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a b s t r a c t

Silvopastoral systems aim to enhance economic, cultural and social principles by sustainably combining
forest management with agriculture. In these typically high-nitrogen (N) environments, plant species
selection can profoundly influence N fluxes. For grazed pastures, plants may be exposed to urine patches
that have received the equivalent of up to 1000 kg N ha�1. We aimed to determine the growth and N
fluxes in three potential trees that may be used in silvopastoral systems: L. scoparium, K. robusta and
P. radiata. Plants were grown in a greenhouse lysimeter experiment, with controlled irrigation and
temperature and exposed to N at rates of 200 kg ha�1 equiv. for 15 weeks, followed by the addition of
800 kg ha�1 N equiv, to simulate a urine patch. Urea produced a positive growth response of all plant
species. Treatments containing L. scoparium and K. robusta leached lower amounts of nitrate (NO3

�)
(2 kg ha�1 NO3

�) compared to P. radiata (53 kg ha�1). Measurements of N2O over 20 days after the
application of 800 kg N ha�1 indicated an inhibitory effect of L. scoparium and K. robusta on denitrifi-
cation, hence loss of N via N2O. Both L. scoparium and K. robusta demonstrated that they have potential to
reduce N-losses in silvopastural systems, while producing valuable biomass.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Silvopastoral systems combine forestry and animal production,
with trees grown in combination with forage plants and livestock,
in an attempt to produce economic returns while minimizing
negative impacts on the environment (L�opez-Díaz et al., 2009).
Revenue can be generated from plant products, such as timber
(lumber) essential oils and honey, as well as livestock products.
Silvopastoral systems may contribute towards sustainable agricul-
ture, and can enhance biodiversity, nutrient cycling efficiency, an-
imal welfare and income (Mosquera-Losada et al., 2005). However,
interactions among trees, pasture and animals may pose manage-
ment difficulties (Eichhorn et al., 2006).

Trees may compete with pasture for water, nutrients, and above
all, light. Therefore species selection and fertilization strategies are
e by Klaus Kummerer.
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critical in optimizing silvopastoral systems (L�opez-Díaz et al.,
2009). After successful plant establishment, fertilization is
required to maintain productivity. Urea is the most used N fertilizer
in many regions. Following hydrolysis, the ammonium released
from urea rapidly nitrifies to nitrate, which can in turn leach or be
denitrified and released as nitrogen or nitrous oxide, a potent
greenhouse gas (Robertson and Groffman, 2015). Investigations of
soil mineral N dynamics show NO3-N concentrations in grazed
pastures are 5e10 times higher than NH4-N, indicating these sys-
tems are a high nitrifying environment with a high potential for
NO3

� leaching (Chang et al., 2002; Poudel et al., 2002). In grazed
pastures animal urine adds N to the soil at rates of up to 1000 kg N
ha�1 (Selbie et al., 2015). This N is far in excess of what can be taken
up by pasture and consequently, urine patches are responsible for
up to 70% of NO3

� leaching in grazed pastures (Cuttle and Bourne,
1993). Trees can reduce NO3

� leaching due to their greater effec-
tive root depth compared to pasture, which in turn can potentially
increase fertilization use efficiency in silvopastoral systems
(Mosquera-Losada et al., 2006). Moreover, animals may spend
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longer under trees that provide shade and shelter (Mosquera-
Losada et al., 2005), thereby depositing a disproportionate
amount of urine onto the trees’ root zones.

Nitrification rates may be affected by both trees and herbaceous
species. Plants may enhance or inhibit nitrification, via root exu-
dates (Subbarao et al., 2009) or compounds released into the soil
from abscised leaves (Northup et al., 1995; Paavolainen et al., 1998).
Such biological nitrification inhibition (BNI) occurs due to the in-
hibition of enzymes that are involved in the nitrification process
(Subbarao et al., 2013), or by changing microbial communities in
soil (Amaral et al., 1998). Nitrification inhibiting properties have
been reported for polyphenolic compounds (Castaldi et al., 2009;
Rice and Pancholy, 1973) or monoterpenes (White, 1988), which
are commonly found in pine litter (Northup et al., 1995). P. radiata
stands have been observed to inhibit nitrification in a New Zealand
field site (Cooper, 1986), and leaf extracts decreased nitrification in
soil incubation trials (Suescun et al., 2012). Inhibiting nitrification
subsequently affects denitrification, since less NO3

