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Abstract
A growing challenge with industrialized agriculture is compensating farmers for devoting land towards
producing ecosystem services, at a time when global food demands are accelerating. Here, we explore
revenue thresholds that Payment for Ecosystem Service programs (PES) must approach to be
competitive in present-day crop markets, amalgamating long-term North American data especially from
Canada on input costs, crop yields, crop revenues after expenses, government subsidies, and land use.
Two trends suggest that PES markets with stable revenues can be increasingly competitive, with in�ation-
adjusted farm input costs now 50x higher than a century earlier and increasingly high revenue instability
including net losses for some crops in some years. Since 1994, crop revenues in some regions have
averaged $39 acre− 1 US, peaking at $412 but losing money 25.3% of time. Importantly, these data show
how government subsidies have been a major stabilizing force, increasing revenues by 37.6% while
reducing the frequency of losses by 50% - societal compensation to North American farmers is already
the norm. PES programs could be most feasible on marginal lands, which are often targeted for
retirement due to higher input requirements. However, trends in Canada reveal that marginal land
cropping has increased by 5.2 million acres since 1990 and now constitutes 28.8% of all cropland. Our
work reinforces how revenue instability simultaneously creates and constrains opportunities for PES
markets, favoring market competitiveness because of shrinking crop revenues but pressuring farmers to
expand production, including on marginal lands, as they struggle to offset revenue shortfalls while
attempting to capitalize on growing global food demands.

Introduction
Feeding a growing world population while minimizing environmental impacts is a major challenge for
industrialized agriculture1–5. Advancements including agrochemical inputs, mechanization, and crop
breeding have increased global food production, which has risen 123% since 1970 alone6. At the same
time, agricultural intensi�cation is increasingly associated with environmental impacts including
greenhouse gas emissions (GHG) and polluted drinking water, with impact costs estimated in the billions
annually4,7. Given that global food demand is projected to be ~ 50% greater by 20508, agricultural
systems must increase production in ways that are more environmentally sustainable1,9−12.

The prevailing global paradigms of industrialized agriculture — that inform the policies and economic
models governing food production, distribution, and consumption — have largely prioritized increased
yields, while struggling to manage environmental impacts. Ine�ciencies in food production are well
recognized, with solutions often emphasizing shifts in consumer diets and reduced supply chain
waste13,14. On-farm solutions towards increased e�ciency include technological improvements10,15,
redesign of production systems towards more diversi�ed landscapes including areas with permanent
cover3, and enhanced nutrient management16,17. Still, with a few notable exceptions18, on-farm
sustainability measures have not been widely implemented among agricultural producers. For instance,
the long-standing land sparing hypothesis suggests that reductions in cropland (which “spares” land for
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other purposes) will occur when farmers adopt technologies that increase yields, which in turn reduce
pricing because of over-supply such that the least pro�table marginal lands are retired6,19,20. In other
words, yield increases on the most productive land should serve as the driving force behind the retirement
of marginal lands. However, in many cases the opposite has happened6,21, with farmed land increasing
by 21% globally since the 1970’s despite yield increases, extensive land retirement programs in some
countries, and often declining commodity prices5,22,23. Synthetic fertilizer and pesticide application have
also increased despite evidence of biophysical yield thresholds in response to factors including
drought10,23−25, linkages with ground water pollution4,26, 27 and biodiversity declines28,29.

A core challenge for industrialized agriculture is �nding ways to simultaneously increase production,
reduce adverse environmental impacts, and maintain economic viability5,30. Payment for ecosystem
services (PES) programs attempt to reconcile these factors via economic incentives (e.g., payments to
farmers for carbon storage, pollination, and nutrient retention30,31), and often include targeting the
retirement of marginal cropland where input demands are higher relative to production32. Ecosystem
service pricing for farms has been estimated using various methods, but one persistent challenge is
determining how these values align with crop pro�ts, where the former ideally approaches or exceeds the
latter33. The issue is complex. On one hand, substantial savings are generated to farmers by converting
marginal lands to permanent cover, simply by the cessation of high-cost inputs required to produce crops
on poor soils. On the other, services typically do not generate consistent revenue under current market
conditions and, given rising food demands globally, cannot be produced at the expense of food
production. As such, PES-based schemes for agriculture must navigate the same factors as commodity
crops in terms of input costs, market prices, and after-cost revenues33, while being integrated into farms
without sacri�cing production. It is a substantial challenge34.

