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plant labelled; (ii) labelled shoot/unlabelled root; and 
(iii) labelled root/unlabelled shoot in Experiment 2. 
Averaged across forage treatments, recoverable root 
biomass represented 64 and 37% of total forage bio-
mass, and the total 15N recovery from labelled roots 
was 52 and 62% of the total 15N recovery from shoots, 
in Experiments 1 and 2, respectively. Therefore, for-
age roots represented a substantial source of N for the 
subsequent crop. However, less than 5% of the 15N 
from crop residues was recovered in the potato vines 
plus tubers, and most of the 15N was recovered in the 
soil, regardless of the forage or residue treatments. 
Potato tuber and vine dry matter was greater for the 
RC than the T treatment for all residue treatments, a 
finding attributed to greater potato N accumulation 
for the RC treatment. It is therefore important to con-
sider the contribution of forage roots when studying 
N cycling in potato systems. Potato N requirements 
were satisfied more by soil-derived N rather than 
from fall incorporated forage residues.

Keywords  Phleum pratense · Trifolium pratense · 
15N residue exchange technique · Timothy · Red 
clover

Introduction

Potato is a crop with a high nitrogen (N) demand 
(Zebarth and Rosen 2007) but with a low N use 
efficiency, especially on coarse-textured soils 

Abstract  An improved understanding of the con-
tribution of a preceding forage crop to a subsequent 
potato crop can improve nitrogen (N) utilization 
in potato production. This study used two rotation 
experiments to estimate the N contribution from 
labelled shoot and root of red clover (RC, Trifolium 
pratense), timothy (T, Phleum pratense) and a red 
clover/timothy mixture (M) to a subsequent potato 
crop using microplots in the field. Forage crops were 
grown with 14NH4

14NO3 and 15NH4
15NO3 (98 atom 

%). The residue exchange technique was used to com-
pare residue treatments of (i) whole plant labelled; 
(ii) labelled shoot only; and (iii) labelled root only 
in Experiment 1, and residue treatments of (i) whole 
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(Cambouris et  al. 2016), resulting in an increased 
risk of adverse effects on environmental and human 
health due to groundwater nitrate contamination 
(Zebarth et  al. 2015). A study that assessed potato 
yield response and nitrate leaching in response to N 
management reported N fertilizer recovery to aver-
age 33% under intensive leaching conditions and 
56% under less intensive leaching conditions (Errebhi 
et  al. 1998). Matching the fertilizer N inputs to the 
potato crop N demand is an important strategy to 
improve N use efficiency, however, uncertainty in the 
quantity of N supplied by the soil makes such a strat-
egy challenging (Zebarth et al. 2012). This is particu-
larly true in humid environments like eastern Canada 
where residual nitrate from the previous growing 
season is leached from the root zone over the fall and 
winter, and the supply of N from the soil is deter-
mined primary by net N mineralization from the soil 
organic matter and from the residues of the preced-
ing crop (Zebarth et  al. 2009). A better understand-
ing of the fate of N in the preceding rotation crop 
would therefore assist in improving potato fertilizer N 
management.

Forage crops are known to be associated with sev-
eral agronomic benefits such as improved soil and 
water quality (Dabney et  al. 2001; Stark and Porter 
2005). In Eastern Canada, fall-plowed legume for-
age crops rapidly increase soil nitrate availability in 
the soil after their incorporation, thereby increas-
ing the potential for N loss from the system over the 
subsequent fall and winter, and reducing the potential 
N contribution to subsequent potato crop (Sander-
son et  al. 1999; Nyiraneza et  al. 2021). In addition, 
high residual soil nitrate after potato harvest has been 
reported (Jiang et al. 2012; Zebarth et al. 2015; Clé-
ment et  al. 2019), which also increases the quantity 
of nitrate susceptible to leaching. This high residual 
nitrate could be the result of asynchrony between the 
timing of mineralization of crop residue N and potato 
crop N demand over the growing season, or overesti-
mation of N fertilizer requirements due to difficulties 
in estimating N credits for the preceding legume for-
age crop.

Combining the benefits of legume and non-legume 
forage species may have synergistic effects for soil 
quality and for subsequent potato crops. Timothy is 
a perennial grass with a high C:N ratio that grows 
well in cooler climates with short growing seasons, 
making it an attractive option to add into cover crop 

mixtures with legumes in eastern Canada (Holmstrom 
et al. 2001; Kunelius et al. 2006). Compared to a pure 
legume, mixing grasses with legumes could decrease 
the net N mineralization after fall plowing, thereby 
decreasing N losses over the subsequent winter, and 
increase cover crop biomass, thereby increasing C 
inputs (Sainju and Singh 1997; Nyiraneza et al. 2021). 
Studies on diversifying cropping systems to mitigate 
nitrate leaching while sustaining potato yields have 
been carried out in Eastern Canada (Lynch et  al. 
2008; Nyiraneza et al. 2015, 2021; Liang et al. 2019), 
but more studies are needed to elucidate the contri-
bution of N from legumes, grasses and a mixture of 
grasses and legumes into subsequent potato crops. In 
particular, studies on N dynamics from forage crops 
have focused primarily on the effects of shoot bio-
mass rather than root biomass (Clark et al. 2001).

There is a lack of sufficient information regarding 
the contribution of crop residues from both the above- 
and below-ground components to subsequent crops. 
Fine roots have been reported to contribute more than 
50% of total net primary productivity in grasslands 
(Titlyanova et al. 1999; Steinaker and Wilson 2005). 
Below-ground N represented 39% of total plant N for 
faba bean (Vicia faba), 53% for chickpea (Cicer ari‑
etinum), 27% for mung bean (Vigna radiata) and 47% 
for pigeon pea (Cajanus cajan) (Khan et al. 2002a). 
Fine roots play an important role in nutrient uptake, 
have high N content (Pregitzer et al. 2002) and have 
a fast turnover (Gill et  al. 2002; Ruess et  al. 2003). 
Greubs and Robers (2020) reported that cereals with 
low shoot may be characterized with greater root 
growth and thus N sequestration would be underes-
timated when root uptake is not evaluated. Therefore, 
an accurate characterization of N dynamics from dif-
ferent forage crops needs to consider both above- and 
below-ground biomass to elucidate the full effect of 
forage crops on the subsequent cash crop in rotation 
systems (Khan et al. 2000a; b) to increase cash crop 
N use efficiency and reduce N losses in agricultural 
production (Karimi et al. 2020).

The use of stable isotopes in agricultural research 
has proven to be a useful approach for field-based 
experiments (Hauck and Bremner 1976; Follett 
2001; Delgado et  al. 2009) to quantify N cycling in 
the soil–plant system. Using 15N labelled fertilizer, 
it was demonstrated that the soil supplies equal or 
more N to the crops than fertilizer depending on the 
crop (Tran et al. 1997; Nyiraneza et al. 2010; Greub 
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and Roberts (2020). Using 15N enriched fertilizer, 
Greub and Roberts (2020) reported that the high-
est N fertilizer by cover crops (cereal rye and radish) 
was 38%. Nitrogen-15-enriched fertilizer in the form 
of 15NH4

+ or 15NO3
− can be used to label crop resi-

dues to estimate the N contribution from the residue 
to the subsequent crop (Delgado et  al. 2004; Mayer 
et al. 2003; Arcand et al. 2014a, b; Ding et al. 2019). 
The crop residue exchange technique, where shoots 
are exchanged between plants fertilized with 14 N or 
15N, can be useful to separate the contribution of the 
above- and below-ground residues to the subsequent 
crop (Taveira et  al. 2020). Previous studies reported 
that a large proportion of N from labelled crop resi-
dues was found in the soil rather than in the subse-
quent crop (Delgado et  al. 2004; Smith and Chalk 
2018; Taveira et al. 2020) implying that most N was 
derived from the soil especially when no N fertilizer 
is applied. There is, however, a large knowledge gap 
regarding the N contribution from forage roots to a 
subsequent potato crop.

The objectives of this study were to quantify the N 
dynamics from three forage types (red clover, timothy 
and a red clover/timothy mixture) and to use the crop 
residue exchange technique to evaluate the fate of N 
from forage shoots and roots in the subsequent potato 
crop and in the soil under the cool humid environ-
mental conditions in eastern Canada. We hypothesize 
that: i) most of N from labelled residue will be recov-
ered in the soil; ii) total 15N recovery from labelled 
root will represent at least 30% of that from shoot; 
and iii) 15N recovered by potatoes from labelled for-
age legumes (RC&M treatments) will be greater than 
that recovered from a grass (T treatment).

