
Report to Canada-PEI National Water Program 

 

Investigation of Nitrogen Cycling in Agricultural Settings of PEI 

Using Stable Isotopes of Nitrate 

 

 
 

Prepared by 

 

George Somers 

P.E.I. Dept. of Environment, Energy and Forestry 

11 Kent Street, Charlottetown (PEI) 

 

and 

 

Martine M. Savard 

Geological Survey of Canada, Natural Resources Canada 

490 de la Couronne, Québec (QC) 

 

March 31
st
, 2010 



Nitrogen Cycling in Agricultural Settings of PEI – Somers & Savard, March 2010 2 

ABSTRACT 
Globally, groundwater (GW) contamination by nitrate is one of the most commonly cited 

environmental problems relating to agricultural production. In the PEI context, elevated GW 

nitrate levels have primarily been linked to high rates of inorganic fertilizer application to row 

crops. Nitrate contamination of groundwater is of primary concern to drinking water supplies, 

but is also believed to play a major role in the transport of nitrogen to the Province’s fresh 

water streams and estuaries, where excessive nutrient loading is contributing to the more 

frequent and severe occurrence of eutrophic conditions and anoxia. While significant efforts 

have been made to mitigate the effects of fertilizer applications on crops, on a more local 

scale, other sources, such as manure spreading in areas of intensive livestock production are 

the likely to be the dominant nitrogen (N) input to agricultural lands. In the Earnscliffe region 

of PEI, an examination of stable isotopes of nitrate (δ
15

N and δ
18

O) place constraints on the 

sources and seasonal behavior of N reaching GW in a region dominated by livestock and 

associated forage crop production. The results suggest that the export of N from agricultural 

lands to GW is strongly mediated by microbial nitrification of soil organic matter in soils year 

round, more so than by direct leaching of N from manures. Previous work in the Wilmot 

watershed noted similar N behavior, although in an intense row-crop setting, there were 

important changes in the relative seasonal contributions of key N sources, with inorganic 

fertilizers dominating the growing season flux of N to GW, and the role of nitrification of soil 

organic matter being most conspicuous in the non-growing season. In both cases, the largest 

portion of the N flux to GW occurs in the non-growing season, highlighting the importance of 

these processes in the overall annual export of N to GW. Isotopic analyses of tile drain 

effluents from plots at the Harrington Experimental Farm support the proposition that applied 

N is rapidly taken up either by the crop or the broader soil organic matter pool, and that the 

subsequent release of N during the non-growing season is controlled primarily by the rate of 

mineralization and nitrification and is relatively insensitive to initial N application rates. An 

important implication of these findings is that while manipulation of fertilizer application rates 

or other N inputs is clearly an important part of any strategy to reduce N contamination of 

GW, it may have limited impact on the important non-growing season losses of N attributable 

to the nitrification of soil organic matter. For these non-growing season losses, other 

strategies, such as adjusting the timing of tillage, or manure applications may play an 

important role in mitigating groundwater N contamination from agricultural lands. 

 

 

1 Introduction and project rationale  

PEI relies completely on a productive but highly vulnerable aquifer for drinking water. One of 

the key threats to the Provinces drinking water supply is progressively increasing nitrate levels 

in groundwater. In addition, the discharge of nitrate rich groundwater is considered to be a 

major source of the excess nitrogen loading that plagues many of the province’s valuable 

estuarine ecosystems, contributing to problems of eutrophication and an increasing frequency 

and severity of anoxia in these environments. 

 

The landscape of the Province is dominated by agriculture, which has been identified as the 

most significant source of nitrate contamination in most areas of the Province. Agricultural 

land use in accounts for nearly half of the Province’s total land area, and in some watersheds, 

as much as 78% of land use is devoted to agricultural activity. While agricultural production in 
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the Province is dominated by intensive row crop production, locally, intensive livestock 

production dominates the local landscape. 

 

In spite of global appreciation of the impact of agricultural activity on the loss of N to the 

environment, there are still important knowledge gaps relating to the behavior of nitrogen (N) 

in agricultural settings. Stable isotope techniques have proven to be a valuable tool in 

examining the dynamics of nitrate behavior in a variety of environments (Kendall et al. 2000, 

2007). In the PEI context, Savard et al. (2007 a, b, 2009) have used stable isotopes, 

supplemented with mass balance approaches, to investigate the dynamics of N in a region of 

intensive potato production in PEI. This work, taken to be representative of agricultural 

settings in other temporal climatic regions in general, has suggested seasonal differences in the 

provenance of nitrate, and underlined the important role of the pool of soil organic N in 

mediating the transfer of N from agricultural soils to underlying groundwater resources 

(Savard et al., 2009). 

 

In this study we use the same stable isotope techniques to investigate the key sources and 

processes controlling the behavior and release of nitrate to groundwater in a region dominated 

by livestock and associated forage crop production. The results are compared to those of the 

previous work in a region dominated by intensive row crop (potato) production systems. The 

scope of the current work includes the characterization and interpretation of dual isotope data 

(δ
15

N and δ
18

O ratios) of dissolved nitrate in groundwater in an area of intensive livestock 

production, over a period of 6 seasons, spanning from late summer of 2007 to mid winter of 

2009 in the Earnscliffe area. This work is supplemented by data from samples of tile drain 

effluent from experimental plots at the Harrington Experimental Farm. 

