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ARTICLE INFO ABSTRACT

Keywords: Shelterbelts along pasture boundaries are a natural, cost-effective, and sustainable solution to environmental
Shelterbelt challenges such as soil degradation and nutrient losses in New Zealand’s pastoral systems. However, there’s
Pinus limited information on how shelterbelts affect nutrient dynamics in neighbouring pasture soils.

VMViaﬁ:‘);arp 2 Three field study sites, two dairy farms and one beef and sheep farm, consisting of the same soil type, were

selected. Shelterbelts on the sites were composed of Pinus or Macrocarpa, or a mix of Macrocarpa and Willow.
Soil samples were collected from each site, both with and without shelterbelts, at three transects for six distances
(1 m, 5m, 10 m, 20 m, 40 m, 80 m) and two soil depths (0-7.5 cm and 7.5-15 cm) in late spring 2023.
Shelterbelts on all four farms significantly affected soil nutrient distribution in the adjacent area. Soils within
10 m of shelterbelts had higher total and Olsen phosphorus levels by up to 65 % and 80 %, respectively; the total
and nitrate nitrogen levels increased by up to 64 % relative to control (no shelterbelt) soils. Shelterbelts increased
soil organic carbon by up to 75 %. The macrocarpa and willow combined shelterbelt deposited around 17 Mg
more C in the area tested compared to the control. These findings indicate that the shelterbelt with grazed
pastures enhances phosphorus and nitrogen availability within the immediate vicinity. The inclusion of diverse
species can contribute to the accumulation of topsoil carbon. Future research should focus on comparing more
diverse tree species and improved grazing practices within shelterbelts to enhance the sustainability of the

Soil nutrients

grazing farming system.

1. Introduction

New Zealand (NZ) is renowned for its rich pasture-based agriculture
systems, primarily serving as the backbone of its economy (Caradus
et al., 2023). About two-thirds of the land area in NZ has undergone a
land use change, mainly from natural forests to pasture (Hewitt et al.,
2021). The total land use for pasture production occupies 97,500 km?,
accounting for 39 % of the total land availability in NZ (Rys et al., 2021),
and is predominantly based on perennial ryegrass and white clover mix
(Cardozo et al., 2018). Rapid expansion in pastoral agriculture in the
dairy industry produces a 15-18 % increase in export income yearly and
raises the number of dairy cows by 50 %, from about 2.40 million to 4.78
million from 1990 to 2013, and since that time, dairy cattle number have
been slightly fallen by 12 % (Dairy NZ, 2023).

While agricultural intensification has brought financial benefits and
prosperity to NZ, it has also given rise to several environmental chal-
lenges, including soil degradation, nutrient leaching, runoff, and
gaseous losses (Gray et al., 2021; Hoogendoorn et al., 2011; Houlbrooke
et al.,, 2011; Soliman and Walsh, 2005). Addressing these challenges
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while also balancing increased agricultural productivity to meet export
demands, reducing greenhouse gas emissions, and implementing regu-
lations to improve freshwater quality (Adam et al., 2017; Cochrane
et al., 2022; Rae et al., 2008) requires innovative approaches to sus-
tainable farming practices and environmental management. Therefore,
the agriculture sector in NZ has been implementing various manage-
ment strategies such as stand-off pads (Fenton, 2012), soil chemical
amendments (Di and Cameron, 2002), reduced chemical fertiliser use
(Beukes et al., 2024), and inclusion of diverse pastures (Vogeler et al.,
2017). However, adaptation of existing mitigation options is intensive
and involves capital investment by farmers for implementation (Beukes
et al.,, 2011). Hence, researchers are constantly seeking mitigation
strategies that are cost-effective and easy to adapt and implement on a
mass scale.

Planting trees on farms is one such option to control environmental
losses using natural resources. There are various ways to include trees on
farms, planted as shelterbelts, alleys, scattered or riparian buffers
(Fernandez and Daigneault, 2017; McAdam et al., 2006). Shelterbelts, in
particular, are rows of trees or shrubs planted along the boundaries of
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agricultural fields or pastures to serve as a barrier against severe winds,
and heavy rain for the soil, grazing animals, and pastures (Brandle et al.,
2004; Gregory, 1995; Hawke et al., 1999; Mize and Brandle, 2008;
Rutigliano et al., 2023). The microclimatic environment created by
shelterbelts alters the temperature and humidity of neighbouring land,
increasing soil moisture and activating the soil nutrient cycle and mi-
crobial activity (Kort, 1988a; Scholten, 1988).