Materials and methods

Two experiments were conducted to assess the fate 
of forage N residues into a subsequent potato crop. 
In Experiment 1, forage red clover (RC, trifolium 
pratense), timothy (T, phleum pratense) and a red 
clover/timothy mixture (M) were seeded in the field 
in microplots in 2013, labelled in  situ in 2014, crop 
residue exchange performed in the fall of 2014, and 
potatoes grown in 2015. To confirm our findings in 
a second growing season, we conducted Experiment 
2. In Experiment 2, forages were grown and labelled 
in the greenhouse in 2017, the crop residue exchange 

done in microplots in the field in the fall of 2017, and 
potatoes grown in 2018. The ultimate goal of both 
experiments was to obtain labelled roots and shoots 
of different forage crops namely red clover (RC), tim-
othy (T) and a red clover-timothy mixture (M) and to 
follow their N cycling in potato plants grown in con-
tainers in the field over two growing seasons. There-
fore, differences in forage growing conditions in the 
greenhouse or in the field are not expected to affect 
the overall objective of the study.

Field site description for Experiments 1 and 2

The experiments were conducted between 2013 and 
2018 at the Harrington Research Farm of Agriculture 
and Agri-Food Canada, 12 km northwest of the city 
of Charlottetown, PEI, Canada (46° 21′N, 63° 9′W). 
The soil is characterised as an Orthic Humo-Ferric 
Podzol in the Canadian soil classification system, 
which corresponds to Orthic Podzol in the FAO clas-
sification system (Soil classification working group 
1998). Prince Edward Island has a humid temperate 
climate. The long-term (1981–2010) average mean 
air temperatures are − 7.7 and 18.7 °C for January and 
July, respectively (Environment and Climate Change 
Canada 2021). The long-term average annual total 
precipitation is 1158  mm, with 25% as snow. The 
frost-free period varies from 100 to 160 days (Carter 
et al. 1994).

Experiment 1: field experiment establishment 
and forage crop 15N‑labelling

In spring 2013, a small area of land (approximately 
4 × 20  m) was plowed and tilled. A total of 36 hol-
low metal cylinders (height: 0.3 m, diameter: 0.46 m, 
volume: 0.05 m3) were installed. Each cylinder, along 
with the total plant and soil matter contained within, 
was considered as one microplot. For installation 
of each microplot, an insertion channel was created 
in the soil using a prototype cookie cutter saw blade 
cut specifically for this project for easier installation 
and to minimize soil disturbance. The blade was con-
nected to a hydraulic drive attached to the prongs of 
a Super Boom skid steer loader (New Holland, New 
Holland, PA, USA) (Fig. S1). This was a unique 
research design to allow container installation with 
minimum soil disturbance. Insertions were made with 
approximately 0.5  m spacing between cylinders, a 
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spacing assumed to be sufficient to avoid contamina-
tion between cylinders (Fig. S2). Each cylinder was 
inserted into the ground by hand and hammered down 
leaving approximately 0.1  m protruding above the 
soil surface to ensure they were buried at a uniform 
depth (burial depth: 0.2  m). Red clover (RC), timo-
thy (T) or red clover/timothy mixture (M) were hand 
seeded in 12 microplots for each forage at a seed-
ing rate of 34 kg  ha−1 for RC, 18 kg  ha−1 for T and 
18/9 kg ha−1 red clover/timothy for M. Forage crops 
were left to grow in the field during the 2013 growing 
season with no NPK fertilizers applied.

On May 28, 2014, double-labelled N fertilizer 
(15NH4

15NO3, atom 98% 15N) was applied to 24 of 
the microplots (8 per forage treatment) at a rate of 
20, 60 and 40 kg N ha−1 for the RC, T, and M treat-
ments, respectively. Nitrogen fertilizer rates were dif-
ferent with pure legume (RC) receiving the lowest 
N fertilizer to account for biological N fixation by 
legumes. The remaining 12 microplots (4 per forage 
treatment) received 14NH4

14NO3 fertilizer at the same 
rates. Pre-weighed fertilizer was dissolved in 0.5 L 
of distilled water and sprinkled over each microplot 
using a watering can (Haws Elliott Ltd, West Mid-
lands, England). An additional 0.5 L of distilled water 
was added to residual solution in the watering can 
and applied to ensure complete application of ferti-
lizer treatments to each microplot. Non-labelled fer-
tilizer was applied before labelled fertilizer to avoid 
cross-contamination. Metal watering cans were used 
to apply fertilizer due to the small area of microplots 
instead of spraying with a pressurized gas cylinder 
as was done in previous work (Follett 2001; Delgado 
et al. 2004).

Before fertilizer application, soil samples were 
taken to provide an estimate of NO3

− distribu-
tion and background 15N in the soil. Five to six soil 
cores (2  cm in diameter) were taken at 0–15  cm 
and 15–30  cm depth around the perimeter of each 
microplot so as not to disturb soil in microplots and 
to prevent preferential flow of N fertilizer through 
the sampling holes. Individual samples around each 
microplot were mixed together per depth to obtain a 
composite sample.

Experiment 1: plant tissue sampling

In PEI, cool-season grasses in their second year are 
normally harvested two or three times with the first 

harvest in mid-June, the second in mid-August and 
the third in early to mid October depending on the 
growing season length (Kunelius 1990). During the 
2014 growing season, forage crops in all microplots 
were harvested twice. The first harvest occurred on 
August 8, 2014 (72 days after 15N fertilizer applica-
tion). Shoot cover crop tissue was cut to soil level 
from each microplot, put into labelled paper bags 
and weighed. Non-labelled forage crops were har-
vested before labelled forage crops to avoid cross-
contamination. A representative subsample (~ 100 g) 
was taken from each microplot and dried at 55  °C 
for 48 h to determine cover crop dry matter content. 
The remaining biomass was cut into 5-cm-long seg-
ments, air-dried and then stored frozen (-20 °C) until 
crop residue exchange. Samples from the M treatment 
were not separated into red clover and timothy resi-
dues, and only the total biomass and N accumulation 
of the mixed forage was measured.

The second harvest of shoot biomass occurred on 
October 29, 2014 (154 days after 15N fertilizer appli-
cation). The sampling method was identical to the 
first harvest, except that smaller subsamples (~ 60 g) 
of tissue were used to determine dry matter, because 
the collected biomass was low (< 400  g) for all 
microplots. The remaining biomass was air-dried and 
combined with biomass from the first harvest to cre-
ate one composite sample per each microplot.

The 15N-labelled recoverable roots were collected 
immediately after the second harvest using a method 
similar to Bolinder et al. (2002). All soil and recover-
able roots were excavated from microplots receiving 
15N fertilizer to a depth of 0.2 m (depth of cylinder) 
and brought back to the lab in large plastic bags. The 
cylinders were left in place in the field. The soil was 
passed through a 4-mm sieve to separate the roots 
from the soil. The roots were then washed twice 
through a series of sieves (4 mm, 2 mm, 1 mm) with 
distilled water to remove additional soil. The collected 
root biomass per microplot was small (~ 1000 g), and 
the entire root sample was air-dried to determine dry 
weight, and stored until the date of the crop residue 
exchange. Recoverable roots were categorized as all 
the roots that could be collected through sieving and 
by picking them out with tweezers from the soil.

Air-dried shoot tissue and root subsamples were 
weighed to determine dry matter content and biomass 
accumulation. Shoot tissues were ground to pass a 
1  mm screen with a Wiley Mill grinder (Arthur H. 
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Thomas Co., Philadelphia, USA). Due to the small 
sample size, root samples were ground using liquid N 
inside a mortar and pestle until they formed a powder. 
Subsamples (5 to 10  mg to obtain around 100  g  N) 
of each shoot and root sample from each microplot 
in each harvest were encapsulated in 5 × 8  mm tin 
capsules. Samples were sent for analysis at the Agri-
culture and Agri-Food Canada Stable Isotope Lab at 
the Lethbridge Research and Development Centre for 
total 14  N and 15N and total C using a gas chroma-
tograph-mass spectrometer (Flash 2000 Elemental 
Analyzer, manufactured by Thermo Fisher Scientific, 
Voltaweg 22, 2627 BC Delft, The Netherlands).