 

 

2 Study areas, general approach and methods 

2.1 Location, physiography and climate 
The two study areas are located in central Prince Edward Island, with the principle focus of 

research being centered on the Earnscliffe Peninsula, supplemented by a field program at 

Agriculture and Agrifood Canada’s Harrington Experimental Farm. The Earnscliffe Peninsula 

and the Harrington Experimental Farm are located approximately 16 km east and 11 km north 

of the City of Charlottetown, respectively (Fig. 1). Topography in both areas is gently rolling, 

with the Earnscliffe Peninsula covering an area of approximately 22 km
2
, and with maximum 

elevations of 34 m above sea level. The Harrington Experimental Farm occupies a total area of 

some 330 ha, and the specific work described here involved periodic sampling of tile drain 

waters from a series of 0.5 ha plots located in the northern portion of the facility. 

 

Geology and hydrogeology   No detailed hydrogeological studies have been 

conducted in either location, however the geology and general hydrogeological setting of PEI 

are relatively uniform, and a description of its general geological and hydrogeological features 

is considered valid for the current study areas. Overall, the geology of PEI is dominated by an 

essentially flat lying sequence of continental red beds, Upper Pennsylvanian to Middle 

Permian in age (van de Poll, 1981). These sequences consist of conglomerate, sandstone and 

siltstone red beds, exhibiting rapid lateral and vertical facies changes. Bedrock is almost 
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entirely covered by a layer of unconsolidated glacial material from a few centimeters to 

several meters in thickness (Prest, 1973). 

 

0 25 50

kilometers

Harrington Experimental 
Farm

Earnsliffe Peninsula

 

 
Figure 1.  General location map showing the Earnscliffe Peninsula and Harrington Experimental Farm. 

 

These deposits are dominantly unsorted tills with rare water-worked glacio-fluvial and glacio-

marine deposits. With few exceptions, Quaternary deposits in the Province are not saturated, 

and underlying rock formations constitute the only significant aquifer. In most parts of the 

Island the aquifer is unconfined and characterized by relatively high recharge rates, in the 

vicinity of 35 to 40% of annual precipitation, or approximately 440 mm/yr (Francis, 1989, 

Jiang and Somers 2008). The geometry of individual GW flow systems is generally controlled 

by local topography and the boundaries of these systems typically mimic surface watershed 

boundaries. Groundwater level monitoring at sites within the Provincial monitoring network 

generally shows the presence of an important major spring recharge event followed by a 

summer decline of the water table, a moderate recharge event during autumn and lastly, a 

decline in the water table through winter, punctuated by periodic recharge events. These 

recharge events during the December-March period are common, as a result of winter thaws, 

rain and snowmelt. The groundwater flow system of the Winter River Basin to the immediate 

east of the Harrington Experimental Farm, has been well documented by Francis (1989), and 

can be considered to be generally representative of hydrogeological conditions for this area of 

the Province. It is anticipated that general hydrogeological characteristics of the Earnscliffe 
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Peninsula follow the same general characteristics, modified primarily by the geometry of the 

local topographic context. 

 

Earnscliffe Watershed  The Earnscliffe study region covers an area of approximately 22 

km
2.

. Topography is gently rolling and dominated by local topographic highs with a maximum 

elevation above sea level of 34m. Dominant GW flow paths are assumed to form a radial 

pattern, from local topographic highs toward respective discharge areas at small streams and 

inlets along the surrounding coast (Fig. 2). Land use characteristics for the Earnscliffe Study 

area were assembled under contract by Atlantic Agritech (2008). Seventy-three percent of the 

overall land base is devoted to agricultural activities (Table 1). 

 

E01 E02

E03

E04

E05

E06

E08

E09

E12

E13

 
 

Figure 2.Topography of the Earnscliffe Peninsula (contour interval 2m), 

showing directions of shallow groundwater flow, and location of sampled wells. 

 
 Table 1.  Estimated Typical Land Use in the Earnscliffe Area of PEI. 

Land Use Description 

(in one typical season) 

Hectares Proportion of 

watershed 

(2200 ha) 

(%) 

Proportion of 

agricultural land 

(1600 ha) 

(%) 

Total Land Area in Watershed 2200 100 n/a 

Total Agricultural Area in Watershed  1600 72.2 100 

Estimated Area in Permanent Pasture 400 18.1 25 

Estimated Area involved in  

Forage Production 

560 25.5 35 

Estimated Area involved in  

Cereal Production 

320 14.5 20 

Estimated Area involved in  

Row Crop Production  

(potato / rutabaga) 

160 7.3 10 

Estimated Area involved in  

Corn Production  

160 7.3 10 
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Approximately 40% of land in the region is used for forage and cereal crop production, 

followed in order of importance, 18% in permanent pasture, and 15% in row crops, more or 

less equally divided between potato and corn production (Table 1). 

 

Available water well records for the Earnscliffe (n=51) indicate average well depths of 32m 

with casing lengths averaging 16m and static water levels of 8m below grade. Water level data 

from a multi-level piezometer installation in the southern portion of the Earnscliffe study area 

indicated relatively strong downward vertical hydraulic gradients (see static water levels at 

different piezometer depths, Table 2), suggesting that the majority of the study area is situated 

in a recharge portion of the overall hydrologic regime. Similar hydraulic conditions exist in 

the area of interest at the Harrington Experimental Farm facility (see Table 2). 

