry can provide erosion control and income from carbon trade and sale
of logs but their monoculture limits biodiversity, understory grazing, and can result in
accelerated erosion during and after harvesting if not replanted [8].

An alternative to exotic species is the use of native trees and shrubs which are endemic
and adaptable to New Zealand conditions [11]. Additionally, native plants are culturally
valued, can enhance biodiversity restoration, control erosion, improve landscape aesthetics,
provide income from carbon trade, and can be a potential source of fodder to livestock [11,
19–21]. However, knowledge on the management of cultivated native shrubs in New
Zealand and their role in erosion control, fodder production and their nutritive value for
livestock, and the economics of establishing them on the hill country sheep and beef farms
is lacking [19,22]. Bioeconomic modelling of establishing native shrubs on the hill country
sheep and beef farms using the limited literature data available can provide these insights.

Hill country sheep and beef farms are complex and dynamic systems consisting of bio-
physical, social, and economic components which interact and influence farm sustainability
and profitability [23,24]. Models integrating both biophysical and economic components,
commonly referred to as bioeconomic models, are more robust in evaluating impacts of
changing farming practices or applying a new intervention [23]. Farrell et al. [25–28] have
previously utilized a bioeconomic model for North Island hill country to examine the
impacts of various changes in sheep and beef cattle systems. However, as with many
models used for hill country sheep and beef farm systems [29,30], that model does not
consider native shrubs as part of economic land use. Therefore, the objective of this study
was to develop a native shrub sub-model to add to the existing model developed by [24]
and use it to assess the impacts on:

(i) farm feed supply,
(ii) flock dynamics, and
(iii) farm economics of converting 10% of a North Island hill country sheep and beef farm

from only pasture production to native shrubs with understory grazing.

2. Materials and Methods
2.1. Model Development and Structure

A bioeconomic whole-farm system dynamics model has been developed in STELLA
Architect version 1.9.3 (version 2019, isee systems, Lebanon, NH, USA) to represent a North
Island hill country sheep and beef enterprise in New Zealand based on the model of [25].
The model assessed changes in feed, sheep numbers, and cash flow dynamics for 50 years,
with and without a portion of the farm (up to 10%) planted in native shrubs over a 5- or
10-year period. The model combined the established hill country sheep and beef enterprise
model (HCM) utilized by [25,27,31,32] with a new native shrub sub-model (NSM) and was
structured into modules representing biophysical and economic sub-systems and their
interactions (Figure 1). Details on the dynamics of the HCM are outlined in [25].
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The established HCM model [25] assumed that the hill country terrain was constant
across the entire farm and, therefore, the pasture yield and quality per hectare were
uniform. Further, pastures supplied all the flock feed needs and that the sheep and beef
enterprises were the only source of farm cash flow [25]. However, hill country farms are
characterized by a mixture of topographies which can influence pasture production and
quality, thus affecting farm animal carrying capacity and cash flow [6,33]. Moreover, hill
country sheep and beef farms often use supplementary feeds, such as conserved pasture,
crops, grains, and tree and native shrub herbage, during seasons of low feed quantity and
energy supply [1]. In addition, hill country farms can have diverse income including sale
of logs [34] and the carbon credit [19,35]. Therefore, a new NSM model was developed to
allow:

(i) partitioning of the hill country farm into various topographical land classes that vary
in pasture growth and quality,

(ii) use of native shrubs as a feed source,
(iii) diversification of land uses to encompass native shrub land, and
(iv) expansion of sources of farm income to include carbon emission trading.
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Figure 1. A simplified diagram of the North Island hill country sheep and beef whole farm system
dynamic model comprising modules of the hill country sheep enterprise (HCM) (white fill based on
Farrell et al. (2019) and native shrub (NSM) models (green fill)). The arrows indicate the direction of
interaction among the modules.

2.2. Land Characteristics for Modelled Farm

In New Zealand, North Island hill country sheep and beef farms can be sub-divided
into hard hill and hill country based on slopes and land use capability [36]. North Island
hard hill country farms are predominantly steep with characteristically low soil fertility
and a carrying capacity of less than 10 stock units per hectare (SU/ha, 1 SU equals the
annual feed requirement of a 55 kg ewe rearing 1 lamb to weaning at 28 kg), whereas
North Island hill country farms have relatively less steep topography with greater soil
fertility and, therefore, a higher livestock carrying capacity of up to 13 SU/ha [36,37]. Hill
country farms contain a mixture of slopes [38] that can be grouped broadly into low (flat),
medium (moderate), and steep slope classes [10,13,39]. The blend of slopes varies across
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farms and regions, resulting in disparities among studies on slope classes (Table 1) and
their proportion on a hill country farm (Table 2). Therefore, for the current model, a typical
farm with a productive land area of approximately 564 ha in the East Coast region of New
Zealand [37] was used as the archetype for the North Island hill country farm. Sheep and
beef cattle farms in the East Coast region can be grouped into hard hill (class 3) and hill
country (class 4) farms based on land usability [37]. The East Coast region of New Zealand
was chosen due to the dominance of hill country terrains [39–41]; the region also accounts
for approximately 50% of the North Island sheep population [4] and was the base region
for the existing bioeconomic model of [25].

Based on published data, the slope types of the modelled North Island hill country
sheep and beef farm were grouped into low (<12◦), medium (13◦ to 25◦), and steep (>25◦)
slope classes [33,42] to capture the critical slopes relevant to pastoral land use [38] and pas-
ture production [43]. Slope classes were apportioned as 8.7%, 45.9%, and 45.4% in the low,
medium, and steep slope classes, respectively, and were used to reflect the average slope
mix of East Coast hill country farms [39], Table 2. The model assumed that approximately
10% (56.4 ha) of the total effective land area of the farm would be used for planting native
shrubs. This area was assumed to be part of the steep slope (>20◦) portion of the farm due
to its low carrying capacity (herbage production) and vulnerability to erosion [44].