Shelterbelts offer numerous environmental benefits, including car-
bon (C) sequestering in their woody biomass and soil, enhancing
nutrient availability, and fostering soil microbial diversity (Chen et al.,
2021). Additionally, shelterbelts have the potential to influence these
soil properties through various mechanisms, including modification of
microclimate conditions and interception of nutrients from surface
runoff and groundwater. These effects can improve soil structure, water
retention, and nutrient cycling, ultimately benefiting agricultural pro-
ductivity and environmental quality (Jeyakumar et al., 2014; Woje-
woda, 2003).

Shelterbelts are mainly used in NZ to provide shelter to livestock
from severe weather and protect soil from erosion by wind and water.
Despite their potential benefits, there is limited information on the
specific effects of shelterbelts on soil nutrient dynamics in NZ pastoral
systems. This knowledge gap hinders information transfer to farmers
and the development of evidence-based recommendations to integrate
shelterbelts into farm management practices. The objective of this pre-
sent study is to investigate whether there is any significant difference in
key soil nutrient distribution in shelterbelts compared to pastures
without shelterbelts (control).

A field study was conducted in the Manawatu region in the North
Island of NZ to investigate the influence of coniferous shelterbelts on soil
nutrient status in grazed pasture systems. The study was based on the
hypothesis that the nutrient availability would be higher in the soil
closer to shelterbelts than in the neighbouring pasture soils. The present
study builds and contributes to the growing knowledge of sustainable
farming practices in temperate regions by examining the influence of
shelterbelts on soil nutrient dynamics. Further, it aims to provide
valuable insights for farmers, policymakers, and researchers striving to
enhance the resilience and sustainability of pastoral systems in New
Zealand.

A

-,

o i< A

Glen Oruoa Dairy \

Farm - Macrocarpa -
Shelterbelt

Massey Dairy Farm 04 - Pinus radiata
shelterbelt

Journal of Environmental Management 393 (2025) 126938
2. Study site and research methods
2.1. Sampling sites, soil sampling, experimental design, and soil analysis

Three research sites (Glen Oroua dairy farm, Massey dairy farm-4,
and Massey Tuapaka beef and sheep farm) were selected in the Pal-
merston North, Manawatu region in NZ (Fig. 1). All these selected farms
are commercially operated for milk and meat production. White clover
and perennial ryegrass are the major pasture plant species renewed
every 5-10 years (Table 1). Four shelterbelts were included in the pre-
sent study, each occupying approximately 1-2 % of the total paddock
grazing area. A single shelterbelt was selected from each of the Massey
dairy farm-4 and Glen Oroua dairy farm, each featuring a distinct tree
species. In contrast, two shelterbelts, each comprising a different tree
species, were selected from Massey University’s Tuapaka beef and sheep
farm (Table 1). Both Massey dairy farm-4 and Glen Oroua dairy farm
shelterbelts were more similar, with trees over 20 years old and heights
of approximately 14 m. The Massey dairy Farm-4 shelterbelt consists of
23 Pinus radiata trees (DF-P), while the Glen Oroua dairy farm shel-
terbelt has 24 Macrocarpa trees (DF-M). The beef and sheep farm at
Massey Tuapaka shelterbelt featured more mature trees at 26 years of
age, including one shelterbelt with 24 Macrocarpa and Willow (BS-MW)
and another shelterbelt with 24 trees of Pinus radiata (BS-P), all of which
were approximately 18 m tall.

The three study sites had different fertiliser and grazing manage-
ment. Two dairy farms applied nitrogen (100-150 kg/ha/yr), phos-
phorus (30-125 kg/ha/yr), potassium (30-50 kg/ha/yr), and sulphur
(20-37 kg/ha/yr) at a stocking rate of 2.6-3.0 cows/ha with a 21-45
day rotational grazing system. Tuapaka Beef and Sheep farm applied the
least fertiliser, with nitrogen (50-80 kg/ha/yr), phosphorus (50-125
kg/ha/yr), potassium (76 kg/ha/yr), and sulphur (75 kg/ha/yr). They
managed 4.5-5.0 ewes and 2.3-2.6 cows/ha with a hill-country adap-
tive rotation system, with longer grazing intervals of 24-32 days in
summer and 40-50 days in winter. (Table S1).