After the final removal of plant biomass, soil sam-
ples were taken from all microplots with a soil probe 
(2 cm in diameter). Three samples were taken in each 
microplot to form one composite sample at a depth of 
0–15 cm and 15–30 cm to measure background 15N in 
unlabelled plots and 15N fertilizer recovery in labelled 
plots. Soil samples were passed through a 2-mm 
sieve. A subsample of soil was ground by hand with 
a mortar and pestle to pass through a 1-mm sieve, 
weighed and encapsulated in tin capsules to be sent 
for analysis of total 14 N and 15N using a gas chroma-
tograph-mass spectrometer as described above.

Experiment 2: forage crop 15N‑labelling 
in the greenhouse

Experiment 2 had a similar design to Experiment 
1, except that forage growth and labelling was con-
ducted in the greenhouse using a pro-mix growing 
media to facilitate the root retrieval. The tempera-
ture in the greenhouse was set at 22° C with 14  h 
of lighting and plants were manually watered as 
needed. Plastic containers (diameter: 38.1 cm, height: 
92.2  cm) were used as the experimental unit (Fig. 
S2). Red clover, timothy and a red clover/timothy 
mixture were seeded on April 27, 2017, and 15N fer-
tilizer (15NH4

15NO3) was split applied at 24 microp-
lots through three weekly applications on June 1, 
June 8 and June 15, 2017. Unlabelled 14 N fertilizer 
(14NH4

14NO3) was applied to 12 microplots (4 per 
forage treatment). The N rate was the same as for the 
field experiment (20 kg N ha−1 for RC, 60 kg N ha−1 
for T and 40 kg N ha−1 for M). Three harvests of the 
above-ground biomass were collected for the RC 
and M treatments on June 26 (26 days after the first 
15N fertilizer application), July 13 (43 days after the 

first 15N fertilizer application) and August 9 (70 days 
after the first 15N fertilizer application), while only 
two harvests were collected for the T treatment on 
June 26 and August 9. Plant shoot and root tissues 
were collected, processed, analyzed and conserved as 
described for Experiment 1.

Crop residue exchange in Experiments 1 and 2

The crop residue exchange was performed in the fall 
of 2014 for Experiment 1 and in the fall of 2017 for 
Experiment 2. In both experiments, potatoes were 
grown in microplots in the subsequent year growing 
season (i.e., 2015 and 2018).

In Experiment 1, three residue treatments were 
implemented on November 21, 2014: (i)  labelled 
shoot/unlabelled root; (ii) labelled shoot only; and 
(iii) labelled root only. The labelled shoot/unlabelled 
root treatment was implemented by adding labelled 
residues from each forage to microplots of the same 
forage which had not been labelled and which had the 
shoot tissue removed. The labelled shoot only treat-
ment was implemented by adding residues from each 
forage to new microplots and the labelled root only 
treatment was implemented by adding residues from 
each forage to new microplots. Note that an unla-
belled shoot/labelled root treatment was not imple-
mented because both the soil and roots were labelled 
and as a result it would not be possible to distinguish 
the N provided to the subsequent potato crop by the 
labelled root tissue only.

In Experiment 2, three residue treatments were 
also implemented, but they differed from those used 
in Experiment 1: (i) whole plant labelled; (ii) labelled 
shoot/unlabelled root; (iii) labelled root/unlabelled 
shoot. Labelled residue components were added to 
new microplots in the field on October 31, 2017.

In both experiments, the top 10–15 cm of soil was 
excavated from each microplot with a hand shovel and 
carefully placed in a large plastic bag. The labelled 
plant biomass was placed evenly inside the microplot, 
and the soil was then placed on top of the biomass, to 
simulate how the soil is overturned during plowing. 
Therefore, the labelled residues were incorporated at 
a depth of approximately 10–15 cm. After incorpora-
tion, microplots were left undisturbed until the fol-
lowing spring in preparation for the potato seeding.
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Potato phase

Prior to planting potatoes in 2015 and in 2018, the 
topsoil in each microplot was mixed by hand, making 
sure to change gloves between experimental units to 
minimize cross-contamination. Potatoes were planted 
on May 28, 2015 and June 21, 2018. Two whole seed 
potatoes (var. Russet Burbank) were planted in each 
microplot to ensure that at least one would emerge. 
Whole seeds were used to decrease the risk of disease 
(Nolte et  al. 2003). A small hill was created within 
the microplot by moving the soil together towards the 
centre of the cylinder. As soon as the plants emerged, 
the smaller potato plant of the two in each microplot 
was carefully removed completely by hand.

Potatoes were managed as closely as possible to 
commercial practice except that no additional N fer-
tilizer was applied. Granular fertilizer was applied by 
hand at a rate of 190  kg P2O5 ha−1 as triple super-
phosphate and 190  kg K2O ha−1 as potassium chlo-
ride to ensure they were non-limiting (Government 
of PEI 2017). The microplots in all treatments were 
managed according to normal growing practices 
in PEI, and fungicide and herbicide were applied 
accordingly. There was no supplemental irrigation 
throughout the growing season to reflect the rain-fed 
potato production in PEI.

The potato plants were harvested from each 
microplot (one plant per container) on September 3, 
2015 and August 30, 2018 before potato vine senes-
cence to determine root, vine and tuber dry matter 
biomass, N accumulation, and recovery of 15N from 
forage residues. The entire potato plant from each 
microplot was dug out by hand and placed in desig-
nated labelled bags. Tissues were separated into root 
plus stolon, tuber and vine plant components before 
being washed and weighed, except in 2018 when 
roots were not recovered. All the vine and root tissues 
were then cut by hand to 5-cm segments and dried at 
55 °C for 48 h to determine biomass. Given that the 
large recoverable roots represented a small proportion 
of plant biomass and N accumulation in 2015 and in 
previous studies (Bélanger et  al. 2001; Liang et  al. 
2019), readily recoverable roots were not collected in 
2018. All collected tubers from each microplot were 
cut and weighed. A subsample of approximately 3–4 
tubers from each microplot was dried and weighed in 
the same way as roots and vines for subsequent 15N 
analysis preparation. Total tuber yield (g m−2) was 

estimated based on the tuber mass for an individual 
microplot and assuming a plant density of 28,704 
tubers per ha (i.e., to reflect a row spacing of 91 cm 
and within-row spacing of 38 cm).

The dried potato tissue samples were ground to 
pass a 1-mm screen using a Black and Decker Smart 
Grind™ Coffee and Spice Grinder (Miramar, USA). 
A coffee grinder was used due to the small amount of 
sample collected. Once tissue was ground, vine, tuber 
and root subsamples were encapsulated for 15N analy-
sis as was done for forage crops and sent for analy-
sis of total C and N concentration and 14 N and 15N 
enrichment as described above. These results were 
also used to calculate the partitioning of 15N in the 
potato crop.

Calculations

The N accumulation for individual plant components 
was calculated according to Eq.  1, then summed to 
calculate plant N accumulation:

Labelled fertilizer N recovery in plant and soil 
samples was calculated based on Nyiraneza et  al. 
(2010). Labelled fertilizer N recovery was calcu-
lated  according to Eq. 2 below:

where p (kg N ha−1) is the plant total N accumulation, 
f is the amount of N applied with fertilizer or labelled 
residues (kg N ha1), a is the abundance in the applied 
fertilizer or in the labelled residue (atom% 15N), b is 
the 15N natural abundance of unlabelled plants, and c 
is the atom% 15N of labelled plants. Labelled fertilizer 
N recovery in soil was calculated according to Eq. 3 
below:

(1)

Tissue N accumulation
(

kgha−1
)

= tissue N concentration
(

gkg−1
)

×
dry matter yield

(

kgha−1
)

1000

(2)

Plant N recoveryfrom15 N fertilizer or labelled residue(%)

= 100 ×
p(c − b)

f (a − b)

(3)Recoveryof15 N insoil(%) = 100 ×
s(c − b)

f (a − b)
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 where s (kg N ha−1) is the quantity of N in soil (as 
calculated by Eq. [4]), f is the amount of N applied 
with fertilizer or labelled residue (kg ha−1), a is the 
abundance in the applied fertilizer or in labelled resi-
due (atom% 15N), b is the 15N natural abundance of 
soil samples collected in unlabelled plots, and c is the 
atom% 15N of labelled soil sample.

Soil total N was calculated as Eq. 4 below:

where A is the area (10,000 m2 ha−1), BD is the soil 
bulk density (Mg soil m−3), D is the sampling depth 
(m), and TSN is the soil total N concentration (g N 
kg−1 soil).