� is available as
substrate for N2O production. Plant species with BNI properties can
potentially reduce N2O losses associated with nitrification
(Subbarao et al., 2013). Monterey pine (Pinus radiata D. Don) is one
of the world's commercially dominant tree species, and is well
integrated in silvopastoral systems in temperate areas such as
Australia, New Zealand and Chile (L�opez-Díaz et al., 2009). How-
ever, decreases in log prices have reduced the incentive to replant
harvested trees. In New Zealand and elsewhere, there is increasing
interest in incorporating native species into farming systems to
improve the quality of surface waters (Franklin et al., 2015).
M�anuka (Leptospermum scoparium J.R. Forst & G. Forst) and k�anuka
(Kunzea robusta de Lange & Toelken) are in the myrtaceae family
and are common throughout New Zealand and Australia (Bergin
et al., 1995; Stephens et al., 2005). Both, m�anuka and k�anuka are
attracting interest due to their role in the production of essential
oils (Maddocks-Jennings et al., 2005; Song et al., 2013) and honey
(Beitlich et al., 2014; Steinhorn et al., 2011). Compounds associated
with m�anuka and k�anuka have demonstrable antimicrobial prop-
erties (Prosser, 2011; Wyatt et al., 2005). Prosser et al. (2016) found
that m�anuka killed E. coli in soil. We hypothesise that these anti-
microbial compounds associated with these species may affect N
cycling, which is microbially mediated and therefore reduce N
leaching or gaseous N emissions (Castaldi et al., 2009;White,1988).

M�anuka and k�anuka are adapted to low fertility environments,
hence their growth responses to N resulting from fertilization or
animal excreta in agricultural systems are unknown (Franklin et al.,
2015), whereas pine responds positively to N (Neilsen et al., 1992).
Increasing biomass production by fertilization while simulta-
neously minimizing N losses from these systems could enhance the
sustainability of silvopastoral systems, while increasing produc-
tivity and revenue due to the high-grade timber and plant related
products, such as honey and essential oils (Porter and Wilkins,
1999; Stephens et al., 2010).

We aimed to determine whether urea could increase the
biomass production of m�anuka and k�anuka and the potential of
these species to reduce N2O-emissions and NO3

� leaching in silvo-
pastoral systems. We sought to compare these with Pinus radiata,
which is common in silvopastoral systems, responds positively to
N, and has allochemicals that inhibit nitrification.
2. Material and methods

In May 2013, 10 L lysimeters were constructed and installed at
the Lincoln University plant growth facility (43�3804200S
172�2704100E). Each lysimeter was filled with 10 L of soil at an
average soil bulk density of 1.0 g cm�33. The soil was collected from
a marginal slope of the North Island New Zealand near Bideford
(40�4505600S 175�5404200E), which was representative of many low
fertility soils under native vegetation, dominated by m�anuka
(L. scoparium) and k�anuka (K. robusta). Soil analyses showed the soil
was pH 6.1, with a medium carbon (6.5%) and N (0.46%) level, a C/N
ratio of 14.3 and a low level of bicarbonate (Olsen) extractable
phosphorus (11 mg L�1). Cation exchange capacity (CEC) was
determined at 21 me 100 g�1. To measure NO3

� leaching, a leachate-
sampling device was installed in the bottom of each lysimeter,
covered by fleece sheets and a gravel drainage layer to avoid
stagnant moisture.