 

2.2 General Approach 

Our approach is to use the isotopic characteristics of oxygen and hydrogen in water 

(precipitation and GW) and oxygen and nitrogen in nitrate (GW and potential N sources) to 

shed light on the processes and timing of nitrate production and transport to GW. Using the 

isotopic characteristics of GW and principle N sources, a source apportionment model 

developed for the study of the Wilmot watershed, 60km west of the current study area (Savard 

et al., 2007a, 2009) is employed for the an assessment of the relative importance of N sources 

in the Earnscliffe region. 

 

Sampling of private wells was conducted using outdoor taps from systems devoid of treatment 

devices. Prior to sampling the systems were purged until stabilization of temperature, pH and 

conductivity values. Samples from the piezometers, were collected using dedicated Waterra 

pumps, but in other respects, following the same protocols as for private wells. During initial 

sampling runs, dissolved oxygen levels were also measured in situ. Unfiltered samples 

obtained for analyses of water isotopes were refrigerated during transport and storage. 

Groundwater samples collected at various periods (Table 3) for nitrate isotope analyses were 

all filtered (0.45µm) within 24 hours of collection and stored frozen until further processing. 

 

Table 2.  Construction details for piezometer installations. 

Well ID Elevation 

(masl ) 

Total depth 

(m) 

Depth to 

bedrock (m) 

Static Water 

(m )  

Harrington #1 15 1.77 

Harrington #2 31 2.32 

Harrington #3 

~31 m 

60 

4.8 

3.18 

Earnscliffe #1 15 9.19 

Earnscliffe #2 30 11.65 

Earnscliffe #3 

~15 m 

60 

4.3 

13.95 

 

In the northern portion of the Harrington Experimental Farm, there is a well established tile 

drain facility of twelve 0.5 ha sub surface tile drain plots under a single field. The design and 
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set-up of these experimental tile drain plots have been described in detail by Milburn and 

MacLeod (1991) and is not discussed further here. 

 

Table 3.  Campaigns of private wells and piezometer sampling– Earnscliffe Peninsula. 

Sampling events Dates 

Late Summer 2007 August 15 to September 4, 2007 

Winter  2008 January 18 -24, 2008 

Spring 2008 May 14 – 20, 2008 

Early summer 2008 June 23 to 24, 2008 

Fall 2008 October 27 to November 18, 2008 

Early winter 2009 January 12 to 21, 2009 

 

Three of these plots were sampled on a periodic basis throughout the course of the study, 

when there was sufficient flow from the tile drain networks to permit sampling (Table 4). As a 

consequence, sample collection during summer months was not possible. All of the plots were 

in a three year crop rotation (potato-grain-hay) with clover being grown in 2006 and potatoes 

in 2007 and grain in 2008. The treatments selected for sampling included 300 kg/ha N in 

fertilizer as ammonium nitrate (plot 6), 200 kg/ha N from liquid hog manure (plot 9) and a 

check plot with no added N (plot 7). Samples were collected directly from tile drain outlets 

during periods where active flow was evident. 

 

Soil samples were collected in the winter of 2008 for each of the plots of interest described 

above at Harrington farm, at a feedlot in Earnscliffe,, and in a fallow field with no recent 

agricultural activity in Cornwall, and analyzed for δ
15

N (for soil total), to characterize the 

relevant soils in the general study area under winter conditions. In each case, samples were 

collected using an auger, sampling both shallow (10-15 cm) and deeper (20-25cm) soil 

horizons at three locations spaced approximately 1 m apart within the treatment of interest. 

Manure samples were collected in the Earnscliffe area and in an area of similar characteristics 

(pasture of a dairy farm in Cornwall), and analyzed for both δ
15

N and δ
18

O values in nitrate to 

assist in determination of the isotopic characteristics of these N sources. Manure samples were 

collected using a stainless steel spoon and stored in plastic “zip-lock” containers, and 

subsequently frozen prior to shipping to the laboratory.  

 

Table 4.  Sampling campaigns – Tile drain effluent, Harrington Experimental Farm. 

Season: Date: 

Fall November 20, 2007 

December 6, 2007 

Winter January 17, 2008 

Spring May 15, 2008 

Summer June 23, 2008 

Fall November 8, 2008 

Winter January 21, 2009 
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2.3 Analytical methods 

All water analyses for nitrate concentrations are conducted by the PEI Analytical Laboratories. 

Nitrate concentrations are determined by quantitatively reducing to nitrate to nitrite by passage 

of the sample through a copper cadmium column. The nitrite (reduced nitrate plus original 

nitrite) is then determined by diazotizing with sulfanilamide followed by coupling with N-(1-

naphthyl) ethylenediamine dihydrochloride (NED). The resulting water soluble dye is 

measured by colorimetry at 520 nm, using a Quickchem 8000 Flow Injection Analyzer. 

Precision for nitrate analysis is 7%. 

 

Isotope analyses are produced at the Delta-Lab of the Geological Survey of Canada (Québec). 

Prior to extraction, concentrations of ions are determined to calculate sample volumes 

necessary for the ion resin exchange extraction. The extraction of NO3- for δ
15

N and δ
18

O 

analyses is performed following ion-exchange resin extraction and silver-nitrate precipitation 

as described in Savard et al. (2007b). Silver nitrate sub-samples are placed in silver capsules 

then processed by combustion/reduction and mass spectrometry using an Elemental Analyzer 

connected to a Isotope Ratio Mass Spectrometer (IRMS) for the analyses of δ
15

N values, and a 

pyrolysis system connected to an IRMS.for the δ
18

O analysis. Average precisions obtained on 

sample replicates are 0.1‰ for δ
15

N, and 0.2‰ for δ
18

O values. 