In the potato phase, recovery of 15N was calculated 
in the same way for fertilizer 15N recovery (Eq. [2]), 
except f was the amount of 15N applied with labelled 
cover crop residues (kg N ha1) and a was the abun-
dance in the applied residues.

Statistical analysis

For both forage and potato phases, statistical analy-
ses were performed with R software package (version 
3.2.4,  R core Team, 2016). The nlme packages were 
used for Analysis of Variance (ANOVA) for a com-
pletely randomized design, and differences among 
treatments were compared with Tukey’s HSD at 0.05 
probability level. Assumptions of normality and equal 
variances were checked before analysis with a Shap-
iro–Wilk and Levene’s Test for Homogeneity. In the 
forage phase of each experiment (2014; 2017), the 
statistical analysis was based on a completely ran-
domized design with 3 treatments and 4 replicates 
where the treatments were three forages (RC, M or 
T). In the potato phase the statistical analysis was 
done separately for each residue treatment.

Results

Temperature and rainfall during the study period

Mean monthly air temperature during the growing 
season (May to October) was generally close to the 
30-yr average (Fig. S3A). The exceptions were spe-
cific months (May 2015, June 2017, July 2014 and 
2018, September 2015 and 2017 and October 2014 

(4)
Soiltotal N

(

kg N ha−1
)

= (A × BD × D × TSN)∕1000

and 2017) when the temperature was warmer by an 
average of 1.7 °C than the 30-yr average.

Compared with the 30-yr average, monthly rain-
fall in May was lower than average in 2014, 2015 
and 2018, but 71% higher than average in 2017 (Fig. 
S3B). In June, mean monthly rainfall was below 
average in 2014 and 2017, but 13 and 53% higher 
than average in 2015 and 2018, respectively. Mean 
monthly rainfall in July was below average in all 
years, at approximately 50% of the average in 2014, 
2015 and 2017, and 87% of the average in 2018. In 
August, mean monthly rainfall was 3 to 26% greater 
than the 30-yr average in all years, whereas rainfall 
in September was 7 to 41% below average. Rainfall 
in October was near average in 2014 and 2015, 69% 
below average in 2017, and 53% above average in 
2018.

Shoot and root dry matter biomass, N accumulation 
and C:N ratio

Total shoot dry matter (i.e., cumulative shoot dry 
matter across harvests) averaged across forage treat-
ment was greater in 2014 (1.8 kg  m−2) than in 2017 
(1.2  kg  m−2) (Table  1). Greater total shoot biomass 
in 2014 than 2017 likely reflects the fact that the 
former was the second year of forage growth (i.e., 
2013–2014) whereas the latter was the first year of 
forage growth. Additionally, forage root growth in 
the greenhouse in 2017 may also have been limited 
in plastic containers in comparison to open cylinders 
used in the field in 2014. In both years, total shoot 
biomass did not differ significantly between RC and 
M, and was approximately 2 times greater than for T. 
Root dry matter biomass did not differ significantly 
among treatments in 2014, whereas in 2017, root bio-
mass was greater for T than for RC.

Similar to shoot total dry matter accumulation, 
shoot total N accumulation in 2014 was greater 
for RC and M than for T (Table  1). In comparison, 
shoot N accumulation in 2017 followed the pat-
tern RC > M > T. Root N accumulation in 2014 was 
greater for RC and M than for T, similar to root dry 
matter accumulation, whereas root N accumulation 
did not differ significantly among forage treatments in 
2017.

Shoot C:N ratio for RC and M was below 20 for 
each harvest in both years (Table 1). Except for har-
vest 1 in 2017, shoot C:N ratio was significantly 



194	 Nutr Cycl Agroecosyst (2023) 125:187–204

1 3
Vol:. (1234567890)

Ta
bl

e 
1  

F
or

ag
e 

sh
oo

t a
nd

 ro
ot

 d
ry

 m
at

te
r, 

N
 a

cc
um

ul
at

io
n 

an
d 

C
:N

 in
 E

xp
er

im
en

t 1
 in

 th
e 

fie
ld

 (2
01

4)
 a

nd
 E

xp
er

im
en

t 2
 in

 th
e 

gr
ee

nh
ou

se
 (2

01
7)

Fo
ra

ge
s 

sa
m

pl
ed

 in
 2

01
4 

w
er

e 
se

ed
ed

 in
 s

pr
in

g 
20

13
, w

he
re

as
 fo

ra
ge

s 
sa

m
pl

ed
 in

 2
01

7 
w

er
e 

se
ed

ed
 in

 s
pr

in
g 

20
17

. I
n 

20
14

, h
ar

ve
st 

1 
an

d 
2 

oc
cu

rr
ed

 o
n 

A
ug

us
t 8

 a
nd

 O
ct

ob
er

 
29

, r
es

pe
ct

iv
el

y,
 a

nd
 in

 2
01

7 
ha

rv
es

t 1
, 2

 a
nd

 3
 o

cc
ur

re
d 

on
 Ju

ne
 2

6,
 Ju

ly
 1

3 
an

d 
A

ug
us

t 9
, r

es
pe

ct
iv

el
y

Va
lu

es
 fo

llo
w

ed
 b

y 
th

e 
sa

m
e 

le
tte

r w
ith

in
 a

 c
ol

um
n 

an
d 

ye
ar

 a
re

 n
ot

 s
ig

ni
fic

an
tly

 d
iff

er
en

t a
t 0

.0
5 

pr
ob

ab
ili

ty
 le

ve
l. 

Va
lu

es
 in

 p
ar

en
th

es
is

 re
pr

es
en

t s
ta

nd
ar

d 
er

ro
rs

 o
f t

he
 m

ea
n.

 
N

/A
, n

ot
 a

pp
lic

ab
le

RC
 re

d 
cl

ov
er

; T
 ti

m
ot

hy
; M

 re
d 

cl
ov

er
/ti

m
ot

hy
 m

ix
tu

re
N

S,
 n

ot
 si

gn
ifi

ca
nt

 a
t 5

%
 p

ro
ba

bi
lit

y 
le

ve
l, 

*,
 *

*,
 *

**
, s

ig
ni

fic
an

t a
t 5

%
, 1

%
 a

nd
 0

.1
%

 p
ro

ba
bi

lit
y 

le
ve

l, 
re

sp
ec

tiv
el

y

D
ry

 m
at

te
r (

kg
 m

−
2 )

N
 a

cc
um

ul
at

io
n 

(g
 m

−
2 )

C
:N

 ra
tio

H
ar

ve
st 

1
H

ar
ve

st 
2

H
ar

ve
st 

3
H

ar
ve

st 
1

H
ar

ve
st 

2
H

ar
ve

st 
3

H
ar

ve
st 

1
H

ar
ve

st 
2

H
ar

ve
st 

3
H

ar
ve

st 
1

H
ar

ve
st 

2

20
14

RC
1.

34
a 

(0
.1

)
0.

66
a 

(0
.0

3)
N

/A
1.

99
a 

(0
.1

)
1.

03
 

(0
.0

2)
34

.5
a 

(3
.8

)
18

.1
a 

(1
.6

)
N

/A
52

.7
a 

(3
.5

)
19

.3
a 

(0
.2

)
18

.1
b 

(0
.8

)
16

.1
b 

(0
.9

)
N

/A
16

.3
b 

(0
.2

)

M
1.

46
a 

(0
.1

)
0.

75
a 

(0
.1

)
N

/A
2.

20
a 

(0
.1

)
1.

24
 

(0
.1

2)
31

.9
 a

 
(3

.3
)

21
.1

a 
(2

.1
)

N
/A

53
.0

a 
(5

.0
)

20
.1

a 
(0

.2
)

19
.5

b 
(1

.7
)

15
.2

b 
(0

.3
)

N
/A

17
.7

b 
(1

.6
)

T
1.

03
b 

(0
.0

3)
0.

11
b 

(0
.0

2)
N

/A
1.

14
b 

(0
.0

4)
1.

12
 

(0
.2

3)
7.

2b
 (0

.7
)

1.
2b

 (0
.2

)
N

/A
8.

4b
 (0

.7
)

5.
9b

 (1
.1

)
58

.4
a 

(3
.9

)
34

.2
a 

(2
.9

)
N

/A
43

.9
 a

 (1
.9

)

P 
va

lu
e

**
*

**
*

N
/A

**
*

N
S

**
*

**
*

N
/A

**
*

**
*

**
*

**
*

N
/A

**
*

20
17

RC
0.