Two native New Zealand trees, m�anuka and k�anuka, as well as
pine, were grown with or without urea fertilizer, replicated four
times. All species were planted into the lysimeters on the 6th of
August 2013, after they had been filled and settled for eight weeks.
P. radiata seedlings (GF19) were purchased from Southern Woods
Nursery Ltd, Christchurch/New Zealand. L. scoparium (PH lebsco,
6M) and K. robusta (KV kunert, 6M) were purchased from Wai-ora
Nursery Ltd, Christchurch/New Zealand. All seedlings were pur-
chased in rootrainers at a seedling size of between 35 and 50 cm. To
allow N2O measurements, a chamber base for gas sampling (10 cm
in diameter and 10 cm in height) was installed (5 cm deep) into
each lysimeter. After all plants have been established in the ly-
simeters for six weeks, urea was applied onto the lysimeters. The
urea treatments received an equivalent of 200 kg N ha�1 in total,
which is the maximum allowable annual rate that N can be applied
in most NZ jurisdictions (Pyke et al., 2016). The urea application
occurred as four 0.53 g applications per lysimeter, equivalent to
50 kg ha�1 each application on September 16th, October 7th,
October 29th and November 18th of 2013. Control treatments did
not receive any urea.

Prior to final harvest, a urea application of 8.48 g of urea
(800 kg N ha�1 equiv.) was carried out, simulating a ruminant urine
event commonly occurring in farm systems (Oenema et al., 1997;
Selbie et al., 2015). This high N application was followed by N2O
measurements for 20 days. For N2O measurement, a polypropylene
chamber was placed over the permanently installed ring for 40min
and sealed with a worm drive hose clip, resulting in a headspace
volume of 500 mL. Samples were taken immediately after chamber
placement (t0), after 20 (t1) as well as 40 min (t2) with a syringe
and needle inserted at a rubber septum on top of the chamber. The
greenhouse temperature during the time of N2O measurement was
recorded for flux calculations (Fig. S1 - Supplemental material).

Watering during the experimental period was carried out via an
automated irrigation system, which allowed an independent wa-
tering of each plant species by pressure compensated drippers.
Irrigation was controlled and adjusted daily to provide at ca. of
20e30 mm of drainage per week to account for differing rates of
evapotranspiration and near-field capacity conditions.

A final destructive harvest of all lysimeters was performed after
20 days of N2O measurement. The above-ground and below-
ground plant biomass were weighed and oven-dried at 60 �C un-
til a constant weight, carefully separated and reweighed. Soil
attached to the roots �2 mm was considered as rhizosphere soil.
Rhizosphere soil was harvested, subsampled and stored for further
analyses at 4 �C after sieving �5 mm.
2.1. Analyses and measurements

Soil pH was measured from rhizosphere soil samples by adding
25 mL of DI water to 15 g of fresh soil (Blakemore et al., 1987). Total
N in plant and soil material was analysed using oven dried (60 �C)
and ground material using a CNS-2000 Element Analyser (LECO
Australia Pty Ltd, Australia). In order to investigate the influence of



Fig. 1. Irrigation, drainage and evapotranspiration for control (a) and urea (b) treat-
ments [mm], measured over the total experimental period [n ¼ 4 ± se]. Significant
differences between plant species at p � 0.05 are indicated by letters (a, b, c; A, B, C and
a, b, g), considering the same treatment (n ¼ 4 ± se).
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the plant species on N transformation and translocation into the
soil, the rhizosphere soil was used to determine the soil inorganic N
speciation. A KCl extraction was carried out from fresh soil (4 �C)
within 4 days after harvest according to (Blakemore et al., 1987).
After adding 40 mL of a 2M KCl reagent to 4 g of soil, the solution
was shaken on an end-over-end shaker for 1 h, centrifuged at 827 g
for 10 min and subsequently filtered through Whatman 41 filter
paper. Nitrate-N (NO3-N) and ammonium-N (NH4-N) were deter-
mined using a flow injection analyser (FIA FS3000 twin channel
analyser, Alpkem, USA). Leachate samples were kept at�20 �C until
FIA analyses.

