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Abstract
Nitrogen (N) recovery by maize (Zea mays L.) in 
harvested grain is typically only 30–45% of applied 
fertiliser N, with the remainder susceptible to leaching 
and denitrification. In New Zealand, nitrate-loss 
regulation has increased reliance on nutrient budgeting 
models such as OverseerFM®, which until recently 
assumed a maximum effective maize rooting depth 
of 60 cm, potentially under-representing N uptake by 
deep-rooted crops, e.g., maize.
Using 15N labelled fertiliser, maize uptake, timing and 
partitioning of absorbed N from soil depths of 60, 90, 
and 120 cm were assessed under New Zealand field 
conditions. A two year field experiment was conducted 
on a Waikato allophanic soil, with 15N applied at the V6 
growth stage via subsurface injection beneath individual 
plants. Plant tissues were sampled through to maturity 
to trace depth specific uptake and redistribution.
Recovery of 15N in aboveground biomass mostly 
occurred post-silking, and was 65-69%.
Results show that maize can access soil N from ≥120 
cm depth, supporting improved representation of deep 
rooting and late-season N uptake in nutrient budgeting 
models.

Keywords: nitrate leaching, nutrient budgeting, post-
silking uptake, remobilisation, root-zone dynamics

Introduction
Nitrogen (N) is critical for maize (Zea mays L.) growth, 
yet recovery from soil and fertiliser sources is often 
inefficient. Across a wide range of cropping systems, 
only a fraction of applied N is recovered in harvested 
grain, with reported recoveries of approximately 30–
45% for cereals (Raun and Johnson 1999; Zhang et al. 
2015). 
The remaining N persists in soil or residues and is 
susceptible to leaching and denitrification, affecting 
water and air quality. While improved crop management 
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and higher yield potential can increase fertiliser N 
recovery to as much as 80%, recovery generally declines 
as N application rates increase (Udvardi et al. 2021). 
Genetic improvement in maize has also contributed 
to greater N use efficiency over time (Ciampitti and 
Vyn 2012; Mu et al. 2015), but substantial uncertainty 
remains regarding the fate of N in soil–plant systems.

In New Zealand, concern over declining groundwater 
and surface water quality has intensified scrutiny 
of agricultural N losses. Regulatory frameworks 
increasingly require farmers to quantify or limit N 
leaching losses, particularly under intensive cropping 
systems. Direct measurement of N leaching is resource-
intensive and impractical at scale.

Consequently, modelling approaches are widely 
used to estimate N losses by balancing N inputs against 
crop N removal. OverseerFM®, the primary nutrient 
budgeting model used in New Zealand, is widely 
applied in pastoral systems and increasingly used for 
arable cropping (Wheeler 2016; MPI 2021). However, 
until recently, OverseerFM® assumed a maximum 
effective crop rooting depth of 60 cm, raising concerns 
about its suitability for deep-rooted crops such as maize.

Numerous studies have demonstrated that maize 
roots can extend well beyond 120 cm in deep, friable 
soils, with maximum rooting depth typically achieved 
shortly after silking (Dwyer et al. 1988). Roots can 
exceed 300 cm, although density declines sharply with 
depth and very deep roots may contribute little to total 
uptake. 

It is therefore important to distinguish maximum 
rooting depth from effective rooting depth, where 
substantial water and nutrient uptake occur. Field 
studies have reported effective rooting depths for maize 
of approximately 90–120 cm, with 20–35% of total 
water extraction occurring below 60 cm, depending on 
soil type and climate (Irmak and Rudnick 2014). These 
findings suggest that maize has the potential to access 
nutrients leached below shallow soil layers, particularly 
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during later stages of crop development.
Maize capture of nitrate (NO3

-) from deeper 
layers is especially relevant where rainfall exceeds 
evapotranspiration and moves mineral N downward. 
Experimental studies have shown that NO3

- displaced 
to deeper soil layers remains accessible to roots and 
can be taken up later in the growing season (Dathe et 
al. 2016). Field evidence from New Zealand further 
indicates that deep-rooted crops such as maize can 
recover N leached below 60 cm before it moves 
beyond the root zone (Tsimba et al. 2021). However, 
quantifying the depth-specific uptake of N under field 
conditions remains challenging due to the spatial and 
temporal heterogeneity of soil N supply.