49
a 

(0
.0

3)
0.

33
a 

(0
.0

2)
0.

63
a 

(0
.0

2)
1.

45
a 

(0
.0

5)
0.

29
b 

(0
.0

4)
16

.3
a 

(1
.9

)
12

.8
 (0

.9
)

19
.2

 a
 

(0
.7

)
48

.3
a 

(1
.8

)
5.

7 
(0

.6
)

14
.1

b 
(0

.8
)

11
.5

 (0
.5

)
15

.1
b 

(0
.6

3)
22

.9
c 

(1
.2

)

M
0.

43
ab

 
(0

.0
2)

0.
25

b 
(0

.0
3)

0.
65

a 
(0

.0
4)

1.
33

a 
(0

.0
6)

0.
39

ab
 

(0
.0

8)
10

.3
b 

(0
.5

)
9.

5 
(1

.4
)

16
.5

 a
 

(1
.4

)
36

.2
b 

(2
.4

)
4.

8 
(0

.6
)

17
.5

a 
(0

.4
)

11
.8

 
(0

.6
0)

18
.1

b 
(1

.1
2)

34
.9

b 
(2

.4
)

T
0.

39
b 

(0
.0

1)
N

A
0.

27
b 

(0
.0

2)
0.

66
b 

(0
.0

3)
0.

61
a 

(0
.1

1)
8.

8b
 (0

.4
)

N
/A

2.
4b

 (0
.2

)
11

.2
c 

(0
.4

)
4.

7 
(0

.5
)

19
.1

a 
(1

.3
)

N
/A

50
.1

a 
(2

.2
5)

73
.7

a 
(1

.4
)

P 
va

lu
e

*
*

**
*

**
*

**
**

*
N

S
**

*
**

*
N

S
**

*
N

S
**

*
**

*



195Nutr Cycl Agroecosyst (2023) 125:187–204	

1 3
Vol.: (0123456789)

greater for T than for RC and M. Root C:N ratio was 
greater for T than for RC and M in 2014, and fol-
lowed the pattern T > M > RC in 2017.

The S:R ratios (i.e., total shoot dry matter/root dry 
matter) were 1.94, 1.77 and 0.98 in 2014 and 5.17, 
3.33 and 1.15 in 2017 for RC, M and T, respectively 
(Table 1). The greater S:R for all forage crops in 2017 
was likely a result of less root dry matter accumula-
tion due to one season of growth versus two seasons 
of growth (2013–2014) for 2014.

Nitrogen‑15 derived from fertilizer recovered in 
forage tissues and soil

In 2014, when averaged across forage treatments, 
the overall 15N recovery in plant tissues and soil was 
99.6% (Table 2). On average, 54% of 15N was recov-
ered in the plant tissues and 45% recovered in the 
soil. Of the 15N recovered in the plant, an average 
of 41% was recovered in the shoot in harvest 1, 3% 
in the shoot in harvest 2, and 10% in the roots. For-
age treatment had a significant effect on 15N recov-
ery in the shoot biomass and in the soil, but not in 
the root biomass. At the first harvest, greater recov-
ery of 15N was observed for T than for RC treatment, 
whereas at the second harvest, greater recovery of 15N 

was observed for M than for RC and T. As expected, 
increased 15N recovery in plant tissues was associated 
with lower 15N recovery in the soil, and followed the 
pattern RC > M > T.

In 2017, when averaged across forage treatments, 
15N recovery in plant tissues was 113% with an 
average recovery of 81% in the first harvest, 18% in 
the second plus third harvests and 14% in the roots 
(Table 2). Recovery of 15N in soil was not determined 
in 2017 because forage crops were grown using a 
pro-mix growing media instead of soil. The > 100% 
recovery of 15N fertilizer was attributed primarily to 
unrealistically high recovery in the first harvest for the 
M treatment, likely due to the difficulty in obtaining a 
representative sample from this heterogeneous forage 
tissue for determination of 15N labelling. There was a 
significant effect of forage treatment on 15N recovery, 
with greater recovery for M than RC and T for harvest 
1, and greater recovery for T than RC in the roots.

Potato vine and tuber dry matter and N accumulation

In 2015, potato tuber and total biomass averaged 
across forage treatments were of similar magnitude 
for each of the three residue treatments (Table  3). 
Averaged across all residue treatments and forages, 

Table 2   Recovery of 15N from labelled fertilizer in shoot and root tissues of three forage treatments in Experiment 1 in the field 
(2014) and in Experiment 2 in the greenhouse (2017)

Forages sampled in 2014 were seeded in spring 2013, whereas forages sampled in 2017 were seeded in spring 2017. In 2014, harvest 
1 and 2 occurred on August 8 and October 29, respectively, and in 2017 harvest 1, 2 and 3 occurred on June 26, July 13 and August 
9, respectively
N/A not applicable; RC red clover; T timothy; M red clover/timothy mixture
Values followed by the same letter within a column and year are not significantly different at 0.05 probability level. Values in paren-
thesis represent standard errors of the mean
NS, not significant at 5% probability level, *, **, ***, significant at 5%, 1% and 0.1% probability level, respectively

15N recovery from labelled fertilizer (%)

Forage Harvest 1 Harvest 2 Harvest 3 Roots Soil 0–15 cm Soil 15–30 cm

2014
RC 31.3 (2.8)b 2.3 (0.5)b N/A 10.2 (0.8) 48.6 (3.8)a 18.1 (2.8)a
M 41.5 (4.1)ab 4.4 (0.6)a N/A 8.8 (1.2) 35.5 (4.9)b 10.3 (1.3)b
T 51.4 (6.7)a 2.1 (0.6)b N/A 11.7 (1.8) 17.2 (1.9)c 6.7 (0.5)b
P value * * N/A NS ** ***
2017
RC 75.2 (4.9)b 11.8 (0.9) 6.4 (1.0) 9.8(0.7)b N/A N/A
M 98.4 (7.5)a 9.7 (2.04) 11.2 (5.1) 14.7 (2.4)ab N/A N/A
T 69.7 (3.2)b N/A 16.1 (0.9) 16.4 (2.5)a N/A N/A
P value ** NS NS * N/A N/A
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tubers, vines and roots accounted for 74, 24 and 2% 
of total dry matter, respectively. There was a signifi-
cant effect of forage on tuber and vine dry matter, 
with greater values for RC than T for all residue treat-
ments. In comparison, tuber dry matter for M was not 
significantly different than RC for the Labelled shoot/
unlabelled root treatment, not significantly different 
from T for the Labelled root only treatment, and inter-
mediate between RC and T for the Labelled shoot 
only treatment. Vine dry matter was greater for RC 
and M than for T for the Labelled shoot/unlabelled 
root and Labelled shoot only treatments, and greater 
for RC than T for the Labelled root only. When aver-
aged across forage treatments, values of N accumula-
tion in tubers, vines and roots varied slightly across 
residue treatments. Averaged over forage and residue 
treatments, the tubers, vines and roots accounted for 
48, 49 and 3% of the total plant N accumulation. The 
N accumulation was significantly greater for RC and 
M than T for vines and roots in the Labelled shoot/
unlabelled root treatment, and tubers and vines in the 
Labelled shoot only treatment, whereas there was no 
effect of forage treatment on N accumulation in all 
other cases.