Samples for N2O flux calculations were taken for both, control
and urea treatments. Nitrous oxide concentration was determined
using a gas chromatograph (GC) (SRI 8610 gas chromatograph; SRI
Instruments, CA, USA) equipped with a63Ni electron capture de-
tector (ECD) and autosampler (Gilson 222 XL; Gilson Inc., WI, USA).
The GC was calibrated using a series of standard gases interspersed
with reference standards. The N2O flux was calculated from the
concentration obtained via GC analysis (mL L�1), by integrating the
calculated daily N2O fluxes and linearly interpolating between
measurement points for each lysimeter after equation (1) according
to (Hutchinson and Mosier, 1981),

N2O flux ¼ Vc� P � ðc2� c0Þ � C �Mw
GcðTkþ TmÞ � Ac� t2

(1)

where Vc represents the chamber volume of 0.0005 m3, P the at-
mospheric pressure of 101325 Pa, c0 and c2 the N2O concentration
[mL L�1] at time t0 and t2, respectively, C the amount of minutes per
hour (60), M the molecular weight of N2O-N (28.0134 g mol�1), Gc
the gas constant (8.314 J K�1 mol�1), Tk the absolute temperature at
0� (273.15 K), Tc the air temperature during measurement (�C), Ac
the chamber area (0.0057 m2) and t2 the total cover period of
40 min. The total N2O flux (mg N2O-N m�2 h�1) was converted and
illustrated as cumulative daily flux per hectare for illustrations and
comparison with other N parameters.

A soil nitrification assay performed using the rhizosphere con-
trol soil and an (NH4)2SO4 solution (10 g of fresh soil in 100 mL
working solution). The (NH4)2SO4 solution was set up with 1.5 mL
of 0.2MKH2PO4 and 15mL of 50mM (NH4)2SO4

�, whichwas diluted
to 1 L. The pH of the diluted solutionwas adjusted to 7.2 by addition
of H2SO4 and NaOH, respectively. The soil slurry was shaken at
150 rpm and incubated at 28 �C for 4 weeks, with measurements
taken for NO3

� and NH4
þ after filtering on days 0, 1, 3, 7 and 24.

Statistical analyses were based on n ¼ 4 individual replicates
unless stated otherwise. Using SPSS (IBM SPSS statistics 20), data
were tested for normality (Kolmogorov-Smirnov) and if necessary,
log-transformed prior analyses of variance (ANOVA) followed by
Duncan's post-hoc tests to identify homogenous subsets for
a ¼ 0.05. SigmaPlot 11.0 (Systat Software Inc) was used for
illustrations.

3. Results

In both the control and the treatments, the total irrigation for
m�anuka, k�anuka, and pine was 2730, 3140, and 2850 mm respec-
tively (Fig. 1). Leachate was obtained from all species and treat-
ments over the experimental period, although a slightly higher
evapotranspiration in combination with lower drainage was
observed in the k�anuka andm�anuka treatments when compared to
pine.

Soil pH was not significantly different between plant species
within treatments, but was significantly lower after urea applica-
tion in all treatments (Table 1). At final harvest, soil bulk density
and water filled pore space were similar in all plant species in
control treatments. In urea treatments a lower bulk density was
measured in P. radiata compared to L. scoparium, whereas the water
filled pore space was higher in P. radiata compared to L. scoparium.
The water filled pore space and soil moisture content was detected
as significantly lower in urea treatments of both, L. scoparium and
K. robusta compared to their corresponding controls. A higher
moisture content was measured in P. radiata compared to
L. scoparium or K. robusta, irrespective of treatments.

Urea application resulted in significantly increased (p < 0.05)
aboveground plant biomass (Fig. 2a) and higher N uptake (p < 0.05)
into plant leaves, stems and roots compared to control treatments,
irrespective of plant species (Fig. 2b, c, 2d). Pine, m�anuka and
k�anuka had similar leaf N uptake (Fig. 2b). Lower N content was
detected in pine stems (Fig. 2c) compared to both myrtaceae spe-
cies, whereas higher N content was detected in roots (Fig. 2d).