We explore century-long trajectories of farm revenue in industrialized agriculture especially in Canada,
thereby clarifying the monetary thresholds needed for PES programs to become an economically viable
revenue option for farmers. The valuation of farm-derived PES commodities such as soil carbon and
nutrient retention has been extensively discussed 30 but it remains di�cult to reliably determine,
especially when used as a basis to create dependable revenue streams. Carbon storage bene�ts to
society, for example, have been estimated > $400 US acre− 1 within permanent-cover grassland 35 yet we
know of no example where such amounts are consistently paid to the producer. We take a different
approach, focusing instead on the economic conditions that currently exist for crop producers, which we
use as a basis to determine a competitive value for PES commodities. We do so by analyzing trends of
crop input costs, yields, and after-cost revenues that, in turn, inform the economic levels that PES
programs must attain serve as a competitive revenue stream. Analyses on agricultural productivity have a
long legacy, including debates on whether trends in food production (tonnes per unit time) and
pro�tability are increasing and the mechanisms that determine these increases including the amount of
land being farmed, yield e�ciency (tonnes per unit area), chemical inputs, government subsidies, and
labor 5,23, 31,33, 36,37 . For our analysis, we utilize unique long-term Canadian farm data relating to crop
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input costs, crop production and yield, commodity market pricing, after-cost revenues, and land use.
Using time series analyses, we examine transitions in agricultural input costs, especially fertilizers and
pesticides that now constitute the largest percentage of total farm expenses (Table S1) and are
associated with environmental impacts (e.g., N2O emissions from fertilizers). We examine land use trends
relating to marginal lands, including whether marginal land use is declining as predicted by land sparing
hypotheses 6 . Finally, we examine after-cost revenue trends since the 1990s from two regions of North
America that help describe the market conditions within which farm-based PES programs must operate.

We focus our analyses on industrialized farming mostly in Canada, which possesses an unprecedented
database on 20th and early 21st century agricultural trends. These data, starting in 1926, span the
entirety of modern agriculture’s shift to intensi�cation including the beginnings of industrial-scale
manufacture of nitrogen fertilizer and mechanized farm equipment, the Dustbowl (1930s), Green
Revolution (mid-20th century), the accelerating globalization of farm commodity markets starting
especially in the 1970s, widespread farm declines of the 1980s, and the ethanol boom (early 2000s). We
expand our analysis to include speci�c regions within the United States and Canada with available data,
to broaden analysis on issues such as labor, government subsidies, transportation, and land rental which
are lacking in the long-term dataset (Fig. S1; see also Table S1). We also include longer-term data from
the United States Department of Agriculture (USDA) from 1948–2017. The latter shows similar trends of
rising input costs as the Canadian data, albeit over a shorter time periods and re�ecting differences in
scale as the US has ~ 10 times more farms and crop acreage, and has more widely implemented land
retirement programs (e.g., the US Conservation Reserve Program [CRP]).

Results And Discussion
Our �rst analysis presents several interacting trends in the agricultural sector over the last century, which
suggest increasing opportunities for economically competitive PES markets with interannually stable
price returns. Canadian data from 1926–2018 illustrate a signi�cantly widening gap between in�ation-
adjusted management input costs, now 50 times higher than 1926, versus crop production at only 2.7
times higher despite signi�cant advancements in management and mechanization. Simultaneously, the
land base for cropping has increased 1.7 times while in�ation-adjusted market prices have declined − 0.4
times (Fig. 1A). Time series analyses show how steadily increasing input costs over the last century are
rising at a much faster rate than other factors (see Supplemental Methods). These trends in input costs,
crop production, and pricing have been previously reported for industrialized farming for various periods
of the late 20th century in North America and abroad32 – our data show it as a steadily increasing trend
for the entire duration of modern industrialized farming in Canada.

Our data help illustrate the many component factors that interact to determine agricultural productivity in
Canada. For example, it can be seen how the century-long increases in production derive largely from the
near-doubling of farmland and the tripling of yield de�ned as the amount of crop produced per unit area
(Fig. S2). Similar long-term increases in yield are reported from the US, with fewer farms producing more
food in association with the various technological advances of industrialized agriculture including



Page 6/23

chemical inputs, crop breeding, and mechanization 36 . Simultaneously, however, production increases
struggle to maintain revenues against steadily declining and often volatile market price. Market price for
major grain crops in Canada, adjusted to 2018 $US, started at $466 tonne− 1 in 1926, peaked in the 1970s
at $765 tonne− 1, rose again between 2000–2010 in line with global market trends relating to ethanol, but
has since averaged $252 tonne− 1. There are other in�uential components which we could not assess due
to data limitations (i.e., not available to 1926), but also play a signi�cant role in tightening pro�t margins
in industrialized farming in North America generally. For this we rely on US data. There have been large
savings on labor created by mechanization, such that labor costs for the nine major grain crops that we
target now constitute ~ 3% of annual farm expenditures (Table S1, Fig. S1). However, a range of direct
and overhead expenses have emerged or intensi�ed over the last century that now overwhelm these labor
savings, including transportation, depreciation of farm equipment and buildings, crop insurance and land
rental (Table S1). Data from the USDA for 1947–2017 show that input costs for fertilizer, pesticides, and
seed alone began to exceed labor costs in the early 1980s, and this gap has widened signi�cantly since
(Fig. S3). These USDA data include labor-intensive fruits, nuts, and vegetables, whose labor costs range
between 25–30% of all expenditures. For the nine major grain crops of our analysis (corn, soy, wheat,
canola, barley, �axseed, oats, peas (dry), and rye), the labor costs are much lower (~ 3%) because many
tasks are done mechanically (Table S1).