Stable isotope 15N provides a powerful tool to 
trace the uptake and redistribution of N from specific 
soil depths and application timings. Previous 15N 
studies have demonstrated strong remobilisation of 
vegetatively absorbed N to the grain during grain 
filling, with 60–85% of plant N present at flowering 
ultimately translocated to kernels (Ta and Weiland 
1992; Gallais et al. 2007; Ning et al. 2017). While many 
studies have examined the timing and partitioning of N 
uptake, fewer field-based investigations have directly 
quantified the effectiveness of maize roots in acquiring 
N from deep soil layers.

This study used 15N-labelled fertiliser to determine 
maize root capacity to extract N from 60, 90, and 120 
cm under New Zealand field conditions. A secondary 
objective was to assess the timing and partitioning of 
absorbed N among maize plant components throughout 
crop development. Improved understanding of deep N 
uptake will support better crop model representation, N 
management, and nitrate-leaching risk assessment.

Materials and Methods
Site description and experimental design
A two year 15N enriched maize study was conducted 
during the 2019–20 and 2020–21 growing seasons on 
an allophanic soil near Te Awamutu. The experimental 
paddock had been under a long term (>15 years) maize 
silage–annual winter ryegrass (Lolium multiflorum 
Lam.) rotation. To avoid potential carryover effects 
from the previous season’s 15N application, the 
experiment was established in a different paddock in 
the 2020–21 season.

Before planting, soil was sampled to determine 
baseline soil fertility and fertiliser requirements. At 
the start of each season, two soil cores per plot were 
collected at depths of 0–60, 60–90, and 90–120 cm 
using a modified soil auger and composited by depth 
within each plot. Soil samples were extracted with 2 
M KCl for NH4

+N and NO3
-N (Adamsen et al. 1985) 

and analysed using a 2-channel flow injection analyser 
(Lachat Instruments, USA).

Crop establishment, treatments, soil sampling and 
crop management
Pioneer® maize hybrid P0640 (CRM 106) was planted 
with a precision planter on 10 October 2019 and 17 
September 2020 at 100,000 plants ha-1, representative 
of local management for this soil type. Treatments 
comprised three 15N placement depths (60, 90, or 
120 cm depth) and an unlabelled control, arranged 
in a randomised complete block design with four 
replicates. Plots comprised 2-m long x three rows (0.76 
m spacing) established at 10 plants m-2. Soil mineral N 
was assessed at planting and post-harvest as described 
above. No insect pests or diseases were observed to 
affect crop performance.
¹5N application and injection procedure
At V6, approximately one week after urea application 
at V5, 15N enriched potassium nitrate (KNO3; 5 atoms 
% 15N) was applied at a rate equivalent to 30 kg N ha-1 

to the three labelled treatments. In control plots, 30 kg 
N ha-1 was applied as unlabelled urea. In labelled plots, 
the 15N solution was injected beneath 12 plants in the 
centre row of each plot, with two plants at each end of 
the row left as borders. 

Injection holes (18-mm diameter) were drilled using 
a standard drill at a 10° angle from vertical, using 
distances from the plant base appropriate to each 
depth measured perpendicular to the row direction. A 
bulk solution of 15N enriched KNO3 was prepared in 
distilled water at a concentration of 9.53 g N L-1. Using 
a modified 8-mm diameter stainless steel injection tube 
(Hodgen et al. 2009), 30 mL of solution was injected 
at the base of each hole beneath each target plant, 
followed by a 30 mL distilled water flush to the same 
depth. Holes were immediately backfilled with soil. The 
injection apparatus was thoroughly rinsed with distilled 
water between plots to minimise cross contamination, 
and rinse water was disposed of offsite.
Plant sampling and processing
Ten consecutive bordered plants in the centre row of 
each plot were permanently marked. Sampling was 
designed to trace 15N uptake and redistribution among 
plant components formed at different growth stages 
(Hodgen et al. 2009).

At V14, the uppermost collared leaf and the two 
leaves above it were identified on each marked plant. 
Four 6-mm discs were collected from the upper third 
of each leaf blade between the midrib and margin, 
giving 12 discs per plant. The procedure was repeated 
at silking, defined as 50% of plants in a plot showing 
silk emergence. To minimise contamination, control 
plots were sampled first, followed by the 120, 90, and 
60 cm treatments, with ethanol cleaning between plots.

