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Multiseason Recoveries of Organic and Inorganic 
Nitrogen-15 in Tropical Cropping Systems

Soil Fertility & Plant Nutrition

There is growing concern about the long-term sustainability and high environmen-
tal costs of agroecosystems in developed and developing countries (Robertson 

and Paul, 1998; Galloway et al., 2008). To achieve the targets of long-term sustainabil-
ity and minimized environmental impact of agroecosystems, whole-ecosystem nutri-
ent use effi  ciency—the amount of plant growth per unit N added to the system—and 
C cycling needs to be better understood and subsequently managed (Cassman et al., 
2003). As Robertson and Paul (1998) pointed out so elegantly, the application of 
modern ecosystem concepts to farming systems forms a frontier in ecosystem science 
that will benefi t both ecosystem theory and agroecosystem management.

World population is expected to increase from its current 6.7 billion to 8 bil-
lion by about 2020. Th e vast majority of the expected increase in population will oc-
cur in the less developed world, particularly in Asia (Pinstrup-Anderson et al., 1999). 
Moreover, increased prosperity causes diets to become more meat based, leading to a 
higher demand for grain production and the need for N fertilizers and better man-
agement (Cassman et al., 2002; Gilland, 2002). Th e worldwide production of fertil-
izer N in 2006 was calculated at 100 Tg (FAO, 2008) and is projected to increase to 
>135 Tg yr−1 by 2030 (Galloway et al., 1994). If fertilizer use effi  ciency (FUE) would 
not further increase, the production of fertilizer N would have to increase by one-third 
to feed the world, without a change in diet. Such an increase has major implications for 
greenhouse gas emissions from a combination of energy to manufacture N fertilizer 
(with associated emissions of CO2) and N2O emissions from the use of N fertilizer.

It is commonly found that only 30 to 50% of fertilizer N is taken up by the 
crop in the fi rst growing season (Tillman et al., 2002; Ladha et al., 2005). Th e 
fertilizer N not taken up by the crop either becomes incorporated into the soil 
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In tropical agroecosystems, limited N availability remains a major impediment to increasing yield. A 15N-recovery 
experiment was conducted in 13 diverse tropical agroecosystems. Th e objectives were to determine the total recovery 
of one single 15N application of inorganic or organic N during three to six growing seasons and to establish whether the 
losses of N are governed by universal principles. Between 7 and 58% (average of 21%) of crop N uptake during the fi rst 
growing season was derived from fertilizer. On average, 79% of crop N was derived from the soil. When 15N-labeled 
residues were applied, in the fi rst growing season 4% of crop N was derived from the residues. Average recoveries of 
15N-labeled fertilizer and residue in crops aft er the fi rst growing season were 33 and 7%, respectively. Corresponding 
recoveries in the soil were 38 and 71%. An additional 6% of the fertilizer and 9.1% of the residue was recovered by crops 
during subsequent growing seasons. Th ere were no signifi cant diff erences in total 15N recovery (average 54%) between 
N from fertilizer and N from residue. Aft er fi ve growing seasons, more residue N (40%) than fertilizer N (18%) was 
recovered in the soil, better sustaining the soil organic matter N content. Long-term total recoveries of 15N-labeled 
fertilizer or residue in the crop and soil were similar. Soil N remained the primary source of N for crops. As higher rainfall 
and temperature tend to cause higher 15N losses, management practices to improve N use effi  ciency and reduce losses in 
wet tropical regions will remain a challenge.

Abbreviations: FUE, fertilizer use effi  ciency; NUE, nitrogen use effi  ciency; SOM, soil organic matter.
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organic matter (SOM) or is lost. Losses occur mainly as leaching, 
denitrifi cation, or volatilization and cause potential environmen-
tal harm, aff ecting ecosystem functioning (Tillman, 1999).

Nitrogen can be applied to crops through inorganic fertil-
izer, through organic N in the form of manure or crop residues, 
or as a combination of both organic and inorganic N (Vanlauwe 
et al., 2001). Arguments can be made that if N is applied as or-
ganic rather than inorganic forms, short-term N losses should be 
lower. When N is applied as residue N, it can remain immobilized, 
which can lead to reduced N losses via leaching and denitrifi ca-
tion (Robertson, 1997; Scow, 1997); however, synchronization 
of the release of residue N and the demand for N by the crop be-
comes an important factor (Becker et al., 1994; Myers et al., 1994). 
Because fertilizer N is much more readily available for crop uptake, 
better synchronization of the N supply with crop demand can be 
achieved, tending to minimize N losses. A good synchronization 
of N released from organic sources and the demand for N by the 
crop is more diffi  cult to achieve. Net mineralization of organic N 
residues and uptake by the crop are processes governed by the C/N 
ratio of the residue and its lignin content (Melillo et al., 1982), 
its polyphenolic content (Palm and Sanchez, 1990), the climate 
( Jenkinson and Ayanaba, 1977), and the soil type (Campbell, 
1978). Complex interactions exist among the numerous factors 
that control the rate of decomposition. Th erefore, optimal syn-
chronization of the release of N from organic residues with crop N 
demand remains a challenge (Groff man et al., 1987).

Soil organic matter has the ability to store nutrients and 
improve soil structure, and has long been used as a key indica-
tor of sustainability of a cropping system (Paustian et al., 1997). 
Results from long-term cropping system studies show that SOM 
and total soil N content can be increased by applying organic N 
(Glendining et al., 1997; Peters et al., 1997; Jenkinson, 2001).

Nitrogen-15-labeled material can be used in short-term 
studies imposed on long-term cropping system experiments to 
follow the fl ow and fate of N (Powlson et al., 1986; Powlson, 
1994). Th e use of a 15N tracer permits the detection and quan-
tifi cation of applied N in various sinks, including the crop, avail-
able soil N, or SOM N pools (Powlson and Barraclough, 1993). 
It also allows determination of the amount of applied N lost from 
the system, a key indicator of cropping system N use effi  ciency.

It is of interest to determine whether, in studies that encompass 
several growing seasons, the recovery of organic and inorganic N is an 
indication of the long-term N retention patterns in various cropping 
systems. If such studies accurately refl ect long-term trends, new man-
agement practices can be evaluated more quickly for their eff ect on 
cropping system N use effi  ciency, expediting adoption if warranted.

We conducted an extensive 15N tracer recovery experiment 
using inorganic and organic N sources for three to six growing sea-
sons in diverse agroecosystems and climatic zones located on three 
continents in nine countries. Th e main objectives of the study 
were to: (i) determine the total recovery of applied inorganic and 
organic 15N in the crop and soil in diverse agroecosystems and 
eco-zones; (ii) establish whether the recovery and losses of organic 
and inorganic N are governed by universal principles and follow 

similar patterns independent of the agroecosystem tested or its 
eco-zone; (iii) determine the residual eff ect of inorganic and or-
ganic N sources on 15N uptake by crops during subsequent grow-
ing seasons; and (iv) determine if residue management practices 
following 15N-labeled fertilizer application aff ect the recovery and 
losses of 15N. To follow the fate of applied fertilizer, 15N-labeled 
fertilizer was applied and followed in the crop and soil for several 
growing seasons, with crop residues either removed or incorpo-
rated. For comparison with fertilizer N, 15N-labeled crop residues 
were generated under fi eld conditions and the recovery of organi-
cally applied 15N followed for several growing seasons.

MATERIALS AND METHODS
A long-term coordinated research project on the management of or-

ganic matter and N cycling, using 15N-isotope techniques, was established 
in 1996 by the International Atomic Energy Agency (IAEA) and the 
Food and Agricultural Organization of the United Nations. Experiments 
were initiated in nine countries at 13 experimental sites, which covered 
a diverse range of climatic regions, soil orders, soil characteristics, and 
cropping systems (Tables 1 and 2). With the exception of Chile, all ex-
periments were conducted under tropical environments. Precipitation 
among the 13 sites ranged from a low of 85 mm (Morocco) to a high of 
2100 mm (Sri Lanka). Mean annual temperatures ranged between 14 and 
30°C. In total, 10 diff erent crops were included in the study (Table 2). 
Soil pH ranged from acid to alkaline and total organic C ranged from 1 
to 30 g kg−1 of soil. Soil texture covered the entire spectrum from sandy 
to clay. Plant-available P was assessed using the standard methods used 
in each country and considered appropriate for the soil type, environ-
ment, and cropping system on the basis of previous local studies. Plant-
available P was judged to be adequate and not likely to be a constraint 
to crop growth or N use. Mineral N across all sites ranged from a low of 
8 mg kg−1 to a high of 113 mg kg−1. All soil analyses with the exception 
of total N and C were performed in the various countries following proto-
cols described elsewhere (Keeney and Nelson, 1982; Knudsen et al., 1982; 
McLean, 1982; Olson and Sommers, 1982; Rhoades, 1982).

At all 13 experimental sites, a similar 15N-labeling fi eld experiment 
was performed, the experimental period being determined by (i) the rate 
of dilution of the applied 15N, and (ii) the number of crops grown per year.

Th e fl ow of 15N in the soil and crop N pools was determined fol-
lowing the application of 15N as a single application of 15N-labeled 
fertilizer or as 15N-labeled residue. At all 13 sites, two concurrent ex-
periments were conducted. In the fi rst experiment, the impact of residue 
removal on the recovery of 15N-labeled fertilizer in the crop and soil was 
assessed. In a second experiment, the recovery of N from 15N-labeled 
residue in the crop and soil was followed. With the one exception of 
replacing common bean (Phaseolus vulgaris L.) and barley (Hordeum 
vulgare L.) with red clover (Trifolium pratense L.) in Chile, the same 
crop rotations were used for both experiments at all sites (Table 2). 
Other crops grown at the various sites were rice (Oryza sativa L.), wheat 
(Triticum aestivum L. ssp. aestivum), sugarcane (Saccharum offi  cina-
rum L.), maize (Zea mays L.), peanut (Arachis hypogaea L.), mungbean 
(Phaseolus aureus Roxb.), and sunfl ower (Helianthus annuus L.).

A key purpose of the experiments was to follow how much of the 15N 
label applied as inorganic or organic N was recovered by the crop. Th erefore, 
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recycling of 15N in the residues was avoided by removing 15N-labeled resi-
due and replacing it with an equal amount of unlabeled residue generated 
at an adjacent site. As recycling of 15N present in the roots and subsequent 
uptake by the following crop could not be avoided, no separation between 
15N derived from the roots or from soil organic matter including mineral 
N can be made. In general, the size of the individual experimental plots 
was 8 by 20 m. At all sites, the experimental treatments were laid out as a 
randomized complete block, replicated four times.

Th e overall experiment consisted of three treatments:

Treatment 1: a single application of 15N-fertilizer in Year 1, 
in which the aboveground crop residue that became labeled 

with 15N during the subsequent growing seasons was replaced 
by unlabeled residue. Unlabeled fertilizer N was applied at 
recommended rates for the following crops and growing seasons.

Treatment 2: a single application of 15N-labeled fertilizer, 
the removal of all aboveground residues throughout the 
experiment, and application of unlabeled fertilizer N at 
recommended rates for the following crops.

Treatment 3: a single application of 15N-labeled residue. Th e 
subsequently produced residues that became labeled with 15N 
were replaced by unlabeled residue. Inorganic fertilizer was 
applied in the season in which the 15N-labeled residues were 
applied and for all subsequent crops at recommended rates.

Table 1. Geographical location and soil and climatic information for the 13 locations used in the 15N-labeled fertilizer and 
15N-labeled residues study.

