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Abstract Human activities have increased the ﬂow of nitrogen (N) and phosphorus (P) over much of the
Earth, leading to increased agricultural production, but also the degradation of air, soil, and water quality.
Here we quantify the sources of anthropogenic N and P inputs to 76 watersheds of the St. Lawrence Basin
(SLB) throughout the 20th century using NANI/NAPI (net anthropogenic N/P input to watersheds), a mass
balance modeling approach, and estimate the fraction of these inputs exported to adjacent rivers. Our results
show that since 1901, NANI and NAPI increased 4.5-fold and 3.8-fold, respectively, with a peak in 1991 mainly
due to high atmospheric N deposition and P fertilizer application. However, the relative increase over the
course of the last century was much higher in certain watersheds, particularly those where there was greater
urbanization. Ranges in NANI and NAPI vary greatly among watersheds (110 to 9351 kg N km 2 yr 1 and 0.16
to 1938 kg P km 2 yr 1, respectively in 2011) and are strongly related to riverine ﬂuxes (R2 = 0.87 and 0.71 for
N and P, respectively). Our results suggest that 22% of NANI (ranging from 11% to 68% across watersheds)
and 17% of NAPI (ranging from 3% to 173%) are exported to rivers. Predominant sources of inputs vary
spatially and through time largely due to changes in farming practices. By tracking the main sources of inputs
to speciﬁc watersheds and through time, our work provides insights for N and P management. Reduction
strategies will likely need to be watershed speciﬁc, although through time, our results clearly show the
large-scale impact of targeted legislation.

1. Introduction
Human activities have greatly increased the annual ﬂuxes of bio-available nitrogen (N) and phosphorus (P) on
the continents [Bennett et al., 2001; Galloway et al., 2004], primarily since the industrialization of agriculture
[Cordell et al., 2009; Galloway and Cowling, 2002]. The use of N and P fertilizers has enabled the feeding of
a growing human population by increasing crop yields substantially [Smil, 2001]. However, excessive use of
nutrients has also caused the degradation of aquatic ecosystems through eutrophication [Galloway and
Cowling, 2002; Howarth et al., 2000; Rabalais et al., 2002b; Schindler, 2012], which can result in the formation
of harmful algal blooms, ﬁsh kills due to oxygen depletion in bottom waters, and loss of biodiversity [Cloern,
2001; Vitousek et al., 1997] with signiﬁcant negative impact on human health and local economies [Dodds
et al., 2009; Le et al., 2010].
Although eutrophication of inland waters is thought to be regulated by P inputs [Schindler, 1977; 2012],
several researchers advocate for a dual nutrient reduction strategy including reducing N [Conley et al.,
2009; Howarth et al., 2011; Paerl, 2009]. Whether or not N limits growth of primary producers in freshwaters
is not the only concern, but N load and N chemical form may play a pivotal role in freshwater cyanobacterial
toxicity and therefore in human health [Dolman et al., 2012; Giani et al., 2005; Lee et al., 2000; Monchamp et al.,
2014]. N load to freshwaters will also have downstream effects along the aquatic continuum when transport
into N limited estuaries and coastal sites results in ecosystem degradation [Howarth and Marino, 2006; Paerl,
2009; Rabalais et al., 2002a].
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Identifying the sources of N and P loading to the landscape is an essential ﬁrst step to improving nutrient
management because it can point to the primary sources of pollution for possible reduction strategies. Net
Anthropogenic Nitrogen Input (NANI) [Howarth et al., 1996] is a mass balance modeling approach that estimates the anthropogenic movement of N to watersheds and is considered very robust since it can also
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accurately predict the amount exported to rivers [Alexander et al., 2002]. Indeed, a global average of 25% of
NANI is generally accepted as being exported to rivers, although substantial variability is observed across
regions [Howarth et al., 2012; Schaefer et al., 2009; Swaney et al., 2012]. Net Anthropogenic Phosphorus
Input (NAPI), a recently adapted version of the model for P, presents a more variable pattern of fractional
export [Russell et al., 2008] that ranges between ~1 and 15% [Han et al., 2011; Hong et al., 2012].
Sources of inputs vary not only in space but also in time due to changes in technology (e.g., synthetic fertilizers and P mining), land use [Kleinman et al., 2011], diets [Metson et al., 2012], economies [Galloway et al.,
2007], and issues related to governance [Maki et al., 1984]. A historical perspective is thus critical to portrait
the impacts of these social drivers on N and P cycles. Although NANI and NAPI have been widely used to characterize N and P sources and fractional riverine export across watersheds [Billen et al., 2013; Boyer et al., 2002;
Han et al., 2011; Han et al., 2009; Hong et al., 2012; Howarth et al., 1996], few studies have explored temporal
changes in land use across multiple subwatersheds in a single a region [Gao et al., 2015; Han and Allan, 2012].
The St. Lawrence sub-basin (SLB, Figure 1) is a region of eastern North America with heterogeneous land use
that has experienced signiﬁcant and often localized social transformations throughout the last century
[MacDonald and Bennett, 2009]. Subwatersheds range from densely forested to intensively farmed, and the
region is dotted with major urban areas. Receiving waters in the region are becoming more eutrophied
and are experiencing an increased incidence of cyanobacteria blooms [Campeau, 2010; Glibert et al., 2014].
Hypoxic conditions are also prevalent in the deep waters of the St. Lawrence Estuary, with up to 33–50% likely
due to increased load of organic matter, N, and P via freshwater inputs [Gilbert et al., 2005]. The vulnerability
of the St. Lawrence estuary to nutrient loading may also be enhanced due to global warming [Altieri and
Gedan, 2014] and to changes in oceanic currents bringing warmer waters promoting O2 depletion through
greater microbial activity [Gilbert et al., 2005]. It is thus imperative to have a better understanding of the
current and historical impacts of human activities on the fate of N and P in this landscape.
In this study, we characterized the sources of N and P and their changing dynamics across the SLB throughout
the 20th century by calculating the net anthropogenic N and P inputs in 76 watersheds of the SLB over the
last 110 years. This allowed for the assessment of total NANI and NAPI, including the relative importance
of differential input terms, across space and through time. Furthermore, we calculated annual N and P
riverine loads at several outlets over three decadal years and compared those with the watershed inputs in
order to calculate fractional export. This served as a cross-check validation of our human-induced N and P
input model.

