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o Meta-analysis of “big data” can identify P
disconnects in P cycles, stocks and flows.

« Understanding of farming realities is needed to
identify root causes of change.

o Access to “big data” without grounding in reality
can lead to misleading conclusions.

o Researchers must ensure production and
conservation tactics consider farming realities.
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Abstract: With more sophisticated data compilation and analytical capabilities, the
evolution of “big data” analysis has occurred rapidly. We examine the meta-analysis
of “big data” representing phosphorus (P) flows and stocks in global agriculture and
address the need to consider local nuances of farm operations to avoid erroneous or
misleading recommendations. Of concern is the disconnect between macro-needs
for better P resource management at regional and national scales versus local realities
of P management at farm scales. Both agricultural and environmental researchers
should focus on providing solutions to disconnects identified by meta-analyses and
ensure that production and conservation strategies consider farming realities.

VER THE LAST 60 yr, global extraction of phosphate rock for fertil-

izers has tripled to increase agricultural productivity and sustain

a growing global population (MacDonald et al., 2012). The use of
phosphorus (P) fertilizers has opened up vast tracts of otherwise unproduc-
tive farmland, which has improved food security and promoted economies
of scale in agriculture, food production, and trade. Even so, there are legiti-
mate and increasing concerns about the global efficiencies and sustainabil-
ity of society’s current use of P, with only a small proportion (<20%) of P
mined for fertilizer reaching the food that is consumed (Neset and Cordell,
2012). Large-scale P losses from agriculture and urban areas impair water
quality, with profound and widespread detrimental impacts on water secu-
rity, ecosystem sustainability, and human health (Jarvie et al., 2015).

As nutrient enrichment and related impairment of surface waters
continue to expand, many sectors of agriculture have faced increasingly
intense scrutiny and, in some cases, litigation (McBride, 2011; Iowa
Drainage District Association, 2015; Sharpley et al., 2012). The ensuing
implementation of nutrient management strategies and conservation
measures is bringing improvements in water quality, albeit more slowly
than expected or desired by end-users of those water resources (Sharpley
etal., 2013).

Running parallel with water-quality concerns related to P management
in different sectors of agricultural production is the growing recognition
that not only are supplies of mineral rock P finite, but there is an absence
of a coordinated strategy for P conservation and recovery (Scholz et al.,
2015). This abundance-scarcity paradox has stimulated assessments
of global flows, stocks, and stores of P, using a plethora of regional and
global datasets. With greater access to more sophisticated data compilation,
storage, computing power, and analytical capacity, the evolution and use
of meta-analysis have expanded rapidly. Indeed, greater availability of data
has created opportunities for different agendas and narratives to be elevated
above the level of local, agricultural production concerns, expanding the
scope of perspective. However, the disparities in scale between global
assessment of P cycling and local social, environmental, and economic
factors, determining farm management, can mean that recommendations
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based on these assessments are sometimes devoid of
practical reality and incorrect in extrapolation.

Given the growing trend of regional and global P
studies, we examine and critique the meta-analysis of
“big data” representing P flows in global agriculture and
review the likely collateral, or unintended, impacts of
recommendations that these studies sometimes produce.
In particular, we focus on the need to consider the social,
economic, and environmental realities of farming systems
in the United States and many other regions of the world to
provide long-term solutions that sustain food production
and limit water-quality impairment.

Meta-Analyses of P Cycling
or Lack Thereof

Global and regional databases of soil properties, land
use, and even field management are now readily available
(e.g., Homer et al,, 2015; International Plant Nutrition
Institute, 2012; Nachtergaele et al., 2009) and are being
used to inform predictive and decision-making models,
including for agricultural land-use planning (Alexander
et al., 2008; Gassman et al., 2007; Radcliffe et al., 2009).
When coupled with census survey information, fertilizer
sales, and crop and livestock commodity statistics,
nutrient budgets can be gleaned at field, farm, watershed,
and regional scales (Murrell et al., 2015).

Nearly 20 yr ago, Lander et al. (1998) analyzed budgets
of nutrients available in livestock manure relative to crop
growth requirements on a county basis across the United
States. This provided valuable insight and early warnings
of nutrient imbalances that were occurring within
productive, yet spatially disconnected livestock and crop
production systems (Lanyon, 2005; Maguire et al., 2005).
When applied to landscape data, these types of budgets
have been used to produce widely used risk vulnerability
maps for nutrient runoff and leaching from agricultural
lands receiving manures, helping to target nutrient
management and conservation programs (Kellogg, 2001).