Table 1. Published classifications of North Island sheep and beef hill country farm slopes based on slope classes (low,
medium, and steep).

Slope Elevation (◦)
Author (s)

Low Medium Steep

<7 8 to 20 >21 [5]
<15 16 to 20 >21 [7]
<12 12 to 24 >24 [13,39]

1 to 12 13 to 25 >26 [6,9,33,42,45]
0 to 10 10 to 24 25 to 37 [46]

<15 15 to 25 >25 [10]
0 to 3 (A), 4 to 7 (B), 8 to 15 (C) 16 to 20 (D), 21 to 25 (E) 26 to 35 (F), >35 (G) [38,42,47,48]
0 to 3 (A), 4 to 7 (B), 8 to 15 (C) 16 to 20 (D) 21 to 25 (E) 26 to 35 (F), 35 to 42 (G), >42 (H) [49]

(A) Flat, (B) undulating, (C) rolling, (D) strongly rolling, (E) moderately steep, (F) steep, (G) very steep, and (H) extreme (near vertical)
steep refers to extra slope classes grouping.

Table 2. Published proportions of the three slope classes (low, medium, and steep) as percentage of the total hill country
farm in New Zealand.

Slope Class Proportion (%)
Scope of the Study Author

Low Medium Steep

11.0 32.0 40.0 New Zealand [5]
19.6 34.5 45.9 New Zealand [39]
55.0 13.0 35.0 New Zealand [7]
30.1 12.8 57.1 North Island [48]
10.0 18.0 60.0, 12.0 1 East Coast (Gisborne) [49]
8.7 45.9 45.5 East Coast [39]

14.5 57.9 27.6 Northland-Waikato-Bay of Plenty [39]
11.2 27.7 61.1 Taranaki-Manawatu [39]
15.6 15.8 68.5 Marlborough-Canterbury [39]
36.6 29.7 33.7 Otago-Southland [39]
14.1 15 70.9 Wairarapa [50]

Proportion of the hill country marked with 1 superscript are classified as extreme slope (near vertical).
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2.3. Modelled Native Shrubs Planting on the Hill Country Farm

Two annual native shrub planting rates of 10% and 20% were applied to mimic the
likely land use change scenarios that could occur with establishment of native shrubs. The
native shrub planting rates determined the proportion of the area set aside for planting
native shrubs that was planted annually. The 10% planting rate assumed the 56.4 ha
set aside for planting native shrubs was divided into ten portions that were planted
consecutively for ten years. Similarly, the planting rate of 20% assumed the area was
divided into five equal portions which were planted over five consecutive years. When no
native shrubs were planted, a 0% native shrub was used in the model.

2.4. Sheep Flock Structure and Dynamics

The sheep flock and beef herd classes and structure used in the HCM by [25] were
retained in the current model. Beef herd size was held constant in both the base and
current model (Section 2.9) and only the sheep flock size was affected by land use change
from pasture to native shrubs on the steep slope portions of land. The holding of the beef
herd data constant has been utilized in previous HCM model studies [24–28,51]. In the
current model, sheep flock size was adjusted to values reported for sheep and beef hill
country farm (class 4) in the East Coast region of the North Island for the production year
2018/2019 [37].

The sheep flock in both the current and the base model was self-replacing with no
external sourcing of replacement flock [25]. Flock dynamics in the base model was based on
a constant feed supply and thus flock replacement rates (R) were determined by ewe culling
rates (C) and deaths (D) for all age groups (i) at a given time (t) [25]. However, in the current
model, feed supply varied among native shrubs planting scenarios (Section 2.3), resulting
in fluctuating feed balance which, therefore, affected the flock dynamics. Feed balance (F)
(Section 2.9) was, therefore, used in addition to ewe culls and deaths to determine flock
replacement rates in the current model. The model estimates that a mature ewe requires
approximately 6600 megajoules of metabolizable energy (MJ ME) annually [52,53] and this
value was used to determine ewe number changes with fluctuations in feed balance with
conversion of pasture to native shrubs (i.e., up to 10% of total farm area over time).

Rt =
I

∑
i=1

((Di + Ci) + (int(Ft/6600)))

If, − 6600 > Ft > 6600then Ft = 0
(1)

The lamb flock sizes in both current and base models were dependent on farm feed
supply [24,54] and the lamb selling policy in the HCM model was retained.

2.5. Pasture Growth on Hill Country Farms

Pasture production on sheep and beef hill country farms is influenced by the slope
and aspect, which modifies the microclimate and soil properties of the terrain [6,33], as
shown in Table 3. Monthly pasture growth rate estimates for the region for this farm
class [55] were used as the average for the low slope class. The percentage difference in
pasture production on the medium and steep slopes, relative to low slope, were based
on [6] and adjusted to ensure the medium and steep slopes pasture production was 52.1%
and 38.1% of the low slope, respectively. This was to enable the modelled farm to support
flock numbers similar to those for a class 4 hill country farm on the East Coast region of
New Zealand [37]
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Table 3. Published percentage of pasture production on medium and steep slopes relative to the low
slope and the estimated pasture yields from the three slope classes (low, medium, and steep) on New
Zealand North Island sheep and beef hill country farms.