2. Methods
2.1. Study Area
The SLB (574,000 km2) is part of the Great Lakes-St. Lawrence Basin that drains the Great Lakes into the Atlantic
Ocean (Figure 1; St. Lawrence Centre 1996). Almost 75% of the SLB is located in Canada within the province of
Quebec and eastern Ontario, with the remainder residing in northern New York State, and Vermont, USA. The
SLB was subdivided in 76 watersheds [Natural Resources Canada, 2003] ranging in size from 1,818 to 21,112 km2.
Three major physiographic divisions characterize the SLB: the Canadian Shield, Appalachian Highlands, and
Interior Plains, which promote differential land use. For example, the Interior Plain located to the south and east
of Montreal (Figure 1) on the right bank side of the St-Lawrence is a prime location for agriculture. Precipitation
is spread relatively evenly throughout the year with an average of 924 mm in Montreal.
2.2. N and P Budget Construction
N and P budgets were constructed for each of the 76 watersheds of the SLB (Figure 1) at a 10 year time interval from 1901 to 2011. We quantiﬁed all known anthropogenic N and P inputs (synthetic N and mined P
fertilizers, biological N ﬁxation, atmospheric N deposition, P in detergents, and imports of N and P in food
and feed), and outputs (exports of N and P in food and feed) and used these to calculate NANI and NAPI
budgets (Figure 2) [Howarth et al., 1996; Russell et al., 2008]. NANI and NAPI do not include sewage and
manure since these terms are already embedded in the balance of other terms. For example, manure does
not represent “new” N or P to the watershed because it originates from the animals consumming feed that
is either imported or produced locally using synthetic fertilizers, and both of these terms are already considered as inputs in NANI or NAPI (Figure 2). Similarly, NANI includes only oxidized atmospheric inputs (NOy) and
GOYETTE ET AL.
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Figure 1. The St. Lawrence sub-basin and its 76 watersheds located in the provinces of Quebec and Ontario, Canada, as
well as in northern New York State, and Vermont, USA. The sub-basin extends from the outlet of Lake Ontario to the
Gulf of St. Lawrence. Light and dark grey areas delineate Canada and U.S. territories, respectively. Black dots show the
locations of the monitoring stations used in this study to calculate annual TN and TP riverine loads. Land cover was
retrieved from North American Land Cover at 250 m spatial resolution available at ftp://ccrs.nrcan.gc.ca/NALCMS/.