Cumulative NO3
�-N leached during the 20-day period was

<0.5 kg ha�1 in plant species controls (Fig. 3a). In both myrtaceae
species, ca. 2 kg ha�1 NO3

�-N were recovered from urea treatments,
whereas pine leached 53 kg ha�1 (Fig. 3a). At the end of the
experiment, a similar N content (5650e5810 kg ha�1) was
measured in the control treatments of all plant species. Urea
application increased total N in soil in all plant treatments
(6085e6267 kg ha�1). Available N was below the detection limit in
control treatments of all plant species (0.1 mg L�1, equivalent to
5 mg kg�1 soil). In urea treatments, NO3

�-N was the dominant form
of inorganic N in all plant species, although not statistically sig-
nificant for k�anuka (Fig. 3b). Lower amounts of NO3

�-N were
detected in urea treatments with k�anuka, compared tom�anuka and
pine. Higher levels of NH4

þ-N were found in both, k�anuka and



Table 1
Soil pH, soil bulk density, gravimetric water content and water filled pore space at final harvest [n ¼ 4 ± se]. Significant differences between plant species at p � 0.05 are
indicated by letters (a, b, c), considering the same treatment. Differences between treatments within the same plant species are indicated with asterisks (*).

control urea

soil pH L.scoparium 6.28 ± 0.03; 0.03a, * 5.45 ± 0.06; 0.05a, *

K. robusta 6.33 ± 0.02; 0.02a, * 5.57 ± 0.03; 0.02a, *

P. radiata 6.12 ± 0.15; 0.11a, * 5.38 ± 0.10; 0.08a, *

soil bulk density [g cm�3] L.scoparium 0.74 ± 0.04a 0.80 ± 0.01b

K. robusta 0.81 ± 0.04a 0.73 ± 0.02ab

P. radiata 0.75 ± 0.03a 0.65 ± 0.05a

gravimetric water content [g g�1] L.scoparium 33.75 ± 1.18a, * 16.75 ± 2.10a, *

K. robusta 32.50 ± 1.32a, * 23.00 ± 2.04b, *

P. radiata 39.00 ± 0.00b 41.25 ± 1.11c

water filled pore space [cm3 cm�3] L.scoparium 0.34 ± 0.02a, * 0.19 ± 0.02a, *

K. robusta 0.38 ± 0.03a, * 0.23 ± 0.03a, *

P. radiata 0.32 ± 0.11a 0.36 ± 0.04b

Fig. 2. Plant biomass [tons ha�1] at end of the experiment (a), total N uptake into plant leaves (b), stems (c) and roots (d) in urea compared to control treatments [kg ha�1 DW].
Significant differences between treatments at p � 0.05 are indicated by asterisks (*), whereas letters (a, b, c and A, B, C) show differences between plant species (n ¼ 4 ± se),
considering the same treatment.
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m�anuka compared to pine trees (Fig. 3b).
Results from the nitrification assay showed significantly higher

concentrations of NH4
þ-N in k�anuka after only one day of assay

incubation, and all subsequent incubation measurements (Fig. 4).
After an incubation period of 7 days and 14 days, respectively,
higher amounts of NH4

þ-N were detected in K. robusta compared to
L. scoparium, whereas samples from P. radiata being lowest
(p < 0.05).

A control N2O-N flux of <10 mg m�2 h�1 was measured in
combinationwith all plant species, resulting in a cumulative N2O-N
loss <0.02 kg ha�1 (Fig. S2 e supplemental material). Urea
application increased N2O emissions. A moderate increase was
measured for all plant species until day 5, where N2O emissions
increased up to 110 mgm�2 h�1, 131 mgm�2 h�1 and 174 mg m�2 h�1,
in m�anuka, k�anuka and pine, respectively (Fig. 5a). In pine treat-
ments, continuously high N2O fluxes were measured until day 17
(468 mg m�2 h�1), followed by decreasing fluxes at the end of the
measuring period. In k�anuka, N2O flux was mainly in a range be-
tween 120 and 170 mg m�2 h�1, until day 18, and dropped back to
22 mg m�2 h�1 at day 20. The N2O flux measured in urea treatments
in combination with m�anuka was lowest of all plant species, with a
first peak at day 5 (110 mg m�2 h�1) and a second peak at day 14 of



Fig. 3. Total N in soil at the end of the experiment [kg ha�1] in control and urea treatments (a), with NH4-N and NO3
� N in soil from urea treatments (b). Significant differences

between plant species at p � 0.05 are indicated by letters (a, b, c and A, B, C), considering the same treatment (n ¼ 4 ± se). Asterisks (*) show differences between treatments.