Pasture % Change Relative to the
Low Slope

Pasture Yield
(DM kg/ha/y) Source

Low Medium Steep Low Medium Steep

100 46.2 31.9 12,568 5806 4003 [6] 1

100 73.8 65.6 13,803 10,188 9050 [9] 2

100 81.6 61.3 15,773 12,878 9669 [9] 2

100 77.2 58.0 14,072 10,857 8164 [45] 2

100 76.9 46.2 9425 7250 4350 [10] 3

Studies marked with 1 superscript are based on general southern North Island, 2 on summer moist, and 3 on
Northland sheep and beef hill country farms in New Zealand North Island.

2.6. Native Shrubs Growth and Herbage Yields

Several mathematical functions (linear, exponential, logarithmic, logistic, and Gom-
pertz) can be used to estimate growth in native shrubs, but they differ in parameters utilized
and growth curve characteristics [56]. Linear regression functions have a constant growth
rate while exponential and logarithmic functions assume constant increasing and decreas-
ing rate of growth, respectively [56]. The constant rate of change in linear regressions limits
their use in lifespan simulations since plant growth is affected by environmental factors
and physiological stages [56]. Logistic functions have a limitation to a radial symmetry on
its curve while Gompertz function curves are asymmetrical and, thus, most suitable for
plant growth simulations [56,57].

A Gompertz function (Equation (2)) was derived using Eucalyptus saligna (Eucalyptus)
Nelder spacing data [58] due to the unavailability of New Zealand native shrubs data. The
Gompertz function was based on trees planted at a density of approximately 1000 stems per
hectare (sph) and was used to simulate individual stem basal diameter (BD) growth (cm) for
50 years (t). A planting density of approximately 1000 sph was used for the native shrubs;
it was common with exotic trees in erosion control on the North Island hill country farms
as it achieves canopy closure relatively quickly, thus limiting weed encroachment [8,19], in
addition to meeting the canopy cover requirements of 30% for carbon trading registration
in New Zealand [17].

BD = 26.221 exp(− exp(0.203(t − 5.751))) (2)

The estimated BD was used as an allometry in a power function to predict the herbage
yield (HY) in kilogram of dry matter per tree (Equation (3)) and was assumed to consist of
leaves and edible stems not exceeding 5 mm in diameter [15,59].

HY = 0.0284 BD 2.113 (3)

However, eucalyptus differ in physiognomy and have faster growth rates translating
to higher biomass accumulation compared to native shrubs [17]. Biomass accumulation is
species specific, finite per unit area, and can be used to estimate optimal foliage biomass
for a given species [17,60]. Native shrub foliage biomass was assumed to be 6.4% of the
total carbon stock [61–64] and was predicted using the indigenous forest carbon stock per
hectare for forests planted after 1990 [17]. Therefore, a feedback loop relating BD and
HY to native shrub foliage biomass was used in the model to adjust the eucalyptus basal
diameter growth to that expected for New Zealand native shrubs. The feedback loop
delayed BD growth when HY exceeded the native shrub foliage biomass. The total native
shrub herbage production of the farm was a function of the estimated HY, planting density,
and the total area annually planted in native shrubs.
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2.7. Native Shrub Understory Pasture Production

As the native shrub canopy expands with growth, it reduces understory pasture
production by limiting water and photosynthetic light from reaching the ground [65,66].
However, the rate of understory pasture reduction is dependent on canopy cover which
is commensurate with native shrub density per unit area [66,67]. In the model, the area
planted in native shrubs was assumed to consist of both areas under and outside the
canopy and therefore differed in pasture production due to canopy cover effects. Native
shrub canopy was assumed to have a cylindrical base [68] and the canopy diameter (CD) in
meters was used to estimate individual native shrub canopy area (CA) in meters squared
(Equation (5)). A linear allometric function (Equation (4)) [69] relating CD to stem basal
diameter was used to determine the CD increase with native shrub growth. Total canopy
area at a given moment on the area planted in native shrubs was obtained as a function of
CA and native shrub density. Canopy cover was estimated using the total canopy area as a
percentage of the total area planted in native shrubs. An exponential function (Equation
(6)) with an extinction point at 65% canopy cover was used to estimate understory pasture
reduction (PR) as a percentage relative to the open pastures [65,67].

CD = 1.966 + 0.115BD (4)

CA = π(0.5 × CD)2 (5)

PR = 99.979 exp(−0.01CA) (6)

The areas not under canopy were assumed to have pasture production the same as
steep slope class open pastures. Therefore, total pasture production from the area in native
shrubs comprised of the understory pasture and pasture from areas not under canopy.

2.8. Native Shrubs Carbon Stock

Precalculated values of carbon stock per hectare for indigenous forest planted after
1990 were used as the annual carbon stock values for native shrubs planted on the modelled
farm [17]. The net annual carbon stock accumulation was obtained as the difference
between the current and the preceding year. In the model, the age of the native shrubs
and annual total area in native shrubs were used to factor the total net carbon stock
accumulation [17].

2.9. Feed Supply, Demand, and Balance

The total feed supply in megajoule of metabolizable energy (MJ ME) on the modelled
farm comprised open pastures and native shrub forage. Open pastures were from the low
and medium slopes and the portion of the steep slope without native shrubs (Section 2.5),
while native shrub forage included pastures and native shrub fodder from the steep slope
portion with native shrubs (Sections 2.6 and 2.7). Open pastures were available for grazing
throughout the year for the modelled period. However, native shrub forage was only
available five years after planting for each respective native shrub portion of land (Section
2.3) and could only be utilized for a further five years (browsing window). The five-year
period between planting native shrubs and the browsing window in each respective native
shrub portion of land was assumed to allow the native shrubs to establish and avoid animal
induced damage. Further, after the five-year browsing window (10 years after the last
planting for each portion), the native shrubs were assumed to have a canopy cover above
65% which restricted understory pasture growth.