Country Location Soil order pH
Soil 

organic 
C

Soil 
total N

Mineral
CEC†

Bulk 
density

Sand Silt Clay T‡ Precipitation
N P K

—— g kg−1 —— – mg kg−1 – – cmol kg−1 – Mg m−3 ——— % ——— °C mm
Bangladesh Mymensingh Haplaquepts 6.1 12.0 0.80 NA§ 13 0.20 10.6 1.38 49 38 13 NA NA

Brazil Piracicaba Ultisol 5.0 12.0 1.20 8 27 0.32 10.2 1.35 29 16 55 21 1253

Chile
Santa Rosa Andisol 5.2 8.7 0.46 113 11 0.17 7.1 1.08 73 23 3 14 1042

Andisol 5.8 9.0 0.43 58 12 0.33 7.2 1.08 73 23 3 14 1042

China Hangzhou Inceptisol 6.9 16.8 1.99 33 145 0.30 13.8 1.06 42 38 20 17 1500

Egypt Minia Entisol 8.1 1.1 0.14 9 4 0.37 4.0 1.68 87 9 4 22 NA

Malaysia Puchong Ultisol 5.3 16.6 1.77 8 13 0.12 6.9 1.28 62 4 34 31 1800

Morocco Tafi lalet Aridisol 8.4 9.7 0.69 9 9 0.01 9.2 1.28 36 48 16 18 85

Central 
Morocco

Inceptisol 8.4 30.0 1.20 11 10 1.39 6.0 1.35 16 52 32 17 618

Atlas Inceptisol 7.8 19.0 0.90 11 56 0.24 5.8 1.39 92 9 0 20 495

Sri Lanka
Kundasala

Ultisol 6.4 8.3 1.40 14 61 0.32 5.1 1.41 29 46 25 30 2100

Ultisol 6.4 8.3 1.40 14 61 0.32 5.1 1.41 29 46 25 30 2100

Vietnam Ba Ria 
Vung Tau

Ultisol 4.9 4.6 0.78 22 49 0.25 7.6 1.38 52 8 40 28 1643

† Mineral N, P, and K.
‡ Mean annual temperature.
§ NA, information was not available.

Table 2. Cropping sequence, agronomic, and 15N application information for the 13 locations studied.

Country Location Crop sequence†
Crops 
grown

15N fertilizer 15N residue

Type N rate
15N 

content
Amount N rate C/N ratio

15N 
content

no. kg N ha−1 15N excess — kg ha−1 — 15N excess
Bangladesh Mymensingh wheat–rice 6 (NH4)2SO4 60 10.5 5000 46 50 3.57

Brazil Piracicaba sugarcane–ratoon 3 (NH4)2SO4 63 11.7 18550 127 100 1.80

Chile Santa Rosa maize–wheat–bean–
red clover

4 Urea 300 5.1 8000 39 87 1.94

wheat–bean–barley 3 (NH4)2SO4 160 6.7 4000 12 141 4.35

China Hangzhou rice–wheat 6 (NH4)2SO4 150 9.9 9458 160 24 0.68

Egypt Minia wheat–peanut 6 (NH4)2SO4 60 9.8 3125 44 63 1.94

Malaysia Puchong maize–peanut 4 (NH4)2SO4 60 9.8 2733 38 58 1.80

Morocco Tafi lalet wheat–wheat 4 (NH4)2SO4 28 9.8 4780 149 12 1.92

Central Morocco sunfl ower–wheat 5 (NH4)2SO4 35 10.0 7500 129 22 0.74

Atlas bean–wheat 3 (NH4)2SO4 20 9.8 4500 223 7 0.70

Sri Lanka Kundasala maize–mungbean‡ 6 (NH4)2SO4 80 9.8 7100 70 25 1.98

maize–mungbean 5 (NH4)2SO4 80 9.8 5800 46 29 0.99
Vietnam Ba Ria Vung Tau maize–mungbean 4 (NH4)2SO4 120 5.4 3214 31 45 3.08
† 15N-labeled crop residue that was reapplied is italicized.
‡ The fi rst maize–mungbean crop rotation started in the dry season whereas the second rotation started in the wet season.
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As the 15N-labeled residues generated in the fi rst growing season 
in Treatment 1 were used as the source of the 15N-labeled residue for 
Treatment 3, the experiment to follow the fate and recovery of 15N 
residue started in the second growing season. Likewise, the compari-
son of residue incorporation vs. removal (Treatment 1 vs. Treatment 
2) also started in the second growing season. For the fi rst growing sea-
son, Treatments 1 and 2 were identical because removal or retention of 
residues started aft er the harvest of the fi rst crop. Hence, the results for 
Treatments 1 and 2 from the fi rst growing season were combined and 
used to calculate 15N recovery in the season of application.

Caution is required in making a direct comparison between the 
recovery of 15N residues and 15N fertilizer at a specifi c site. Although a 
similar crop rotation was used when the 15N material was applied, the 
climatic growing conditions during the fi rst growing season when the 
15N fertilizer was applied may not have been identical to the second 
growing season, when the 15N residue (generated in the fi rst growing 
season) was applied. Th erefore, only comparisons of the average recov-
ery of residues and fertilizer 15N across all sites have been made. As a 
relatively large number of experimental sites was used, any eff ect on 15N 
recovery of diff erences in weather among the growing seasons should be 
minimal when considering the average across sites.

Labeled 15N fertilizer was applied to a 15N microplot located in the 
center of the larger experimental plot at the onset of the experiment. For 
details regarding rates of 15N fertilizer applied, its form, and its 15N en-
richment, see Table 2. Th e 15N fertilizer was applied in four splits: 25% of 
the total amount at seeding, 25% 2 wk aft er seeding; 25% 4 wk aft er seed-
ing; and the fi nal 25% 6 wk aft er seeding. Th e main purpose of applying 
the 15N in four doses was to maximize 15N uptake by the crop and to gen-
erate uniformly 15N-labeled residue to be used for the second experiment. 
It is probable that this splitting of the 15N fertilizer applications would 
have led to somewhat smaller N losses than is usual in the cropping sys-
tems studied. Th e 15N microplots were mostly between 3 by 3 and 4 by 4 
m, depending on the row spacing of the diff erent cropping systems, and al-
ways included border rows that were not used for 15N analysis. Fairly large 
15N microplots were used because of the duration of the experiment, the 
number of plant and soil samples to be collected during the experimental 
period, and the risk of soil movement and edge eff ects. At maturity of the 
fi rst crop, the 15N-labeled residue from Treatment 1 was used to follow 
the fate of 15N from residue in a similar cropping system. Th e quantities 
of 15N-labeled residue applied are reported in Table 2, along with the cor-
responding 15N enrichment and the C/N ratio. Additional information 
can be found elsewhere concerning the experimental design and site char-
acteristics in China, Morocco, Brazil, and Malaysia (Wang et al., 2002; 
Ichir and Ismaili, 2002; Basanta et al., 2003; Ichir et al., 2003; Mubarak et 
al., 2003a,b). Due to the disappearance of the 15N enrichment, not every 
experiment could be continued beyond the third growing season.

At each crop maturity, the total aboveground yield, i.e., grain and 
residue, was determined using standard practices and described elsewhere 
(Wang et al., 2002; Ichir and Ismaili, 2002; Basanta et al., 2003; Ichir et al., 
2003; Mubarak et al., 2003a,b). Briefl y, plants were harvested at physiologi-
cal maturity, dried at 60°C to constant weight, and a weight measurement 
taken. Th e size of the plot harvested for determining yield was 9 m2 or larger. 
A subsample of the grain and residue was collected and its N content and the 
15N isotopic composition of both grain and residue determined individu-

ally using an automatic elemental N analyzer coupled to a SIRA 9 (ANA-
SIRA) mass spectrometer at the IAEA Analytical Laboratory at Seibersdorf, 
Austria (Axman, 1990). Th e N content and isotopic composition of the 
sugarcane were analyzed for total N and for 15N/14N isotope ratio using a 
mass spectrometer (ANCA-SL, Europa Scientifi c, Crewe, UK) located at 
the University of Sao Paulo at Piracicaba, Brazil (Barrie and Prosser, 1996).

Soil samples were taken in increments of 0 to 15, 15 to 30, and 
30 to 50 cm for estimation of bulk density and analysis of total N and 
15N isotopic composition. In general, four samples were taken from the 
center of a single 15N microplot and combined for analysis.

Calculations
Since the amount of 15N added, either as N fertilizer or crop resi-

dues, varied by cropping system, relative values of 15N recovery in the 
crop, soil, and crop–soil system were calculated as 

= , ,
, ,

ANE QN
100

ANE QNA
k j k j

k j s
s s

N   [1]

where Nk,j is the recovery of 15N (%) in the soil (Compartment 1, k = 1) 
or N recovered by the crop (Compartment 2, k = 2), at the end of the jth 
crop cycle (j = 1, 2, 3, ..., n), aft er a single addition of N to the soil via the 
source s (s = 1 for fertilizer or s = 2 for crop residue); ANEk,j is the atom 
% 15N excess in the kth compartment (k = 1 or 2) at the end of the jth 
crop cycle; ANEs is the atom % 15N excess in the source s; QNk,j is the 
quantity of N in the kth compartment (k = 1 or 2) (kg ha−1) at the end 
of the jth crop cycle; QNAs is the quantity of N applied via the source 
s (kg ha−1); and k (compartment) is soil (k = 1), crop (k = 2), or soil + 
crop (k = 3)—in the calculations, each compartment was divided into 
subcompartments (for the soil, 0–15, 15–30, and 30–50-cm soil layers; 
for the crop, plant parts, such as grains, stubbles, etc.).

Th e correction factor for calculating the atom % 15N excess was 
based on the atom % 15N value of unlabeled plant components or soil:

=

=∑2, 2,
1

Nc
j

j i
i

N
 

[2]

where Nc2,j is the cumulative percentage of N taken up by the crop 
(k = 2) from the ith to the jth cycle, and

= +3, 1, 2,Ncj j jN N  
[3]

where N3,j is the 15N recovery (%) in the crop–soil system (k = 3), from 
the ith to the jth crop cycle.

Nitrogen losses from the crop–soil system were calculated as the 
defi cit in % 15N recovery, according to

= −3, 3,Nl 100j jN  
[4]

where Nl3,j is the N losses (%) in the crop–soil system (k = 3), from the 
ith to the jth crop cycle.

Statistical Analyses
Analyses were conducted with the PROC MIXED procedure of 

SAS (Littel et al., 1996), with block and location as random eff ects and 
cropping cycles and treatment as fi xed eff ects. Th e model was also pa-
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rameterized to account for repeated measurements across cropping cy-
cles for each experimental unit (plot) using the repeated statement with 
an appropriate covariance structure. Treatment eff ects were declared 
signifi cant at P < 0.05 for all analyses.

An extension of the previous statistical model was implemented 
to assess location interactions for 15N recovery (Littel et al., 2002). Th e 
model and data used for the analysis were the same, except for the in-
clusion of a covariable cross-classifi ed with the fi xed factor(s), and the 
analysis was conducted separately for each of the fi rst three cropping 
cycles. Various climate and soil characteristic covariables (Table 1) were 
considered for this analysis on an individual basis. Th e goal of the analy-
sis was to assess the sensitivity of 15N recovery to the diff erent climatic 
and edaphic conditions across locations; slope coeffi  cients for 15N re-
covery vs. a covariable were estimated for each management treatment. 
Responses for the 15N fertilizer minus residue treatment were similar to 
those for the 15N fertilizer plus residue treatment, thus are not shown. 
Slope coeffi  cients were declared signifi cant at P < 0.05 for all analyses.