excludes reduced forms (NHx) because the latter largely originates from agricultural sources and tends to be
redeposited within the same watershed it was emitted with no net input of N.
The NANI and NAPI budgets were ﬁrst calculated using county-level data retrieved from agricultural censuses
[Canada Department of Agriculture, 1901; Canada Census and Statistics Ofﬁce, 1911; Canada Dominion Bureau
of Statistics, 1922, 1932, 1942, 1952, 1962; Statistics Canada, 1972, 1982, 1992, 2003, 2011; U.S. Census Ofﬁce,
1902; U.S. Bureau of the Census, 1913, 1922, 1933, 1942, 1952, 1961, 1972, 1984; USDA-NASS, 1994, 2004, 2014].
Since Canadian and U.S. census years differ, budgets in U.S. counties were interpolated linearly to match
Canadian census years. Budgets at the county level were then partitioned to the watershed level using
ArcGIS 10.0. Data sources and calculation methods for each input and output terms are presented hereafter.
2.2.1. Fertilizers
Fertilizer N and P inputs were estimated
using provincial and state N and P fertilizer tonnage sales data [Statistics Canada,
2014a; Terry and Kirby, 1992, 2003; USDACRB, 1954, 1959, 1969, 1982; US EPA,
2014a] as well as county-level fertilizer
expenditures reported in each census
year. The tonnage of fertilizers sold in
each province or state was disaggregated to counties by using the proportion of county to province (or state)
of fertilizer expenditures reported in
Figure 2. Diagram of major components of Net Anthropogenic Nitrogen/
censuses. Details are provided in supPhosphorus Inputs (NANI/NAPI) and exports from a watershed (adapted
porting information and described in
from Swaney et al. [2012]). The approach assumes that animal and human
MacDonald and Bennett [2009].
demands are initially satisﬁed by local production. Black arrows are thus
2.2.2. Biological N Fixation
taken into account in initial calculations. Dark grey arrows serve to
balance animal and human N and P demand through feed and food
Estimates of agricultural N ﬁxation rates
imports when in deﬁcit (a) or if production in a watershed is larger than
vary widely in the literature, particularly
local demand, as food or feed exports (b). Once these terms are estifor legume-grass mixtures [Smil, 1999].
mated, surplus N and P in a watershed (NANI and NAPI) can either be
exported to rivers, lost to the atmosphere through denitriﬁcation (N only), In this study, ﬁve ﬁxing crops were considered: soybeans, alfalfa hay, nonalfalfa
or retained in the landscape (light grey arrows).
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hay, pastures, and snap beans. Agricultural N ﬁxation has often been estimated from area-based N ﬁxation
coefﬁcients per crop [Boyer et al., 2002]. However, the amount of N ﬁxed from the atmosphere likely depends
on N availability in the soil and on crop yields [Meisinger and Randall, 1991]. A yield-based approach corrects
for this by estimating the fraction of N acquired from the soil [Han and Allan, 2008]. We followed Hong et al.
[2013] and applied the average values attributed to N ﬁxation per plant type reported in Han and Allan [2008]
(74% for soybeans and 82% for alfalfa and other ﬁxing crops in nonalfalfa hay mixtures). The nonalfalfa hay
areas reported in censuses were assumed to have 25% leguminous plants such as clovers. Like previous
reports, our study considers only the fraction of N derived from atmospheric ﬁxation in shoots and does
not consider belowground ﬁxation. Although this latter term may be signiﬁcant, we do not account for it here
as there is a large degree of uncertainty in rates across ﬁelds, climates, and agricultural practices [Anglade
et al., 2015]. For snap beans and pastures, we applied the area-based approach [Boyer et al., 2002] since
the Agricultural Census does not report yields. We compared the area- and the yield-based approaches
throughout the century since the latter may be more relevant in longer-term assessments particularly where
legume-grass mixtures are dominant crops that may change over time.
2.2.3. Atmospheric N Deposition
Atmospheric N deposition was estimated from the 12 km × 12 km grid map containing N deposition estimates generated by the Community Multiscale Air Quality (CMAQ) model (www.cmaq-model.org/). As mentioned above, only oxidized forms were considered as new N to the watersheds. Atmospheric deposition of
reactive inorganic N oxides (NOy) was retrieved from the CMAQ model for year 2008 and apportioned to
watersheds using ArcGIS. NOy deposition in each watershed was extrapolated to 2011 and back to 1901
by using the NOy deposition to NOx (NO + NO2) emission ratio in 2008 and the historical trends in national
NOx emission of both countries [Statistics Canada, 2014b; US EPA, 2000, 2014b]. Emissions from Canada
and the U.S. nearly follow the same trend although a peak in the 1980s occurred only in the U.S. Changes
in NOx emissions in both countries were averaged as a proxy to account for transboundary transport.
Atmospheric wet organic nitrogen was estimated as 15% of total wet N deposition (also retrieved from
CMAQ) and added to each watershed in each decadal year [Hill et al., 2005; Keene et al., 2002; Neff et al., 2002].
2.2.4. P in Detergent
We estimated P consumption from historical laundry and dishes detergent use. Following Han et al. [2011],
we assumed that there was no phosphorus in detergent until 1935, because traditional bar soaps and
liquid detergents used then for laundry and handwashing of dishes contained little phosphate [Litke,
1999]. After 1935 we took into account changes in P content of detergent and the timing of bans on P
content, which differed between Canada and the U.S. [Han et al., 2011; Litke, 1999] (Table S1 in the
supporting information).
Data on the amount of per capita laundry detergent use in Canada were unavailable, so U.S. data for years
1954 to 2011 were used as a proxy [Han et al., 2011]. Use of laundry detergent was interpolated linearly
between 1935 and 1954 to estimate the amounts in years 1941 and 1951. The use of P by automatic dishwashers was estimated from human population, the proportion of households equipped with automatic
washers, their increasing efﬁciency, and the P content of dishwasher detergent. Detergent use per capita,
P content per spoon, and proportion of households equipped with dishwashers were ﬁrst retrieved from
Han et al. [2011] and applied for U.S. counties. The proportion of households equipped with dishwashers
in Canada was retrieved for years 1997 to 2009 [Statistics Canada, 2014c], and previous years were estimated
proportional to the changes in the U.S. Additionally, we considered the regulations from 2010 in Canada and
Vermont limiting P content to 0.5% of total soap mass [Washington Department of Ecology, 2014; Environment
Quality Act, 2014] by adjusting P per spoon in 2011 relative to the value reported in Han et al. [2012] when
detergent content was 8.7% P [Knud-Hansen, 1994] (supporting information Table S2).
2.2.5. Net Imports of N and P in Food and Feed
Net food import is calculated by subtracting human demand of N and P from N and P in crops and animal
products (meat, milk, and eggs) grown for humans. Similarly, net feed import is the subtraction of animal
demand for N and P from nutrient content in crops grown for feed. Human and animal requirements are
assumed to be met initially by local agricultural production, with excess demand being satisﬁed by imports.
Prior to calculations of net imports of N and P in food and feed, livestock populations were adjusted to
account for their residence time on the farm, and changes in animal weights and food product yields over
time were tracked to account for evolving agricultural practices.
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Table 1. Animal Live Weights and Product Yields Over Time
Years