Leaf discs were composited by plot and oven-dried 
at 30°C to constant weight. Senescing leaves from 
marked plants were collected periodically, air-dried, 
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and composited by plot. Approximately 2–4 weeks 
after physiological maturity, ears were harvested, oven-
dried at 65°C to constant weight and shelled. Husks 
were combined with previously collected leaves and 
hereafter referred to as “leaf.” Stalks, including leaf 
sheaths, were cut approximately 10 cm above ground, 
sectioned into 10-cm lengths, air-dried, and then oven-
dried.
Sample preparation and isotopic analysis
Dried plant components (leaf, stalk, and grain) were 
ground using a Wiley mill to pass a 2 mm screen, 
followed by further grinding to pass a 100 mesh 
screen using a roller mill (Arnold and Schepers 2004). 
Grinding followed the same order as sampling (control, 
120, 90, then 60 cm treatments), with ethanol cleaning 
between plots.

Samples were analysed for total N and atom % 15N 
by elemental analysis–isotope ratio mass spectrometry 
(Sercon Ltd., UK). Cobs were analysed for N but 
not 15N. Alfalfa flour was used as the working plant 
standard (Bronson et al. 2019). Natural abundance 
15N in unlabelled control plants was assumed to be 
approximately 0.366 atom %, with minor enrichment 
(≈0.37 atom %) considered typical of soil derived N 
(Shearer and Kohl 1986; Fry 2006).

Calculation of ¹5N recovery and statistical analysis
The percentage recovery of applied 15N in plant 
components was calculated according to Hauck and 
Bremner (1976):
where T is the total N content of the plant component 
(kg N ha-¹), a is the atom % 15N in the fertiliser, b is 
the atom % 15N in the corresponding plant component 
from the control treatment, c is the atom % 15N in the 
labelled plant component, and f is the rate of labelled N 
applied (kg N ha-¹).

Data were analysed using linear mixed models in 

Genstat V22 (VSN International 2022), with season and 
treatment as fixed effects and with replicate and plot as 
random effects. Means were compared using Fisher’s 
LSD (P ≤ 0.05). Where season × treatment interactions 
were not significant, data were pooled across seasons.

Results
Weather and mineral soil N
Total rainfall during the 2019–20 growing season 
(October–March) was 54% of the long term Waikato 
mean, whereas rainfall in 2020–21 was similar to 
the long-term average (Table 1). During the critical 
December–February period, rainfall amounted to 30% 
and 60% of the long-term mean in 2019–20 and 2020–
21, respectively.

Initial and final soil mineral N contents (NH4
+N + 

NO3
-N) averaged across all plots and selected ¹5N 

injection depths are presented in Table 2. Initial soil 
mineral N in the top 60 cm was substantially greater 
in 2019–20 than in 2020–21. In addition to background 
soil N, 158 kg N ha-¹ was applied as fertiliser. Despite 
contrasting initial soil mineral N, mineral N in the top 
60 cm declined markedly by harvest in both seasons to 
approximately 20 kg N ha-¹, while soil mineral N below 
60 cm remained largely unchanged. 

Maize leaf nitrogen concentration and ¹5N uptake by 
growth stage
Across both seasons, mean leaf N concentration was 
approximately 2.7% at V14 (Table 3). By silking, 
leaf N concentration declined by 13% in 2019–20 
and 6% in 2020–21 (averaged across depths). Leaf 
N concentration at maturity was approximately 80% 
lower than at silking. The atom % ¹5N in plant tissue 
from non-enriched plots averaged 0.37%, consistent 
with natural soil ¹5N abundance. Enrichment above this 
value reflected uptake of applied ¹5N.

In 2019–20, significantly greater leaf ¹5N enrichment 

Table 1	 Comparison of the long-term (2009-2019) Te Awamutu average monthly rainfall and temperature with that of the 2019-20 
and 2020-21 seasons.