The Canadian trends in inputs and production over the last century (Fig. 1A) are representative of most
regions globally, even when analyzing a smaller subset of years (since 1961) and inputs (only mass-
based fertilizer inputs; Fig. S4). In other words, while improvements in technology and increased land
clearance have contributed to substantially higher yield-driven increases agricultural productivity in many
parts of the planet23, farming has nonetheless become less pro�table per acre with the ratio of cost to
production steadily widening. This latter trend is consistent with the “treadmill” effect of agricultural input
applications, whereby input-dependent cropping systems can experience diminishing economic returns
over time even as chemical applications increase38–40. As we will discuss, this trend also coincides with
an increasing reliance on marginal-land farming, which is ironic given that the biophysical limitations of
marginal land often create above-average cost:production ratios.

Many of these Canadian trends in input costs, crop yields, and market pricing intensi�ed starting the early
1970s (Fig. 1B). This period coincides with accelerating shifts in factors that still affect farm economies
globally, including a signi�cant rise in grain consumption by livestock, the emergence of soybean as a
major grain commodity, the expanding scope and extent of global markets with associated trade deals
including attempted tariff reductions (e.g., 1972 US-USSR grain agreement, the GATT Tokyo Round
negotiations), rising energy prices, and the privatization of agricultural credit and insurance markets41.
One symptom of these shifts is an intensi�ed decline in the e�ciency of input costs versus production,
especially once costs exceeded 1.2 ± 0.16 billion dollars per year (estimate ± 1 SE) (Fig. 1B). This
widening gap between costs and production has been previously reported for the mid-20th−century42,43

concerning total energy inputs and more recently with nitrogen use e�ciency1. Our work shows that this
trend persists (Fig. 1B).
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There have been long-standing predictions that farm revenues and crop production would tightly connect
with the amount of land being farmed, with over-supply of commodities suppressing both crop prices and
land use (i.e., land sparing6). Marginal land use should be especially curtailed under such scenarios, due
to the inherent ine�ciency of higher input costs and lower yields on such land. However, our results
clearly show the opposite outcome for Canada (Fig. 2A), in line with reports from elsewhere including the
United States in recent years5,22,44. We do observe rising production and falling prices, but these trends
are associated with more land use, not less (Fig. 1A). The reasons behind these trends appear to be
straight-forward: when confronted with low crop pro�ts for a given commodity, farmers tend not to spare
land but look to increase revenues by planting more land5,38, shifting to other more valuable crops based
on current markets, and/or increasing the quantity of inputs linked to higher yields (fertilizers, pesticides,
seed technologies) with associated higher costs. This latter factor of higher cost may be especially
in�uential in preventing land sparing, and indeed may represent a signi�cant deterrent to the formation of
PES markets. If production costs remain constant, then declining market price with oversupply should
theoretically create conditions where land is spared (“sparing” Fig. 3). However, rising costs appear to
disrupt this balance, such that farmers are often driven to grow crops on more land5,22,44 to remain
competitive as their revenues decline (“rising costs and consumption” Fig. 3).

Not only has crop land expanded in recent decades in Canada, but an increasing proportion of this land is
classi�ed as marginal (Fig. 2). Marginal lands are de�ned as being severely limited by texture, drainage,
fertility, slope or climate (Table S2)45,46. Cumulatively, the cropping of marginal land (soil classes IV-VII)
increased in Canada by 2.1 million hectares (5.2 million acres) between 1990–2010. Meanwhile cropland
on the most fertile agricultural land (class I) declined by 0.11 million hectares (Fig. 2A) mostly due to
urban expansion, which a trend occurring globally (Fig. S5). Loss of arable land to settlement further
pushes crop production into less fertile areas47. New cropland most often appears to arise by cultivating
grasslands, which can include previously retired land (Fig S5)22,44. Combined with overall net growth in
cropland since 1926 (Fig. 1A), these land use trends leave modern agriculture relying more heavily on
marginal lands. It also corroborates the trend towards fertile lands being increasingly scarce (“peak
land”)48. As a result, today nearly one-third of crop production in Canada (28.8%) occurs on marginal
lands while only 7.3% of cropland occurs on the highest quality agricultural land (class I) (Fig. 2B).
Globally, approximately 17.1% of crop land occurs on areas deemed to have marginal or unsuitable
soils8, driven by a range of economic, social, and political factors49. The long-term disadvantages of
market prices driving marginal land cultivation are well established – market instability can drive
expansion onto these areas50 with bene�ts that are not sustainable, given the above-average input costs,
greater frequency of production shortfalls (e.g., increased risk of crop loss to drought), with
environmental impacts such as biodiversity loss that are not easily reversed if and when commodity
prices decline and the land is abandoned22,51−53.