In 2018, the potato vine and tuber dry matter and 
N accumulation in tubers and vines were of compara-
ble magnitude across the residue treatments (Table 4). 
Root dry matter and N accumulation was not deter-
mined in 2018. Averaged across the forages and 

Table 3   Potato tuber, vine 
and root dry matter and N 
accumulation in response to 
different 15N-labelled forage 
and residue treatments in 
Experiment 1 (2015)

Values in parenthesis 
represent standard error of 
the mean. Values followed 
by the same letter within 
a residue treatment and 
column are not statistically 
different at 0.05 probability 
level
RC red clover; T timothy; M 
red clover/timothy mixture
NS not significant at 5% 
probability level, *, **,***, 
significant at 5%, 1% and 
0.1% probability level, 
respectively

Dry matter (g m−2) N accumulation (g m−2)

Tuber Vine Root Tuber Vine Root

Labelled shoot/unlabelled root
RC 415.2 (105.3)a 199.8 (26.2)a 16.7 (3.6)a 3.5 (1.4) 5.4 (0.7)a 0.26 (0.07)a
M 451.8 (72.1)a 209.5 (26.2)a 17.0 (3.6)a 5.3 (1.0) 5.5 (0.6)a 0.29 (0.06)a
T 128.5 (23.1)b 40.8 (6.5)b 5.7 (0.8)b 1.5 (0.3) 0.9 (0.1)b 0.09 (0.02)b
P value * *** * NS *** *
Labelled shoot only
RC 400.0 (25.1)a 143.0 (10.5)a 10.5 (1.7) 3.6 (0.2)a 3.4 (0.4)a 0.18 (0.05)
M 347.5 (32.3)b 115.0 (7.6)a 10.5 (1.4) 3.5 (0.2)a 2.7 (0.3)a 0.17 (0.04)
T 192.0 (10.8)c 62.2 (5.5)b 7.3 (1.0) 1.8 (0.1)b 1.5 (0.2)b 0.09 (0.01)
P value *** ** NS *** * NS
Labelled root only
RC 481.2 (17.4)a 104.2 (5.0)a 11.7 (1.4) 2.5 (0.3) 2.2 (0.2) 0.16 (0.02)
M 377.5 (17.4)b 89.0 (9.2)ab 7.0 (2.0) 1.9 (0.5) 2.0 (0.2) 0.11 (0.02)
T 310.2 (32.0)b 72.2 (2.7)b 10.5 (2.3) 1.2 (0.3) 1.8 (0.1) 0.12 (0.03)
P value ** * NS NS NS NS

Table 4   Potato tuber and vine dry matter and N accumulation 
in response to different 15N-labelled forage sources and residue 
treatments in Experiment 2 (2018)

Values in parenthesis represent standard error of the mean. 
Values followed by the same letter within a residue treatment 
and column are not statistically different at 0.05 probability 
level
RC red clover; T timothy; M red clover/timothy mixture
NS, not significant at 5% probability level, *, **,, significant at 
5%, 1% probability level, respectively

Dry matter (g m−2) N uptake (g m−2)

Tuber Vine Tuber Vine

Whole plant labelled
RC 478.0 (35.7) 126.1 (12.4) 3.9 (0.5) 2.3 (0.2)
M 565.4 (123.1) 117.7 (5.0) 5.1 (1.1) 1.9 (0.2)
T 320.9 (52.5) 100.8 (7.9) 2.3 (0.3) 2.0 (0.2)
P value NS NS NS NS
Labelled shoot/unlabelled root
RC 494.2 (5.1)a 118.6 (9.1) 4.4 (0.7) 2.1(0.3)
M 491.2 (5.8)a 127.0 (19.7) 4.5 (0.8) 2.5 (0.8)
T 305.7 (16.0)b 106.8 (3.7) 2.4 (0.1) 1.9 (0.1)
P value * NS NS NS
Labelled roots/unlabelled shoot
RC 445.1 (28.8)a 130.5 (6.3) 4.0 (0.3)a 1.9 (0.6)
M 450.2 (56.4)a 115.2 (7.5) 3.5 (0.5)a 2.1 (0.2)
T 309.3 (39.2)b 102.3 (10.8) 2.7 (0.3)b 1.9 (0.3)
P value * NS ** NS
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residue treatments, 79 and 21% of total dry matter, 
and 64 and 46% of N accumulation, were in tubers 
and vines, respectively. Tuber dry matter for the 
Labelled shoot/unlabelled root and Labelled roots/
unlabelled shoot treatments, and N accumulation for 
the Labelled roots/unlabelled shoot treatment, were 
greater for the RC and M than T. There was no sig-
nificant effect of forage treatment in any other case.

Nitrogen‑15 recovery from labelled residue 
components in potato tubers and vines

Regardless of the forage or residue treatments in 
either experiment, less than 5% of the 15N from crop 
residues was recovered in the potato vines plus tubers 
(Tables  5, 6). In 2015, 15N recovery from labelled 
residues in vines was significantly greater for forage 
treatments containing legumes (i.e., RC and M) than 
T (Table 5). The 15N recovery from labelled residues 
in tubers was greater for RC and M than T for the 
Labelled shoot only treatment, greater for RC than M 
or T for the Labelled root only treatment, and did not 
differ among forage treatments for the Labelled shoot/
unlabelled root treatment. In 2018, 15N recovery from 

labelled residues in potato vines and tubers did not 
differ significantly among forage treatments (Table 6).

Nitrogen‑15 recovery from labelled residue 
components in the soil after potato harvest

In 2015, 15N recovery at 0–15 cm depth in soil was 
greater for RC than M or T for the Labelled shoot/
unlabelled root and Labelled root only treatments, 
but did not differ among treatments for the Labelled 
shoot only treatment (Table  5). At 15–30  cm depth 
in soil, 15N recovery was greater for RC than T for 
the Labelled shoot only treatment, but did not differ 
significantly among forage treatments for the other 
residue treatments. When averaged across forage and 
residue treatments, average 15N recovery at 0–30 cm 
depth in soil was of 64, 39 and 47% for RC, M and T, 
respectively.

In 2018, 15N recovery at 0–15 cm soil depth was 
greater for T than RC or M for the Labelled shoot/
unlabelled root treatment, greater for T than M for 
the Whole plant labelled treatment, and did nor differ 
among forage treatments for the Labelled roots/unla-
belled shoot treatment (Table  6). The 15N recovery 

Table 5   Recovery of 15N from different labelled forage and residue treatments in potato vines, tubers and in soil in Experiment 1 
(2015)

Values in parenthesisrepresent standard error of the mean. Values followed by the same letter within a residue treatment and column 
are not statistically different at 0.05 probability level
RC red clover; T timothy; M red clover/timothy mixture
NS, not significant at 5% probability level, *, **, ***, significant at 5%, 1% and 0.1% probability level, respectively

Vines Tubers Total plant Soil (0–15 cm) Soil (15–30 cm) Total soil Total recovery

%
Labelled shoot/unlabelled root
RC 1.64 (0.16)a 1.30 (0.57) 2.94 (0.67)a 57.00 (11.17)a 13.01 (3.65) 70.01 (14.72) 72.95 (15.27)
M 1.57 (0.35)a 1.48 (0.18) 3.05 (0.40)a 20.90 (4.37)b 12.47 (2.63) 33.41 (4.90) 36.42 ( 5.15)
T 0.25 (0.08)b 0.53 (0.21) 0.78 (0.28)b 26.50 (9.56)b 16.34 (6.87) 42.85 (12.47) 43.62 (12.66)
P value ** NS * * NS NS NS
Labelled shoot only
RC 1.59 (0.17)a 2.14 (0.36)a 3.73 (0.50)a 56.40 (16.9) 25.19 ( 5.67)a 81.59 (12.03) 85.32 (12)
M 1.23 (0.18)a 1.90 (0.13)a 3.13 (0.27)a 37.80 (11.6) 15.66 (0.69)ab 53.46 (11.73) 56.59 (11.79)
T 0.43 (0.09)b 0.67 (0.14)b 1.10 (0.21)b 58.90 (14.6) 8.44 (1.54)b 67.34 (15.73) 68.44 (15.93
P value *** *** ** NS * NS NS
Labelled root only
RC 1.34 (0.27a) 2.01 (0.37)a 3.35 (0.61)a 35.90 (7.91)a 5.43 (1.27) 41.33 (9.07) 44.68 (9.61)
M 1.23 (0.21)a 1.45 (0.48)b 2.68 (0.67)a 20.80 (3.710b 10.84 (3.40) 31.64 (5.54) 34.32 (6.08)
T 0.33 (0.08)b 0.28 (0.07)b 0.61 (0.12)b 22.90 (7.68)b 7.79 (9.03) 30.69 (10.0) 31.30 (10)
P value ** ** ** * NS NS NS
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at 15–30  cm soil depth did not differ among forage 
treatments for any residue treatment. When averaged 
across forage and residue treatments, average 15N 
recovery at 0–30 cm depth in soil was 71, 51 and 78% 
for RC, M and T, respectively (Table 6).