Monthly total rainfall (mm) Monthly mean temperature (ᵒC)

2019-20 2020-21 2009-2019 2019-20 2020-21 2009-2019

October 68 54 104 13.2 13.9 13.0

November 44 156 87 14.3 15.8 14.5

December 59 52 108 17.9 16.5 17.2

January 9 77 87 18.3 18.2 18.5

February 18 42 87 19.9 19.1 19.1

March 74 152 74 17.0 17.4 17.4

April 76 85 98 14.5 14.9 14.8

Season total/mean 348 618 645 16.4 16.5 16.4
Source: Weather data obtained from the National Institute of Water and Atmospheric Research (NIWA) CliFlo database.
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Table 1 Comparison of the long-term (2009-2019) Te Awamutu average monthly rainfall and 
temperature with that of the 2019-20 and 2020-21 seasons. 

 Monthly total rainfall (mm)   Monthly mean temperature (℃℃) 
 2019-20 2020-21 2009-2019  2019-20 2020-21 2009-2019 
October 68 54 104   13.2 13.9 13.0 
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Table 2 	 Initial (pre-planting) and final (post-harvest) soil extractable mineral N (NH4
+-N and NO3

-N) levels (mean ± SE) by soil 
depth on a Waikato ash soil site in Te Awamutu.

Soil depth (cm) 2019-20 2020-21

Initial soil N Final soil N Initial soil N Final soil N

NH4
+-N NO3

--N NH4
+-N NO3

--N NH4
+-N NO3

--N NH4
+-N NO3

--N

 kg N ha-1

0 - 60 7.2 103.8 11.1 10.5 16.4 80.7 10.0 9.5

60 - 90 2.2 11.3 3.7 4.8 2.8 6.1 3.3 4.3

90 - 120 2.4 7.5 4.2 3.8 3.3 2.6 3.8 3.4

SE 1.03 5.57 2.79 2.58 2.01 11.51 1.31 1.04

Table 3 	 Total N % and atom % 15N of maize leaf samples collected at V14, 50% silking and maturity stages, as affected by depth 
of 15N insertion on a Waikato ash soil in Te Awamutu. 

15N injection depth
2019-20 2020-21

V14 Silking Maturity V14 Silking Maturity

 N

0 2.74 2.26 0.41 2.64 2.44 0.47

60 2.74 2.45 0.47 2.67 2.52 0.56

90 2.53 2.23 0.43 2.66 2.52 0.56

120 2.63 2.27 0.43 2.59 2.41 0.46

SE 0.061 0.060 0.015 0.032 0.037 0.016

atom % 15N

0 0.37 0.37 0.37 0.37 0.37 0.37

60 0.70 0.92 0.72 0.58 0.70 0.86

90 0.58 0.76 0.71 0.39 0.40 0.66

120 0.38 0.43 0.54 0.39 0.40 0.54

SE 0.049 0.070 0.044 0.031 0.045 0.055

Table 4 	 Aboveground biomass yield and N removal as affected by depth of 15N insertion on a Waikato ash soil in Te Awamutu.

15N injection depth 2019-20 2020-21

Leaf Stalk Grain Cob* Leaf Stalk Grain Cob*

Biomass yield kg DM ha-1

Leaf Stalk Grain Cob* Leaf Stalk Grain Cob*

0 6,135 5,302 9,545 1,529 6,830 3,699 11,782 2,292

60 6,565 5,422 11,756 1,934 5,171 3,045 9,531 1,528

90 5,870 5,049 9,310 1,524 6,652 4,009 12,394 1,937

120 6,062 5,150 10,123 1,602 5,494 3,051 9,443 1,791

SE 129.4 144.2 399.2 68.2 334.2 202.6 684.9 116.6

  Total N removal kg N ha-1

0 25.0 17.3 88.4 5.9 31.9 13.3 104.7 8.5

60 30.9 14.3 126.7 8.6 28.8 10.7 84.7 5.7

90 25.3 12.1 96.9 6.6 36.1 15.1 122.8 8.0

120 26.3 15.0 101.2 6.6 25.3 10.3 80.4 6.4

SE 1.30 0.90 6.61 0.42 1.70 0.86 7.48 0.51
* Cob without grain
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at V14 and silking occurred with 60 and 90 cm injection 
depths compared with the control. In contrast, in 2020–
21, ¹5N uptake at these growth stages was only detected 
following 60 cm injection. In both seasons, appreciable 
uptake of ¹5N from the 120 cm depth was only evident 
at maturity, indicating that roots reached this depth 
primarily after silking.