Fig. 4. Decrease of NH4-N [%] in a soil nitrification assay with control soil over a 14-day incubation period (n ¼ 4 ± se). Initial NH4-N concentrations were measured with 567.4
(±15.2), 420.1 (±17.6) and 325.1 (±34.8) mg kg�1 for K. robusta, L. scoparium and P. radiata, respectively.
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the measuring period (120 mg m�2 h�1). The cumulative N loss via
N2O over the 20-day period after urea application was
0.82 ± 0.23 kg ha�1, 0.47 ± 0.18 kg ha�1 and 0.29 ± 0.05 kg ha�1, in
pine, k�anuka and m�anuka, respectively (Fig. 5b).
4. Discussion

The trees in the control soils all grew without any visible defi-
ciency symptoms. This demonstrates that they are adapted to low
fertility soil and marginal land, and hence have potential use in
silvopastoral systems, shelterbelts or marginal farm areas (Hawke
and Tombleson, 1993). M�anuka and k�anuka in such systems show
potential as nurse crops for underlying vegetation (Herbert et al.,
1997). Urea fertilization increased the aboveground biomass of all
tree species, especially k�anuka and m�anuka. This was accompanied
by an increased evapotranspiration and lower drainage, when
compared to pine by similar irrigation pattern
(2730 mme3140 mm). The better response of m�anuka and k�anuka
to urea fertilization compared to pine may indicate that these
species could potentially remove more excess N from soil and
hence reduce N leaching (Mohan Kumar et al., 1998).

After application of 800 kg ha�1 of urea, similar N was measured
in plant leaves, irrespective of plant species. An increased foliar N
content was shown to be beneficial for essential oil production in
Zingiber officinale (Singh et al., 2016). With increased N fertilization,
Tsamaidi et al. (2012) reported an increase in the essential oil yield
of dill, containing a-pinene and myrcene, which are key compo-
nents in m�anuka, k�anuka and pine essential oils (McDonald et al.,



Fig. 5. Urea N2O flux [mg m�2 h�1] and cumulative N2O loss [kg ha�1] during the 20-day period following urea application (n ¼ 4 ± se). Significant differences p � 0.05 are indicated
by different letters (a, b).
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1999; Porter et al., 1998; Porter and Wilkins, 1999). These tree
species included in silvopastoral systems could generate revenue
via increased amounts and/or quality of essential oils, obtained
through N fertilization or via interruption of stock urine patches.
Further studies are needed to determine whether the urea changes
the quality of any plant products. In N fertilized treatments both
m�anuka and k�anuka allocated 100 kg N ha�1 in the stem biomass,
compared to only 35 kg ha�1 in pine, whereas N allocation
belowground was similar for all tree species (90e100 kg ha�1).
These results indicate a better response of m�anuka and k�anuka to
urea fertilization regarding harvestable aboveground (timber)
products.

At the end of the experiment, a significantly higher total N
content was measured in soil after urea application, irrespective of
plant species. Similar pH was measured in urea treatments irre-
spective of plant species; therefore the effect of pH on N loss via
NH3 was negligible. At final harvest, pine treatments showed
significantly higher moisture contents compared to k�anuka and
m�anuka, with similar results seen in water filled pore space cal-
culations (Table 1). Analyses of available N showed NO3

� as the
predominant form, especially in pine and m�anuka treatments,
which suggests a high nitrification potential of the soil used in our
experiment. The preference of one form of available N over the
other can be quite pronounced for a plant species(Britto and
Kronzucker, 2013). Britto and Kronzucker (2013) reported that
pine seedlings had greater growth and N uptake with NH4

þ, than
NO3

�, regardless of pH, temperature or type of growth medium. If
pine is less efficient at taking up NO3

�, this could explain the higher
amount of NO3

� in pine treatments in our experiment, compared to
only 75 kg ha�1 of NH4

þ. A rapid conversion of the applied NH4-N
into NO3-N hence reduced the preferred N source, and resulted into
only low growth response of pine to urea fertilization. Taking into
account the low growth response with higher drainage rates in
radiata pine, this suggests a potentially higher N loss from pine
treatments via leaching, which is confirmed by 53 kg ha�1 NO3-N
recovered in pine drainage compared to only 2 kg ha�1 in m�anuka
and k�anuka (Fig. S2 e supplemental material).