Beef (kg)

a

Veal (kg)

a

Hogs (kg)

a

Sheeps (kg)

a

Chicken (kg)

b

Turkey (kg)

b

Eggs (eggs/head)

b

Milk (kg/animal)

c

2011
2006
2001
1996
1991
1986
1981
1971
1961
1951
1941
1931
1921

619.6
616.8
613.0
539.5
524.4
487.6
460.4
431.6
-

236.4
231.2
234.0
220.2
200.2
144.2
125.0
105.8
-

124.1
120.0
112.0
108.4
102.5
101.8
99.4
96.1
-

46.9
46.7
44.0
42.5
41.5
41.9
37.3
37.3
-

1.7
1.6
1.6
1.5
1.5
1.5
1.5
1.5
1.5
2.2
2.3
-

7.3
7.5
7.2
6.6
6.0
5.4
4.9
4.9
4.4
5.9
5.4
-

269.9
262.2
267.2
270.2
273.3
257.6
242.0
205.3
194.9
163.4
148.5
111.5
74.9

8699.3
8187.6
7429.9
6647.9
5866.0
5071.7
4277.4
3513.5
2787.4
-

a

Live weights obtained for 2001 [Institut de la statistique du Quebec, 2014] and changes through time approximated based on changes in carcass weights at
provincial or national levels (see text for details).
b
1
Live weights through time obtained from Statistics Canada [2013e]. For further calculations, eggs were converted to kilogram (0.058 kg egg ) [Han et al., 2009].
c
Yields from FAOSTATS (http://faostat3.fao.org/).

2.2.5.1. Adjusted Livestock Populations
Since some livestock groups do not reside yearlong on the farm, year-end inventories from censuses can
misrepresent annual livestock populations and may result in biased estimates of N and P traded in livestock.
Thus, we followed Han and Allan [2008] to adjust annual livestock populations of 18 animal classes by
accounting for their life cycle (i.e., residence time on the farm to the point of animal sales). Canadian censuses
do not report animal sales, so data for slaughtered animals were used instead [Statistics Canada, 2013a]. The
span of available historical data on slaughtered animals at the provincial level differed across livestock
groups. Sources and methods of estimation for these missing years are presented in the supporting information. Slaughtered animals were then disaggregated to counties using county inventories from censuses and
the slaughtered animal to inventory ratios available for each province.
2.2.5.2. Animal Weights and Product Yields Over Time
To account for the evolving agricultural practices since 1901 and to get a more realistic account of N and P contained in animal food products throughout the century, we tracked the changes in average animal weights and
production rates over time (Table 1). Animal live weights in Quebec were used for the whole basin. Live weights
of beef, veal, pork, and lamb were obtained for 2001 [Institut de la Statistique du Québec, 2013] and scaled
through time based on changes in carcass weights in Quebec for years 1981 to 2011 [Statistics Canada,
2013b, 2013c] and at the national level for years 1961 and 1971 (Food and Agriculture Organization of the
United Nations Statistics Division, 2014, http://faostat3.fao.org/). Live weights of chickens and turkeys in
Quebec were obtained for years 1941 to 2011 [Statistics Canada, 2013d]. Yields of milk and eggs were obtained
at the national level for years 1961 to 2011 and 1921 to 2011, respectively [Statistics Canada, 2013e; Food and
Agriculture Organization of the United Nations Statistics Division, 2014, http://faostat3.fao.org/]. For years prior
to available data on animal weights and production rates, values were kept constant back to 1901.
2.2.5.3. Animal Demand and Food Products
To estimate N and P consumption in feed, adjusted livestock populations were multiplied by annual N and P
consumption coefﬁcients speciﬁc to animal classes following Han and Allan [2008] for N and Han et al. [2011]
for P. To estimate N and P in food products, we multiplied slaughtered livestock populations with the N and P
content of their edible portion [Han et al., 2011; Han and Allan, 2008] (Table S3 for P coefﬁcients). The edible
portion includes lean meat only and excludes hair, skin, bones, fat, and viscera.
2.2.5.4. Human Demand
Human N demand was estimated by multiplying annual county population, retrieved from censuses, with per
capita annual N consumption. Values for per capita N consumption were estimated based on annual per
capita protein consumption at the national level [Statistics Canada, 2013f] and multiplied by 0.16 (the N
percentage of protein). Protein consumption in Canada was only available from 1976 to 2009, so U.S. values
were used for both countries prior to 1976 [USDA-CNPP, 2015]. Protein consumption of 2010 and 1909 was
used as proxies for 2011 and 1901, respectively. Human P consumption was estimated as a constant of
20% of N consumption [Hong et al., 2012; Russell et al., 2008].
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Figure 3. Temporal variation of total and the different terms estimated for (a) NANI and (b) NAPI over a 110 year time span
for the SLB. Note the difference in scale on y axes.