Pasture utilization by sheep was assumed to be approximately 70%, typical of North
Island sheep and beef hill country farms [24,52]. Similarly, a 70% utilization rate was
assumed for the accessible native shrubs fodder due to unavailability of native shrub
utilization data for New Zealand. However, a native shrub height increase with age was
assumed to affect fodder available to sheep. Native shrub height increase (H) in meters
with time was predicted with a power function allometry (Equation (7)) using native shrub
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BD. Sheep can reach browse to heights of 1.17 m [70,71] with increasing heights reducing
the accessible browse. In the model, sheep browsed the native shrubs fully to a height
of 0.87 [70] after which available browse (AB) reduced logarithmically (Equation (8)) to
no access when the total native shrub height reached 5.0 m. At the total native shrub
height of 5 m, the accessible edible foliage below 1.17 m was assumed to be limited due to
self-pruning of lower branches due to shading effect from canopy closure [72].

H = 0.1976BD1.1436 (7)

AB = −0.516ln(H) + 0.8839 (8)

where AB = 1 if H < 0.87 and AB = 0 if H > 5.
Annual feed demand was estimated using approximations of feed requirements for

each sheep class (Section 2.4) [25] and the difference with feed supply was taken as the
farm feed balance. The beef cattle herd was held constant and thus beef cattle feed demand
in both the base model and the current model were constant over the modelled period.
The approach of holding the beef feed demand constant has been used previously with the
bioeconomic model [24,25,27,73].

2.10. Farm Economics

The steep slope portion on sheep and beef hill country farms are commonly grazed
by sheep and converting part of this portion of land to native shrub was assumed to
affect the sheep carrying capacity rather than the beef herd. Hence, the beef enterprise
income and costs on a per hectare basis were assumed to be unaffected in the economic
assessment, which included discounted net cash flow in terms of cash operating surplus
(COS), net present value (NPV), internal rate of return (IRR), and break-even analysis.
Two native shrub planting rates (10% and 20%) were compared to a base scenario without
native shrubs (0% native shrubs) at three discount rates (5%, 7%, and 10%) for 50 years.
The COS for the sheep enterprise and sheep enterprise with native shrub was obtained
as the difference between cash income and cash operating expenses. Sheep enterprise
COS estimation followed the previously used [25] approach, while native shrub enterprise
COS was derived using cash inflow from carbon trade and cash outflow from expenses
associated with pre-planting, planting, and post planting costs. The current two-year
average of NZD 32/NZU (New Zealand Emission Unit) [74] was used as the carbon price
in the current model. The NPV (Equation (9)) was used to assess the total value of planting
native shrubs at the two planting rates vis a vis not planting.

NPV =
n

∑
t=0

Rt

(1 + ρ)t (9)

where R is net cash flow in New Zealand dollars (NZD) at time t, ρ is the discounting rate,
and n = 50 is the investment duration.

Annual IRR for planting native shrubs at different rates was estimated by determining
the discounting rate at which NPV was equivalent to zero. A break-even analysis was also
undertaken to estimate the carbon price at which the NPV for the native shrub-inclusive
model equaled the base (no-native shrub) model.

3. Results and Discussion

The results comparing the impacts of up to 10% of the modelled farm in native shrubs
on farm feed supply, sheep flock dynamics, and farm economics are discussed in the
following sections.
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3.1. Feed Supply

Figure 2 shows the annual feed supply for annual shrub planting rates of 0% (base
model), 10%, and 20% per year over 10% of the farm for 50 years. Annual feed supply in
MJ ME remained constant for 0% native shrubs but had a staggered decrease in the 10%
and 20% native shrub planting rates before levelling off after 16 and 14 years, respectively.
The initial decrease was highest in the 20% planting rate due to the greater areas being
removed per year from grazing. The long-term reduction in annual feed supply for both
planting regimes (21.46 million MJ ME) compared to the base model (23.23 million MJ ME)
was 7.6%. The long-term feed supply reduction was the same for both planting rates due
to the consistent 10% reduction in grazing area, post the transition periods, and resulted in
lower but varying mean annual feed supply for the planting rates regimes relative to base
model.
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Figure 2. Annual feed supply for 50 years in metabolizable energy (million megajoules) with native shrubs planted on 10%
the modelled farm at three planting rates (0%, 10%, and 20% per year).

The lower mean annual feed supply for the 10% and 20% planting rates, compared
to the 0% rate, was due to a reduction in pasture production area on the steep slopes and
the restricted period of browsing for the shrubs between years 5 and 10 post planting.
However, the mean reduced annual feed supply, overall, for the 10% and 20% planting rates,
compared to the base model (Table 4), was proportionately less than might be expected.
This can be attributed to the low pasture production on steep slopes compared to the easier
slopes [6,9,10].
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Table 4. Total mean farm annual feed supply in metabolizable energy (million megajoules) for the modelled farm based on
low, medium, and steep slope types with shrubs planted on 10% of the farm at three planting rates (0%, 10%, and 20%) per
year, and corresponding mean annual feed allocation to sheep and beef cattle.