2.2. Collection of soil samples

Soil samples were collected from each paddock, both with and
without shelterbelts (control paddock), along three transect lines from

Massey Tuapaka Beef & Sheep
Farm - Pinus radiata shelterbelt

Tuapaka Farm

IR Y RN BT L

Massey Tuapaka Beef & Sheep Farm -
Macrocarpa & Willow shelterbelt

Fig. 1. Location of the study and the three sampling sites used in this study.
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Table 1

Details of the sampling sites and shelterbelts.
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Site Glen Oroua farm Massey dairy farm - Four Massey Tuapaka farm
Species Macrocarpa Pinus radiata Macrocarpa & Willow Pinus radiata
Location —40.3221562, 175.4008839 —40.3973688, —40.3421806,

175.6202590 175.7257678
Avg. Rainfall (mm) 720 980 1100
Avg. Temperature (°C) 10 to 22 7 to 18 7.5t017.5
Age (Years) >20 >20 26 26
Height (m) 13.9 13.5 18.2 18.2
No. of live trees 24 23 24 24
Land Use Dairy Dairy Beef and Sheep
Farm Code DF-M DF-P BS-MW BS-P

the fence at 1 m, 5 m, 10 m, 20 m, 40 m, and 80 m (Fig. 2). These dis-
tances were determined as five times the average tree height (5H) (Sun
et al., 2022; Zheng et al., 2016). Sampling was conducted at two soil
depths: 0-7.5 cm (surface soil) and 7.5-15 c¢cm (sub-surface soil) at the
end of November 2023, representing the spring.

For each transect, ten soil cores (25 mm diameter and 150 mm long)
within a 1-m radius were taken at each distance and split into 0-7.5 cm
and 7.5-15 cm soil depths, respectively. Each replicate soil sample was
then homogenised to make a composite soil sample, which was stored
for the subsequent analysis. Samples were then sieved to 2 mm, and a
portion of the sieved soil samples was stored at 4 °C for wet soil phys-
icochemical analyses; the remaining samples were air-dried in a venti-
lated room until they reached a constant dry mass for dry soil
physicochemical analyses.

2.3. Soil physicochemical analysis

Soil samples were analysed for their physicochemical properties
using standard laboratory protocols. Gravimetric soil water content was
determined by measuring the weight loss of farm-fresh soil as it dried
overnight in an oven at 105 °C. Soil pH was analysed in a 1:2.5 ratio of
soil to water mixture using a pH meter (Acumen 910, Fisher Scientific
Ltd, Pittsburgh, PA, USA) (Blakemore et al., 1987). Extractable
aluminium (Al), manganese (Mn), and iron (Fe) were measured using

- " ) Section view of the sample site

Y P -

the acid ammonium oxalate extraction method (Blakemore et al., 1987),
with analysis performed using a Microwave Plasma- Atomic Emission
Spectrophotometer (MP-AES) (4200 MP-AES, Agilent, USA).

For mineral N measurement, soil extracted to 2 M KCl 1: 5 ratio and
calorimetrically analysed for NO3 - N and NHj-N using the indophenol
reaction with sodium salicylate and hypochlorite for NH4-N and NO3-N
by Cd reduction column from a QuikChem 8500 flow injection analyser
(Beets et al., 2013; Blakemore et al., 1987). Olsen P extraction involved
the phosphomolybdate method (Murphy and Riley, 1962). Soil cation
exchange capacity (CEC) was determined using the semi-micro leaching
method (Blakemore et al., 1987), and the extractants were analysed by
MP-AES (4200 MP-AES, Agilent, USA). Total nitrogen (TN) and total
phosphorus (TP) were determined using a 4 ml digest mixture (K2SO4,
selenium powder, and HySO4) and 1 g of air-dried soil (<2 mm) heated
for 4 h and then topped up to 50 ml until a clear solution and measured
on an autoanalyser (Blakemore et al., 1987). The dry combustion
method determined the total carbon (TC) content using a Vario Ele-
mentar C, H, N, and S analyser (Vasylivna et al., 2021).

2.4. Statistical analysis
The data was tested for normality to ensure the appropriateness of

subsequent statistical tests using R Studio R Session 4.3.1 version of
statistical software (R Core Team, 2023). The effects of shelterbelts on

' Sample depth (0-7.5 cm)

Sample depth (7.5-15¢m)

/ 1

Replicate ~ / .
1

1

1

Plan view of the
sample site

80m

Distance from Shelterbelt (m)

Fig. 2. The design of soil sample collection in the shelterbelt paddock.
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soil properties were assessed using a two-way analysis of variance
(ANOVA) test, which examined the influence of shelterbelt presence
(SB), sampling distance (D), and their interaction (SB*D) for two soil
depths (0-7.5 cm and 7.5-15 cm) (Table S2). A post-hoc test was con-
ducted to identify the differences between treatment means of shelter-
belt presence and control for each distance for each farm separately
using Duncan’s multiple range test (DMRT).