2.2.5.5. Crop Production
We identiﬁed 14 major crops produced in this study region [MacDonald and Bennett, 2009]. Additionally,
cropland pastures and noncropland pastures were considered. Pastures represent a large amount of local
feed available to animals and so are essential in the accounting of the net imports of food and feed. Crop
and grass production in each county was obtained from agricultural censuses. Production was not available
in Canada after 1951, so area was multiplied by regional yields to estimate annual production for Quebec and
Ontario counties [Bureau de la Statistique du Québec, 1972, 1983, 1992; Institut de la Statistique du Quebec,
2014; Ontario Ministry of Agriculture Food and Rural Affairs, 1962, 1982, 1992, 2007, 2013]. Where county or
regional data were unavailable, provincial average yields were used [Statistics Canada, 2014d]. N and P
content in the harvested portion of crop and grass were multiplied by yields in each county and partitioned
between human and animals accounting for losses in processing, spoilage, and pest following Boyer
et al. [2002].
2.2.6. Riverine N and P Exports
Annual riverine N and P exports were estimated at the outlet of 23 watersheds in 1991, 2001, and 2011
(Figure 1). Loads were calculated from daily discharge (Centre d’Expertise Hydrique du Quebec [Environment
Canada, 2014a]) and monthly total N (TN) and P (TP) concentrations (MDDEFP-BQMA [Environment Canada,
2014b]), using the U.S. Army Corps of Engineers’ software Flux32 [Walker, 1996]. Flux 32 is a regression-based
approach that allows for ﬂow-weighted interpolations of the discrete measurements of the concentration
and so reduces bias by accounting for exceptionally high or low daily discharge events. When a monitoring
station integrated the drainage area of multiple watersheds, the total drained area was considered to
calculate speciﬁc riverine loads (kg N or P km 2 yr 1) and the associated NANI or NAPI values (kg N or
P km 2 yr 1). Discharge gauging stations were not necessarily located where water chemistry (TN and TP)
was monitored. In such cases, discharge at the monitoring site was estimated by multiplying the speciﬁc
discharge (m3 km 2) at gauging station by the drainage area (km2) at the monitoring site. NANI and NAPI
were used as predictors of annual riverine N and P exports in simple linear regressions using ordinary least
squares analyses in R [R development Core Team, 2012].

3. Results
3.1. NANI and NAPI Over Time and Space
Overall, net anthropogenic N inputs to the SLB increased ~4.5-fold between 1901 and its peak in 1991, from
212 to 919 kg N km 2 yr 1 for a total load of 115 to 497 Gigagrams (Gg) in the basin as a whole, respectively
(Figure 3a). To better understand temporal dynamics of N sources, we assess four different time frames across
the century. At the beginning of the century, net feed import was the main source of N contributing to ~45%
of total inputs. Anthropogenic biological N ﬁxation, assessed using the yield-based approach, and
GOYETTE ET AL.
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Figure 4. Spatial variation of (top) NANI and (bottom) NAPI for the 76 watersheds of the SLB throughout the study period.
Data are shown for 1901, 1951 (transition in trends), 1991 (peak of inputs), and 2011.

atmospheric deposition were also important sources contributing ~30% each of total inputs. From 1921 to
1941, enhanced dairy farming led to the initial marked increase in total net inputs (Figure 3a and supporting
information Table S4). The second phase of marked increase, observed between 1951 and 1991, was mainly
driven by high atmospheric deposition and more intensive synthetic fertilizer use. Since 1991, NANI
decreased slightly due to a better control of NOx emissions; however, continued increases in agricultural
biological N ﬁxation and fertilizer application have partially counterbalanced this trend. In 2011, NANI was
estimated at 866 kg N km 2 yr 1 (468 Gg) with fertilizers and atmospheric deposition contributing ~33% of
net inputs and biological ﬁxation and net food and feed import ~17%.
In the case of NAPI, we report an overall increase of ~3.8-fold from 1901 to a peak in 1981 with rates going
from 37 to 125 kg P km2 yr 1 (20 to 68 Gg), respectively, and declined thereafter to 116 kg P km2 yr 1
(63 Gg) by 2011 (Figure 3b). P inputs through net feed imports contributed nearly 100% to NAPI in the early
20th century and have, since the enhancement of dairy farming in the 1920s, remained fairly constant over
time. The dynamic changes in NAPI since the 1940s are due to increased P fertilizer application (Figure 3b).
Other input terms are relatively minor.
The temporal changes of both NANI and NAPI vary in a similar way spatially across different watersheds
(Figure 4). This is largely due to the impact of agricultural intensiﬁcation focused primarily in the lower St.
Lawrence and central regions, which inﬂuences both elements. Indeed, these areas were already hot spots
of N and P inputs in the early part of the 20th century (Figure 4) and intensiﬁed over time. Both NANI and
NAPI increased approximately sixfold in these heavily impacted watersheds. A shift in the hot spots for both
nutrients was also observed from the southwest of the SLB more toward the south central areas in the second
half of the century, where the highest rates went from 1586 to 9351 kg N km2 yr 1 for NANI and 341 to
1938 kg P km2 yr 1 for NAPI. In the northern region there is barely any change in NAPI over the study period
while NANI sees a near threefold increase due to the regional expanse of atmospheric N deposition
(Figures 3a and 4). In the less impacted watershed, NANI went from 29 to 110 kg N km2 yr 1.
3.2. Net Food and Feed Imports
As noted above, animal farming was already playing an important role in agricultural activities by the early
20th century. Figure 5 shows that animal demand for N and P in feed in 1901 already exceeded what was
locally available in the southern watersheds of the SLB (resulting in net imports through feed; for P see
Figure S1). This intensive animal production also translates into net N and P exports through food from these
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Figure 5. NANI terms in 1901, 1951, 1991, and 2011. Negative values signify net exports of N through food and feed (or zero
fertilizer application). A similar map for P can be found in the supporting information Figure S1.