Planting
Rate (%)

Slope Category Mean Annual Feed Supply Total Farm Mean
Annual Feed Supply

Feed Supply to Sheep Feed Supply to Beef

Low Medium Steep Feed % Feed %

0 4.05 11.13 8.05 23.23 13.94 60.0 9.29 40.0
10 4.05 11.13 6.51 21.69 12.40 57.2 9.29 42.8
20 4.05 11.13 6.41 21.59 12.30 57.0 9.29 43.0

Comparatively, the mean annual feed supply for the base model when converted
from MJ ME to dry matter kilograms per hectare (DM kg/ha/y) for the low (11,700 DM
kg/ha/y), medium (6140 DM kg/ha/y), and steep slope (4490 DM kg/ha/y) was within
the ranges reported for North Island hill country sheep and beef cattle farms in New
Zealand [6,9,10,45]. This indicates the model adequately represented the current state of the
North Island hill country sheep and beef cattle farms feed supply, before the introduction
of native shrubs on portions of the steep slopes.

Beef cattle were allocated a constant feed supply of the modelled total mean annual
farm feed supply with the remainder utilized by sheep. The reduction in annual mean farm
feed supply with conversion of pastures to native shrubs resulted in a greater proportion
of feed allocated to beef cattle for the planting rates, compared to the 0% native shrubs,
to maintain a constant feed supply to the beef cattle herd. The fluctuations in the feed
supply proportions for the beef cattle herd and sheep flock are common in the hill country
sheep and beef cattle farms with adjustment of the farm stock sizes to meet the feed
supply [26,28,75]. Feed supply for the beef cattle was from the open pastures and only
sheep browsed the native shrub areas due to the potential for cattle to excessively damage
the shrubs. The bulk of the shrub area forage was from understory pasture rather than
the shrub fodder (Figure 3). Accessible fodder was assumed to be directly harvested by
sheep, whereas with mature willows and poplar fodder is available only after pollarding
or coppicing [15,76]. The low feed supply from shrub fodder and changes over time can be
attributed to reduced access as the shrubs increased in height [70,77,78].
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Figure 3. Total shrub forage (shrub fodder, understory, and open pastures) in metabolizable energy (million megajoules)
per year for 50 years, on 10% of the modelled farm planted in native shrubs at 10% and 20% per year planting rates.
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Mean pasture feed supply on slopes planted with shrub was higher for the 10%
planting rate than the 20% planting rate, but mean shrub fodder was not greatly affected
by shrub planting rate. The higher mean pasture feed supply for the 10% native shrub
planting rate compared to the 20% planting rate resulted from less land converted annually
to native shrubs and, therefore, sheep had longer cumulative feed supply from open and
understory pastures compared to the 20% planting rate on the shrub area. The similar
native mean shrub fodder over the 50 years for the 10% and 20% native shrub planting
rates can be explained by the fact that an equal number of native shrubs were planted over
time (1000 stems per hectare) for each planting rate on a cumulatively equal portion of the
steep slope (up to 10% of the modelled farm) and were browsed for a similar duration (five
years).

3.2. Flock Dynamics

Flock size differed (Figure 4) with changes in feed supply with different native shrub
planting rates. Mean annual flock size remained uniform at 2747 sheep over the modelled
period for the base model (0% native shrub) but reduced by 10.9% and 11.6% (mean) for
the 10% and 20% planting rates, respectively. The decrease in flock size for these scenarios
was achieved by reducing the number of replacement ewe lambs entering the flock and,
therefore, selling more lambs rather than culling the ewe flock. Reducing flock size by
preference of culling older ewes has been shown to reduce flock meat production and
ewe reproductive performance, which peaks at five years of age [25,26]. Therefore, it was
decided to avoid these potential negative effects.
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Figure 4. Fluctuation in sheep flock size with native shrubs planted on 10% of the modelled farm at 0%, 10%, and 20%
planting rates per year, over 50 years.

In scenarios with planting of native shrubs there was a decrease in flock size for initial
five years which was followed by flock size fluctuations, for both the planting rates. The
initial constant decrease in flock size was due to decrease in feed supply from land being
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withdrawn from grazing without compensatory feed supply, while the fluctuations resulted
from the sequential opening and closure of the browsing window for the consecutive
portions planted in native shrubs. Overall flock size on the modelled farm stabilized
after 17 and 15 years for the 10% and 20% planting rates, respectively, across the 50 years
modelled. This corresponded to 7 and 10 years after the last planting for the 10% and 20%
planting rates, respectively. The long flock stabilization period for the 20% planting rate
compared to 10% was due to a greater total feed decrease and thus lower replacement
ewe lambs retained during the native shrubs establishment period (10 and 5 years for
10% and 20% planting rates, respectively). Low replacement ewe lamb rates resulted in
a gradual transient decrease in ewe flock size along the ewe flock age classes affecting
the long term flock reproductive performance [25,26], combining to produce prolonged
flock size fluctuations. However, the long flock stabilization periods are unlikely to be
experienced on most farms because flock size management is typically based on short-term
forecasted feed supply [75], whereas in the model current annual feed supply determined
flock size.

The overall flock structure, across time, was similar in all native shrub planting rates
and comprised of 78.7% mixed age ewes, 20.0% replacement ewe lambs, and 1.3% other
sheep. The flock structure for the modelled farm was similar to the average sheep flock
structure on the North Island sheep and beef farms [37]. The consistency in flock structure
over the modelled period and scenarios indicates that the model regulated flock dynamics
based on the modelled farm annual feed supply.

3.3. Farm Economic Analysis of Establishing Native Shrubs

Economic analyses in agricultural enterprises provide means for choosing among
alternative investment opportunities based on their broad sustainability and projected
financial viability [79]. Sheep and beef cattle are the major enterprises in the New Zealand
hill country sheep and beef cattle farms and their economic worth have been widely stud-
ied [5,27,80,81]. However, native shrubs are gaining interest as alternative complementary
investment on hill country sheep and beef cattle farms, but their economic value within
the farm system is currently anecdotal [19].