Due to a reduced number of locations where the experiment was 
continued for more than three growing seasons, the amount of data 
available aft er the third growing season was too limited to carry out co-
variance analysis. Means and SE are presented for data collected beyond 
the third cropping cycle.

RESULTS AND DISCUSSION
Crop Yield and Total Nitrogen Accumulation

As expected, the total aboveground biomass varied widely 
among sites and crop species. Seasonal biomass accumulation was 
highest for sugarcane in Brazil (>48 Mg ha−1 in the fi rst growing 
season where 15N fertilizer had been applied; Table 3) and lowest 
for maize in Vietnam (0.7 Mg ha−1 where 15N residues had been 
applied; Table 4). A large range in yield and total crop N also ex-
isted for the same species across location and growing season. For 
example, the yield of maize in the fi rst growing season with 15N 
fertilizer applied ranged from a low of 3.4 Mg ha−1 in Malaysia to 
a high of 10.6 Mg ha−1 in Sri Lanka (Table 3). A similarly large 

Table 3. Total aboveground yield, N accumulation and contribution in the fi rst growing season of fertilizer-N, residue-N and soil 
mineral for crops grown in a diverse array of cropping systems, soil and climatic conditions.

Country Crop N Applied Aboveground biomass Total crop N Derived from fertilizer N NUE† Derived from soil N

kg N ha−1 Mg ha−1 ——— kg N ha−1——— ————— %————— kg N ha−1 %
15N-labeled fertilizer‡

Bangladesh wheat 60 6.1 ± 0.1§ 60 ± 3 26 ± 2 43 ± 1 43 ± 3 34 ± 1 57 ± 1

Brazil sugarcane–ratoon 63 48.8 ± 1.1 251 ± 7 40 ± 2 16 ± 1 63 ± 3 211 ± 6 84 ± 1

Chile maize 300 18.8 ± 1.1 178 ± 7 55 ± 1 31 ± 2 34 ± 1 123 ± 8 69 ± 2

Chile wheat 160 13.2 ± 0.5 124 ± 4 20 ± 2 16 ± 2 7 ± 1 104 ± 5 84 ± 2

China rice 60 17.9 ± 0.3 292 ± 7 20 ± 2 7 ± <1 33 ± 3 272 ± 6 93 ± <1

Egypt wheat 60 5.1 ± 0.2 80 ± 6 16 ± 1 20 ± 1 26 ± 2 64 ± 5 80 ± 1

Malaysia maize 60 3.4 ± 0.1 53 ± 2 12 ± 1 23 ± 1 20 ± 1 41 ± 2 77 ± 1

Morocco wheat 42 8.2 ± 0.7 161 ± 7 29 ± 2 18 ± 1 34 ± 3 133 ± 7 82 ± 1

Morocco sunfl ower 35 9.4 ± 0.3 129 ± 7 9 ± 1 7 ± <1 27 ± 2 119 ± 7 93 ± <1

Morocco bean 85 6.9 ± 0.1 225 ± 6 16 ± <1 7 ± <1 38 ± 1 209 ± 6 93 ± <1

Sri Lanka maize 60 10.6 ± 0.1 139 ± 6 15 ± 1 11 ± <1 25 ± 2 124 ± 5 89 ± <1

Sri Lanka maize 60 10.6 ± 0.1 139 ± 6 25 ± 1 18 ± 1 42 ± 2 114 ± 6 82 ± 1

Vietnam maize 120 7.2 ± 0.3 92 ± 3 53 ± 2 58 ± 1 44 ± 1 39 ± 2 42 ± 1

Mean 12.7 ± 0.4 147 ± 6 26 ± 1 21 ± 1 33 ± 2 122 ± 6 79 ± 1
15N-labeled residues¶

Bangladesh wheat 46 14.0 ± 0.1 156 ± 4 10 ± 4 6 ± 3 17 ± 7 146 ± 5# 94 ± 3

Brazil sugarcane–ratoon 127 58.1 ± 0.7 196 ± 4 4 ± <1 2 ± 0 6 ± 1 192 ± 4 98 ± <1

Chile maize 39 6.3 ± 0.6 56 ± 5 <1 ± <1 <1 ± <1 <1 ± <1 56 ± 5 100 ± <1

Chile wheat 12 1.7 ± 0.1 35 ± 4 1 ± <1 1 ± <1 <1 ± <1 34 ± 4 99 ± 1

China rice 160 3.9 ± 0.3 42 ± 3 5 ± <1 12 ± 1 8 ± <1 37 ± 4 88 ± 1

Egypt wheat 36 5.2 ± 0.6 132 ± 17 1 ± <1 1 ± <1 2 ± <1 130 ± 17 99 ± <1

Malaysia maize 38 4.4 ± 0.4 110 ± 7 2 ± <1 2 ± <1 4 ± <1 108 ± 7 98 ± <1

Morocco wheat 223 14.1 ± 1.0 217 ± 11 9 ± 1 4 ± <1 10 ± 1 208 ± 11 96 ± <1

Morocco sunfl ower 129 11.5 ± 0.6 160 ± 12 11 ± 2 7 ± 1 31 ± 5 149 ± 10 93 ± 1

Morocco bean 149 8.2 ± 0.1 72 ± 7 7 ± 1 10 ± 1 17 ± 2 65 ± 7 90 ± 1

Sri Lanka maize 70 4.4 ± 0.1 148 ± 2 1 ± <1 <1 ± <1 1 ± <1 147 ± 2 100 ± <1

Sri Lanka maize 46 4.4 ± 0.1 160 ± 10 1 ± <1 <1 ± <1 1 ± <1 159 ± 10 100 ± <1

Vietnam maize 31 0.8 ± 0.1 30 ± 2 2 ± <1 6 ± 1 1 ± <1 28 ± 2 94 ± 1
Mean 11.2 ± 0.3 127 ± 8 4 ± 1 4 ± 1 7 ± 1 123 ± 8 96 ± 1
† NUE, N in the crop derived from fertilizer (kg) divided by the amount of fertilizer N applied times 100.
‡ Average of 15N-labeled fertilizer + residue and 15N-labeled fertilizer − residue treatments.
§ Mean ± SE.
¶ Estimates derived from second crop cycle; all other estimates are derived from the fi rst crop cycle.
# Includes N from unlabelled fertilizer N.
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range, 1.7 to 14.1 Mg ha−1, was also observed for the total aboveg-
round biomass (grain plus straw) of wheat. Th is wide range in 
yield among sites refl ects the length of the growing season (with 
between one and three crops per year) and diff erences in indig-
enous soil N supply, fertilizer-N input, and residue input, as well 
as diff erences in climate and soil type. Low yield in Vietnam and 
Malaysia in the fi rst year of the experiment was caused by inclem-
ent weather during the early part of the growing season.

Soil as a Source of Nitrogen for Plants
Crop demand for N can be met by applying inorganic and 

organic sources of N or through N mineralization from SOM. 
Covering a diverse range of agroecosystems in tropical and sub-
tropical climatic zones and across diff erent soil types, these re-
sults show that soil N from the net N mineralization of SOM 
was the dominant source of N in the crops. On average, unla-
beled N (presumed to come predominantly from soil N miner-
alization) accounted for 79% of the total N in the crop (Table 
3) even though 15N-labeled inorganic fertilizer in the range of 
20 to 300  g N ha−1 had been applied. Th e quantities of N de-
rived from soil were oft en large: >100 kg N ha−1 at nine of the 
13 experimental sites and >200 kg N ha−1 at three sites (Brazil, 
China, and Morocco; Table 3). Even at the site with the lowest 

SOM content (Egypt, 1.1 g kg−1 soil organic C, 1.4 g kg−1 total 
soil N; Table 1), 64 kg N ha−1 was supplied from soil (mean of 
Treatments 1 and 2 in Table 3). In a few cases, these large values 
may be attributable to other sources of N; for example, in China 
it is likely that unlabeled N was derived from NO3 in the irri-
gation water, NO3 residues from previous excessive fertilizer N 
applications, and atmospheric deposition ( Ju et al., 2006; Fang 
et al., 2008). Overall, however, the results emphasize the impor-
tance of SOM as a source of N for crops in most environments. 
Averaged across all sites, 25.8  kg  N  ha−1 was obtained from 
fertilizer-N sources, whereas soil sources provided, on average, 
122 kg N ha−1 to the crop (Table 3).

In a detailed study conducted in a temperate zone, the con-
tribution of unlabeled N sources, i.e., SOM plus wet and dry at-
mospheric deposition, as the source of N for plant growth was 
determined to be between 30 and 50% for a variety of crops 
grown across diff erent growing seasons (Macdonald et al., 1997). 
Total crop N uptake from unlabeled sources was related to the 
size of the soil mineral N pool in the spring, which in turn was 
related to the total soil N content. For rice in Australia, SOM 
remained the major source of N and the crop accumulated up to 
113 kg N ha−1, even following the application of 140 kg ha−1 of 
fertilizer N (Bacon et al., 1989). When 100 kg N ha−1 in fertil-

Table 4. Total aboveground (grain, straw, residue, and chaff) yield and N accumulation in crops for the second and subsequent 
growing seasons at 13 locations.

Country Location Rotation
Crops 
grown

Treatment 1† Treatment 2† Treatment 3†
Total yield Total N Total yield Total N Total yield Total N

no. Mg ha−1 kg N ha−1 Mg ha−1 kg N ha−1 Mg ha−1 kg N ha−1

Bangladesh Mymensingh wheat 2 6.8 ± 0.2‡ 61 ± 1 6.7 ± 0.4 56 ± 2 6.9 ± 0.2 64 ± 3

rice 3 11.2 ± 0.1 100 ± 6 11.0 ± 0.1 93 ± 4 12.7 ± 0.2 113 ± 7

Brazil Piracicaba sugarcane 2 49.5 ± 2.3 156 ± 16 56.6 ± 1.4 192 ± 14 53.2 ± 2.0 181 ± 9