same watersheds (Figures 5 and S1). Despite the rise of synthetic fertilizers and crop yields in the second half
of the century, the intensiﬁcation of animal farming in the southern and central regions has led to increased
net imports of N and P through feed to supply production demands (Figures 5 and S1). The hot spot of net
feed imports reached a peak in 2011 of 5450 kg N km 2 and 1315 kg P km 2 in the most intensively farmed
watershed. Not surprisingly, the Montreal Island watershed which includes the city of Montreal (population of
~1.7 million in 2011) has been the major N and P importer of food beginning in 1911, with rates increasing
from 88 to 2906 kg N km 2 yr 1 and 42 to 592 kg P km 2 yr 1 between 1911 and 2011.
3.3. Fertilizers
N inputs to the SLB from synthetic fertilizers increased over the century, but a marked 20-fold overall increase
occurred between 1951 and 1991 (Figure 3a). Regionally, these trends are even more impressive (Figure 5). P
fertilizer application followed approximately the same pattern over space but increased use started 20 to
30 years earlier (Figures 3b, 4, and S1). P inputs from fertilizers went from ~0 to 67 kg P km 2 (in the basin
as a whole) between 1901 and 1991 but then decreased to 45 kg P km 2 in 2001 before increasing up again
to 56 kg P km 2 in 2011 (Figure 1), whereas N continuously increased since the last half century.
3.4. Biological N Fixation
We observed a large difference between the biological ﬁxation estimates derived from the yield- versus areabased approaches (see supporting information Figures S2 and S3). Estimates using the yield-based approach
appear more accurate [Hong et al., 2013, this study] (Figure S3) and are therefore the ones reported in
Figures 2 through 4. Figure 3a shows that biological ﬁxation was an important N source to the SLB in 1901
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N AND P FLUXES OVER 110 YEARS

1007

Global Biogeochemical Cycles

10.1002/2016GB005384

Figure 6. N and P riverine exports at the outlet of 23 watersheds of the SLB in 1991, 2001, and 2011 relative to NANI and
NAPI. N = 62.

contributing to 72 kg N km 2 on average (39 Gg N in total). This remained relatively stable through to 1951
and was mainly driven by ﬁxing crops in nonalfalfa hay mixtures (clovers) and pasture. Since 1951, biological
N ﬁxation increased to a peak of 206 kg N km2 (111 Gg N in total) in 2001 due to intensive cultivation of alfalfa
and, more recently, soya.
3.5. Atmospheric N Deposition
Atmospheric deposition played a major role in N inputs to the SLB, especially between 1951 and 1991
(Figure 3a). From 1901 to 1991, atmospheric deposition in the SLB increased nearly sixfold going from 91
to 418 kg N km 2 yr 1 (38 to 226 Gg) after which it declined to 269 kg N km 2 yr 1 (145 Gg) by 2011
(Figure 3a). Atmospheric N deposition has been an ubiquitous source of N input in the SLB affecting even
remote regions in the north mainly characterized by forested areas (Figure 5). Even though absolute
atmospheric N deposition in those watersheds is small, it often represents the dominant source of input
(up to ~100%). At its peak in 1991, atmospheric N deposition ranged from 161 kg N km 2 in northern
watersheds to 795 kg N km 2 yr 1 in southwestern watersheds. In 2011, deposition rates had decreased to
a range of 103 to 511 kg N km2 yr 1. With fairly high rates in the south, atmospheric deposition can play a
large role in total N inputs even in watersheds with important agricultural activities. For example, deposition
in the last four decades contributed ~18% in the Lake Champlain watershed.
3.6. Riverine Export
NANI and NAPI explain 87% and 71%, respectively, of the variance in riverine N and P exports across space
and time (Figure 6). The intercepts of the linear relationships suggest that under pristine watershed conditions, 105 kg N km 2 yr 1 and 15 kg P km 2 yr 1 would be exported to rivers. Similarly, the slopes suggest
that on average, ~15% of NANI and ~5% of NAPI in the watersheds of the SLB are exported to rivers
(Figure 6). However, these slopes seem to be largely driven by watersheds with high NANI and NAPI.
Indeed, fractional N export across the 23 watersheds for which we had riverine data varies between 11%
and 68% with a median of 22%. Fractional P export shows a median of 17% and a much more variable pattern
with a range of 3% to 173%.