The modelled farm economic analysis undertaken focused on the sheep enterprise
because it was assumed that investing in native shrubs on 10% of the farm only affected
sheep feed supply, hence flock size causing changes in sheep enterprise cashflow. In the
model, capital used to invest in the establishment and maintenance of the native shrubs
was sourced internally from the sheep enterprise proceeds. Therefore, the sheep enterprise
in the modelled farm comprised of cashflows from the established sheep flock enterprise
and the native shrub investment.

Cashflows were discounted to forecast, over a 50-year period, the financial perfor-
mance of the modelled native-shrub planting scenarios. Discounting cashflows is merited
to account for the time value of money associated with investments [24,82]. Annual net
cashflows expressed as cash operating surplus (COS) were discounted at 7%, which is the
rate used in cost benefit analysis of public investments and evaluation of small forestry
projects in New Zealand [83]. Net present value (NPV) and break-even analysis were
evaluated at three discount rates of 5%, 7%, and 10%. The discount rates range considered
uncertainties in discount rates with time as observed over the years with the business
lending rates in New Zealand [84].

3.3.1. Sheep Enterprise Discounted Cash Operating Surplus from the Sheep Flock

The number of lambs sold from the sheep flock annually were the main drivers of the
sheep enterprise COS. The 0% native shrub had a constant discounted sheep enterprise
COS which decreased smoothly and was above that for 10% and 20% planting rates except
in the initial five years of native shrub planting phase (Figure 5). The gradual drop in feed
supply with withdrawal of land from grazing during the initial five years caused more
replacement ewe lambs to be sold, which led to a higher sheep enterprise COS for the 10
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and 20% planting rates than for 0% native shrubs but was higher for the 20% than the
10% planting rate. Sale of replacement ewe lambs in the initial five years led to a gradual
decline in flock size across the age classes and was higher for 20% rather than the 10%
planting rate. The decline in flock size resulted in fewer lambs born and therefore sold,
which explains the lower sheep enterprise COS for the two planting rates compared to 0%
native shrubs, but which was higher for the 10% compared to 20% planting rate. The total
withdrawal of 10% of the land from grazing (after 20 and 15 years for 10% and 20% planting
rates, respectively) led to a decrease in flock size and thus the lambs sold, explaining the
observed marginal lower sheep enterprise COS for the two planting rates compared to the
0% native shrubs. Adjustment of flock size to meet the farm feed supply is a routine farm
planning activity in the hill country sheep and beef cattle farms and affects farm annual
sheep enterprise COS [75].
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Figure 5. Annual sheep flock cash operating surplus (COS) discounted at 7% per year over 50 years for native shrubs
planted on 10% of the modelled farm at 0%, 10%, and 20% planting rates per year.

The conversion of 10% of the land to native shrub led to an overall higher mean annual
sheep enterprise COS for the 0% native shrubs (NZD 22,270) scenario compared to the
planting rates. Mean annual sheep enterprise COS was higher for the 10% (NZD 21,368)
than 20% (NZD 21,199) planting rate. Combined, this data indicates that conversion of
the 10% of the modelled farm to native shrubs led to a decrease in sheep enterprise COS,
explained by the reduction in overall flock size across time. A decline in sheep enterprise
COS have been reported in New Zealand due to declining flock sizes as result of converting
portions of hill country sheep and beef cattle farms to other farming enterprises, such as
dairy cattle, deer, plantation forestry, and subdivision into smaller lifestyle blocks since
the 1990s [1,36]. However, a greater decline in sheep enterprise COS would be expected to
occur when more productive low and medium slope land portions are withdrawn from
sheep farming for other agricultural enterprises, compared to the non-utilizable steep
slopes, due to their higher flock carrying capacity [1,36]. In these modelled scenarios, steep
slope areas were removed and planted in native shrubs.
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3.3.2. Carbon Income and Native Shrub Expenses

Discounted carbon income initially increased steadily and peaked at 10 and 12 years
for the 10% and 20% planting rates, respectively, before gradually declining over the
modelled period (Figure 6). The steady increase in carbon income over the initial time
period resulted from the mean annual increase in the number of native shrubs planted
and carbon accumulation, while the gradual decline was due to decreasing mean carbon
accumulation with native shrub age [17]. Mean annual carbon income was marginally
(1.17%) higher for the 20% (NZD 3249) compared to the 10% (NZD 3211) planting rates
and can be attributed to higher carbon income for the first 8 years for the 20% native shrub
planting rate due to a both a greater number of, and area planted in, native shrubs at that
time. Similarly, mean annual native shrub establishment and maintenance expenses were
21% higher for the 20% (NZD 4915) than 10% (NZD 4056) planting rate due to the higher
cost of establishment in the first five years for the 20% rate, but which were distributed
over 10 years for the 10% planting rate. Overall, the establishment of native shrubs on 10%
of the area of the modelled farm using either 10% or 20% native shrub planting rates per
year had higher expenses relative to income. This suggests that the modelled carbon price
(NZD32/NZU) was too low to offset the costs associated with planting native shrubs.
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Figure 6. Total native shrub expenses and carbon income discounted at 7% per year over 50 years with native shrubs
planted on 10% of the modelled farm at 0%, 10%, and 20% planting rates per year.