Finally, farm intensi�cation is increasingly associated with a range of environmental impacts, driving
calls for greater attention to sustainability measures including the increased production of ecosystem
services. For GHG, farming in Canada produces 8% of annual emissions (2nd overall), including 31% of



Page 8/23

the national total for methane and 76% for N2O54. Globally, farming produces an estimated 15–25% of all

anthropogenic GHG output23. Although the numbers of PES programs are rapidly expanding globally33,55

widespread implementation in industrialized farming remains a challenge, given the scarcity of
dependable revenue streams available to farmers. Indeed, as our analyses shows, the current economic
climate in agri-food production is favoring more intensi�cation rather than less, despite some notable
exceptions including the U.S. Department of Agriculture’s Environmental Quality Incentives Program and,
in Europe, the second pillar of the E.U. Common Agricultural Policy. This trend of intensi�cation has direct
scalable impacts on how farming can affect the environment – the steady rise in fertilization and
pesticide application in recent decades shows no signs of abating (Figs. 1, S1, S6). Further, ongoing
intensi�cation simultaneously increases the importance of PES-based environmental sustainability
measures on farm landscapes, while potentially limiting their effectiveness globally given that pan-
regional implementation may be needed when service gains per unit area are modest (e.g., short-term
carbon storage in soils56,57). Thus, one challenge is �nding a balance between the parallel development
of PES commodities and intensi�cation of crop production, such that the negative environmental impacts
of the latter do not outweigh the bene�ts of the former.

Although farm intensi�cation challenges the creation of PES markets, it can create opportunities deriving
from rising farm input costs and associated revenue instability. Recent trends in after-cost revenues from
major crops in the central United States show narrowing gains and high interannual volatility (Fig. 4,
Table S1). Crop farmers in central and western US reported record low totals in net farm revenue for 2019,
with the last �ve years falling within the bottom third of income totals reported historically 58 . In this
context, PES revenue streams could provide valuable income supplementation (Table S1), especially if
these revenues have lower interannual price volatility. For example, revenues for the nine major grain
crops of the US since 1994 averaged $53.9 acre− 1 (+- $9), but this includes unpredictable �uctuations in
individual crop price with net loss in some years (Fig. 4, Table S1). An important feature of these pricing
trends is the role of government support payments in reducing revenue volatility - in the absence of such
support, average revenue per crop drops from $53.9 to $39.2 US acre− 1 (+- $9) with one or more crops
reporting net revenue losses 25.3% of the time (Fig. 4). A persistent challenge with PES programs is
establishing revenue sources, with government-based payments often touted as the most attainable and
in some cases preferred short-term solution 59 . Our farm data clearly show that government contributions
are already the norm with food production in North America. Indeed, 2019 pre-COVID farm subsidy totals
in the United States and Canada were approximately $16 billion USD and $1.5 billion USD respectively
60,61 . Government support for food production is one of the more long-standing challenges in global
trade, especially domestic payments that are considered to “distort” production volume or price. Less
contentious are “decoupled” income supports including two factors critical for PES: stabilization of farm
income and support for environmental programs 62 . The US CRP, for example, provided in�ation-adjusted
average annual rental payments of $77 acre− 1 county− 1 in 2020, well within the net pro�t margins for
most major crops between 1994 and 2017 (Fig. 4). Globally, PES revenues can come in a range of forms
including regulatory measures, initiatives within food supply-chains, and cap-and-trade programs for GHG
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smmissions 31–33, 55,57 . Again, however, the wide-spread availability and long-term dependability of these
programs for industrialized farmers, in the form of functioning markets with liquidity, remains a
challenge.