 
Table 5. Summary of sample types and analytical methods.  

 Instrument Tracer Number of 

samples 

Precipitation  

H2O Equilibration-IRMS δ
2
Η, δ

18
O 13 

Tile Drain Effluent  

Latchat Flow injection 

analysis (FIA?) 

[NO3] 21 H2O 

Equilibration-IRMS δ
2
Η, δ

18
O 21 

EA-CF-IRMS δ
15

N 21 NO3 

TC/EA-IRMS δ
18

O 21 

Groundwater 

Latchat Flow injection 

analysis (FIA?) 

[NO3] 74 H2O 

Equilibration-IRMS δ
2
Η, δ

18
O 68 

EA-CF-IRMS δ
15

N 67 NO3 

TC/EA-IRMS δ
18

O 67 

Manure 

NO3 EA-CF-IRMS δ
15

N 5 

Soils 

NO3 EA-CF-IRMS δ
15

N 24 
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3. Results and Interpretation  
Presented here are the results of analyses conducted under this program and where appropriate 

our interpretation of these results (indicated by italic font). General inorganic characteristics of 

groundwater vary little throughout the Province, and have been well described elsewhere 

(Somers et al., 1999). Groundwaters sampled in this study (Earnscliffe and Harrington study 

areas) are typical of those seen elsewhere in the eastern and central portions of the Province 

and are moderately hard (mean of 177 mg/L as CaCO3), Ca-Mg HCO3 type waters, and show 

no evidence of seawater intrusion, with sodium concentrations averaging only 16.0mg/L.  

 

3.1 δ
2
H and δ

18
O values of Water 

An examination of water isotopes of precipitation, groundwater and tile-drain effluent is 

important in supporting the interpretation of results for other parameters, and linking various 

compartments of the hydrologic cycle (Fig. 3, Table 6), with seasonal variations in the isotopic 

composition of water in various compartments of the hydrological cycle being of key interest 

in this study. For the two types of ratios (δ
2
H and δ

18
O), the greatest seasonal variation is seen 

in precipitation results, followed to a much lesser extent by results from tile drain effluents, 

and finally by groundwater samples(note that sampling of tile drains during the summer was 

not possible due to lack of subsurface flow). In each case, results fall close to the meteoric 

water line for central PEI. 

 

Meteoric water line for Central PEI

y = 7.5237x + 7.7714

R2 = 0.9735
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Figure 3. Water isotopes for groundwater from the Earnscliffe area and tile drain effluents 

from test plots at the Harrington Experimental Farm. The regional meteoric water line 

for central PEI is shown for comparison. 
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Table 6. Water Isotope Results. 

Seasonal average (‰)    

δ
2
H  summer fall winter spring mean 

Precipitation* -47.5 -65.2 -84.3 -81.4 -69.6 

Groundwater -69.3 -69.1 -68.5 -71.1 -69.5 

Tile-Drain Effluent N/A -54.0 -67.0 -67.5 -62.8 

            

δ
18
O summer fall winter spring mean 

Precipitation* -7.7 -10.3 -12. 4 -11.1 -10.4 

Groundwater -10.2 -9.8 -9.8 -10.1 -10.0 

Tile-Drain Effluent N/A -8.6 -9.9 -9.6 -94 

*statistics for precipitation data taken from 2003-2005 in the Wilmot 

watershed, and 2007-2008 in the Charlottetown area 

 

Interpretation - The results for δ
2
H and δ

18
O in water support the premise that shallow soil 

water in the un-saturated zone and underlying GW are both derived from recent local 

precipitation. The similarity of δ
2
H and δ

18
O values in summer and winter GW with 

precipitation of relatively cold periods is taken to reflect the dominant influence of recharge 

during fall, winter and spring periods. Results of tile drain samples demonstrate a slightly 

larger range of values, taken to represent greater sensitivity to recent local precipitation 

events.  

 

 

3.2 Nitrate concentration and isotopes in Groundwater 

The mean nitrate-N concentration (NO3-N) in GW for all sampling periods is 6.6mg/L, with 

results for individual wells ranging from 1.5 to 14.6mg/L (Fig. 4). Spatially, we note that 

nitrate concentrations at up-gradient sites such as E4 and E12 are generally lower, with a mean 

of 3.1 mg/L,than down gradient sites such as sites E1-E3 and E5 with a mean of 7.4 mg/L. 

Significant seasonal changes in nitrate concentrations are observed at some individual wells, 

(concentrations varying by as much as 4.9mg/L), while for other sites, nitrate concentrations 

remain essentially unchanged through time. 

 

Overall, the relative concentration of nitrate between sampling sites remained more or less 

consistent during the entire program. Where significant seasonal variations at specific sites 

occur, no overall correlation between season and the direction of change of nitrate 

concentration is suggested, with concentrations increasing from summer to winter at some 

sites (e.g. site E01), while others show a decrease in concentration over the same period (e.g. 

site E08). 
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Figure 4. Seasonal groundwater nitrate concentrations for individual wells in the Earnscliffe Peninsula. 