3.3.3. Combined Sheep Enterprise Discounted Cash Operating Surplus

Total sheep enterprise (combined sheep flock and native shrub) COS for the different
native shrub planting scenarios are shown in Figure 7. A constant COS of the sheep-only
enterprise (Section 3.3.1) for the 0% native shrub was maintained, as would be expected,
since the cashflow was unaffected by planting native shrubs. However, the reductions
in sheep-only enterprise COS coupled with high planting expenses for the native shrubs
led to a lower total sheep enterprise COS for the 10% and 20% planting rates in the initial
10 and 9 years, respectively, compared to the 0% native shrubs. However, the total sheep
enterprise COS for the planting rates exceeded that of 0% native shrubs when the cash
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income from carbon trade exceeded the shrub expenses (between 9 to 31 years and 10 to
31 years for the 20% and 10% planting rates, respectively) and after 32 years there were
marginal differences among the planting rate scenarios. Overall, mean annual total sheep
enterprises COS for 0% native shrubs (NZD 22,270) was higher by 7.9% and 12.3% than
that for 10% (NZD 20,522) and 20% (NZD 19,532) planting rates, respectively. However,
comparing sheep-only enterprise and total sheep enterprise COS for the planting rates
revealed that native shrub expenses caused a decrease in the total sheep enterprise mean
annual COS by 4.0% (NZD 21,368 vs. NZD 20,522) and 7.9% (NZD 21,199 vs. NZD 19,532)
for 10% and 20% planting rates, respectively. High initial expenses mainly associated with
seedling costs have been indicated as a prohibitive factor to the establishment of native
shrubs on hill country farms in New Zealand [19,85,86]. Although not explored in this
study, grants supporting establishment of native shrubs in New Zealand can be used to
offset the high initial cost of native shrubs establishment [19,87,88], which may have an
impact on the total sheep enterprise COS.

Agriculture 2021, 11, x FOR PEER REVIEW 15 of 21 
 

 

 

Figure 7. Annual sheep enterprise cash operating surplus (COS) discounted at 7% per year over 50 years for native shrubs 

planted on 10% of the modelled farm at 0%, 10%, and 20% planting rates per year. 

3.3.4. Sheep Enterprise Net Present Value (NPV) and Internal Rate of Return (IRR) 

The NPV decreased with an increase in the COS discount rate (Table 5), an expected 

outcome owing to their inverse relationship [79,82]. NPV was highest for the 0% native 

shrub compared to the planting rates but remained positive even at the very high dis-

counting rate in all the modelled scenarios. Although a positive NPV signifies profitability 

in an investment in the long run [79], the lower NPVs for the planting rates indicated that 

investing in the native shrubs on 10% of the farm at the modelled carbon market (NZD 

32/NZU) would result in reduction in the sheep enterprise income. This can be explained 

by the observed drop in sheep flock cash inflow (Section 3.3.1) due to reduction in flock 

size and the high cash outflow due to native shrub establishment costs (Section 3.3.2) ob-

served for the two planting rates. 

However, only cashflows relating to carbon trade were considered in the model, de-

spite native shrubs having other monetary and non-monetary benefits [89]. In addition, 

NPV assesses the financial profitability and viability of an investment using forecasted 

cashflows and does not consider non-monetary benefits that may arise over time [79]. 

Some potential non-monetary benefits from the planting of native shrubs on the farm can 

include, appreciating farm market value, reduction in erosion costs, biodiversity enhance-

ment, landscape aesthetics, restoration of cultural values, and climate change mitigation 

through carbon sequestration [19,81,85,89,90]. Further, the use of a single discount rate in 

the model assumes that the current agricultural policies and market would prevail un-

changed throughout the modelled period. However, agricultural production can change 

with advancement in technology, consumer preferences, and local and international mar-

ket fluctuations which affect enterprises cashflows and therefore discount rates on capital 

[91,92]. In New Zealand, the sheep population has been in decline due to the emergence 

of other agricultural enterprises, while the meat and wool market trends have fluctuated 

over time due to reliance on export market and changes in policies locally and interna-

tionally [91–93]. Although the two planting rates had lower NPV, the non-monetary value 

of native shrubs may outweigh those for the 0% native shrubs and requires further explo-

ration. 

0

10,000

20,000

30,000

40,000

50,000

60,000

70,000

80,000

1 6 11 16 21 26 31 36 41 46

C
as

h
 O

p
er

at
in

g
 S

u
rp

lu
s

(N
Z

D
)

Time (Years)

20% Annual native shrubs planting rate

10% Annual native shrubs planting rate

Figure 7. Annual sheep enterprise cash operating surplus (COS) discounted at 7% per year over 50 years for native shrubs
planted on 10% of the modelled farm at 0%, 10%, and 20% planting rates per year.

3.3.4. Sheep Enterprise Net Present Value (NPV) and Internal Rate of Return (IRR)

The NPV decreased with an increase in the COS discount rate (Table 5), an expected
outcome owing to their inverse relationship [79,82]. NPV was highest for the 0% native
shrub compared to the planting rates but remained positive even at the very high discount-
ing rate in all the modelled scenarios. Although a positive NPV signifies profitability in
an investment in the long run [79], the lower NPVs for the planting rates indicated that
investing in the native shrubs on 10% of the farm at the modelled carbon market (NZD
32/NZU) would result in reduction in the sheep enterprise income. This can be explained
by the observed drop in sheep flock cash inflow (Section 3.3.1) due to reduction in flock size
and the high cash outflow due to native shrub establishment costs (Section 3.3.2) observed
for the two planting rates.