In total, the environmental sustainability of farm landscapes is impeded by increasing food demands
globally, a widening gap between farm costs and market prices, and expanding dependance on marginal
lands despite numerous retirement programs. Recent trends in the US CRP program illustrates these
challenges, having retired ~ 31 million acres of mostly marginal land at its peak in 2007 but with 25%
now converted back to cropland including ~ 900,000 acres of formerly restored permanent cover
grassland44. Similarly, an analysis from 2008–2016 showed cropland expansion in the United States
averaging 1 million acres per year, with ~ 70% of those lands appearing to be marginal given that their
production totals fell below the national average22. Our work emphasizes the various long-term trends in
industrialized farming in North America, highlighting the shifting trajectories of farm costs, after-cost
revenues, crop yields, and land use. There have been numerous calls for the redesign of industrialized
agriculture, to increase e�ciency in food production while reducing environmental impacts1,3. Clearly this
redesign must include more accurate demand-based valuation of environmental impact costs and the
bene�ts of “growing” services on farms, with market creation funded though policy, direct tie-ins with
consumer food prices, or both. Sustainable agriculture must additionally make logistical and �nancial
sense for farming operations of all sizes, including when societal or economic forces create food
demands that increase the pressure to cultivate marginal lands63. To date, the environmental costs of
modern agriculture on factors such as water quality often go unpaid leading to growing threats to human
health and biodiversity4,16,17,26,64,65. Indeed, �ve of the top eleven economic risks identi�ed for the next
decade by the World Economic Forum66 are environmental, with ‘biodiversity loss and ecosystem
collapse’ and ‘human-made environmental disaster’ increasingly connected to farming given the
agriculture’s large global footprint including GHG emissions and intensifying chemical inputs4,26,27. There
seems an increasingly urgent need, at a societal level, to begin more fully paying these farm-based costs.
Our work suggests that if marginal land-based PES programs are made viable in economic terms, they
may contribute to achieving these goals. We recognize that if such programs can offset revenue
shortfalls, they may serve a dual role in meeting environmental objectives while bolstering revenues so
that producers may continue to meet growing global food demands.

Methods
All data used are publicly available (Table S3). There are many disparate sources of agricultural data,
which can be di�cult to amalgamate due to differences in duration and units of measure. There can also
be wide differences in the calculation of agricultural indices especially relating to total farm output, total
factor productivity, and total farm inputs (e.g., USDA vs Statistics Canada) and the scale at which they
are calculated (e.g., national versus regional). These differences in data have long challenged the
comparative assessment of the magnitude and long-term direction of farm revenues in North America
and globally. Here, we rely on unmodi�ed raw data from the Canada and the United States, forgoing
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indices in favor of the underlying data used to calculate them. These data allowed comparisons among
core driving factors affecting after-cost revenues for farmers, including comparisons in long term input
trends in Canada (Fig. 1) versus the US (Fig. S1), price variability and government subsidy (Fig. 4, Table
S1), changes in yield e�ciency de�ned as the amount of crop produced per unit area (Fig. S2), the long-
term relationship between labor saving versus crop input costs in the US (Fig. S3), and how North
America trends compare broadly to global trends (Fig. S4). We also examined land trends by soil class in
farming, including marginal lands (Classes IV-VII), although we were unable to conduct explicit analyses
on crop yields and after-cost crop revenues by soil class over time – these data do not exist nationally in
Canada or the US in part because yield declines are masked by farm husbandry (i.e., farmers can
maintain yield on marginal lands by increasing inputs).

Given data variability relating to agriculture, our analyses primarily capitalize on the scope and extent of
the long-term Canadian farm data, while also drawing upon similarly comprehensive data from other
Canadian and US sources albeit over shorter durations and narrower spatial resolutions (Table S1, Table
S3). We view trends in farm revenues between the Canada and US to follow broadly similar trajectories,
given their signi�cant overlap with respect to the long-term evolution of modern industrialized farming –
access to the same technological developments, land use patterns, trajectories of population change, and
pricing systems (Figs. 1A, S1). On the other hand, we do not merge data sources given that the Canadian
and US agricultural systems have some unique political (e.g., farm-support programs, conservation
practices) and geographic contexts (e.g., the suite of �eld crops grown and climatic conditions), including
a trade partnership that has occasionally seen regulatory shifts with time (e.g., Smoot-Hawley Tariff Act
of 1930). As such, we conduct a series of complementary but discrete analyses speci�c to each data
source, clearly delineating the source of the data, the variables involved, the time period, and
comparability where relevant.

For our analyses comparing agricultural input costs and total crop production (MT) for major �eld crops
across Canada, we used data reported by Statistics Canada over the past century starting in 1926 (Table
S3). For Fig. 1, we used weight-based metrics of �eld crop production (MT) as the “output” term with
“inputs” given as the sum of in�ation-adjusted dollars spent on three categories (fertilizer and lime,
pesticides, and commercial seed). Dollar-based estimates of input costs correlate strongly with mass-
based consumption and provide coverage of otherwise incomplete mass-based data (Fig. S6). Costs in
other areas such as labor and transportation also contribute to production (e.g., Table S1), but these data
are absent from the Statistics Canada data– we use other more recent data sources from Canada and
the United States to �ll these gaps (Table S3).