Data preprocessing was performed using the R software built-in
packages of dplyr, which provided efficient data transformation and
summarization tools. The ggplot2 package in R was employed for data
visualization to create informative and visually appealing graphs.
Principal Component Analysis (PCA) was conducted for each farm with
and without a shelterbelt to analyse the complex interactions between
soil chemical properties and their response to the presence of shelterbelt
and control using the FactoMineR package, with the factoextra package
facilitating the visualization of PCA results (Dennis da Silva Ferreira
et al., 2023).

3. Results

3.1. Effect of shelterbelt and sampling distance on soil properties in
surface and sub-surface soils in each farm

3.1.1. Dairy farm with macrocarpa shelterbelt (DF-M)

The presence of soil nutrients was consistently higher in the shel-
terbelt samples than in control plots. However, the influence of the
shelterbelt on each soil nutrient varied with the distance of the shel-
terbelt. Generally, concentrations of soil nutrients were higher in soils
collected closer to the shelterbelt (10 m) than in the soils collected away
from the shelterbelt (80 m) or in the control soils. The influence of the
shelterbelt through the distance was more pronounced for Olsen P, NO3 -
N, CEC, and TC. Olsen P, NO3-N and TC at 5 m from the shelterbelt were

: (a)

“ Control = Shelterbelt
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approximately twice as high as 1 m and gradually decreased with
increasing distance up to 80 m (Fig. 3a, b, c¢). CEC was higher at 1 m
distance and gradually decreased by 1.8 times when moving to 80 m
from the shelterbelt (Fig. 3e). In contrast, there was less NH4-N closer to
the shelterbelt, and the amount of NHJ-N increased with increasing
distance from the shelterbelt beyond 10 m (Fig. 3d). However, these
changes were not significant. No significant effect of the shelterbelt or
sampling distance was observed for soil pH, TP, or TN (Table S2).

A similar effect was observed in the subsurface samples. Soil prop-
erties such as Olsen P, NO3 -N, and TN were significantly (p < 0.05)
higher in the shelterbelt than in the control paddock at least up to 5 m
distance. The values were 3 times, 2.8 times, and 1.3 times higher,
respectively, closer to the shelterbelt (5 m) (Fig. S1). The Olsen P and TN
decreased beyond this distance, and the NO3 -N also declined, but did
not exhibit a definite trend. The remaining soil parameters, pH, TC, CEC,
and TP, showed no significant differences in the presence of the shel-
terbelt or distance (Table S2).

To investigate the interaction of soil properties with the shelterbelt,
the PCA plot (Fig. 7, A-1land A-2) of the surface soil and subsurface soil
of DF-M was produced. In surface soil of the shelterbelt showed strong
and significant (p < 0.001) positive correlations along Dim1 for Olsen P
(Pearson R: 0.78, p-value: <0.001), N-NO3 (Pearson R: 0.82, p-value:
<0.001), CEC (Pearson R: 0.82, p-value: <0.001), and the control
paddock was positively associated with TP (Pearson R: 0.68, p-value:
<0.001), Mn (Pearson R: 0.82, p-value: <0.001), and pH (Pearson R:
0.72, p-value: <0.01) which loaded on Dim2. The segregation of groups
was the same in the subsurface soil, but it overlapped slightly compared
to the surface soil. The impact of the shelterbelt on subsurface soil re-
mains more similar to that of surface soil, except for TC, which
decreased with depth.
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Fig. 3. Variation of soil chemical properties in the surface soil in a Dairy farm Macrocarpa shelterbelt.
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3.1.2. Dairy farm with pine shelterbelt (DF-P)

The soil in the shelterbelt paddock had consistently higher avail-
ability of soil nutrients such as Olsen P, NO3-N, and NHZ-N than the
control paddock. Soil Olsen P, TC, TN, and TP were significantly (p <
0.05) higher in the shelterbelt up to 5 m and NO3-N was up to 10 m
compared to the control plot (Fig. 4a, b, c, f). No significant effect of the
shelterbelt or sampling distance was observed for soil NH{-N and pH
(Table S2).