Biomass production, nitrogen uptake and ¹5N 
recovery
Depth of ¹5N injection did not significantly affect total 
aboveground maize biomass yield in either season 
(Table 4). Although maize stalk biomass differed 
significantly between seasons, total aboveground N 
removal did not, indicating that injection depth of 30 
kg N ha-¹ as ¹5N had no effect on biomass production 
or plant N uptake. Except for cob biomass and cob 
N removal, no significant season × depth interactions 
were observed; seasonal results for individual plant 
components are therefore presented separately.

Cumulative N removal by aboveground plant 
components averaged approximately 150 kg N ha-

¹. Grain contributed about 50% of total aboveground 
biomass but contained approximately 70% of total 
plant N uptake. Stalk biomass accounted for ~20% of 
aboveground dry matter but only ~10% of total plant 
N, with the remainder contained in leaves. At maturity, 
total leaf N concentration was 16% lower and stalk N 
concentration 14% higher in 2019–20 than in 2020–
21, while grain N concentration was similar between 
seasons.

At maturity, mean recovery of applied ¹5N in 
aboveground biomass was 69% in 2019–20 and 
65% in 2020–21 (Figure 1). Recovery did not differ 

Figure 1 	 Nitrogen-15 recovery percentage of aboveground maize plants at maturity as affected by depth of 15N insertion at V6 on 
a Waikato ash soil in Te Awamutu. Bars show standard errors; means not sharing a letter differ significantly (P ≤ 0.05). 
Control plots received no labelled N.
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significantly among injection depths in 2019–20. In 
2020–21, recovery from 90 cm was significantly greater 
than from 120 cm (P ≤ 0.05), with 60 cm intermediate 
and not differing from either.

Discussion
Influence of weather on soil N availability, yield 
and N distribution
Lower initial soil mineral N in 2020–21 followed 
a very dry autumn, which likely constrained 
mineralisation over autumn and winter (Myers et al. 
1982). Mineralisation generally increases with soil 
moisture until saturation reduces aeration and microbial 
activity (Cassman and Munns 1980; Myers et al. 1982; 
Quemada and Cabrera 1997), consistent with the 
observed seasonal differences.

Despite large seasonal differences in rainfall, total 
aboveground biomass and grain yield were similar 
between years. Total growing season rainfall (54% vs. 
96% of average) did not translate directly into yield 
differences, likely because nutrient supply was not 
limiting and much of the crop N uptake occurred before 
severe late season moisture deficits. Instead, differences 
in rainfall were reflected more strongly in post-silking 
N distribution among plant components.
Depth dependent and temporal patterns of ¹5N 
uptake
Application of ¹5N-labelled KNO3 at V6 allowed root 
access to soil N pools to be traced over time. Detection 
of ¹5N from 60 cm by V14 in both seasons indicates root 
access to this depth within about 30 days of application. 
Uptake from 90 cm at V14 in 2019–20 suggests 
deeper root penetration under drier conditions, while 
the absence of detectable uptake from 120 cm before 
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Table 5 	 Concentration of atom 15N percent and percentage of 15N recovery of maize leaf, stalk and grain at maturity stage  
on a Waikato ash soil in Te Awamutu. 

  2019-20 2020-21
15N injection depth Leaf Stalk Grain Leaf Stalk Grain

Concentration of atom % 15N 

0 0.37 0.37 0.37 0.37 0.37 0.37

60 0.72 0.82 1.07 0.86 0.88 1.21

90 0.71 0.92 1.31 0.66 0.88 1.15

120 0.54 0.96 1.18 0.54 0.87 1.12

SE 0.044 0.068 0.109 0.055 0.067 0.118

% 15N Recovery

0 -0.34 -0.20 -1.16 -0.40 -0.18 -1.32

60 7.03 3.99 61.14 9.54 3.75 51.16

90 5.69 4.73 60.41 7.20 5.38 67.90

120 2.84 6.24 54.44 2.72 3.71 45.04

SE 0.799 0.674 7.059 1.143 0.597 8.598

maturity indicates that effective rooting to this depth 
occurred mainly after silking. These findings align with 
rhizotron observations and published studies showing 
that effective rooting depth lags maximum root depth 
and increases with crop age and hybrid maturity (Dwyer 
et al. 1988). Effective rooting depth in this study likely 
ranged from 60–90 cm at V14 and 90–120 cm by 
silking, reaching ≥120 cm post silking. The appearance 
of ¹5N in aboveground plant components at maturity 
following 120 cm injection supports this interpretation.