 

Interpretation of N concentrations - The concentration of nitrate in GW from most sample 

sites is significantly above natural background levels (Fig. 4). Given the predominance of 

agricultural activities over other land use in the study area, it is expected to principally derive 

from agricultural sources, with smaller contributions from on-site sewage disposal systems 

and direct atmospheric deposition. The large variation in nitrate concentration between wells 

(Fig. 4) and the lack of a systematic seasonal behavior for nitrate concentration at these sites 

is suggested to reflect differences in local hydrodynamic conditions and in the seasonal 

behavior of specific N sources. Nonetheless it is noted that highest nitrate concentrations tend 

to be at distal ends of the local groundwater flow regime. It is suggested that this is largely a 

function of the cumulative impact of various N sources over the course of the flow regime, 

with progressively increasing N loading from land use between the central portion of the study 

area and down-gradient sites.  

 

Nitrogen isotope ratios for nitrate in GW from the Earnscliffe region averaged 6.1‰, ranging 

from 3.3 to 9.7‰ at individual sites (Fig. 5a). While there is a significant range of δ
15

N values 

from site to site, at individual sites the results are relatively consistent throughout all sampling 

periods. Oxygen isotopes for the same sample sites have a mean value of 0.5‰, with a much 

more limited range of -1.0 to 2.5‰ (Fig. 5b) and seasonally, display a complex pattern. With 

the important exception of winter of 2008, enriched δ
18

O ratios are associated with warmer, 

growing season conditions and lower ratios associated with colder, non-growing season 

conditions. 
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Figure 5. Nitrate isotopes for GW of the Earnscliffe 

study area:  a) δ
15

N and b) δ
18

O in nitrate. 

 

Mean seasonal δ
15

N values for selected up-gradient and down gradient sites show little 

difference based on position in the groundwater flow system (Fig. 6). However there is a slight 

but systematic difference in δ
18

O results, with up-gradient sites being consistently more 

enriched than down gradient sites.  
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Figure 6. Mean seasonal δδδδ
15

N and δδδδ
18181818

O values in nitrate dissolved in GW of 

selected up-gradient and down-gradient sites. 
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Interpretation of spatial distribution of nitrate isotopes –  The lack of a spatial correlation of 

nitrogen isotopes in dissolved nitrate are consistent with a relatively uniform distribution of 

discrete N sources. The slight enrichment of Oxygen isotopes of nitrate in down-gradient sites 

relative to up-gradient sites throughout most seasons is more difficult to explain. While 

progressive denitrification throughout the flow system could be suggested, GW in the area is 

well oxygenated, and other evidence (discussed in section 4.1) suggest that denitification is 

not a significant feature of the local hydrogeological regime. At this point no conclusive 

interpretation of this feature can be offered.  

 

3.3 Data from Harrington Experimental Farm 

 

Samples of tile drain effluents at the Experimental Farm provide us more direct insight into 

the characteristics of nitrate in soil water leaving the root zone under the influence of different 

initial N sources. Nitrate results show a progressive decline in concentration after potato 

harvest for all three test plots, with highest and most variable concentrations being associated 

with the manure plot (Fig. 7a).  

 

By the initiation of sampling, δ
15

N ratios for the fertilizer and check plots are virtually 

indistinguishable from each other throughout all sampling periods. The δ
15

N response of the 

manure plot retains some distinct characteristics throughout the course of the sampling events, 

but overall nitrogen isotopes gradually converge over time for all three treatments. Initial δ
18

O 

results for nitrate of the tile-drain waters show distinctive ratios for each of the three test plots, 

which gradually converge by early summer 2008.  

 

Soil and manure samples were also collected to assist in the isotopic characterization of soil 

and manure N sources and to allow comparisons with literature values. Soil samples for the 

three test plots at Harrington Farm had a mean δ
15

N ratio of 4.0 ‰ ranging from 1.5 to 7.3 ‰. 

Ratios for the check plot and manure plot were broadly similar (4.5 and 4.1‰, respectively), 

while mean values for the fertilizer plot were slightly lower (3.5‰). A single soil sample from 

a feedlot of a dairy farm in Earnscliffe has higher δ
15

N at 7.3‰. Samples from an abandoned 

field that has lain fallow for a number of years had a mean δ
15

N of 3.5‰.  

 

Solid cattle manure samples from manure piles (including variable portions of straw bedding 

pack) from Earnscliffe showed average δ
15

N and δ
18

O values for nitrate of 6.2 and 6.1‰, 

respectively, and δ
18

O of 5.9 and 6.2‰, respectively. 
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7. Tile drain effluent analyses: a) Nitrate concentrations, b) δ
15

N values 

in nitrate, c) δ
18

O values in nitrate. 

 

 

The most striking feature of the tile drain effluent samples is the general similarity in nitrate 

concentration and nitrate isotopic characteristics, in-spite of the very different nature and 

magnitude of initial N inputs for the three experimental plots. In particular, nitrate 

concentrations and nitrogen isotope ratios for the fertilizer plot are essentially identical to 
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those of the check plot, suggesting that by the post harvest period, nitrate production and 

release is relatively insensitive to initial N inputs and is being controlled by other processes 

within the soil. Similar, but less significant trends are noted for the manure plot. 

 

Interpretation - We suggest that the higher initial post harvest N concentrations, and the 

persistent δ
15

N ratios typical of manure sources, are consistent with a gradual rate of 

mineralization and nitrification of manures relative to inorganic fertilizers. This taken as a 

reflection of the  rapid initial  release of highly labile N in the immediate period after 

application, followed by a gradual release of N as a result of mineralization and subsequent 

nitrification of the refractory portions of manure. Overtime however, δ
15

N ratios for all three 

treatments progressively converge toward values of 5 to 6‰, in the general range of those 

typical of the soil organic matter pool.  