Total 15N recovery from labelled residue components 
in the plant‑soil system

In 2015, total 15N recovery in potato plants plus in the 
soil (0–30 cm) after potato harvest ranged from 36 to 
73% for the Labelled shoot/unlabelled root treatment, 
57 to 85% for the Labelled shoot only treatment, 
and 31 to 45% for the Labelled root only treatment 
(Table  5). This supports our hypothesis stating that 
total 15N recovery from labelled root will represent at 
least 30% of that from the shoot. In all cases, higher 
numerical values were observed with RC than M or 
T. In 2018, total 15N recovery ranged from 65 to 93% 
for the Whole plant labelled treatment, 63 to 95% for 
the Labelled shoot/unlabelled root treatment, and 36 
to 57% for the Labelled root/unlabelled shoot treat-
ment (Table  6). Averaged across forage and residue 

treatments in 2015 and 2018, about 95% of the total 
15N recovery from labelled residues was in soil.

Discussion

Nitrogen accumulation by forage crops is 
underestimated when root contribution is not 
included

Greater forage dry matter biomass and total N accu-
mulation in the current study compared to previ-
ous studies in the region was likely attributed to a 
greater seeding rate. In 2014, total shoot biomass 
was approximately 3 times greater than a yield of 
0.637 kg m−2 reported by Bolinder et al. (2002) with 
a seeding rate ranging from 10 to 15 kg ha−1 in com-
parison to seeding rates of 33 kg  ha−1 for red clover 
and of 18/9  kg  ha−1 for red clover/timothy in this 
study. Similarly, N accumulation was approximately 
2–3 times greater than the values recorded in this 
region (Gaudin et  al. 2013; Jiang et  al. 2015; Liang 
et al. 2019). Greater N accumulation in legume (RC, 
M) than grass (T) forages reflects the greater total 

Table 6   Recovery of 15N from different labelled forage and residue treatments in potato vines, tubers and in soil in Experiment 2 
(2018)

Values in parenthesis represent standard error of the mean. Values followed by the same letter within a residue treatment and column 
are not statistically different at 0.05 probability level
RC red clover; T timothy; M red clover/timothy mixture
NS, not significant at 5% probability level, *, significant at 5% probability level

Vines Tubers Total plant Soil (0–15 cm) Soil (15–30 cm) Total soil Total recovery

%
Whole plant labelled
RC 1.65 (0.15)a 2.64 (0.30) 4.29 (0.43) 56.50 (6.89)ab 24.50 (3.93) 81.00(9.97)ab 85.29 (10.37)ab
M 1.18 (0.15)b 2.80 (0.62) 3.98 (0.55) 42.30 (2.83)b 18.50 (2.01) 60.80 (2.28)b 64.78 (2.72)b
T 1.71 (0.17)a 1.91 (0.10) 3.62 (0.13) 67.30 (5.06)a 22.70 (2.62) 90.00 (7.42)a 93.62 (7.46)a
P value * NS NS * NS * *
Labelled shoot/unlabelled root
RC 1.32 (0.12) 2.82 (0.42) 4.14 (0.52) 51.60 (4.49)b 23.60 (1.71) 75.20 (6.15) 79.34 (6.63)
M 1.39 (0.41) 2.42 (0.32) 3.81 (0.71) 40.50 (5.84)b 18.60 (5.81) 59.10(10.94) 62.91 (11.29)
T 1.62 (0.09) 2.09 (0.15) 3.71 (0.08) 71.07 (7.78)a 20.13 (4.02) 91.20 (11.79) 94.91 (11.80)
P value NS NS NS * NS NS NS
Labelled roots/unlabelled shoot
RC 0.35 (0.14) 0.88 (0.29) 1.23 (0.39) 39.40 (9.17) 16.20 (2.55) 55.60 (11.27) 56.80 (11.57)
M 0.51 (0.23) 0.85 (0.38) 1.36 (0.60) 23.10 (8.83) 11.70 (4.81) 34.80 (13.36) 36.16 (13.86)
T 0.63 (0.05) 1.08 (0.17) 1.71 (0.21) 33.80 (4.87) 19.30 (6.05) 53.10 (10.49) 54.78 (10.68)
P value NS NS NS NS NS NS NS
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biomass but also the greater N concentration due to 
the biological fixed nitrogen from the atmosphere, 
whereas T relied only on soil available N from in-sea-
son mineralization of SOM and thus the timothy crop 
was likely N limited.

Overall, root biomass was lower in 2017 (plants 
grown in the greenhouse for one growing season) 
than in 2014 (plants grown in the container in the 
field for 2 growing seasons), partially due to a shorter 
growth period (only one growing season in 2017 
compared to 2  years in 2013–2014). The S:R val-
ues in the current study in 2014 (1.94, 1.77 and 0.98 
for RC, M and T, respectively) are within the range 
reported by Bolinder et al. (2002) in a 2-yr field study 
with S:R values for timothy of 0.90 and 2.2 in the first 
and second years of growth and S:R values for red 
clover of 1.1 and 1.3 in the first and second years of 
growth. The greater S:R values in 2017 in the current 
study (5.2, 3.3 and 1.1 for RC, M and T, respectively), 
compared with 2014 may be attributed to rapid shoot 
growth in the greenhouse under optimal conditions 
of temperature and humidity. Averaged across forage 
types, recoverable root biomass represented 64% of 
total forage biomass in 2014 while it represented 37% 
in 2017 (Table 1). Root N accumulation accounted for 
39% of total forage N accumulation in 2014 and 16% 
in 2017 when averaged across treatments. Our study 
suggests that the contribution of forage roots needs to 
be taken into account when studying N cycling from 
residues.

Nitrogen losses were limited after 15N labelled fer-
tilizer application which resulted in high 15N fertilizer 
recovery in the soil-forage system.

There was an overall trend of increased 15N fer-
tilizer recovery in the forage crops with decreasing 
legume content in 2015 (RC < M ≈ T), which was 
also found by Ranells and Wagger (1997). This was 
attributed partially to the labelled 15N fertilizer dilu-
tion through biological N fixation with legumes. In 
addition, less 15N in forage with legumes may be due 
to lower efficiency of uptake of the labelled fertilizer 
N from the soil by the RC than the T due to differ-
ences in root architecture. In 2014, forage shoot 15N 
fertilizer recoveries were within the range reported 
previously by Nyiraneza et al. (2010) on corn silage 
of 40 to 60% and by Tran et al. (1997) on corn of 43 
to 54%. In 2017, forage shoot 15N fertilizer recovery 
values tended to be numerically higher than in 2014, 
and this is attributed to the fact that 15N fertilizer was 

applied at the early stage of the forage growth in the 
greenhouse and that the fertilizer was applied in three 
fractions, which may have increased N use efficiency. 
Additionally, N leaching might have been greater 
from the open cylinders in the field in Experiment 
1 than in the plastic containers in the greenhouse in 
Experiment 2 which had only a few holes to allow 
drainage. The differences in growing conditions in 
Experiment 1 (open cylinders in the field) and Exper-
iment 2 (containers in the greenhouses) could have 
affected the 15N fertilizer use efficiency and 15N lost 
below the root zone but should not impact the overall 
objective of the study which is to obtain labelled resi-
dues and to trace 15N fate from residues in the follow-
ing potato crop and the soil. The 15N fertilizer recov-
ered by forage roots was within the range reported by 
McNeil et al. (1997) of 7% to 26% on pasture legumes 
[(clover and serradella (ornitropus compressus L.)]. 
Soil 15N recovery in the T treatment was comparable 
to the average 27% recovery of applied 15N fertilizer 
reported by Delgado et  al. (2004) for spring-planted 
barley, white wheat and hard red wheat. Values of 
15N fertilizer recovery in the soil in this study are 
also comparable to the 31 to 58% reported by Nyiran-
eza et al. (2010) at a depth of 40 cm. Our results are 
also aligned with those reported by Gerub and Rob-
erts (2020) with highest overall 15N fertilizer recov-
ery by cover crops being around 38%, the remainder 
being recovered in the soil. Overall, the high total 15N 
recovery in the plant-soil system in the current study 
suggests that N losses were limited.

15N recovery from labelled residues by the potato 
crop was less than 5%

Dry matter tuber values in this study are in the low 
range compared with those in a previous 2-yr study 
by Zebarth et al. (2004) at vine senescence where no 
N fertilizer was applied with total dry matter ranging 
from 980 to 1120 g m−2 and N accumulation ranging 
from 5.7 to 12.8 g m−2. This may be attributed to the 
better conditions of potato growth in the field in com-
parison to a container.

In this study, 15N recovery from labelled forage 
crops into the subsequent potato vine plus tuber was 
low, at less than 5%. We discuss below reasons which 
may explain this low recovery.