More recently, MacDonald et al. (2011) expanded
the assessment of nutrient use and transfers to a global
scale to highlight regions where nutrient inputs to
farming systems exceeded output in produce. Their
findings offered insight into the role of shifting diets and
national nutrient management strategies in P hotspots,
as well as disparities in regions where new agricultural
development approaches are badly needed. Haygarth et
al. (2014) and Powers et al. (2016) used temporal patterns
in P accumulation and drawdown in major watersheds
of the globe to highlight the role of management legacies
in watershed outcomes. Jarvie et al. (2015) integrated
spatial distributions of P excreted in livestock manure, P
contributions to wastewater from the human populations,
and inorganic fertilizer used in the United States,
illustrating the pivotal role of P in the food-energy—water
nexus. All these meta-analyses help uncover disconnects
and imbalances in P cycles, revealing weak links and
societal inefficiencies in P use within agricultural systems
over broad spatial and temporal scales. In turn, these
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types of meta-analyses have afforded novel insight into
the global connectedness and dependencies of P transfers,
demanding comprehensive strategies to reconnect broken
cycles.

Addressing the P Paradox within
the Realities and Nuances of
Agricultural Management

Problems can arise when meta-analyses are interpreted
to recommend changes in production practices, in part
because global and regional datasets mask or ignore local
nuances that influence viable farm-scale operations. At
global scales, recommendations derived from inferred
resource flows become fundamentally disconnected
from the day-to-day realities of farm management.
Equally important, variations in local farm operations
and practices are often unaccounted for or inadvertently
minimized. Recommendations based on “single-issue”
rationales, such as P security considerations, fail to
consider other, much wider, social, environmental,
economic, and energy-related implications.

A recent assessment by Sattari et al. (2016), for instance,
drew on global P budgeting combined with continental
modeling of soil P cycling to highlight the long-term
outcome of using the world’s grasslands to meet growing
demands for livestock production: declining fertility. Such
outcomes are valuable to understand, and they follow on
disparities identified in other global assessments of P
budgets (e.g., MacDonald et al., 2011). In this example,
however, the meta-analysis centered on testing long-term
forage production strategies that overcome limits to plant
available P in soil, concluding that a fourfold increase in
P inputs to the world’s grasslands is required (Sattari et
al.,, 2016).

We question the value of proposing a fourfold increase
in P inputs to the world’s grasslands without consideration
of broader implications. Even if intended as a heuristic
stimulant, solutions that are derived from univariate
calculations of resource constraints on simplified
production systems and applied at a planetary level lack
academic traction in overlooking the myriad of real-world
interactions and implications of their implementation.
Simply put, what would be the implication to global P
resource security if this increase in P application were
met, at least in part, by inorganic P fertilizers?

Addressing these estimated P imbalances in the world’s
grasslands would also need to overcome well-documented
challenges, from practical issues of fertilizer distribution
networks and application technologies to social barriers of
subsistence producers in the developing world. Projected
increases in global demand for meat and dairy products
will undoubtedly require integrated strategies combining
grain and grassland forages. Moreover, plant uptake of P
is limited by interaction with other factors, such as lack
of water or soil physical properties. There also needs to
be recognition of the collateral impact that increasing P
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application to unfertilized grasslands would have on water
quality (Li et al., 2015; Sharpley et al., 2013).

Our concern is the obvious disconnect between
interpretations and recommendations arising from global
databases and local conditions, including the realities of
farming practice and profitability. Actionable proposals
will only come from bridging the disconnect between
the macro-need for better P resource management at the
regional and national scale with micro-implementation of
P management at the farm scale. Acknowledgment and
realization of local, practical nuances need to be taken
into account in both the literature and science before
researchers can connect problems with realistic solutions.