  

 

4 Discussion 
Having presented the data from the sampling campaigns in the Earnscliffe area and from the 

tile drain array at the Harrington Experimental Farm, we now examine in more depth, some of 

the more notable observations, and where appropriate their implications for efforts to reduce N 

losses from agricultural land to GW. 
 

4.1 No significant denitrification in the study areas 
Before discussing these observations, it is important to assess the possible alteration of 

isotopic signatures by such processes as denitrification. While denitrification can be expected 

to play a role at some scale in virtually any environment, our focus here is on the possibility of 

any significant alteration to initial isotope ratios that may render untenable, conclusions from 

groundwater nitrate isotopic signatures at the watershed scale.  

 

Various approaches have been used to identify the potential influence of denitrification on 

nitrate isotope results including the δ
15

N to NO3-N and δ
15

N to δ
18

O relationships (e.g., 

Kendall et al., 2007). Note that during denitrification, δ
15

N is expected to exponentially 

increase in the residual N pool as NO3-N decrease.  

 

We have examined the relationship between NO3-N concentrations and δ
15

N ratios by 

conducting linear regressions of 1/δ
15

N for each season of sampling vs. NO3-N concentration. 

The results show no correlation between the two parameters, with r
2 

values ranging from 0.02 

to 0.13. Thus we find no evidence of such a relationship for all 6 sample periods and on the 

scale of the study area (Fig. 8).  
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Figure 8. Nitrate concentration as a function of δ
15

N values. 

 

Denitrification should also result in progressive enrichment of δ
15

N and δ
18

O values in a ratio 

of approximately 2:1 (Kendall et al., 2007). Dual isotope data from the same seasonal 

sampling program in the Earnscliffe shows no systematic correlation between δ
15

N and δ
18

O 

(Fig. 9), again supporting the premise that denitrification has not substantially altered the 

nitrate isotope ratios.  
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Figure 9.  δ
15

N vs δ
18

O in nitrate of GW from the Earnscliffe study region. 

 

Finally it is noted that on a watershed scale, there is a trend for higher nitrate concentrations at 

distal portions of the presumed groundwater flow system, and that where measured, the 

average GW dissolved oxygen level was 7.25 mg/L (generally ranging from 4 to 10 mg/L with 

a minimum concentration of 1.6 mg/L), levels well above those normally associated with 
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significant degrees of denitrification. Both these factors argue against a significant role of 

denitrification. 

 

4.2   Seasonal transfer of nitrate to groundwater 

Over the 6 sampling campaigns for the Earnscliffe area, we observed only modest changes in 

δ
15

N and δ
18

O ratios in nitrate in groundwater, either taken as a whole, or at individual sites. 

By interference we conclude this reflects only limited seasonal changes in the relative 

proportion of sources contributing to the N loading GW. This behavior stands in marked 

contrast to observations in a region dominated by intensive potato production, (Savard et al. 

2007b, 2009) where significant seasonal variations in δ
15

N and δ
18

O ratios in the nitrate 

dissolved in GW were interpreted as representing varying importance of discrete N sources 

during the growing and non-growing seasons. Nonetheless, we note that the general trend of 

elevated δ
18

O ratios in nitrate in groundwater during the growing season relative to the non-

growing season is preserved. We have suggested that this seasonal change in δ
18

O ratios 

reflects in part the influence of warmer soil water (with higher δ
18

O ratios) involved in 

nitrification during the growing season, relative to that of the non-growing winter and spring 

periods.  

 

An exception to this general trend is observed for δ
18

O ratios for the winter of 2008, where 

values for virtually all sites are higher than for the proceeding summer (Figs. 5b, 6). In seeking 

an explanation for this feature we have calculated a Hydro-climatic Index (HC)  using the 

same approach introduced by Savard et al. (2007) for work in the Wilmot watershed. In 

support of their interpretation of isotopic results this index was developed for the purpose of   

integrating the combined influence of the temperature of seasonal precipitation (and thus soil 

water) involved during nitrification, and the amount seasonal recharge transporting nitrate to 

the water table. This HC is calculated according to the relationship: 

  

HC = ( Σ   Ri Ti) D
-1

      (eq. 1), 

i=1-D 

 

where Ri and Ti are the daily average recharge and air temperature, respectively, and D is the 

number of days of accumulation between sampling periods.  

 

The resulting HC values (Figure 10) show similar seasonal ranges first described for the 

Wilmot sampling campaigns but results for the winter 2008 sampling campaign in the 

Earnscliffe region are higher than those for the preceding summer. Examining the two 

components of the HC we note that temperatures were consistent with climate normals for this 

period, however recharge was uncharacteristically low (estimated at only 11 to 13 mm during 

the summer and fall respectively compared with an average of 100 mm for all other sample 

intervals). Based on these findings, we suggest the elevated δ
18

O ratios seen in the winter of 

2008 reflect very limited transport of nitrate remaining in the soil, either directly from 

anthropogenic inputs, or as a result of nitrification during in the summer until the winter 

sampling event of 2008. Essentially the expected “winter” signal with respect to δ
18

O has been 

overprinted by the delayed delivery of nitrate produced or residing in the soil from the summer 

and fall periods. 
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Figure 10.  Hydro-Climatic Index relative to Seasonal δ
18

O values in nitrate for the Earnscilffe study area. 