Similar to the surface samples, the shelterbelt’s presence signifi-
cantly (p < 0.05) influenced soil Olsen P, NO3-N, NH}-N, TC, and TN
compared to the control in the subsurface soil. The NO3-N and TN were
decreased by 28 % and 43.7 %, respectively, from the 1 m proximity to
the 80 m distance in the shelterbelt (Fig. S2). However, at a 5 m distance,
NO3-N was the highest by 44.6 % compared to the 1 m distance from the
shelterbelt (Fig. S2). In contrast, NHj-N was lower under the shelterbelt
and increased with distance by 11.2 % (Fig. S2) from 1 m distance to 80
m in the shelterbelt, and observed a 27.8 % increase of NH}-N compared
to the surface soil. The remaining soil parameters, pH and TP, showed no
significant differences in the presence of the shelterbelt or distance
(Table S2).

Based on the PCA (Fig. 7, B-1 and B-2), the shelterbelt demonstrates
increased nutrient retention and availability, particularly for Olsen P
(Pearson R: 0.87, p-value: <0.001), TP (Pearson R: 0.93, p-value:
<0.001), and TN (Pearson R: 0.93, p-value: <0.001), and CEC (Pearson
R: 0.89, p-value: <0.001) along Dim1 in surface soil. Compared to sur-
face soil, subsurface soil Olsen P and CEC in the shelterbelt were
diminished and clustered in the control plot, indicating no influence
from the shelterbelt. Further, the variation in the availability of micro-
nutrients such as Al (Pearson R: 0.79, p-value: <0.001) and Fe (Pearson
R: 0.62, p-value: <0.001) along Dim1 suggests a negative correlation
with shelterbelt and the composition of the parent material may play a

Journal of Environmental Management 393 (2025) 126938
role in determining soil characteristics.

3.1.3. Beef and sheep farm with macrocarpa and willow shelterbelt (BS-
MW)

Similar to the effect of shelterbelt on the dairy farm, on the beef and
sheep farm, we observed higher soil nutrient content in the soils
collected from the paddock with shelterbelt than the paddock with no
shelterbelt. Although soil nutrient availability was higher in the shel-
terbelt paddock, Olsen P, NO3-N, CEC, TC, TN, and TP were more
available within 5 m of the shelterbelt with higher significant (p < 0.05)
concentrations than the control plot. For example, Olsen P and NO3-N
were 2.6 and 3.7 times higher than the control sample at 1 m from the
shelterbelt and decreased steeply up to 10 m (Fig. 5a and b). Total
carbon was observed to be 2.4 times higher at 1 m from the shelterbelt,
decreasing from 71.8 (1 m) to 49.5 (80 m) Mg C ha’l, but throughout
the distance, soil C content remained significantly higher (p < 0.05) in
the shelterbelt plot compared to the control, (Fig. 5¢). The percentage
decrease in the CEC, TP, and TN with increasing distance (1 m-80 m)
from shelterbelts were 34.7 %, 18.2 % and 36.9 %, respectively, except
at 5 m distance for TP and TN, increased by 13.5 % and 5.9 %, respec-
tively 1 m from the shelterbelt (Fig. 5, f). No significant effect of the
shelterbelt or sampling distance was observed for soil pH and NHZ4-N
(Table S2).

Like surface soil, sub-surface soil in the shelterbelt significantly (p <
0.05) influenced TC and TN up to 5 m and TP up to 20 m compared to the
control. The effects of the shelterbelt were most pronounced in soil
collected closer to the shelterbelt and decreased with increasing dis-
tance. However, at a 5 m distance, CEC was measured to be the highest
by 6.3 % compared to the 1 m distance (Fig. S3). In contrast, TN was
lower under the shelterbelt and increased with distance by 40.6 % at 80
m (Fig. $3). The remaining soil parameters, pH and NH4-N, showed no
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Fig. 4. Variation of soil chemical properties in the surface soil in a Dairy farm Pinus radiata shelterbelt.
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significant differences in the presence of the shelterbelt or distance
(Table S2).

The PCA (Fig. 7, C-1 and C-2) of the BS-MW shelterbelt substantially
enhances most soil properties such as Olsen P (Pearson R: 0.70, p-value:
<0.001), NO3-N (Pearson R: 0.78, p-value: <0.001), TN (Pearson R:
0.82, p-value: <0.001), TC (Pearson R: 0.87, p-value: <0.001), and CEC
(Pearson R: 0.76, p-value: <0.001), irrespective of soil depth along the
Dim1. Additionally, organic matter accumulation at both soil depths was
highly apparent in the shelterbelt.