Chile Santa Rosa wheat 1 3.8 ± 0.3 32 ± 4 6.7 ± 0.7 51 ± 4 6.3 ± 0.6 56 ± 5

red clover 2 NA§ NA 2.3 ± 0.6 63 ± 8 3.6 ± 0.6 101 ± 21

Santa Rosa bean 1 1.7 ± 0.1 35 ± 4 NA NA 1.7 ± 0.1 35 ± 4

barley 1 13.6 ± 0.4 128 ± 4 NA NA 13.2 ± <0.1 123 ± 4

China Hangzhou wheat 3 8.5 ± 0.6 116 ± 9 7.5 ± 0.5 102 ± 10 5.5 ± 0.5 57 ± 5

rice 2 9.6 ± 0.6 197 ± 9 8.8 ± 0.4 179 ± 10 8.3 ± 0.4 161 ± 5

Egypt Minia wheat 2 5.8 ± 0.4 126 ± 10 5.5 ± 0.2 119 ± 15 5.8 ± 0.3 137 ± 8

peanut 3 3.8 ± 0.3 91 ± 8 3.9 ± 0.3 89 ± 7 4.0 ± 0.3 103 ± 9

Malaysia Puchong peanut 2 5.4 ± 0.5 127 ± 16 5.1 ± 0.1 125 ± 11 4.5 ± 0.4 110 ± 7

maize 3 3.6 ± 0.4 55 ± 6 3.2 ± 0.3 51 ± 6 3.3 ± 0.2 50 ± 5

Morocco Tafi lalet fababean 1 6.9 ± 0.6 215 ± 16 6.3 ± 1.0 194 ± 23 6.4 ± 0.4 196 ± 11

wheat 1 7.3 ± 0.4 73 ± 9 9.1 ± 0.1 88 ± 10 8.2 ± 0.1 72 ± 7

Central Morocco wheat 1 11.0 ± 0.5 154 ± 13 11.6 ± 0.4 160 ± 6 11.5 ± 0.6 160 ± 12

sunfl ower 1 10.6 ± 0.9 105 ± 17 10.7 ± 0.5 115 ± 12 10.0 ± 1.0 79 ± 3

Atlas wheat 2 11.3 ± 1.8 199 ± 36 9.7 ± 1.5 174 ± 25 10.6 ± 1.5 166 ± 21

Sri Lanka Kundasala maize 2 10.8 ± 0.1 134 ± 6 10.3 ± 0.1 129 ± 7 10.5 ± 0.1 127 ± 2

mungbean 3 4.6 ± 0.1 149 ± 6 4.1 ± 0.1 131 ± 7 4.5 ± 0.1 148 ± 3

Kundasala maize 2 10.8 ± 0.1 134 ± 6 10.3 ± 0.1 129 ± 7 10.8 ± 0.1 125 ± 3

mungbean 2 4.6 ± 0.1 149 ± 6 4.1 ± 0.1 131 ± 7 4.5 ± 0.1 149 ± 7

Vietnam Ba Ria Vung Tau maize 1 5.9 ± 0.3 81 ± 4 6.2 ± 0.3 95 ± 12 5.9 ± 0.3 95 ± 12

soybean 2 0.8 ± 0.1 27 ± 2 0.7 ± <0.1 27 ± 2 0.8 ± <0.1 27 ± 1

Mean 9.1 ± 0.7 113 ± 4 9.0 ± 0.8 109 ± 4 9.3 ± 0.8 113 ± 4
† Treatment 1: 15N-labeled fertilizer + residue; Treatment 2: 15N-labeled fertilizer − residue; Treatment 3: 15N-labeled residue.
‡ Mean ± SE.
§ NA, data not collected.
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izer was applied, wheat grown in a Mediterranean climate accu-
mulated 125.5 kg N ha−1, of which 76.4 kg or 61% of the total 
N in the crop was derived from SOM (Garabet et al., 1998). Th e 
importance of SOM as a source of N for crops in temperate and 
tropical environments was also pointed out earlier (Bigeriego et 
al., 1979; Sanchez and Jama, 2002; Stevens et al., 2005).

While inorganic fertilizer N provides an immediate source of 
mineral N for the crop, the majority of the N in the crop is oft en 
derived from N that is stored in the SOM. Maintaining SOM levels 
will therefore remain a crucial component of sustainable agricultur-
al practices (Swift  and Woomer, 1993), as will management prac-
tices designed to maximize synchronization between the release of 
N from soil sources and the time of maximum N uptake by crops.

Fertilizer Nitrogen Use Effi ciency
Th e percentage of the total N in the crop derived from 15N 

fertilizer for the fi rst cropping cycle for the two residue manage-
ment practices ranged between 7 and 58%. Conversely, between 
42 and 93% of the total N in the crop was derived from soil N 
(Table 3). On average across all locations and for Treatments 1 
and 2, 21% of the N in the crop was derived from fertilizer N in 
the growing season when the 15N-labeled fertilizer was applied, 
whereas the remaining 79% was derived from the soil-N pool.

Th e majority of the fertilizer N was not used by the crop dur-
ing the growing season when it was applied. Th e average recovery of 
the applied fertilizer 15N by all crops across all agroecosystems and 
the two residues management practices was found to be only 33% 
(overall range 7–63%, with the majority being in the range 25–44%; 
upper part of Table 3). Th e low value for N use effi  ciency (NUE) in 
Malaysia (20%) was mainly caused by heavy rainfall, which occurred 
immediately aft er the application of the 15N fertilizer, whereas the 
very low NUE value in Chile (7%) was probably caused by high 
soil mineral N (Table 1). Hence, on average, 67% of the fertilizer 
N applied was not recovered in the grain plus straw by the diff erent 
crops during the fi rst growing season. Recoveries of 15N fertilizer by 
annual crops are highly variable and aff ected by diff erent manage-
ment practices and biophysical factors. Although the crop recoveries 
reported here are lower than many reported from temperate regions, 
they are not unusual compared with others from warmer climatic 
zones. For example, under diff erent straw management practices, the 
average fertilizer-15N use effi  ciency by fl ooded rice in experiments in 
California was 37%, which included the 15N recovered in the grain 
and residue (Eagle et al., 2001). Depending on the use of P fertilizers, 
the recovery of 15N-urea in bread wheat in the Ethiopian highlands 
ranged between 25.3 and 60.4% (Gorfu et al., 2003); large 15N 
losses were associated with high rainfall in combination with a heavy 
clay soil and high soil N supply. Crop recoveries of 15N-labeled fer-
tilizer applied to winter wheat in the UK (temperate climate) varied 
between 56 and 87% across sites and years (Powlson et al., 1992). In 
another UK study, average 15N-fertilizer recoveries in crops ranged 
between 45 and 61% for winter wheat, oilseed rape (Brassica napus 
L. var. napus), potato (Solanum tuberosum L.), and sugarbeet (Beta 
vulgaris L. ssp. vulgaris) in a temperate region, whereas spring bean 
only recovered 26% (Macdonald et al., 1997). In the UK examples, 

fertilizer N losses were found to be controlled more by weather con-
ditions (higher rainfall following application of the fertilizer) than 
by cropping history or soil type.

Low FUE is largely caused by three factors: (i) poor syn-
chronization between the availability and amount of fertilizer N 
applied with the demand for N by the crop, (ii) high losses of fer-
tilizer N due to gaseous N emissions or leaching and runoff , and 
(iii) high available soil N levels, possibly in combination with 
high soil N supply power. A fourth cause of lower fertilizer-15N 
recovery by the crops may be due to methodology: 15N isotope 
dilution vs. the N-diff erence method. For the N-diff erence meth-
od, fertilizer-N recovery is calculated by the diff erence in total 
crop N of N-fertilized and unfertilized crops. Fertilizer-N recov-
eries, including both grain and residue, of around 50% based on 
the N-diff erence method were found when calculated on a global 
scale (50%; Smil, 1999), for Canada (56%; Janzen et al., 2003), 
or the United States (52%; Howarth et al., 2002). When the 
fertilizer-N recovery is based solely on total N in the grain, the 
recovery is 30% of the N fertilizer applied (Ladha et al., 2005).

Values of FUE estimated by the 15N isotope method have 
been reported that are higher than, similar to, or lower than the 
FUE calculated by the N-diff erence method (Roberts and Janzen, 
1990; Jokela and Randall, 1997; Schindler and Knighton, 1999; 
Jenkinson et al., 1985). Ladha et al. (2005) calculated that the av-
erage recovery of 15N fertilizer in grain of fi eld-grown maize, rice, 
and wheat increased from 30 to 44% when recovery in the straw 
was included. Th is compared with 55% recovery in the grain plus 
straw using the N-diff erence method. Lower estimates for FUE 
by the 15N method compared with the N-diff erence method are 
mainly caused by pool substitution, whereby 15N stands proxy 
for 14N that would otherwise have been immobilized into the 
microbial biomass (Roberts and Janzen, 1990).

Lower estimates by the 15N method than the N-diff erence 
method are also caused by the exclusion of any residual or “mem-
ory” eff ects of 15N fertilizer from previous years, whereas the 
N-diff erence method includes the overall eff ect of 14N fertil-
izers applied including the eff ect of previous years’ applications. 
For example, Jenkinson et al. (2004) found that in old grassland 
the recovery of N applied as NO3 was 49.8% when based on 
the 15N-isotope data but increased to 90.7% when based on the 
N-diff erence method using long-term plots. If 15N fertilizers were 
applied repeatedly for many years, the recovery of fertilizer N 
based on isotope data and the N-diff erence method would even-
tually become equal. Th erefore, some caution is warranted when 
discussing FUE and the method used. If the objective is to deter-
mine strictly the FUE in a fi rst growing season following the appli-
cation of fertilizer N, the 15N-isotope method is appropriate. On 
the other hand, if the objective is the determination of the recovery 
of fertilizer-N applications, including residual N recovered during 
subsequent growing seasons, the N-diff erence method would pro-
vide a more realistic estimate of fertilizer-N use by the crop. Of 
course, 15N labeling is essential for detailed studies of transforma-
tions and processes once fertilizer-derived N has entered soil pools. 
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It is also essential for estimating the total recovery of N in the crop 
and soil, and hence the quantity of fertilizer N lost.

Residual Fertilizer Nitrogen-15 
Uptake by Subsequent Crops

At the end of the growing season, residual N from fertilizer 
(i.e., 15N fertilizer not removed through the grain and residue or 
lost from the system) remains in the soil in the following forms: as 
mineral N, in roots, immobilized into the microbial biomass, or in-
corporated into other SOM pools (Powlson et al., 1986; Bradbury 
et al., 1993). In most situations, with reasonable rates of fertil-
izer N being applied, the amount of 15N in the various organic 
forms far exceeds the residual 15N in mineral forms. Following net 
mineralization, organically bound 15N can become available for 
plant uptake during the subsequent growing seasons. Aft er the fi rst 
growing season, however, the amount of 15N in the roots generally 
becomes negligible and the remaining 15N fertilizer would have 
become part of a more stable SOM pool or lost from the crop-
ping system (Jansson and Persson, 1982). Once these SOM pools 
undergo net mineralization, these pools become a source of 15N.

To determine the amount of fertilizer-derived N that subse-
quent crops accumulate, the use of 15N fertilizer is essential. In our 
study, the average, cumulative N fertilizer used by all crops grown 

across all regions, soil types, and environmental zones in the second 
to sixth growing season was 5.3% of the N applied (Fig. 1 and 2), 
which corresponds to about 16% of the mean FUE found for the 
fi rst growing season (Table 3). Th us, taking account of this uptake 
of residual 15N would increase the FUE to 38% compared with 
the single-season value of 33% (Table 3). As expected, most of the 
additional fertilizer-N recovery occurred in the second growing 
season and decreased to 1% or less in subsequent growing seasons 
(Fig. 1 and 2). Crop recoveries across locations of 15N-labeled fer-
tilizer for the fourth to the sixth growing seasons were small rela-
tive to the recoveries observed in the year the 15N-labeled fertilizer 
was applied (Table 3; Fig. 2). Th e number of locations where the 
experiment with 15N fertilizers could be continued for more than 
three growing seasons decreased from 13 to fi ve when 15N fertil-
izer was traced and four locations when 15N residue was followed.