Water uptake profiles for maize show a substantial 
extraction below 60 cm later in the season (Irmak and 
Rudnick 2014; Reyes et al. 2015). Because NO3

- mass 
flow to roots closely follows water uptake (Chapman 
et al. 2012), depth dependent N uptake patterns in this 
study were consistent with known water extraction 
dynamics.
Nitrogen partitioning and remobilisation during 
grain filling
At maturity, total leaf N concentration was lower in 
2019–20 than in 2020–21, consistent with enhanced 
remobilisation under drier conditions (Masclaux 
Daubresse et al. 2008). Grain N concentration, however, 
was similar between years, reflecting prioritisation of N 
allocation to reproductive sinks. The higher proportion 
of recovered ¹5N in grain (~85%) compared with total 
N partitioning highlights the strong sink strength of 
developing kernels.

Differences in leaf ¹5N recovery among injection 
depths indicate that leaves act primarily as transient N 
sinks, particularly for N acquired earlier in the season. 
Even under good growing conditions, grain N demand 
cannot be fully met by post-silking uptake, requiring 
remobilisation of N assimilated before silking (Rajcan 

and Tollenaar 1999; Hirel et al. 2007). Limited post 
silking allocation of newly absorbed N to leaves is 
consistent with previous findings (Mueller and Vyn 
2016; Nasielski et al. 2019). Similar ¹5N concentrations 
in stalks and grain across injection depths show maize 
accessed N between 60 and 120 cm and preferentially 
allocated it to structural and reproductive tissues.
Implications for deep rooting, N use efficiency and 
water stress adaptation
Although late season N applications at depth may be 
vulnerable to losses if roots do not reach the fertiliser 
zone in time (Nafziger et al. 2021), deep soil N 
represents a significant resource once maximum 
rooting depth is achieved. Approximately 30–40% 
of maize N uptake typically occurs post-silking, a 
proportion increased in modern hybrids (Mueller and 
Vyn 2016; de Oliveira Silva et al. 2017). The mean ¹5N 
recovery of 65–69% observed here indicates efficient 
recovery of applied tracer N, although it should not be 
interpreted as equivalent to whole-field fertiliser NUE.

A key implication is that ¹5N was detected in 
aboveground tissues following injection at 90 and 
120 cm, even where mineral N remained available in 
the upper soil profile. This provides direct evidence 
that maize can access N below 60 cm without prior 
depletion of mineral N in the upper 0–60 cm soil layer.

Yield maintenance during the drier 2019–20 season 
reflects maize’s capacity to adapt through deeper rooting, 
altered biomass partitioning, and N remobilisation. 
Elevated stalk ¹5N concentrations at maturity suggest 
temporary nitrate storage, indicating that N availability 
did not limit yield despite water stress. These responses 
are consistent with known maize adaptations to drought 
(Yan et al. 2022).
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Conclusions
This study demonstrates that maize grown under New 
Zealand field conditions can access and utilise soil N 
from depths of at least 120 cm. Uptake below 90 cm 
occurred mainly after silking, reflecting progressive root 
development and late-season crop N demand. Recovery 
of applied ¹5N in aboveground biomass averaged 
65–69%, with absorbed N predominantly allocated 
to grain, confirming the importance of late-season 
N uptake. Detection of ¹5N in aboveground tissues 
following injection at 90 and 120 cm provides direct 
evidence that maize can access N below 60 cm, even 
when mineral N remains available in the upper profile. 
However, because the point-source ¹5N method traces 
root access and uptake timing rather than whole-field N 
balance, further field-scale work is needed to quantify 
implications for crop N budgets and nitrate leaching 
risk. These findings support continued refinement of 
nutrient budgeting models to better represent deep 
rooting and late-season N uptake in maize systems.
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