3.1.4. Beef and sheep farm with pine shelterbelt (BS-P)

Similar to BS-MW, soil chemical properties showed spatial variation
with distance from the shelterbelt for pH, Olsen P, NO3-N, CEC, and TP.
Further, Olsen P, NO3-N, CEC, TC, TN, and TP influenced the avail-
ability of soil chemical properties and were significantly higher (p <
0.05) than the control plot at least up to 5 m. Soil Olsen P (2.6-3.3 times)
and NO3-N (3-3.5 times) were significantly (p < 0.05) higher than the
control within the 1 m-5 m of the shelterbelt, then it dropped at 10 m
and reached the same level as the control (Fig. 6a and b). The spatial
variation of the shelterbelt was more pronounced in soil collected closer
to the shelterbelts and reduced with increasing distance. The percent
decrease in the soil properties with increasing distance from shelterbelts
varied between the measured parameters. The Olsen P, NO3-N, CEC, TC,
TN and TP decreased by 85.1 %, 69 %, 47.8 %, 42.2 %, 60.5 % and 60.2
%, respectively, except at 5 m distance for TC, highest by 18.9 %
compared to the 1 m distance (Fig. 6¢). Further, no significant effect of
the shelterbelt or sampling distance was observed for soil pH and NHZ-N
(Table S2).

Sub-surface soil in the shelterbelt significantly (p < 0.05) influenced
Olsen P, CEC, and TP up to 10 m compared to the control. The effects of
the shelterbelt were most pronounced in soil collected closer to the
shelterbelt and diminished with increasing distance from 1 m to 80 m.
Olsen P, TP, and CEC were decreased by 91.4 %, 60.2 % and 50.2 %,
respectively, from the 1 m proximity to the 80 m distance in the shel-
terbelt (Fig. S4). The remaining soil parameters, pH, NO3-N, NH;-N, TC,
and TN, showed no significant differences in the presence of the shel-
terbelt or distance (Table S2).

According to the PCA (Fig. 7, D-1 and D-2), BS-P shelterbelt, the
surface soil substantially impacted Olsen P (Pearson R: 0.68, p-value:
<0.001), NO3-N (Pearson R: 0.67, p-value: <0.001), TN (Pearson R:
0.69, p-value: <0.001), TC (Pearson R: 0.77, p-value: <0.001), and CEC
(Pearson R: 0.71, p-value: <0.001), with a strong association with the
shelterbelt along the Dim1 and pH (Pearson R: 0.74, p-value: <0.001)
along Dim2. Additionally, the shelterbelt moderately influenced Mn
(Pearson R: 0.52, p-value: <0.001). Similar behaviour was observed for
the soil properties in the subsurface soil compared to the surface soil.

4. Discussion
4.1. Availability of soil nutrients under different shelterbelts

All farms included in the present case study are located under similar
climatic conditions on the same soil type, Tokomaru silt loam, with high
clay content and poor drainage conditions (Pereira et al., 2018). The key
differences among the farms are the two distinct year-round grazing
systems and variation in shelterbelt species. There were remarkable
differences in the distribution of soil nutrients around the shelterbelts
across the farms. These differences were mainly observed in the surface
soil layer (0-7.5 cm depth), whereas in the subsoil layer, the differences
were either statistically non-significant or showed no clear patterns.

4.1.1. Dairy farming system

The spatial distribution of soil nutrients in dairy farms with macro-
carpa shelterbelts (DF-M) reveals hotspots with Olsen P, NO3-N, and TC
exhibiting pronounced availability at 5-10 m distances from shelter-
belts. Notably, surface soils within 1-5 m of shelterbelts displayed
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threefold higher NO3-N concentrations compared to control areas,
indicative of accelerated nitrification, a finding consistent with (Diana
et al., 2022), who observed similar NO3-N enrichment and low NHZ-N
near tree rows. This enhanced nitrification can be attributed to the in-
teractions between soil physicochemical properties and microbial ac-
tivity. Localised nitrogen inputs from livestock excreta and plant litter
decomposition (Torralba et al., 2016; Udawatta et al., 2008) amplify
NO3-N accumulation in surface soil. Despite the potential environ-
mental concerns associated with elevated NO3-N concentrations,
reduced water movement through soil profiles near trees may limit ni-
trate leaching, allowing NO3-N to accumulate in the upper soil layers
(Qiao et al., 2016; Zhang et al., 2025). However, this phenomenon
warrants further investigation to fully understand its implications for
nutrient cycling and environmental sustainability in agroforestry sys-
tems (Pardon et al., 2017).