For comparable analyses of US farm input cost including factors such as labor and chemical use (Fig.
S1), we draw upon USDA farm data from 1948–2017 (https://www.ers.usda.gov/data-
products/agricultural-productivity-in-the-us/agricultural-productivity-in-the-us/). These data cover a
shorter time period than the Canada data yet mostly show similar trends in input. They also contain
detailed information of trends in labor costs and overall land use not available in the Canadian data,
which have been variously used by the USDA as part of a broader calculation of indices such as total
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factor productivity. As stated, we forgo the use of these indices, instead using the source data to target
speci�c trends including changes in total labor costs and, relatedly, changes in labor associated with
mechanization relative to non-labor costs (Fig. S3). One notable long-term difference between Canada
and the US is total land use for cropping – net trends have generally been declining in the US (Fig. S1) but
increasing in Canada (Fig. 1). A key factor in these trends is scale, given that the US has 10 times more
cropped land in Canada with peak land retirement associated with the US CRP at ~ 31 million acres
comparable to 1/3 of the entire land base of cropping in Canada. As well, trends in land use have been
shifting in the US in recent years, with expansion of crop lands back onto formerly retired lands in
response to global market demands22,44.

Long-term Trends in Crop Inputs – Canada (Fig. 1)

Dollars spent on three categories were chosen to represent the cost of agricultural intensi�cation: 1)
fertilizer and lime, 2) pesticides, 3) commercial seed. All values used in this analysis are costs before
rebates to re�ect the true dollar cost of intensi�cation. These costs associated with farm operation were
converted into 2018 Canadian dollars (CAD) by using the annual consumer price index (CPI) and Eq. (1):

Equivalent 2018 CAD = Cost X * CPI2018 / CPIX (1)

where Costx and CPIx represent the CPI and the annual value of inputs purchased in year X. An annual CPI
for all items was used rather than a speci�c farm input price index to facilitate comparison between costs
and pro�ts. The 2018 CAD values were subsequently multiplied by the average 2018 USD-CAD exchange
rate of 1.297 (https://www.irs.gov/individuals/international-taxpayers/yearly-average-currency-exchange-
rates) to convert values to the 2018 USD reported throughout the paper. In summary, we adjusted for
in�ation within Canada �rst, and then converted those values into 2018 USD. We did not convert CAD
annual metrics into USD annual metrics because currency exchange rates are only available since 1970
(https://www.ers.usda.gov/data-products/agricultural-exchange-rate-data-set/agricultural-exchange-rate-
data-set).

We preferred dollar-based estimates of input costs due to the lack of comprehensive and long-term data
on weight-based amounts. We note that the in�ation-adjusted value spent on fertilizer and lime (before
rebates) correlates strongly with mass-based amount of fertilizer consumed by Canadian agricultural
markets between the years 1967–2018 (Fig. S6). We recognize that nutrients derived from manure
applications are globally important, but we lack su�cient data to analyze their contribution and cost-
basis to fertilizer inputs presented here.
Long-term Total Crop Production (Metric Tonnes [MT]) - Canada

Most of our analyses target nine grain crop species of North America (e.g., Fig. 4), which represent a large
percentage of the market (especially since the 1970s, given increase usage of soybean and canola) and
has the best contemporary data. For our longer-term analyses of inputs and production from Canada
however (Fig. 1A), we draw upon a wider number of crops, in part because many were formerly more
widely planted especially in the early to mid-1900s. As such, acres seeded and total production were used
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as agricultural outputs for 27 major �eld crops: barley, beans (dry, white and colored), borage seed,
buckwheat, canary seed, canola, caraway seed, chick peas, coriander seed, corn (for grain and silage),
faba beans, �axseed, hemp, lentils, mixed grains, mustard seed, oats, peas (dry), rye, sa�ower, soybeans,
sugar beets, sun�ower seed, tame hay, triticale, wheat. We used area seeded, rather than area harvested,
for consistency and to maximize the time span of the data (area harvested started in 1965, while area
seeded was available even prior to 1926 [since 1908]).