Although the vast majority of fi eld studies using labeled 15N 
fertilizer to determine fertilizer N use are limited to the fi rst grow-
ing season, there are some in which the uptake of residual fertilizer 
N during the subsequent growing season(s) has been measured. 
Recovery of residual fertilizer N from the original application in 
the subsequent crops is oft en <5% of the N fertilizer applied and 
seems to be unrelated to location or the crop grown. For example, 
millet [Eleusine coracana (L.) Gaertn.] in a maize–millet rotation in 
Nepal recovered 3% of the 15N-urea applied to the previous maize 
crop (Pilbeam et al., 2002). Th e recovery of residual 15N-urea–
NH4NO3 in maize for three subsequent growing seasons in a 
continuous maize system in the United States ranged between 1.7 
and 3.5% (Timmons and Cruse, 1991); the amounts of residual 
fertilizer N uptake were considered to be too small to be taken into 
consideration when making fertilizer-N recommendations. Total 
15N-urea recovery in the second year in acala cotton (Gossypium 
hirsutum L.) in California averaged 5.8% of the original applica-
tion and declined to 2.7% in the third year (Fritschi et al., 2005). 
Aft er the third growing season, on average, 40% of the applied 
fertilizer was recovered in the soil, mainly in the 0- to 30-cm layer. 
Kumar and Goh (2002) reported that the average residual recovery 
by wheat during three subsequent growing seasons aft er applying 

Fig. 1. Mean cumulative crop and soil 15N recovery and 15N losses 
in (a) the fi rst three growing seasons (1–3) and (b) last three growing 
seasons (4–6) after the commencement of the experiment. The 
growing season is indicated in the upper portion of the x axis label, 
with the treatment indicated immediately below. Error bars are 
LSD(0.05) to compare treatment means. Each growing season and 
variable (crop, soil, and loss) have a unique LSD(0.05) value.

Fig. 2. Average 15N in crop derived from a single application of 
15N-labeled fertilizer or 15N-labeled residues in subsequent growing 
seasons. The legend (2–6) refers to the number of growing seasons 
after the commencement of the experiment, with 1 being the year 
the 15N was applied. Error bars are LSD(0.05) to compare treatment 
means, with each growing season having a unique LSD(0.05).
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15N-(NH4)2SO4 to ryegrass (Lolium perenne L.) or wheat was 
7.0%. Of this, 3.7% was accumulated during the fi rst subsequent 
growing season and, on average, 30% of the applied 15N was re-
covered in the soil. In a study in a humid subtropical environment 
in Korea, 15N-(NH4)2SO4 was applied to maize; only 1.6% of the 
original 15N application was recovered in the stover and grain of 
maize grown as the subsequent year’s crop (Seo et al., 2006). When 
15N-labeled NH4NO3 was applied to winter wheat at three sites 
in the UK (temperate climate), at diff erent rates and in four appli-
cation years, between 1.1 and 2.5% of the original application of 
the 15N fertilizer was taken up by the wheat in the year aft er ap-
plication; this decreased to between 0.4 and 0.5% in the fourth year 
(Hart et al., 1993). Th ese amounts were between 4 and 11% of the 
15N remaining in the soil aft er the fi rst harvest. Similarly low values 
for 15N-fertilizer recovery in the subsequent crop have also been 
reported for spring wheat (Ladd and Amato, 1986; Janzen et al., 
1990). Applying urea for 8 yr failed to show a measurable residual-
N eff ect on rice grain yield and N uptake (Ladha et al., 2005). Th e 
absence of a residual fertilizer N eff ect was also corroborated with 
insignifi cant changes in the total soil N content.

In general, it can be concluded that the recovery of 15N fertil-
izer, based on the original application, by a crop grown in the sec-
ond or subsequent growing seasons is very small and will not meet, 
in a signifi cant way, crop demand for N. Th e importance of residual 
fertilizer N for agroecosystems, therefore, will not be in the amount 
of N provided to the subsequent crop but in its role in replenish-
ing soil organic N pools. Glendining and Powlson (1995) reviewed 
data from numerous long-term studies worldwide and reported 
that long-continued applications of inorganic N fertilizer increased 
either total soil N, various organic N fractions, or N mineralization 
compared with zero-N treatments on a decadal time scale. In our 
studies, about a third of the 15N fertilizer was recovered in the soil 
at the end of the fi rst growing season, which decreased to an aver-
age of 17% aft er six growing seasons (Fig. 1). As, on average, 79% of 
the N in the crop was derived from soil N, the long-lasting residual 
eff ect of fertilizer N will be through its presence as organic N in the 
soil and its subsequent release with time as mineral N.

In our experiments, removing or incorporating residues 
following the application of 15N fertilizer in the subsequent 
growing season had no eff ect on FUE (Fig. 1a) or on the fate 
of residual 15N in subsequent years (Fig. 1a and 1b). If residue 
management is to be used as a management practice to improve 
fertilizer N use effi  ciency, application would have to take place 
prior to or at the time of applying fertilizer N.

Residue Nitrogen-15 Uptake by Subsequent Crops
Crop residues serve as a source of mineral N for the crop and, 

through the buildup of SOM, improve the soil quality and C and 
N content (Ladd et al., 1981; Janzen et al., 1990). Th e amount of 
N from residues taken up by the subsequent crop is highly vari-
able and dependent on the physical and chemical characteristics 
of the residue in addition to the soil type and environmental 
factors such as temperature and soil moisture (Fox et al., 1990; 
Vanlauwe et al., 1996). Th e proportion of the plant-available 

residue N actually accumulated by the crop is also dependent on 
how well the release of N from the residue is synchronized with 
the N demand of the crop (Giller and Cadish, 1995). Excellent 
synchronization between the rate of net N mineralization of resi-
due N and the demand for N by the crop is desirable, as it will 
reduce the likelihood of N being lost through denitrifi cation, 
leaching, or other mechanisms of mineral N loss. In fact, such 
close synchronization is hard to achieve in many environments.

In our experiments, the percentage of N in the subsequent crop 
derived from residue 15N ranged between <1% (wheat and maize 
in Chile, wheat in Egypt) to 11.7% (rice in China) (Table 3). On 
average, only 3.9% of the total N in the subsequent crop was derived 
from 15N-labeled residues. It should be noted that the quantity of 
N derived from the soil cannot be determined in the experiments 
with 15N-labeled residues because unlabeled N fertilizer was applied 
in all years to make the growing conditions of the crop as normal as 
possible. Th us crop uptake of unlabeled N was derived from a com-
bination of N mineralized from the soil plus the unlabeled fertilizer.

Th e NUE from residue N by the subsequent crop averaged 7%, 
with <1% in several cases to a maximum recovery of 30.9% of sun-
fl ower residue N by wheat in Morocco (Table 3). In all instances, 
the majority of the 15N recovery, excluding the fi rst growing season, 
occurred in the second and third growing seasons, with small (<1%) 
recoveries of fertilizer N per growing season aft er the third (Fig. 2).

Th e large range in values in residue-15N recovery observed 
here is probably caused by multiple factors. Th e particularly low 
recovery of residue 15N by crops in Chile (Table 3; also the low 
FUE of fertilizer N by wheat at this site) was probably due to the 
high content of plant-available N and mineral N in the soil at this 
site (Table 1). Diff erences in residue quality (Table 2) aff ect the 
rate of net N release, which aff ects the degree of synchronization 
of net N mineralized with crop N demand (Myers et al., 1994). 
Rates of N mineralization, in turn, are infl uenced by climatic con-
ditions, like temperature and soil moisture content (Bradbury et 
al., 1993). Recoveries of residue 15N by the subsequent crops have 
been reported to vary widely. A distinction, however, should be 
made between recoveries of N by the subsequent crop from (i) 
residues that remain in the fi eld following the harvest of the grain, 
and (ii) residue crops that are grown specifi cally to increase N in 
the system through biological N2 fi xation or serve as a catch crop 
of mineral N, which is prone to leaching during a fallow period. 
In general, signifi cantly higher recoveries of residue N from cov-
er or green manure crops are found than from residues of crops 
that have been harvested for grain. Using lentil (Lens culinaris 
Medik. ssp. culinaris) as a green manure crop, 19% of its N was 
accumulated by the subsequent wheat crop, whereas when lentil 
was harvested for grain followed by incorporation of its residue, 
only 5.5% of its N was accumulated by wheat (Bremer and van 
Kessel, 1992). In the United States, the recovery of 15N-labeled 
spring wheat residue by the subsequent winter wheat crop was 9% 
(Fredrickson et al., 1982). In a comprehensive study conducted in 
New Zealand on the multiyear recovery of 15N-labeled residues, 
the fi rst wheat crop recovered 11 and 13% of the residue 15N of 
ryegrass (Lolium perenne L.) and wheat, respectively (Kumar et 
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al., 2001). When wheat was grown in rotation with white clover 
(Trifolium repens L.) and fi eld pea (Pisum sativum L.), however, 
recoveries of 29 and 37% were obtained for fi eld pea and white 
clover residue N, respectively. In general, more organic N is ap-
plied when legume residues are used and their C/N ratios are 
more narrow, leading to higher rates of net N mineralization.

In the current study, the cumulative uptake of residue 15N 
by crops grown from the second to the sixth growing seasons was 
6.1% of the applied residue N, which was slightly higher than the 
average cumulative uptake of fertilizer 15N during this period, 
i.e., 4.8%. On average, across these fi ve growing seasons and all 
sites, the recovery was slightly more than 1% per growing season 
of the residue N applied. Although an annual contribution of 1% 
of residue N supplied to the crop has no practical signifi cance 
when making fertilizer-N recommendations, the contribution 
refl ects the long-term role of SOM in supplying N to the crop.

Information on the recoveries of residue 15N by crops aft er 
the fi rst year of application remains scarce as the majority of stud-
ies are limited to measuring the recovery of residue N by the fi rst 
crop following residue application. When the residual contribu-
tion of white clover and pea residue and root N plus fertilizer N 
was followed, between 5 and 8% of the N was recovered by wheat 
in the second and third subsequent crops (Kumar et al., 2001). 
When wheat was grown in the second and third years aft er the 
incorporation of ryegrass and winter wheat residue, wheat recov-
ered between 2 and 4% of the N. When 15N-labeled Medicago lit-
toralis (Rohde ex Loisel.) with a C/N ratio of 11.1 was applied, 
the second wheat crop accumulated 4.2% of the 15N input (Ladd 
and Amato, 1986). Based on the results of this and other studies, 
these researchers concluded that for legume residues with low 
C/N ratios (11.1–14.9) and decomposing in sandy loam topsoil, 
every 10 kg of N applied as legume residue contributed 2% of the 
N of the fi rst subsequent crop and 1% of the N of the second crop. 
Although the C/N ratio of the residues will have an eff ect on the 
availability and uptake of N by the fi rst subsequent crop, its eff ect 
on the recovery of 15N by following crops may be limited. Most of 
the residue will have undergone biological transformations within 
the fi rst year following application, with the remaining residue in-
corporated into the SOM (Ladd and Amato, 1986).