Olsen P levels were significantly elevated only at the 5-10 m distance
from the shelterbelt compared to the control paddock, mirroring the
spatial pattern observed for TC. Notably, TC concentrations near shel-
terbelts were approximately 40 % higher than those in control areas.
This enrichment in soil organic carbon (SOC) likely enhances the
mineralization of organic P by stimulating soil microbial activity and
increasing the production of humic substances, which in turn facilitate
the solubilization of organic P into plant-available forms. These findings
are consistent with previous research demonstrating that shelterbelt-
associated organic matter inputs, such as leaf litter and root exudates,
can stimulate soil phosphatase activity, thereby accelerating the con-
version of organic P to plant-available Olsen P (Acosta-Martinez et al.,
2010; Lemanowicz, 2018).

In dairy farms with Pinus shelterbelts (DF-P), soil nutrient patterns
were similar to those in the macrocarpa shelterbelts (DF-M) but with
generally lower levels of Olsen P, NO3-N, TC, and CEC (Fig. S5). While
nitrification in DF-P soils appears lower than in DF-M, as evidenced by
10 % higher NHJ-N retention in shelterbelt soil, this may be due to less
NHJ being either oxidized to NO3-N or volatilized as NH3, leaving more
residual ammonium. Unlike DF-M, TC levels under DF-P shelterbelts
were not significantly higher than in control plots. This lower TC may
lead to lower (SOC), thereby limiting soil microbial activity and
reducing the conversion of ammonium to nitrate, resulting in more re-
sidual NHj in the surface soil. These findings suggest that the absence of
higher SOC under Pinus shelterbelts could be a key factor in moderating
nitrogen cycling and nutrient availability in these areas (Parfitt and
Ross, 2011; Subbarao et al., 2013; Zhang et al., 2025)

4.1.2. Beef and sheep farming system

In beef and sheep farms, the mixed Macrocarpa and Willow shel-
terbelt (BS-MW) enhanced soil nutrient levels, showing higher Olsen P,
NO3-N, TP, TN, CEC, up to 5 m, with TC consistently higher up to 80 m
compared to control plots. The BS-MW substantially increased surface
soil carbon, with TC levels 75 % higher than those in the control,
extending up to 80 m. These enrichments are likely due to increased
litter and decaying root inputs, reduced soil erosion, and improved
nutrient cycling facilitated by tree roots and associated soil microor-
ganisms. The composition of diverse tree species and specific farm
management practices may enhance the SOC of these systems. These
results are consistent with previous studies demonstrating that diverse
tree plantings in agricultural landscapes can significantly enhance
ecosystem services, including soil carbon storage (Carolyna et al., 2022;
Zhou et al., 2022; Zhu et al., 2023). Mixed litter inputs from macrocarpa
generate lignin-rich litter that slows mineralization, and willow pro-
duces high-nitrogen foliage that accelerates humification and collec-
tively boosts SOC stocks by 12-18 % compared to mono-species
shelterbelts (Dai et al., 2020; Zhang et al., 2025).

The BS-P enhanced nutrient dynamics in beef and sheep farms,
where high Olsen P, NO3-N, TP, TN, CEC, and TC were compared to the
control plot. In particular, significantly higher levels of TP and TN in BS-
P surface soil were observed out of all four farms under this shelterbelt,
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with 239 % and 226 % increases (Fig. S5), respectively, compared to the
control plot. This pronounced nutrient accumulation may be due to the
interactions between tree-specific organic inputs (e.g., Pinus needle
litter, root exudates) and reduced livestock-induced disturbance in these
zones (Teo et al., 2025).

Overall, the BS-P showed higher Olsen P and NO3-N (76 % and 68 %,
respectively) than BS-MW (30 % and 54 %) under beef and sheep
farming systems. Research on Pinus radiata demonstrates that it has
higher litterfall rates (258-386 g/m?/year) and it returns significant
quantities of nitrogen (1400-2400 mg N/m?/year) and phosphorus
(97-230 mg P/mz/year) to the soil surface annually (Baker, 1983). In
addition, Jeyakumar et al. (2014) demonstrated how mycorrhizal
colonization in the Pinus root rhizosphere enhances its contribution to
soil nutrient dynamics.