4. Discussion
In this study, we track the N and P use and changes in multiple watersheds of the SLB over the last century.
We observed that some watersheds were already sites of intensive N and P use even at the beginning of the
1900s, that wide-scale legislation had immense positive repercussions on reducing nutrient ﬂuxes, and that
changes in farming practices (to more intensive animal production) inﬂuenced spatial trends in N and P
inputs the most. Overall, we found a 4.5-fold and 3.8-fold increase of N and P inputs in the entire SLB over
the last 110 years, which is similar to global trends [Beusen et al., 2016; Glibert et al., 2014]. However, there
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is a vast range in the relative increase across watersheds, from ~0 to 12-fold for N and ~0 to 34-fold for P, as a
function of the different practices and inﬂuences over this time frame. The highest rates of change in NAPI
mainly occurred in northern watersheds where absolute inputs were very low in 1901, so that any increase
led to a large relative change. For NANI, highest rates of change occurred in agricultural watersheds in
the south central region. The watershed with most elevated inputs for NANI and NAPI in the SLB
(9351 kg N km 2 yr 1 and 1938 kg P km 2 yr 1, respectively) is the highest reported from studies conducted
on similarly sized watersheds in the American Northeast and around the Great Lakes [Boyer et al., 2002; Han
et al., 2011]. However, reports of NANI estimates on smaller watersheds in the UK and China have shown
higher inputs (up to 25,000 kg N km 2 yr 1) [Gao et al., 2014; Swaney et al., 2012].
The most dynamic shifts in NANI were the increases in atmospheric deposition and fertilizer use, which began
in the 1950s and 1960s, respectively. Overall rates of atmospheric N deposition in the SLB follow the same
trend as observed in other regions of the world [Boyer et al., 2002; Hägg et al., 2012; Han and Allan, 2012;
Schaefer and Alber, 2007b]. In terms of magnitude, atmospheric deposition has since the 1950s been the most
important NANI term (Figure 3a); however, it has also seen the most dramatic declines since the 1990s.
Indeed, a 35% reduction has been observed and is a direct consequence of the amendment of the Air
Quality Agreement, which resulted in the reduction of NOx emissions (Air Quality Agreement-Progress
Report, 2012, http://www.epa.gov/airmarkets/progsregs/usca/index.htm, Accessed online July 24th 2014)
thus showing the widespread impact of legislation for positive change.
In the case of P, one of the most important and stable NAPI terms overall was net feed import to the SLB. The
most dramatic increase was in fertilizer use (Figure 3b). All other terms contributed a relatively small amount
to total NAPI. Legislation passed in the 1970s and 2010 that banned the use of P in clothes and dishwasher
detergent respectively, has led to a reduction in this term to rates similar to those observed at the beginning
of the century (overall 8.54 kg P km 2 in 1971 to only 1.08 kg P km 2 in 2011). Albeit a minor component of
NAPI, the reduction in detergents may nevertheless have signiﬁcant consequences in terms of their impact
on water quality at local scales [Lee and Jones, 1986].
Changes in agricultural practices in both the ﬁrst and second half of the century played a signiﬁcant role in
the increase of both NANI and NAPI in the SLB. Both were a result of animal intensiﬁcation, with increased
dairy production in the ﬁrst half, while the second was driven by increased hog and chicken production
combined with greater fertilizer use for feed (Table S4). Similar patterns of overall increase over time were
also observed in both the Lake Michigan and Erie basins for N and P, respectively [Han and Allan, 2012;
Han et al., 2012], but these increases were a function of different farming types. Those basins experienced
a rise in crop and grass production relative to animal and human needs with trends toward higher
feed export.
Another important driver of NANI and NAPI in several basins is human population growth combined with
change in their diets, both in terms food choice and amount. In the SLB, the increase in protein consumption
per capita between 1901 and 2011 went from 96 to 111 g d 1 [Statistic Canada, 2013a; USDA-CNPP, 2015] and
has thus impacted net imports of N and P through food demand. However, this overall change is minor when
compared to the nearly twofold increase in human N food consumption per capita over the last 30 years in
Lake Dianchi basin, China, due to a diet richer in animal protein [Gao et al., 2015]. While the diet shift was the
largest driver for changes in NANI in the aforementioned study, changes in net food imports in the SLB over
the century were more related to increased population densities in urban centers. For example, net food
import in the Montreal Urban watershed increased by ~30-fold for N and ~15-fold for P over the study period.
Increasing population densities have important implications for the management of point source pollution of
both N and P. Zhang et al. [2015] reﬁned the NANI model to distinguish between point and nonpoint sources
of loading and showed that urban domestic N sewage discharge, although a small component of NANI, was a
much more important explanatory variable of riverine loads than nonpoint sources. This can be explained by
large and variable retention of diffuse N on the landscape (denitriﬁed or stored in biomass and soils) relative
to minimal N removal from sewage sludge [Zhang et al., 2015].
We have shown that NANI and NAPI correlate very well with riverine N and P exports, in multiple watersheds
in the SLB. The coefﬁcients for the slopes and intercepts of our regression analyses are in accordance with
similar studies across the globe [Han et al., 2011; Hong et al., 2012; Schaefer and Alber, 2007a; Zhou et al.,
2014], and our median fractional N export of 22% is very close to the mean value of 25% generally observed
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across NANI studies [Swaney et al., 2012]. Studies using global process-based models also report similar
values of fractional N and P exports for our region [Tysmans et al., 2013] and globally [Beusen et al., 2016].
The variance in fractional N and P exports across years and watersheds in our study (11 to 68% and 3 to
173% for N and P, respectively) could be explained by climate [Han et al., 2009; Howarth et al., 2006], landscape features such as the number of water bodies and dams which favor N and P retention [Harrison
et al., 2009; Schaefer and Alber, 2007a; Zhang et al., 2015], and modes of delivery (point versus nonpoint
sources) [Zhang et al., 2015]. Warmer temperatures and ﬂatter landscapes in more agricultural watersheds
may favor enhanced denitriﬁcation losses to the atmosphere by microbes, which results in greater N “retention” and lower fractional exports [Howarth et al., 2006]. Irrigation has also been suggested as an important
factor of nutrient retention in intensive agricultural watersheds [Lassaletta et al., 2012]. Human removal of
water from rivers (and thus nutrient removal) for irrigation may explain the lower fractional export we
observed in the most agriculturally intense watershed in this study, the Yamaska, for example. Another possibility, however, is that high fractional export may be explained by N and P stored in soils and aquifers due to
historical activities, known as legacy effects, that are being ﬂushed to rivers particularly during wet years
[Chen et al., 2014; 2015; Sharpley et al., 2013].