 

Overall, we attribute the lack of significant variation in nitrate provenance in the Earnscliffe 

setting largely to differences in the nature and timing of N inputs to differences in the nature 

and timing of the principle N inputs in the respective areas. The importance of inorganic 

fertilizers during the growing season in the Wilmot setting is taken to reflect the rapid loss of 

readily available fertilizer N applied over a restricted time frame, and at rates which exceed 

those of crop uptake. In comparison, in the Earncliffe setting, manure applications occur over 

a much broader time frame (spring through fall) and it is suggested that the degradation of 

manures is more gradual than inorganic fertilizers, with an initial rapid release of nitrate from 

the labile fraction, followed by a slower release of N from the refractory components. 

 

Collectively, δ
15

N and δ
18

O ratios of GW do not suggest substantial impacts by nitrate 

fertilizers, or extensive microbial nitrification of ammonia-based fertilizers or manures in the 

Earnscliffe area. Nowhere do we see the strongly enriched “organic” δ
15

N and δ
18

O signatures 

expected for un-modified manures (typically in the range of 20 
o
/oo), nor do we see the 

relatively low δ
15

N ratios expected for inorganic fertilizers (-2 to + 2
 o

/oo ). Rather, both 

nitrogen isotopes point to a mixture of N sources dominated by the nitrification of soil organic 

matter. Part of this may be a result of the lower recharge rates and rapid uptake of nitrate 

during the growing season, resulting in proportionally less nitrate being available for 

subsequent leaching to the water table Nonetheless, given that manures constitute the single 

most important N input in the Earnscliffe area this suggests that there are important processes 

mediating the transfer of nitrate from agricultural soils to underlying groundwater. In this 

regard, the nitrification of soil organic material (plant residues) stands out as a vital process in 

the production and transport of nitrate to groundwater in both the contrasting Wilmot and 

Earnscliffe agricultural settings.  

 

This interpretation is supported by observations from the tile drain effluent samples from the 

Harrington Experimental Farm. While no sampling was conducted during the growing season, 

in the period following harvest, the isotopic characteristics of nitrate from the fertilizer, 

manure and check plots gradually converge over time. In particular, even at the time of the 
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first sampling event after harvest, results for the fertilizer and check plot are essentially 

identical. We interpret this behavior to reflect the rapid incorporation of N from the fertilizer 

plot, either into crops or the soil organic matter pool. It is emphasized that while the two 

treatments differ radically in N inputs, the mass of N added by fertilization is relatively small 

in comparison with the overall pool of N in most soils (Martens, 2001). Thus we would see the 

production and movement of nitrate from the soil to GW in the non-growing season being 

primarily dependent on the rate of mineralization and nitrification of soil organic material 

(including plant residues), and relatively in-sensitive to rates of fertilizer N input. Results for 

the manure plot suggest that initial source inputs may have a more significant impact on non-

growing season nitrate concentrations and N isotopic characteristics, with relatively higher 

nitrate concentrations, and some preservation of the expected “organic” δ
15

N signature. It is 

noted of course, that in the absence of summer discharge from the tile drain network, it is 

impossible to assess the importance of direct leaching of fertilizer N to the overall annual N 

flux from the fertilizer plot. 

 

4.3  Source apportionment of nitrate N 

Having discussed the general nature of seasonal processes influencing the production and 

transfer of nitrate from agricultural sources to GW, we now examine, in a more quantitative 

manner, the relative importance of individual N-sources in the Earnscliffe region for the 

growing season and non-growing periods, using the approach of Savard et al. (2009). Briefly, 

using the isotopic characteristics of key N sources, and measured GW nitrate isotopes (Fig. 

11) in a system of 3 equations and 3 unknown variables (equations 2 to 4), we estimate the 

nitrate proportions derived from inorganic fertilizers, manure, and soil organic matter. A 

constant contribution of 5% from atmospheric deposition of N is assumed based on data from 

Environment Canada data and mass balance calculations, thus relative source proportions of 

the three main sources are calculated on a basis of 95% , with the remaining 5% being 

attributed to atmospheric deposition. 

1 = Fpr + Fm + Fcf (eq. 2), 

δ
18

Omea = Fsom x δ
18

Opr + Fm x δ
18

Om + Fcf x δ
18

Ocf (eq. 3), 

δ
15

Nmea =  Fsom x δ
15

Npr + Fm x δ
15

Nm + Fcf x δ
15

Ncf (eq. 4), 

where, F stands for fractions of nitrate from the 3 sources identified with the subscripts som, m 

and cf for soil organic matter, manures and chemical fertilizers, respectively. 

Model conditions are described in Table 6. In assigning isotopic characteristics to the three 

source end-members, we have used measured values where available, supplemented by 

literature data where necessary. The contribution from manures used is for the highly labile 

fraction only, as it is difficult to characterize or quantify the influence of more refractory 

components. As a consequence, true manure contributions may somewhat greater than 

represented here, and by corollary, some portions of the nitrate attributed to plant residues are 

likely to include N from the more refractory components of manures. Results of the source 

apportionment calculations are presented in table 6 below. 
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The results of our source apportionment calculations suggest that, all year long soil organic 

matter (plant residues) represents the main source of nitrate reaching the top of the aquifer 

(Table 6; Fig. 11). Inorganic fertilizers seem to have a minor influence on the annual load, 

whereas manures steadily contribute around 15% of the nitrate charge. 

 
Table 6. Model conditions for the Earnscliffe context with apportionment of nitrate from the three 

main sources considered. 