Farm market prices (i.e., mass-weighted prices paid to farmers, as opposed to after-cost revenues which
are calculated by subtracting total-farm cost from market price – see Table S1), averaged by year for all
crops, were all modi�ed to show in�ation-adjusted dollars using Eq. 1, and subsequently converted to
2018 USD. Long-term (> 50 years of data) farm market prices were only available for a subset of the
major �eld crops (9 species: barley, canola, corn (for grain), �axseed, oats, peas (dry), rye, soybeans,
wheat). In instances where a commodity purchasing board offered subsidies (i.e., Canadian Wheat board
payments) we used market prices before payments. In instances where multiple grades (i.e., wheat for
milling versus other purposes), species (i.e., durum and common wheat, Triticum turgidum and T.
aestivum, respectively), or geographic distributions in Canada (i.e. Ontario versus Alberta) had different
market prices, we took the average price for each year.
Long-term Land Use Change - Canada

Changes in land use were compiled using an online tool from Agriculture and Agri-Food Canada
(www.agr.gc.ca/atlas/landu), which shows changes between the years 1990, 2000, and 2010 for all areas
of Canada south of 60°N at a pixel resolution of 30 x 30 m. Land cover categories were aggregated into 7
main categories. “Forest” consisted of land under “forest,” and “forest wetland” cover. “Grassland”
consisted of “grassland managed” and “grassland unmanaged.” “Trees” consisted of “trees” and “treed
wetland.” “Wetland” consisted of “wetland,” “wetland shrub”, and “wetland herb.” “Roads,” “settlement,”
“unclassi�ed,” and “other land” categories remained unchanged. In some instances, land use change is
reported twice. For instance, areas that were converted from grasslands into cropland, and subsequently
into settlement land cover, would be reported as both land change into cropland, and also land change
out of cropland (see Fig. S5).

Land use change was spatially linked to soil fertility using the Canada Land Inventory (CLI) rating for soil.
CLI ratings range from soil class I – VII and indicate the suitability of land for agriculture based on
climate and soil characteristics (Table S2). The soil survey was completed between 1929 and 2002
without a uniform map scale, and in some cases, land area was classi�ed as belonging to multiple CLI
ratings. In these cases, the land class with the largest percent cover was selected for the entire spatial
extent. Agricultural land cover at a 30 x 30 m scale released by Agriculture and Agri-food Canada from
2016 was overlaid upon soil fertility information, and crop area overlapping with soil fertility gradients
was calculated. Not all agricultural land overlaps with a soil fertility gradient, though this is only true for
1.7% of Canada’s agricultural land. As stated above, one analysis we could not do was testing
relationships among inputs, yield, and land quality, with the assumption that farmers stabilize yield on
poorer lands by adding more inputs (fertilizer, irrigation). Poorer lands may also show more inter-annual

https://www.ers.usda.gov/data-products/agricultural-productivity-in-the-us/agricultural-productivity-in-the-us/
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yield �uctuations with drought. These data are generally lacking globally. They are also di�cult to obtain
remotely (e.g., Satellite-derived NDVI, to estimate productivity) in part because farm management uses
inputs to overcome land limitations. As such broad qualitative de�nitions of marginal land agriculture
(e.g., Classes I-VII – Table S2) have not widely been linked to quantitative yield declines in the absence of
management interventions. However, they can be used to provide an important starting point for
considering geographically explicit suitability for crop production, which is our focus.
After-cost Revenues – central and western United States, central Canada

For after-cost farm revenues, we leverage two regional data bases with the full slate of costs and income
by crop. Regional assessments of total farm productivity tend to be more informative than national-level
assessments, given the latter tends to integrate, and sometimes mask, often widely disparate regional
trends in crop identity, climate impacts on annual yield, labor trends, and local market conditions. The
�rst set of data comes from farms of central and western United States as reported by FINBIN for 1994–
2018 for nine major crop species (corn, soybean, wheat, canola, barley, �axseed, oats, peas (dry), and
rye). FINBIN is one of the largest farm �nancial databases in a collaboration between the Center for Farm
Financial Management at the University of Minnesota and the National Institute of Food and Agriculture
at the United States Department of Agriculture53 (Table S1). These data contain the full ledger of farm
costs (both direct and overhead), outputs (crop production and yield per unit area), government subsidy,
and market price, allowing us a full assessment of “total factor” farm revenue on these farms (e.g., versus
“single factor” revenue based only on, for example, market price per acre or per bushel whose value alone
is important but hides the various input costs such as machine costs, labor, and fertilizer required to
achieve it).