5. Uncertainties
The cross-check validation of our budgets over three decadal years of riverine data has shown that our estimates were rather successful at capturing regional and temporal variability. However, uncertainties remain in
the generated information due to data limitations and methodological challenges. For example, we have
shown that estimates of biological N ﬁxation can vary widely between area- versus yield-based approaches,
particularly when nonalfalfa hay mixtures represent a large proportion of the ﬁxing crops, which was the case
in the early part of the century in the SLB (Figure S2). Moreover, we recognize biological N ﬁxation may be an
underestimate since we did not account for the belowground contribution [Anglade et al., 2015]. Another
source of uncertainty resides in our historical estimates of the net feed import term. Livestock consumption
has likely increased over time due to agricultural practices. While we were able to track the changes in animal
weights and production rates throughout the century, intake rates likely also changed but were kept
constant due to data limitations. Accounting for variable coefﬁcients over time would have likely reduced
N and P inputs from feed imports in the early century and thus strengthened the total increases in NANI
and NAPI over the whole period.
Several studies have observed a drop in the application of P fertilizers through the 1980s and 1990s [Hale
et al., 2013; Han et al., 2012; MacDonald and Bennett, 2009]. While our estimates concur with this reduction,
we also captured an increase between 2001 and 2011 (Figure 3b). Indeed, purchase of P fertilizers clearly
increased in the last decade in the provinces of Quebec and Ontario in Canada [Statistics Canada, 2014a].
Fertilizer application in 2011 may have been overestimated if amount purchased was not totally applied
within the same year, as it was assumed in our calculations. One possible reason for this is that farmers
may have stocked more P fertilizer given increasing costs [Mitchell, 2008] or potential global P shortages
[Cordell et al., 2009; Elser and Bennett, 2011]. Alternatively, however, the high value of crops in global markets
[Babcock and Fabiosa, 2011] may have stimulated more fertilizer application. Indeed, between 2001 and 2013,
prices of major crops nearly doubled in Quebec ($CAN 129 to $CAN 267 per ton for corn) [Financière Agricole
du Québec, 2014]. Thus, a recent increase in application is both plausible and nonnegligible given its
dominant role for NAPI to the SLB.

6. Conclusion
Although NANI and NAPI models have been used primarily to assess modern anthropogenic inputs to basins
around the world [Han et al., 2011; Hong et al., 2012; Swaney et al., 2012, among others], our analyses of N and
P budgets to the 76 watersheds of the SLB throughout the last 110 years have increased our comprehension
of the pronounced impacts of changing human activities on N and P inputs to lands and waters. By tracking
changing yields of animal products, shifts in land use, population growth, and fertilizer use over time, we
reﬁned the NANI and NAPI approaches for historical reconstructions at smaller spatial scales for SLB. This lead
to a better analysis of the link between human activities and the increased N and P ﬂuxes to adjacent rivers
over time. In terms of successful reductions of inputs to land, our study has highlighted the importance of
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large-scale legislation (such as bans on P in detergents and the Clean Air Act that controlled atmospheric
emissions of N) as a successful mechanism for reducing nutrients. This work provides insight for N and P management at the local scale by quantifying watershed-speciﬁc sources of concern while also broadening our
understanding at the larger regional scale about the impacts of social transitions on the disruption of the
N and P cycles. Research on how different watersheds respond to changes in climate and land use legacies
in terms of N and P exports to receiving waters represents an opportunity to broaden our comprehension of
land-water linkages and provides more targeted solutions to aquatic eutrophication.
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