First, the low 15N recovery from labelled residues 
by potatoes may be the result of fall incorporation of 
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the forage residues. Rapid release of N from labile 
components after incorporation may have resulted in 
N loss from the root zone, and therefore less-labile 
organic N components that were resistant to decom-
position remained (Janzen et  al. 1990). This is par-
ticularly true in humid environments like Eastern 
Canada where nitrate leaching is common in the fall 
to spring period when precipitation exceeds evapo-
transpiration (Jiang et al. 2015; Clément et al. 2019, 
2020). This is consistent with relatively greater 15N 
recovery from residues reported in studies where 
the crop residues were incorporated in spring right 
before seeding the subsequent cash crop. For exam-
ple, Harris et al. (1994) found that corn recovered 15 
to 16% of 15N from labelled red clover shoot tissue 
incorporated right before corn planting while Collins 
et al. (2007) reported that 29% of 15N was recovered 
from labelled shoot mustard grown as a winter cover 
crop and incorporated in spring prior to potato plant-
ing. Similarly, wheat and canola recovered 8.6 to 
12% from pea-residue N (Mayer et  al. 2003), wheat 
recovered 16.9% from corn-residue-N, and canola 
recovered 22% of pea-residue-N (Arcand et al. 2014a, 
b) when spring incorporated. In comparison, much 
lower 15N recoveries from labelled residues, ranging 
from 6 to 14%, were reported when residues were 
incorporated in fall or in summer (Janzen et al. 1990; 
Delgado et al. 2004).

Second, the availability of the forage 15N for potato 
N uptake may have been reduced due to minerali-
zation-immobilization processes in soil. This may 
reflect the rapid N cycling which may occur within 
soil, particularly when the rate of soil microbial 
activity is increased as the result of labile C sources 
(Berthrong et  al. 2013) under N limited conditions 
given that no N fertilizer was applied during potato 
phase. An addition of N fertilizer was reported to 
stimulate the rate of N release from incorporated res-
idues (Ta and Faris 1990) particularly for high C:N 
residues.

Additionally, the low 15N recovery from labelled 
forage crops may have been underestimated due to 
a limited recovery of potato root tissues in the cur-
rent study. Even if Opena and Porter (1999) reported 
that around 85% of the potato root length was con-
centrated within 30 cm soil depth, some roots extend 
up to 100 cm depth (Iwama 2008) and fine root were 
reported to represent a large portion of the potato 
root system (Munoz-Arboleda et  al. 2006). Finally, 

the difference in 15N recovery from labelled residues 
by potatoes in this study compared to previous stud-
ies on corn, canola and wheat may be attributed to 
differences in crop N uptake efficiency and thus our 
study represents a unique opportunity to assess the N 
contribution from forage shoot and root to potato N 
nutrition.

The addition of a labelled N source from residues 
may result in an increased N uptake by the subse-
quent crop from unlabelled native soil N sources in 
the absence of N fertilizer application. As a result, 
the 15N method likely underestimates the effective 
benefit of the legume on the subsequent potato crop. 
In comparison, indirect methods which estimate the 
apparent N contribution of a preceding crop (Zebarth 
et  al. 2005), may over-estimate the N contribution 
from preceding legume crops. The indirect method 
estimates potentially available N pools (Ranells and 
Wagger 1997) and all N effects plus rotation effects 
(Harris and Hesterman 1990), while the 15N-labelled 
residues method estimates only the N contribution 
from residue alone. In addition, indirect methods 
assume that net N mineralization of the soil organic N 
is not affected by the presence of the forage legume. 
For example, fresh residues added to the soil consti-
tute a good energy source for microbes and thus for-
age residues may have an indirect role in stimulating 
N mineralization from the soil organic matter.

A large proportion of total 15N recovered 
from labelled residues was in the soil

A large proportion of the total 15N recovery from 
labelled residues occurred in the soil rather than the 
subsequent crop, regardless of the forage or residue 
treatment. This supports the hypothesis stating that 
most of N from labelled residues will be recovered 
in the soil. Averaged across forage types in 2015 and 
2018, approximately 95% of total N recovery from 
labelled residues was in the soil. This finding is con-
sistent with previous studies (Delgado et  al. 2004; 
Collins et al. 2007; Smith and Chalk 2018). Approxi-
mately 66% of crop residue 15N from labelled mus-
tard was found in the soil in the following year after 
potato harvest (Collins et al. 2007). Depending on the 
climate, residual soil 15N from residues may become 
available during subsequent years, even though previ-
ous studies have suggested that most residual N will 
be lost from cropping systems within the first 2 years 
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(Harris et  al. 1994; Kumar and Goh 2002). A study 
by Ta and Faris (1990) evaluated 15N recovery from 
labelled alfalfa applied in the fall to a barley crop 
seeded in following spring and reported average 15N 
recoveries of 15%, 6% and 5% in the first, second, and 
third year following residue incorporation, respec-
tively. The results demonstrated that a greater pro-
portion of N derived from crop residues is recovered 
in the soil in the subsequent year. Total 15N recovery 
from labelled residues ranged from 31.3 to 85.3% 
in 2015 and from 36.2 to 94.9% in 2018. The unac-
counted labelled N from labelled residues may have 
been lost through leaching or denitrification.

In the absence of N fertilizer application, potato 
N requirement was satisfied primarily by N from the 
soil rather than from forage residues.

The 15N recovery in the potato crop (vine plus 
tuber) was statistically lower from T than RC or M in 
2015, but values were comparable in 2018. Therefore, 
our hypothesis stating that 15N recovered by potatoes 
from labelled forage legumes will be higher than that 
recovered from T was partially supported. This is 
attributed to residue quality, where the timothy C:N 
ratio was greater in 2014 (2-yr forage growth, average 
C:N = 46) than in 2017 (one season forage growth, 
average C:N = 35). Potato 15N recovery values from 
RC and M were comparable, implying that red clover 
was predominant in the M treatment.

The relative contribution from the shoot ver-
sus root tissue can be compared by examining the 
15N recovery in the potato tubers plus vines for the 
Labelled shoot only and Labelled root only treat-
ments. When averaged over forage treatments, aver-
age 15N recovery in the potato crop was 2.65 and 
3.88% for the Labelled shoot only treatment com-
pared with 2.21 and 1.43% for the Labelled root only 
treatment in 2015 and 2018, respectively. The rela-
tive N contribution from shoot tissues to potatoes was 
therefore much greater than from root tissues in 2018 
than in 2015. This may be due to greater immobiliza-
tion of root tissue N in 2018 than in 2015 as a result 
of the greater C:N ratios of root tissues in 2017 than 
in 2014.

Much of N from crop residues is immobilized 
by soil microorganisms (Broadbent and Nakashima 
1974). The newly immobilized N is less available to 
mineralization and most of mineralized N comes from 
native humus N (Kelley and Stevenson 1987). For 
example, in a 5-year incubation study using labelled 

barley residues on fine sandy loam soil, Broadbent 
and Nakashima (1974) reported average annual turno-
ver rate of soil N to be 7.0% for soil alone, 7.4% with 
shoot added and 6.3% with root added. This study 
evaluated the N residue contribution to a subsequent 
potato over a single growing season, and showed that 
potato N requirements were satisfied more by soil-
derived N than from N from previously incorporated 
forage residues crops. A summary of the highlights 
from this study is reported in Appendix 1.

Conclusion

This study assessed the N contribution from contrast-
ing forage crops and their respective residue compo-
nents (whole forage crops versus root or shoot bio-
mass) to a subsequent potato crop which received 
no fertilizer N. Less than 5% of the N in the forage 
residues was recovered in the potato crop, and thus 
most of the N from the forage residue was recovered 
in the soil. Fall incorporation may have resulted in the 
rapid release of labile organic N components from 
the residues, and their subsequent loss over the fall 
and winter through nitrate leaching or denitrification, 
whereas a slower release of the less labile organic 
N components occurred during the potato growth 
period. When crop residues are incorporated in fall 
prior to seeding a cash crop in the following spring, 
results from this study indicate that crop N require-
ment is satisfied more from soil-derived N than N 
derived from previously incorporated crop residues. 
On average, 15N recovery from labelled roots was 
over 50% of that from labelled shoots. The results of 
our study therefore suggest that N accumulation by 
forage crops can be underestimated when roots are 
excluded. Future studies might explore N availability 
from forage residues on a subsequent crop over time, 
N cycling from residues in different soil N pools, and 
the fate of N from forage residues incorporated at dif-
ferent times (i.e., spring versus fall).
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