We also leverage a similar database for after-cost revenue from the province of Ontario in Canada, which
estimates �eld crop budgets for farmers ( http://www.omafra.gov.on.ca/english/busdev/facts/pub60.pdf
). These data are largely identical to FINBIN in describing the full ledger of input costs including labor,
although they can underestimate cost in that land rental and pesticide costs for some crops are excluded.
Given that 53% of farmland in Ontario is rented, at an average costs of $180 acre− 1 (
https://www.farms.com/ag-industry-news/ontario-s-farmland-values-and-rental-rates-679.aspx ), we
extrapolated land rental costs based on these values (Table S1B). For pesticide costs, we substituted
FINBIN values for corn and soybean. Pesticide costs were not included in the province of Ontario data,
even though insecticides and fungicides are often used. In 2018 for example, wet conditions triggered an
outbreak of Gibberella Ear Rot, a toxic fungal pathogen affecting feed corn for cattle. This outbreak
required signi�cant treatment by farmers, and even more substantial government assistance (
https://ipolitics.ca/2018/11/09/ontario-farmers-facing-catastrophic-disease-outbreak-in-feed-corn/ ).
Again, the province of Ontario does not include pesticides in their estimation of after-cost revenues, but
we are assuming that the FINBIN values are reasonable approximations.
Global trends (Fig. S4)

Data from FAOSTAT were compiled since 1961 (obtained from http://www.fao.org/faostat/en/#data). At
the global level, mass-based fertilizer inputs (nitrogenous, phosphate, and potash fertilizers) were
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aggregated since 1961 for the �ve main regions of the world. Fertilizer data from the year 2002 were
excluded within the archived dataset because it is reported within the current dataset. Pesticide, irrigation,
and seed costs were not available for the full timespan, and hence excluded. Crops outputs (production)
were �ltered to only include those belonging to either cereals or oilcrops per FAO de�nition. Other types of
crops were excluded due to poor continuity or not being representative of agricultural practices
highlighted by this analysis (for instance tree crops). Crop market prices were available since 1991, and
market prices from Venezuela in 2016 (in�ation) and melon-seed prices from Mexico in all years
(unrealistically high) were excluded.

We recognize shifts in geopolitical ontogeny between 1961 and 2016 (for instance the former U.S.S.R. is
reported within Europe, however subsequent countries formed after the breakup of the U.S.S.R. belong to
either Europe or Asia), however we chose to use FAO’s aggregated data at the continent-level to be
consistent with other studies using FAO data.
Statistical Methods

All data were processed on R 3.5.1. Packages tidyverse (version 1.2.1), cowplot (version 0.8.0), readxl
(version 1.0.0), gridExtra (version 2.3), scales (version 0.5.0), and lubridate (version 1.7.4) were used in
the analyses.
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Figure 1

Observed relationship between agricultural and in�ation-adjusted economic factors within Canada.
Temporal trends showing a growing gap between agricultural inputs (green circles), human population
(orange squares), agricultural productivity outputs (gold diamonds), cropland area (pink inverted
triangles), and in�ation-adjusted market price (grey circles). In a, agricultural inputs are given as in�ation-
adjusted dollars spent on intensi�cation costs including fertilizers, pesticides, and seed technology
(circles). In (a) the response variable is presented as an index where Yearn is the �rst year that data were
available or 1926, whichever is earlier (Supplemental Methods). The dashed black line shows no change
from starting conditions (Index = 1). Smoothed lines indicate generalized additive model �ts. Panel b
shows trend in declining trend of agricultural outputs relative to input cost since 1926 (1926 = blue,
2018=green), with the best �t lines and a 95% con�dence interval in grey.
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Figure 2

Agricultural land use trends in Canada. Net change in cropland area between 1990 and 2010
corresponding to land class (a, green = suitable for agriculture, brown = marginal lands). The decline of
the most arable lands (Class I) can be explained largely by urban expansion into prime agricultural areas.
Panel b shows the distribution of cropland in 2010 as it corresponds to land class.
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Figure 3

Proposed relationship showing how farm input costs in conjunction with yield (crop output per unit area)
and market prices can determine the land consumption trends. If input costs are steady (A), the classic
land sparing hypothesis prevails and cultivated land area can decrease. If input costs increase faster
than yield gains (B), this can drive an increase in cultivated area by initiating the rising costs and
consumption hypothesis.
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Figure 4

In�ation-adjusted after-cost revenue “pro�t” estimates ($2018 US acre-1) from 1994-2018, for (A) the nine
major grain in North American markets, and (B) the same estimates for corn, soybean, and wheat
showing how corn prices have been the major driver of after-cost revenue variability in the trends as a
whole. These data take into account total farm costs including crop inputs, labor, and transportation (see
full list in Table S1) and market price. In (A), the red line shows the mean after-cost revenue estimate, at
$39.2 (+- $8, for the 95% CI). Not shown are government subsidies, which increases mean revenue
estimates to $53.9 (+- $9). The �tted polynomial in (A) shows the best-�t mean after-cost revenue trends
(R2 = 0.26; F3,219=25.5, p<0.0001), with (B) showing that the �uctuations in these revenues are
in�uenced especially by corn.
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