Total Nitrogen-15 Recovery in Plant and Soil
Most the total 15N losses from either fertilizers or residues 

occurred in the year of application. Averaged across our studies at 
13 sites worldwide, about one-third of the N applied as 15N fertil-
izer and 25% of that applied as 15N residue was lost during the fi rst 
growing season (Fig. 1a). A wide range of losses of 15N during the 
fi rst growing season has been reported. Total 15N losses of N con-
tained in hairy vetch (Vicia villosa Roth) were between 41 and 46% 
during the fi rst growing season, whereas losses of fertilizer N were 
between 38 and 53% in a subtropical climate in Korea (Seo et al., 
2006). Depending on the quality of the residue, and excluding burn-
ing the residue, between 15 and 70% of the 15N applied as residue 
was not recovered in a wheat crop or in the 0- to 40-cm soil depth 
(Kumar et al., 2001). In California, Kramer et al. (2002) found 

that average 15N losses were 33% aft er the fi rst growing season and 
were independent of whether N was applied in organic or inorganic 
forms, and also independent of cropping system, i.e., conventional, 
organic, or a low-input systems. Harris et al. (1994) followed the 
fate of fertilizer and clover N in conventional and organic systems 
and aft er 2 yr, 43% of the fertilizer N and 35% of the clover N was 
lost. When wheat and sorghum residues were applied, however, the 
total recovery was close to 100%, with between 81 and 95% of the 
N recovered in the soil (Wagger et al., 1985). It is probable that im-
mobilization of 15N fertilizer occurred when wheat and sorghum 
residues were applied, thereby reducing N losses. In our work aft er 
fi ve (residue) and six (fertilizer) growing seasons, on average 54% of 
the 15N was accounted for in the crop and soil, with similar recover-
ies for 15N fertilizer (53%) and 15N residue (55%) (Fig. 1b). Based 
on these fi ndings, it can be concluded that, from the viewpoint of 
retaining N within the agroecosystem (i.e., N retention in crop and 
soil), fertilizer N and organic N from crop residues are similar. Th e 
total amount of 15N retained will depend on a number of factors 
such as soil type and N supplying power, residue quality and man-
agement, climatic conditions, and fertilizer-N management prac-
tices such as rate, timing, and placement (Kumar and Goh, 2001).

Th e main diff erence in total recovery between fertilizer N and 
organic N is the distribution between crop and soil. On average, the 
total recovery of 15N from fertilizer N in the crop and soil aft er six 
growing seasons was 53% of the applied N. When applied as 15N 
residue, the total recovery in the crop and soil was 55% (Fig. 1b). 
Th us, the percentage of the 15N recovered in the crop and soil aft er 
fi ve (15N residue) or six (15N fertilizer) growing seasons was inde-
pendent whether applied as fertilizer or residue: the mean across all 
treatments and sites was 54%. When the 15N was applied as fertil-
izer, however, approximately two-thirds of that in the crop and soil 
was recovered in the crop and the remaining one-third in the soil. In 
contrast, when the N was applied as 15N residue, the average recov-
ery in the crop (based on the fourth and fi ft h growing seasons) was 
25%, with the remaining 75% recovered in the soil. A similar pat-
tern of recovery of 15N in the plant vs. the soil when fertilizer and 
residue N was applied occurred in a comparison of conventional 
and low-input systems (Harris et al., 1994).

Our results, from a diverse range of tropical agroecosystems, 
show that fertilizer N served as an available source of N for the 
crop but contributed less to the replenishment of N in the SOM. 
Th e opposite occurred for residue N, which only provided limited 
amounts of N to the crop but contributed much more to sustaining 
and building up the N reserve in the SOM. Because on average 79% 
of the N in the crop was obtained from soil organic N, maintaining 
the SOM content remains crucial, and crop residues will play an 
important role. As an adequate supply of mineral N is required to 
sustain crop growth and yield, fertilizer N will be a main source to 
provide this N. Th erefore, for tropical agroecosystems, management 
practices to enhance crop yield and sustain soil fertility should focus 
on how to improve the use of both inorganic and organic sources of 
N. One possible management practice is the combined application 
of organic and inorganic sources of N. Benefi cial interactions when 
fertilizer and residue inputs of diff erent qualities are combined have 
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been proposed (Vanlauwe et al., 2001). Possible temporary immo-
bilization of fertilizer N, which is subsequently released following 
net N mineralization, might improve the synchrony of N being re-
leased and uptake of N by the crop.

Environmental Factors Controlling Total 
Nitrogen-15 Recovery in Plant and Soil

Site was the dominant single factor infl uencing the recovery 
of 15N in the crop and soil, whereas growing season or the form 
of applied 15N (synthetic fertilizer or crop residue) was less im-
portant (Table 5). Regarding the various site factors, soil texture, 
pH, available P and K, and bulk density had little eff ect on the 
total 15N recovery. Overall, covariance analysis showed that, at the 
end of the third growing season, annual rainfall and mean annual 
temperature had the largest eff ects on 15N recoveries, in particu-
lar when the 15N was applied as residue N (Fig. 3). Increasing the 
annual rainfall or temperature between sites led to a marked and 
highly signifi cant decrease in the recovery of 15N residue in the 
crop and soil. Th is was mainly a result of decreased recovery of resi-
due N in the soil, as the infl uence of rainfall and temperature on 
recovery in the crop was much less strong (Fig. 3).

Berntsen et al. (2007) found that the SOM content had little ef-
fect on the 15N recovery of manure-derived N in the soil. Th erefore 
climate, as characterized by rainfall and mean annual temperature, 
became the most dominant factors infl uencing 15N losses: overall, 
higher temperature and higher rainfall led to higher total 15N losses, 
i.e., lower recoveries in the crop and soil (Fig. 3). In particular for 15N 
residue, its total recovery (crop and soil) was signifi cantly dependent 
on mean annual temperature, with higher temperature leading to 
higher 15N losses. High mean temperature and rainfall will increase 
the rate of decomposition of residue. If the release of mineral N from 
residues is not well synchronized with crop N uptake, the increase in 
net N mineralization will lead to higher leaching and denitrifi cation 
losses under high rainfall. Although mean annual temperature and 
annual rainfall had no signifi cant eff ect on the recovery of 15N fer-
tilizer, there was an overall tendency of lower recovery of 15N in the 
crop and soil with higher annual rainfall and temperature (Fig. 3). 
High rainfall and mean annual temperature tends to promote lower 
15N recoveries in the crop and lower total recoveries in plant and 
soil. In temperate region studies, higher rainfall in a 3-wk period 
following 15N-fertilizer application led to signifi cantly higher losses 
in the UK (Powlson et al., 1992; Macdonald et al., 1997). Pilbeam 
(1996), however, reviewing results from a range of mainly tropical 
sites, found that an increase in rainfall increased crop 15N uptake, 
decreased 15N recovery in the soil, and had no eff ect on total 15N re-
covery in the crop and soil. Most of the studies evaluated by Pilbeam 
(1996) were located in dryland areas with much lower rainfall than 
found in our study (Table 2). At these low-rainfall sites, crop growth 
was constrained by a lack of water, so higher rainfall promoted crop 
growth and generally decreased the risk of N loss by increasing the 
role of the crop as an N sink.

Somewhat surprisingly, there was a higher average recovery of 
15N fertilizer in the soil in the tropical environments of this study 
than in earlier studies in temperate regions (see Fig. 1; Powlson et al., 

1992; Glendining et al., 1997; Macdonald et al., 1997). Th e mean 
average recovery of 15N fertilizer in the crop aft er the fi rst grow-
ing season was 33%, with 37% remaining in the soil. In a temperate 
climate, the mean average recovery of 15N fertilizer aft er the fi rst 
growing season was 56% in the crop and 25% remaining in the soil, 
averaged across fi ve soil types and fi ve arable crops repeated for fi ve 
seasons (Powlson et al., 1992; Glendining et al., 1997; Macdonald 
et al., 1997). One possible explanation may be that immobilization 
of N fertilizer is more dominant or rapid in a tropical environment, 
and once fertilizer N is immobilized it is less subject to loss.

For the sites in this study, recovery of 15N residue in the crop 
and soil signifi cantly increased with an increase in cation exchange 
capacity and soil organic C content (Fig. 3). Th e cation exchange 
capacity is related to both clay and soil organic C content (Brady 
and Weil, 1996). It seems probable that the increasing recovery in 
the crop and  soil of 15N residues with increasing cation exchange 
capacity (Fig. 3) refl ects greater stabilization (i.e., slower decom-
position) of organic residues in soils of higher clay content. Th is 
infl uence would also tend to increase the stability (i.e., decrease 
the rate of remineralization) of 15N derived from fertilizer aft er 
its initial immobilization in the soil during the season of appli-
cation. As soil organic C content tends to be higher in soils of 
higher clay content, increased recovery of 15N residue would also 
be expected as soil organic C increases across the sites, as also seen 
in Fig. 3. Numerous other controls and unidentifi ed interactions 

Table 5. Analysis of variance results for crop and soil 15N 
recovery data collected during the fi rst three (13 locations) 
and the last three growing seasons (four to seven locations).

Time period 
and effect

Crop Soil Crop + soil Loss

First three growing seasons
P value Treatment (T) <0.001 0.007 0.903 0.855 Growing season (G) <0.001 <0.001 <0.001 <0.001 G × T <0.001 0.588 0.821 0.837

Variance estimate, (% N recovery or loss)2 Site (S) 56.9* 86 325* 347* S × T 23.9** 474** 417** 424**

Total variance, %† S 70 15 44 45 S × T 30 85 56 55

Last three growing seasons

P value T <0.001 0.053 0.800 0.666 G <0.001 0.005 0.016 0.014 G × T 0.001 0.016 0.006 0.009

Variance estimate, (% N recovery or loss)2 S 155* 277 736* 747* S × T 21** 136** 81* 75*

Total variance, %† S 88 67 90 91 S × T 12 33 10 9
* Signifi cant at P < 0.05.
** Signifi cant at P < 0.01. 
† The variance for a given effect, divided by the sum of the variance 
estimate for the four effects associated with the site, multiplied by 100.
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between factors are likely to have contributed to the actual losses 
or retention of 15N at the individual sites.

CONCLUSIONS
Despite the vital role of fertilizer N in increasing crop yield 

and achieving food security, SOM emerged as the main source 
of N for crop production across tropical agroecosystems in this 

study. On average, 79% of the N in the 
N-fertilized crop was derived from SOM 
in the experiments reported here from 
13 mainly tropical sites. Although, on 
average, only one-third of the fertilizer 
N was recovered by the crop in the year 
of N-fertilizer application, a further one-
third of the fertilizer N became part of the 
SOM, sustaining the role of SOM in pro-
viding N to subsequent crops.

Although residue N was a poor sup-
plier of N to the crop in the fi rst growing 
season, its contribution to SOM mainte-
nance was about double that of fertilizer 
N. Th erefore, the long-term eff ect of crop 
residues on providing mineral N to the crop 
will be greater than that of fertilizer N.

In this study, climatic conditions, i.e., 
rainfall and temperature, rather than soil 
characteristics, were the dominant factors 
infl uencing 15N losses: higher mean annual 
temperature and rainfall generally led to high-
er losses, in particular for residue 15N (Fig. 
3). Th erefore, losses of fertilizer and residue 
N in the humid tropics are likely to be more 
pronounced than in temperate or semiarid 
regions. Despite the general dominance of 
climatic factors in infl uencing N losses, for 
15N applied as organic residue there was also 
a trend for lower losses across several growing 
seasons in soils with higher cation exchange ca-
pacity (Fig. 3); this presumably refl ects greater 
stabilization of N in organic forms in such 
soils, leading to lower rates of mineralization.

Total recoveries of 15N in plant and 
soil aft er six growing seasons, averaged 
across four to six locations, were 54% and 
independent of whether N was applied as 
synthetic 15N fertilizer or as 15N residue 
(Fig. 1). Th e recovery of applied N found in 
our study is remarkably similar to the value 
reported by Smil (1999), who calculated, 
using the N balance method, that 50% of 
fertilizer N is lost. On a global scale, this 
implies that of the 100 million Mg of fer-
tilizer N applied to crops annually, approxi-
mately 50 million Mg is unaccounted for in 

soil or crop. Sixty percent of the total losses of fertilizer N occur 
during the fi rst growing season. Th us there remains considerable 
potential to improve FUE and reduce N losses, thereby reducing 
the environmental burden of lost N and increasing the economic 
performance of tropical cropping systems. Th e inability to control 
rainfall and temperature, however, will make it a considerable chal-
lenge to signifi cantly reduce N losses in humid, tropical environ-

Fig. 3. Crop and crop + soil 15N recovery responses to climate and soil-related covariables across 
the 13 locations for two management treatments during (a) the fi rst and (b) the third growing 
seasons; CEC is cation exchange capacity. Responses for the 15N-labeled fertilizer minus residue 
treatment were similar to those for the 15N-labeled fertilizer plus residue treatment and thus are 
not shown. The slope coeffi cients for signifi cant 15N recovery responses relative to the covariables 
are shown, and their statistical signifi cance is displayed: * P < 0.05; ** P < 0.01.
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ments. Th is highlights the urgent need for agronomic research in 
such regions to develop management practices to control N losses.