Conditions/season 

Summer 
07 

Winter 
08 Spring 08 

Summer 
08 Fall 08 Winter 09 

GW δ
15

Nmea 5.98 5.4 6.41 6.55 6.0 6.4 

δ
15

Ns 5 5 5 5 5 5 

δ
15

Nm 17.1 17.1 17.1 17.1 17.1 17.1 

δ
15

Nf -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 

GW δ
18

Omea 0.3 0.8 -0.1 0.8 -0.5 -0.6 

δ
18

Os -5.9 -5.9 -5.9 -5.9 -5.9 -5.9 

δ
18

Om 10.7 10.7 10.7 10.7 10.7 10.7 

δ
18

Of 11.6 12.7 12.7 11.6 12.7 12.7 

Apportionment  

Manure 0.15 0.12 0.17 0.19 0.14 0.16 

Soil organic matter 0.74 0.72 0.76 0.70 0.79 0.79 

Chemical 

fertilizers 0.06 0.11 0.02 0.05 0.03 0.00 
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Figure 11. Relative seasonal proportions of nitrate reaching the 

water table in the Earnscliffe area. 
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4.4  Implications for reduction of N leaching losses to GW from agricultural lands 

Comparing the results from the livestock dominated Earnscliffe agricultural setting with that 

of the row-crop dominated Wilmot watershed we see differences in the seasonal behavior of 

nitrate, which we would attribute in large part to the differing nature and timing of key 

anthropogenic N inputs (Table 7). Under intensive row-crop production, with high fertilizer 

application rates, we see the direct influence of the leaching of inorganic fertilizers during the 

growing season. In contrast, with manures as the dominant N input, relatively little seasonal 

difference in the provenance of nitrate reaching the water table is seen.  

 

Table 7. Proportions from sources of groundwater nitrate in Earnscliffe and Wilmot 

watersheds. 

 

In either case however, the importance of the soil organic matter pool is preserved as an 

important mediating agent in the production and transport of nitrate from agricultural soils to 

GW. While these processes are important year round, they become increasingly significant 

during the non-growing season when there is little plant up-take but the majority of recharge is 

occurring. 

 

These observations may have important implications for the development of effective 

remedial strategies to reduce nitrate losses to groundwater. While our data indicates the direct 

influence of the initial N source contributions on nitrate fluxes during the growing season, 

Somers and Savard (2009) suggest that in each of the two settings examined, the largest 

portion of annual N flux to the water table is occurring during non-growing season (Fig. 12). 

Source  Earnscliffe (%) 
Summer/fall           winter/spring  

Wilmot (%) 
summer/fall 03   winter/spring 03-04 

Soil organic matter 74 76 39 76 

Inorganic fertilizers 6 5 41 13 

Manures 15 15 15 7 

Atmosphere 5 
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Figure 12. Relative flux of nitrate to the water table in the  

Earnscliffe and Wilmot areas (after Somers and Savard, 2009). 

 

If during this period, the principle control on nitrate production and transport to groundwater 

is the rate of mineralization and subsequent nitrification, this raises the question as to the 

sensitivity of winter nitrate fluxes to initial fertilizer application rates during the growing 

season. Similarly for manures, while characterized by slower break-down and release of N, 

they do not appear to dominate the flux of N to GW, even under heavy application rates. Thus 

while any reduction of direct leaching losses during the growing season by careful 

management of N inputs is clearly important, it is perhaps equally important when evaluating 

the overall effectiveness of strategies to reduce N losses to GW to account for the losses that 

occur during the non-growing season. It is suggested for these winter N losses that other 

elements of cropping practices need to be considered, such as the timing and intensity of 

tillage, in addition to the initial N application rates.  

 

5. Conclusions 
The principle purpose of this work has been to examine, and to the extent possible, quantify 

the relative significance of key sources of nitrate (inorganic fertilizers, manures and soil 

organic matter) in a region of intensive livestock production, and to examine the timing and 

processes involved in the transport of this nitrate from agricultural soils to groundwater.  

 

The interpretation of isotopic analyses of nitrate dissolved in groundwater suggest that while 

manures may be the most significant N input to agricultural soils in the Earnscliffe study area, 

the nitrate observed in GW reflects a mixture of N sources, with the largest portion of the 

overall N flux reflecting the influence of the soil organic matter pool. We estimate that over 

70% of the nitrate reaching the water table is derived from nitrification of N contained in the 

soil organic matter pool, with direct contributions from manure being around 15% and the 

direct contribution from fertilizers, generally lower than 10%. 

 

These results highlight the important role of the soil organic matter pool, including plant 

residues, in mediating the production and or transport of N from agricultural soils to 
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groundwater. This is supported by data from tile drain effluent samples where shortly after 

harvest there is essentially no difference in nitrate concentration or nitrogen isotope 

composition for fertilized and un-fertilized plots, suggesting that applied N is rapidly 

incorporated into the crop, or the broader pool of organic matter in the soil. The subsequent 

release of this N from the soil organic matter pool during the non-growing season is suggested 

to depend primarily on rates of mineralization and nitrification, rather than the initial rates of 

N application at the beginning of the growing season.  

 

With these factors in mind, we suggest that a holistic approach is adopted in developing 

measures to reduce nitrate contamination of groundwater from agricultural sources. The 

approach should focus not just on traditional nutrient management planning of fertilizer 

application rates, it should also consider other practices, such as the timing and intensity of 

tillage, timing of manure application, and finally perhaps the intensity of agricultural activity 

in general. Finally, we would suggest that each agricultural setting is unique, and accordingly, 

the most effective remedial measures for nitrate reduction should account for the specific 

features of the area in question. 
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