Another notable observation was the consistently higher NHj-N
concentrations in beef and sheep farms under pinus shelterbelts
compared to those under dairy farm shelterbelts (Fig. 6d and 4d). This
difference likely reflects less intensive grazing management in beef and
sheep systems, where animals are more widely distributed across pad-
docks, resulting in more dispersed urine deposition. This, in turn, can
lead to higher ammonium concentrations through urease-catalyzed
hydrolysis of urea in animal urine (Jin et al., 2018; Omaliko, 1981;
Sigurdarson et al., 2018).

4.2. Key findings on soil property enhancement across all shelterbelts

Four shelterbelts across all four farms reveal that the most pro-
nounced effects for the spatial distribution of soil nutrients, particularly
for Olsen P, NO3-N, TC, CEC, TN, and TP in the surface soil, which were
consistently observed to be higher closer to shelterbelts from up to 10 m
distance than control paddocks (Fig. S6) confirming our hypotheses
regarding the distance-dependent effects of shelterbelts on soil proper-
ties ((Xin-Qi et al., 2015). The magnitude of these effects differs sub-
stantially between parameters in the shelterbelt. Across all four farms,
TP increased by 46-65 % compared to the control, while Olsen P
increased by 15-80 % (mean equivalent to 80 mg P kg ! soil), exceeding
the New Zealand Soil Bureau reference values (20-30 mg P kg~ soil).
The TN increased by 31-64 % and NO3-N levels in shelterbelt soils were
threefold higher than those in control soils. The reason for these local-
ized higher nutrient availability is likely driven by a cumulative process
of organic matter inputs from tree litter (Hawke and Knowles, 1997;
Zhang et al., 2024), livestock camping and congregation patterns
(Dronen, 1988; Hawke and Dodd, 2003), and improved microclimatic
conditions that enhance soil microbial activity and nutrient cycling (Liu
et al.,, 2022; Nguyen et al., 2023). However, the increased availability of
both P and N, limited to a 10 m distance, has a minimal impact on
sustainable nutrient management. Factors such as stocking rate, grazing
system, rotation intervals, and fertiliser management programmes can
influence the enhancement of these properties in a wider area of the
farming system. Hence, combining different management types with the
shelterbelt composition might determine the overall improvement in the
availability and retention of soil nutrients (Dhillon and Van Rees, 2016;
Mize et al., 2008).

The CEC and TC in the shelterbelt paddocks were 12-26 % and
18-75 % higher than the control, respectively (Fig. S6). In particular, the
SOC in the macrocarpa and willow combined shelterbelt was 75 %
higher, extending up to 80 m, depositing around 17 Mg more C
(assuming a 100 m length shelterbelt covering 0.8 ha) in comparison to
the control. This increase (approximately 0.8 Mg C/ha/yr) was signifi-
cantly higher than the expected changes recommendation highlighted
by Mudge et al. (2025). They observed that the changes should be at
least 0.5 Mg C/ha/yr occurring within this land use. This significant
contribution from multispecies trees in a 26-year lifespan suggests that
future shelterbelt management with more densely diverse species trees
would enhance the sustainability of the grazing farming system.
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5. Conclusions

The present study investigates the fate of soil chemical properties
with a distance from four shelterbelts with varying tree species or
farming systems. The study found the following observations regarding
the potential use of shelterbelt paddocks for maximum productivity and
reduced environmental nutrient loss:

Tree species influence nutrient availability: The significant impacts
on soil chemical properties were within the 1-10 m range in the grazed
pastoral systems. The impact is most notable in the surface soil,
including increased Olsen P, NO3 -N, TN, and TP concentrations near
tree lines. The Dairy Farm with Macrocarpa shelterbelt demonstrated
higher availability of Olsen P and NO3-N near the tree line, indicating
that specific tree species can influence the nutrient retention and
availability patterns.

Enhanced carbon sequestration potential: The mixed-species shel-
terbelt with Macrocarpa and Willow on the Beef and Sheep farm showed
significantly enhanced SOC throughout the entire distance, pinpointing
the remarkable carbon sequestration potential associated with the
diverse tree species in the shelterbelt.

Implication for nutrient management: While shelterbelts can
improve soil quality and nutrient cycling, they also introduce spatial
heterogeneity in the nutrient distribution in pastoral systems. This
highlights the need for refined nutrient management strategies to avoid
local surpluses and deficiencies, ensuring balanced fertiliser manage-
ment use for optimal productivity and minimal environmental losses.

Future research should examine long-term nutrient and carbon dy-
namics across various tree species and soil types, and grazing manage-
ment systems to optimise shelterbelt based interventions in pastoral
landscapes.
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