K�anuka treatments showed high growth response after urea
fertilization with significantly lower NO3-N compared to m�anuka
and pine, and no significant differences between the two forms
NH4-N and NO3-N. This could indicate a non-preferential use of
available N sources for plant growth. However, higher amounts of
NH4-N in the nitrification assay may also suggest the preference of
NH4-N while at the same time inhibiting nitrification. Since nitri-
fication is a biologically controlled process involving enzymes,
mainly ammonia monooxygenase and hydroxylamine oxidore-
ductase (Robertson and Groffman, 2015), plant species with
enzyme inhibiting potential can hence inhibit nitrification
(Subbarao et al., 2009). In this context, both, m�anuka and k�anuka
may inhibit nitrification (Kellam et al., 1992), since results from the
nitrification assay showed a slower rate of ammonium reduction in
the m�anuka and k�anuka treatments compared to pine, resulting in
significantly higher NH4-N after 7 and 14 days of assay incubation,
respectively. These effects are likely to increase competitiveness of
k�anuka andm�anuka over other plant species, and therefore explain
and further underline their important role as secondary succes-
sional plant species (Franklin et al., 2015; Ross et al., 2009).

High rates of nitrification lead to high emissions of N2O, espe-
cially after rainfall or irrigation (Butterbach-Bahl et al., 2013). This is
in accordance with results from our experiments, where a higher
N2O flux and higher cumulative N2O emission was detected after
urea application in combination with pine, compared to m�anuka
and k�anuka. A first peak in N2O emissions between four and six
days indicates N2O production during the nitrification process, the
conversion fromNH4

þ to NO3
� via NO2

�, where NO2
� is reduced to N2O

(Robertson and Groffman, 2015). Although no differences were
detected between tree species at this point, a higher cumulative
N2O loss in pine treatments compared to k�anuka and m�anuka is in
accordance with results from our nitrification assay, indicating
higher nitrification and N2O production during nitrification in soil
planted with pine trees. A peak of high N2O emissions was
measured 15 days after urea application, most likely because of
enzymatic N2O production during denitrification. In contrast, no
further increase or N2O peak was detected in k�anuka and m�anuka
treatments. This suggests an enzyme inhibiting effect of both,
k�anuka and m�anuka during denitrification. Denitrification is driven
by individual enzymes, whereas nitrate reductase inhibits the
reduction of NO3

� to NO2
�, the first step in the denitrification

pathway (Robertson and Groffman, 2015). In the present study, the
N content was determined in several plant parts, soil, leachate and
gaseous emissions in form of N2O. Rhizosphere soil was analysed in
order to investigate direct effects of different plant species in the
same soil type. However, since nitrate and ammonia concentrations
in soil vary between rhizosphere and bulk soil (Colin-Belgrand
et al., 2003; Zeller et al., 2007), results from this study were not
able to provide a complete N mass balance.
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5. Conclusions

Both m�anuka and k�anuka responded positively to the addition
of urea. Compared to pine, these species had a significant greater
positive response. Reduced N leaching and N2O emissions from
m�anuka and k�anuka compared to pine indicated that these species
may have a similar or better efficacy as pine in reducing nitrification
and hence denitrification. These effects could be beneficial in sil-
vopastoral systems, to minimize the amount of N loss via leaching
or N2O emissions, by simultaneously increasing plant and stem
biomass and potentially increasing and enhancing aboveground
plant products. Future research has to verify the benefits of N
fertilization on the quality of plant products, and the effect of plant
chemicals on microbial communities and enzymes involved in the
N cycle. Field studies including these species in combination with
different forage crops will verify results in situ and promote alter-
natives for sustainable silvopastoral systems.
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