ACKNOWLEDGMENTS
We would like to thank the staff  of the Seibersdorf laboratory for the 
isotope analysis. Th e technical and fi nancial support of the International 
Atomic Energy Agency is highly appreciated. Th e assistance of F.C. 
Stevenson in the statistical analysis is much appreciated. We also thank 
D. F. Herridge, R. Merckx, and O.P. Rupela for stimulating discussions.

REFERENCES
Axman, H. 1990. Methods for 15N determination. p. 55–61. In G. Hardarson 

(ed.) Use of nuclear techniques in studies of soil–plant relationships. Int. 
Atomic Energy Agency, Vienna.

Bacon, P.E., L.G. Lewin, J.W. McGarity, E.H. Hoult, and D. Alter. 1989. Th e 
eff ect of stubble management and N fertilization practices on the nitrogen 
economy under intensive rice cropping. Aust. J. Soil Res. 27:685–698.

Barrie, A., and S.J. Prosser. 1996. Automated analysis of light-element stable 
isotopes by isotope ratio mass spectrometer. p. 1–46. In T.W. Boutton and 
S. Yamasaki (ed.) Mass spectrometry analysis. Marcel Dekker, New York.

Basanta, M.V., D. Dourado-Neto, K. Reichardt, O.O.S. Bacchi, J.C.M. Oliveira, 
P.C.O. Trivelin, L.C. Timm, T.T. Tominaga, V. Correchel, F.A.M. Cassaro, 
L.F. Pires, and J.R. de Macedo. 2003. Management eff ects of nitrogen 
recovery in a sugarcane crop grown in Brazil. Geoderma 116:235–248.

Becker, M., J.K. Ladha, and J.C.G. Ottow. 1994. Nitrogen losses and lowland rice 
yield as aff ected by residue nitrogen release. Soil Sci. Soc. Am. J. 58:1660–1665.

Berntsen, J., B.M. Petersen, P. Sorensen, and J.E. Olesen. 2007. Simulating residual 
eff ects of animal manures using 15N isotopes. Plant Soil 290:173–187.

Bigeriego, M., R.D. Hauck, and R.A. Olson. 1979. Uptake, translocation, and 
utilization of 15N-depleted fertilizer in irrigated corn. Soil Sci. Soc. Am. 
J. 43:528–533.

Bradbury, N.J., A.P. Whitmore, P.B.S. Hart, and D.S. Jenkinson. 1993. Modelling 
the fate of nitrogen in crop and soil in the years following application of 
15N-labelled fertilizer to winter wheat. J. Agric. Sci. 121:363–379.

Brady, N.C., and R.R. Weil. 1996. Th e nature and properties of soils. Prentice 
Hall, Upper Saddle River, NJ.

Bremer, E., and C. van Kessel. 1992. Plant-available nitrogen from lentil and 
wheat residues during the subsequent growing season. Soil Sci. Soc. Am. 
J. 56:1155–1160.

Campbell, C.A. 1978. Soil organic carbon, nitrogen and fertility. p. 173–271. 
In M. Schnitzer and S.U. Khan (ed.) Soil organic matter. Elsevier Scientifi c 
Publ. Co., Amsterdam.

Cassman, K.G., A. Dobermann, and D. Walters. 2002. Agroecosystems, 
nitrogen-use effi  ciency, and nitrogen management. Ambio 31:132–140.

Cassman, K.G., A. Dobermann, D. Walters, and H.S. Wang. 2003. Meeting cereal 
demand while protecting natural resources and improving environmental 
quality. Ann. Rev. Environ. Resour. 28:315–358.

Eagle, A.J., J.A. Bird, J.E. Hill, W.R. Horwath, and C. van Kessel. 2001. Nitrogen 
dynamics and fertilizer use effi  ciency in rice following straw incorporation 
and winter fl ooding. Soil Sci. Soc. Am. J. 93:1346–1354.

Fang, Y.T., P. Gundersen, J.M. Mo, and W.X. Zhu. 2008. Input and output of 
dissolved organic and inorganic nitrogen in subtropical forest of South 
China under high air pollution. Biogeosciences 5:339–352.

FAO. 2008. FAOSTAT. Available at http://faostat.fao.org/ (verifi ed 21 Oct. 
2009). FAO, Rome.

Fox, R.H., R.J.K. Myers, and I. Vallis. 1990. Th e nitrogen mineralization rate 
of legume residues in soil as infl uenced by their polyphenol, lignin, and 
nitrogen contents. Plant Soil 129:251–259.

Fredrickson, J.K., F.E. Koehler, and H.H. Cheng. 1982. Availability of 
15N-labeled nitrogen in fertilizer and in wheat straw to wheat in tilled and 
no-till soil. Soil Sci. Soc. Am. J. 46:1218–1222.

Fritschi, F.B., B.A. Roberts, D.W. Rains, R.L. Travis, and R.B. Hutmacher. 2005. 
Recovery of residual fertilizer-N and cotton residue-N by acala and pima 
cotton. Soil Sci. Soc. Am. J. 69:718–728.

Garabet, S., J. Ryann, and M. Wood. 1998. Nitrogen and water eff ects on wheat 
yield in a Mediterranean-type climate: II. Fertilizer-use effi  ciency with 
labelled nitrogen. Field Crops Res. 58:213–221.

Galloway, J.N., H. Levy, and P.S. Kashibhatla. 1994. Year 2020: Consequences of 

population growth and development on deposition of oxidized nitrogen. 
Ambio 23:120–123.

Galloway, J.N., A.R. Townsend, J.W. Erisman, M. Bekunda, Z. Cai, J.R. Freney, 
L.A. Martinelli, S.P. Seitzinger, and M.A. Sutton. 2008. Transformation 
of the nitrogen cycle: Recent trends, questions, and potential solutions. 
Science 320:889–892.

Gilland, B. 2002. World population and food supply. Can food production keep pace 
with population growth in the next half-century? Food Policy 27:47–63.

Giller, K.E., and G. Cadish. 1995. Future benefi ts from biological nitrogen 
fi xation: An ecological approach to agriculture. Plant Soil 174:255–277.

Glendining, M.J., P.R. Poulton, D.S. Powlson, and D.S. Jenkinson. 1997. Fate of 
15N- labeled fertilizer applied to spring barley grown on soils of contrasting 
nutrient status. Plant Soil 195:83–98.

Glendining, M.J., and D.S. Powlson. 1995. Th e eff ects of long continued 
applications of inorganic nitrogen fertilizer on soil organic nitrogen: A 
review. p. 385–446. In R. Lal and B.A. Stewart (ed.) Soil management: 
Experimental basis for sustainability and environmental quality. Lewis 
Publ., Boca Raton, FL.

Gorfu, A., R.F. Kuhne, D.G. Tanner, and P.L.G. Vlek. 2003. Recovery of 
15N-labelled urea applied to wheat (Triticum aestivum L.) in the Ethiopian 
highlands as aff ected by P fertilization. J. Agron. Crop Sci. 189:30–38.

Groff man, P.M., P.F. Hendrix, and D.A. Crossley. 1987. Nitrogen dynamics in 
conventional and no-tillage agroecosystems with inorganic fertilizer or 
legume nitrogen inputs. Plant Soil 97:315–332.

Harris, G.H., O.B. Hesterman, E.A. Paul, S.E. Peters, and R.R. Janke. 1994. 
Fate of legume and fertilizer nitrogen-15 in a long-term cropping systems 
experiment. Agron. J. 86:910–915.

Hart, P.B.S., D.S. Powlson, P.R. Poulton, A.E. Johnson, and D.S. Jenkinson. 
1993. Th e availability of the nitrogen in the crop residues of winter wheat 
to subsequent crops. J. Agric. Sci. 121:355–362.

Howarth, R.W., E.W. Boyer, W.J. Pabich, and J.N. Galloway. 2002. Nitrogen use in the 
United States from 1961–2000 and potential future trends. Ambio 31:88–96.

Ichir, L.L., and M. Ismaili. 2002. Decomposition et dynamique de l’azote de 
residus de ble et impact sur les stades de croissance du ble. C.R. Biol. 
325:597–604.

Ichir, L.L., M. Ismaili, and G. Hofman. 2003. Recovery of 15N labeled wheat residue 
and residual eff ects of N fertilization in a wheat–wheat cropping system 
under Mediterranean conditions. Nutr. Cycling Agroecosyst. 66:201–207.

Jansson, S.L., and J. Persson. 1982. Mineralization and immobilization of soil 
nitrogen. p. 229–252. In F.J. Stevenson (ed.) Nitrogen in agricultural soils. 
Agron. Monogr. 22. ASA, CSSA, and SSSA, Madison, WI.

Janzen, H.H., K.A. Beauchemin, Y. Bruinsma, C.A. Campbell, R.L. Desjardins, 
B.H. Ellert, and E.G. Smith. 2003. Th e fate of nitrogen in agroecosystems: An 
illustration using Canadian estimates. Nutr. Cycling Agroecosyst. 67:85–102.

Janzen, H.H., J.B. Bole, V.O. Biederbeck, and E. Slinkard. 1990. Fate of N applied as 
green manure or ammonium sulfate fertilizer to soil subsequently cropped with 
spring wheat in three sites in western Canada. Can. J. Soil Sci. 70:313–323.

Jenkinson, D.S. 2001. Th e impact of humans on the nitrogen cycle, with focus on 
temperate arable agriculture. Plant Soil 228:3–15.

Jenkinson, D.S., and A. Ayanaba. 1977. Decomposition of carbon-14 labeled 
plant material under tropical conditions. Soil Sci. Soc. Am. J. 41:912–915.

Jenkinson, D.S., R.H. Fox, and J.H. Rayner. 1985. Interactions between fertilizer 
nitrogen and soil nitrogen: Th e so-called ‘priming’ eff ect. J. Soil Sci. 36:425–444.

Jenkinson, D.S., P.R. Poulton, A.E. Johnston, and D.S. Powlson. 2004. Turn-
over of nitrogen-15-labeled fertilizer in old grassland. Soil Sci. Soc. Am. 
J. 68:865–875.

Jokela, W.F., and G.W. Randall. 1997. Fate of fertilizer nitrogen as aff ected by 
time and rate of application on corn. Soil Sci. Soc. Am. J. 61:1695–1703.

Ju, X.T., C.L. Kou, F.S. Zhang, and P. Christie. 2006. Nitrogen balance and 
groundwater nitrate contamination: Comparison among three intensive 
cropping systems on the North China Plain. Environ. Pollut. 143:117–125.

Keeney, D.R., and D.W. Nelson. 1982. Nitrogen—Inorganic forms. p. 643–698. In A.L. 
Page et al. (ed.) Methods of soil analysis. Part 2. Chemical and microbiological 
properties. 2nd ed. Agron. Monogr. 9. ASA and SSSA, Madison, WI.