However, only cashflows relating to carbon trade were considered in the model,
despite native shrubs having other monetary and non-monetary benefits [89]. In addition,
NPV assesses the financial profitability and viability of an investment using forecasted
cashflows and does not consider non-monetary benefits that may arise over time [79].
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Some potential non-monetary benefits from the planting of native shrubs on the farm
can include, appreciating farm market value, reduction in erosion costs, biodiversity
enhancement, landscape aesthetics, restoration of cultural values, and climate change
mitigation through carbon sequestration [19,81,85,89,90]. Further, the use of a single
discount rate in the model assumes that the current agricultural policies and market would
prevail unchanged throughout the modelled period. However, agricultural production can
change with advancement in technology, consumer preferences, and local and international
market fluctuations which affect enterprises cashflows and therefore discount rates on
capital [91,92]. In New Zealand, the sheep population has been in decline due to the
emergence of other agricultural enterprises, while the meat and wool market trends have
fluctuated over time due to reliance on export market and changes in policies locally and
internationally [91–93]. Although the two planting rates had lower NPV, the non-monetary
value of native shrubs may outweigh those for the 0% native shrubs and requires further
exploration.

Table 5. Net present value in New Zealand dollars (NZD) at three discount rates (5%, 7%, and 10%)
for the sheep enterprise with native shrubs planted on up to 10% of the modelled farm on the steep
slopes at 0%, 10%, and 20% planting rates.

Planting Rate (%)
Discount Rate (%)

5 7 10 50 1

0 1,546,937 1,191,563 879,919 241,951
10 1,423,384 1,072,865 764,458 167,786
20 1,342,444 991,635 683,174 100,157

1 This discount rate was used to show NPV did not approach zero even at high values.

The internal rate of return (IRR) is the measure of profitability, which shows the rate at
which an investment pays back to its capital [94], and was similar and approached infinity
for all native shrub planting rates scenarios. This would be expected since there were no
negative cashflows [95] and no external source of capital was borrowed [82] to establish
the native shrubs. Therefore, IRR could not be used to compare the native shrub planting
regimes due to this limitation.

3.3.5. Break Even Analysis for Native Shrub Investment on the Model Farm

The carbon price required to obtain income equivalent to the status quo with 0%
native shrub invested on 10% of the modelled farm increased with increasing discount rate
and native shrubs annual planting rates (Table 6). Overall, the break-even carbon price
was higher than the modelled carbon price (NZD 32/ NZU) for the native shrubs annual
planting rate at all discount rates. This suggests that even with the modelled lowest return
to capital of 5%, investing in native shrubs based on the modelled condition would not
be financially attractive to hill country sheep and beef farms. However, [37] estimates a
return to capital rate of 2.3% for investments in the East Coast region hill country (class
4) sheep and beef farm. Although not included in the study, running the model at a 2.3%
discount rates resulted in break-even carbon market of NZD 44.90 and NZD 51.95 for the
10% and 20% planting rates, respectively. This further implies that the modelled carbon
market price (NZD 32/NZU) was still too low for farms investing in native shrubs on 10%
of their land to financially break-even.

Increasing carbon price to above NZD 25 was suggested as an incentive for afforesta-
tion of the hill and hard hill country using radiata pine [96]. However, radiata pine has
nearly twice the carbon sequestration potential and, therefore, higher carbon income com-
pared to the native shrubs [17]. In addition, radiata pine has additional cash inflow from
logs and lower establishment costs [85,89] and, therefore, would have a lower break-even
carbon price compared to native shrubs based on monetary benefits [97]. High costs in
native shrubs establishment can be averted by allowing natural revegetation. However,
this attracts higher risk of pest and weeds invasion that could affect survival of the juvenile
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native shrubs [19,89] and would take substantially longer to occur. Suggested potential
interventions that could enable hill country farms that are planting native shrubs to break-
even include, setting a premium native vegetation carbon price, upfront native vegetation
establishment financing, and providing grants for establishing native vegetation [89].

Table 6. Break-even carbon price in New Zealand dollars per New Zealand unit (NZD/NZU) of
carbon at three discount rates (5%, 7%, and 10%) for planting native shrubs on 10% of the modelled
farm at 10% and 20% planting rates per year.

Planting Rate (%)
Discount Rate (%)

5 7 10

10 49.90 55.67 67.50
20 61.30 71.41 91.24

4. Conclusions

The study revealed that addition of a native shrub sub-model to the established hill
country sheep and beef enterprise model enabled partitioning of the archetype farm into
the major slope types and their respective herbage productivity. Planting native shrubs
on 10% of the farm on the steep slope caused a disproportionate decrease in overall mean
annual farm feed supply by 6.6% and 7.1% for 20% and 10% planting rates, respectively,
relative to the 0% native shrub. The reduction in feed supply resulted in a 10.9% and
11.6% reduction in sheep flock size, which caused a decrease in sheep-only enterprise
cash operating surplus by 4.1% and 4.8% for the 10% and 20% planting rates, respectively,
compared to 0% native shrubs. There were no greater differences in carbon income among
the planting rates, but the native shrubs expenses were higher by 20% for 20% compared
to the 10% planting rate. Overall, native shrub expenses were higher than carbon income
and caused a further 4.0% and 7.9% reduction in the total sheep enterprise cash operating
surplus for 10% and 20% planting rates, respectively. The net present value for all scenarios
was positive and was higher for 0% native shrubs and least for 20% planting rate. Break-
even carbon prices were higher than the modelled carbon price, indicating that a higher
carbon price above the break-even price can make planting native shrub attractive to the
hill country sheep and beef cattle farms. The rapidly changing value of the carbon price
can be easily assessed using the model.
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