Knudsen, D., G.A. Peterson, and P.F. Pratt. 1982. Lithium, sodium, and 
potassium. p. 225–246. In A.L. Page et al. (ed.) Methods of soil analysis. 
Part 2. Chemical and microbiological properties. 2nd ed. Agron. Monogr. 
9. ASA and SSSA, Madison, WI.

Kramer, A.W., T.A. Doane, W.R. Horwath, and C. van Kessel. 2002. Short-term 
recovery vs. long-term total soil N gains in conventional and alternative 



152 SSSAJ: Volume 74: Number 1  •  January–February 2010

cropping systems. Soil Biol. Biochem. 34:43–50.
Kumar, K., and K.M. Goh. 2001. Crop residue management: Eff ects on soil 

quality, soil nitrogen dynamics, crop yield, and nitrogen recovery. Adv. 
Agron. 68:197–319.

Kumar, K., and K.M. Goh. 2002. Recovery of 15N-labelled fertilizer applied 
to winter wheat and perennial ryegrass crops and residual 15N recovery 
by succeeding wheat crops under diff erent crop residue management 
practices. Nutr. Cycling Agroecosyst. 62:123–130.

Kumar, K., K.M. Goh, W.R. Scott, and C.M. Frampton. 2001. Eff ects of 
15N-labelled crop residues and management practices on subsequent 
winter wheat yields, nitrogen benefi ts and recovery under fi eld conditions. 
J. Agric. Sci. 136:35–53.

Ladd, J.N., and M. Amato. 1986. Th e fate of nitrogen from legume and fertilizer 
sources in soils successively cropped with wheat under fi eld conditions. Soil 
Biol. Biochem. 18:417–425.

Ladd, J.N., J.M. Oades, and M. Amato. 1981. Distribution and recovery of 
nitrogen from legume residues decomposing in soils sown to wheat in the 
fi eld. Soil Biol. Biochem. 13:251–256.

Ladha, J.K., H. Pathak, T.J. Krupnik, J. Six, and C. van Kessel. 2005. Effi  ciency 
of fertilizer nitrogen in cereal production: Retrospects and prospects. Adv. 
Agron. 87:85–156.

Littel, R.C., G.A. Milliken, W.W. Stroup, and R.D. Wolfi nger. 1996. SAS system 
for mixed models. SAS Inst., Cary NC.

Littel, R.C., W.W. Stroup, and R.J. Freund. 2002. SAS for linear models. 4th ed. 
SAS Inst., Cary NC.

Macdonald, A.J., P. Poulton, D.S. Powlson, and D.S. Jenkinson. 1997. Eff ects of 
season, soil type and cropping on recoveries, residues and losses of 15N-labelled 
fertilizer applied to arable crops in the spring. J. Agric. Sci. 129:125–154.

McLean, E.O. 1982. Soil pH and lime requirement. p. 199–224. In A.L. Page 
et al. (ed.) Methods of soil analysis. Part 2. Chemical and microbiological 
properties. 2nd ed. Agron. Monogr. 9. ASA and SSSA, Madison, WI.

Melillo, J.M., J.D. Aber, and J.F. Muratore. 1982. Nitrogen and lignin control of 
hardwood leaf litter decomposition dynamics. Ecology 63:621–626.

Mubarak, A.R., A.B. Rosenani, A.R. Anuar, and D.S. Zauyah. 2003a. Eff ect of 
incorporation of crop residues on maize–groundnut sequence in the humid 
tropics: II. Soil physical and chemical properties. J. Plant Nutr. 26:2343–2364.

Mubarak, A.R., A.B. Rosenani, A.R. Anuar, and D.S. Zauyah. 2003b. Recovery 
of nitrogen from maize residue and inorganic fertilizer in a maize–
groundnut rotation system in humid tropics of Malaysia. Commun. Soil 
Sci. Plant Anal. 34:2375–2394.

Myers, R.J.K., C.A. Palm, E. Cuevas, I.U.N. Gunatilleke, and M. Brossard. 
1994. Th e synchronisation of nutrient mineralisation and plant nutrient 
demand. p. 81–116. In P.L. Woomer and M.J. Swift  (ed.) Th e biological 
management of tropical soil fertility. John Wiley & Sons, Chichester, UK.

Olson, S.R., and L.E. Sommers. 1982. Phosphorus. p. 403–430. In A.L. Page 
et al. (ed.) Methods of soil analysis. Part 2. Chemical and microbiological 
properties. 2nd ed. Agron. Monogr. 9. ASA and SSSA, Madison, WI.

Palm, C.A., and P.A. Sanchez. 1990. Decomposition and nutrient release 
patterns of the leaves of three tropical legumes. Biotropica 22:330–338.

Paustian, K., H.P. Collins, and E.A. Paul. 1997. Management controls on soil 
carbon. p. 15–49. In E.A. Paul et al. (ed.) Soil organic matter in temperate 
agroecosystems. CRC Press, Boca Raton, FL.

Peters, S.E., M.M. Wander, L.S. Saporito, G.H. Harris, and D.B. Friedman. 1997. 
Management impacts on SOM and related soil properties in a long-term 
farming systems trial in Pennsylvania: 1981–1991. p. 183–196. In E.A. 
Paul et al. (ed.) Soil organic matter in temperate agroecosystems. CRC 
Press, Boca Raton, FL.

Pilbeam, C.J. 1996. Eff ect of climate on the recovery in crop and soil of 
15N-labelled fertilizer applied to wheat. Fert. Res. 45:209–215.

Pilbeam, C.J., P.J. Gregory, B.P. Tripathi, and R.C. Munankarmy. 2002. Fate of 
nitrogen-15-labelled fertilizer applied to maize–millet cropping systems in 
the mid-hills of Nepal. Biol. Fertil. Soils 35:27–34.

Pinstrup-Anderson, P., R. Pandya-Lorch, and M.W. Rosegrant. 1999. World 
food prospects: Critical issues for the early twenty-fi rst century. 2020 
Vision Food Policy Report. Int. Food Policy Res. Inst., Washington, DC.

Rhoades, J.D. 1982. Cation exchange capacity. p. 149–157. In A.L. Page et al. 
(ed.) Methods of soil analysis. Part 2. Chemical and microbiological 

properties. 2nd ed. Agron. Monogr. 9. ASA and SSSA, Madison, WI.
Powlson, D.S. 1994. Quantifi cation of nutrient cycles using long-term experiments. 

p. 97–115. In R.A. Leigh and A.E. Johnston (ed.) Long-term experiments in 
agricultural and ecological sciences. CAB Int., Wallingford, UK.

Powlson, D.S., and D. Barraclough. 1993. Mineralization and assimilation in 
soil–plant systems. p. 209–242. In R. Knowles and T.H. Blackburn (ed.) 
Nitrogen isotope techniques. Academic Press, San Diego.

Powlson, D.S., P.B.S. Hart, P.R. Poulton, A.E. Johnston, and D.S. Jenkinson. 
1992. Infl uence of soil type, crop management and weather on the recovery 
of 15N-labelled fertilizer applied to winter wheat in spring. J. Agric. Sci. 
118:83–100.

Powlson, D.S., G. Pruden, A.E. Johnston, and D.S. Jenkinson. 1986. Th e 
nitrogen cycle in the Broadbalk wheat experiment: Recovery and losses of 
15N-labelled fertilizer applied in spring and inputs of nitrogen from the 
atmosphere. J. Agric. Sci. 107:591–609.

Roberts, T.L., and H.H. Janzen. 1990. Comparison of direct and indirect methods 
of measuring fertilizer N uptake in winter wheat. Can. J. Soil Sci. 70:119–124.

Robertson, G.P. 1997. Nitrogen use effi  ciency in row-crop agriculture: Crop 
nitrogen use and soil nitrogen loss. p. 347–363. In L.E. Jackson (ed.) 
Ecology in agriculture. Academic Press, San Diego.

Robertson, G.P., and E.A. Paul. 1998. Ecological research in agricultural ecosystems: 
Contributions to ecosystem science and to the management of agronomic 
resources. p. 142–164. In M.L. Pace and P.M. Groff man (ed.) Successes, 
limitations, and frontiers in ecosystem science. Springer, New York.

Sanchez, P.A., and B. Jama. 2002. Soil fertility replenishment takes off  in East 
and southern Africa. p. 23–46. In B. Vanlauwe et al. (ed.) Integrated plant 
nutrient management in sub-Saharan Africa: From concept to practice. 
CAB Int., Wallingford, UK.

Schindler, F.V., and R.E. Knighton. 1999. Fate of fertilizer nitrogen applied to 
corn as estimated by the isotopic and diff erence methods. Soil Sci. Soc. Am. 
J. 63:1734–1740.

Scow, K.M. 1997. Soil microbial communities and carbon fl ow in agroecosystems. 
p. 367–413. In L.E. Jackson (ed.) Ecology in agriculture. Academic Press, 
San Diego.

Seo, J.-H., J.J. Meisinger, and H.-J. Lee. 2006. Recovery of nitrogen-15-labeled 
hairy vetch and fertilizer applied to corn. Agron. J. 98:245–254.

Smil, V. 1999. Nitrogen in crop production. An account of global fl ows. Global 
Biogeochem. Cycles 13:647–662.

Stevens, W.B., R.G. Hoeft , and R.L. Mulvaney. 2005. Fate of nitrogen-15 in a 
long-term nitrogen rate study: II. Nitrogen uptake effi  ciency. Agron. J. 
97:1046–1053.

Swift , M.J., and P. Woomer. 1993. Organic matter and the sustainability 
of agricultural systems: Defi nition and measurement. p. 3–18. In K. 
Mulongoy and R. Merckx (ed.) Soil organic matter dynamics and 
sustainability of tropical agriculture. John Wiley & Sons, Chichester, UK.

Tillman, D. 1999. Global environmental impacts of agricultural expansion: Th e need 
for sustainable and effi  cient practices. Proc. Natl. Acad. Sci. 96:5995–6000.

Tillman, D., K.G. Cassman, P.A. Matson, R. Naylor, and S. Polasky. 2002. 
Agricultural sustainability and intensive production practices. Nature 
418:671–677.

Timmons, D.R., and R.M. Cruse. 1991. Residual nitrogen-15 recovery by corn 
as infl uenced by tillage and fertilization method. Agron. J. 83:357–363.

Vanlauwe, B., O.C. Nwoke, N. Sanginga, and R. Merckx. 1996. Impact of residue 
quality on the C and N mineralization of leaf and root residues of three 
agroforestry species. Plant Soil 183:221–231.

Vanlauwe, B., J. Wendt, and J. Diels. 2001. Combined application of organic matter 
and fertilizer. p. 247–279. In G. Tian et al. (ed.) Sustaining soil fertility in 
West Africa. SSSA Spec. Publ. 58. SSSA and ASA, Madison, WI.

Wagger, M.G., D.E. Kissel, and S.J. Smith. 1985. Mineralization of nitrogen from 
nitrogen-15 labeled crop residues under fi eld conditions. Soil Sci. Soc. Am. 
J. 49:1220–1226.

Wang, J.Y., X.N. Lu, J.Z. Zheng, S.J. Wang, and Y. Chen. 2002. Use of isotope 
techniques in studies on the management of organic matter and nutrient 
turnover in Chinese rice fi elds. p. 1832. In Proc. World Congr. of Soil 
Sci., 17th, Bangkok, Th ailand. 14–21 Aug. 2002. Soil and Fert. Soc. of 
Th ailand, Bangkok.