Suggestions that perennial biofuel crops could be
grown on landscapes vulnerable to surface runoff or
leaching, such as in parts of the Upper Mississippi River
and Great Lakes basins, with major grain production
moving to less vulnerable lands, are theoretically sound
and well-intended (Porter et al., 2015; Thomas et al.,
2014). However, agricultural infrastructure would need
to change dramatically, which is unlikely in the short
term and with current voluntary approaches. Further,
shifts in agricultural production away from some of the
most productive soils in the United States (the Upper
Mississippi River basin and Great Lakes) to protect water
quality are unrealistic, given that large-scale production
in these areas provides economies of scale needed to
maximize efficient food and biofuel production, as well
as resource use and management (Hanserud et al., 2016;
Nesme and Withers, 2016). The reality is that fragmenting
and moving grain production to less productive soils will
likely reduce yields and could even undermine national
food security. Moreover, this would simply shift water-
quality impairment elsewhere (e.g., externalizing the costs
of water-quality degradation from the Gulf of Mexico,
Florida’s inland and coastal waters, or Great Lakes, to
other areas, such as Central and South America).

A decade ago, Lanyon (2005) clearly noted that the
driving forces behind the spatial separation of livestock,
grain, and food production were not a direct result of
agricultural management or fertilizer requirements but
a consequence of strategic planning within production
systems. An existing transport infrastructure to quickly
and cheaply move fertilizer, feed, and food from field to
fork was a major driver. Also, increasing cost efficiency
was linked to an increase in production size and intensity,
as well as a desire to stimulate faltering rural economies
in many areas. These production systems reflect the
consequences of a wide range of agricultural, economic,
and regulatory programs and policies (Lanyon, 1992).

Moving nearly 25 yr on from Lanyon’s original work
(Lanyon, 1992), we still face a lack of spatial connectedness
among specialized agricultural systems. These disconnects
reinforce the paradigm that there are regions with too
much or too little P (as commercial inorganic fertilizer
and/or manure), but few that are “just right” (Foley et al.,
2011). Thus, the fact that P imbalances are driven by the
beneficial economics of existing transport infrastructure
and production scale must be considered if we are
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to realistically address systemic nutrient imbalances
highlighted by recent P-resource meta-analyses.

Returning P in manures to distant row crop systems,
where grain production for animal feed is optimized
with mineral fertilizer sources, is essential to closing P
cycles in animal production but faces massive barriers
under current economic and technological models. The
energy costs for transporting and recycling P from most
types of raw manure back to areas of grain production
are prohibitively high (Kleinman et al.,, 2012), and this
continues to be the major practical constraint to closing
the P cycle at regional, national, and global scales
(Sharpley and Jarvie, 2012). For instance, Metson et al.
(2016) estimated recyclable manure P would need to
travel nearly 200 miles to meet the largest demand in
and around the US Corn Belt (where 50% of US corn P
demand is located). Although poultry manure might be
transported 250 miles, other manures (e.g., dairy and pig
slurries, which are at least 90% water) cannot be moved as
far without some prior solid-liquid separation followed
by value-added steps such as composting, recovery of P as
struvite, or co-mixing with other by-products (Oliveira et
al., 2016; Oshita et al., 2015).

Manure has historically been bought or regulated for
nitrogen, with P being an added bonus, which has led to
many of the water-quality issues we now face. However,
where P-based recommendations for manure application
are in place, applied amounts are substantially reduced
and importing manure becomes much less cost-effective
than purchasing mineral fertilizer. Further, manure
application timing is much more limited and critical
for annual cropping systems than for perennial forage
systems and can involve the additional expense of manure
storage. Thus, any manure handling or treatment to
facilitate large-scale transportation adds an expense to the
end product that needs to be absorbed somewhere.

Discussion

Given the profound disparities in scale, there is a
risk that P-resource meta-analyses that utilize national,
regional, and global datasets can overlook local realities of
agricultural management, especially when interpretations
are made from data generated by another model or
predictive assessment. There is also a risk that overlooking
local social, economic, environmental realities and
constraints that farmers face on a day-to-day basis
undermines trust and dialogue between the agricultural
research community, extension specialists, farming
communities, and agricultural stakeholders.

Without a full understanding of the realities and
nuances of agricultural management, we may also be
misled as to the root cause of agricultural management
change. During deliberations between the dairy industry
and regulators in Ireland, for example, declining farm-
gate P balances were seen as an indicator of progress in
nutrient management (Ruane et al., 2013). The reality,
however, was that on-farm P surpluses dropped due to
a downturn in dairy prices, as much as from any real
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changes in fertilizer and feed use (Mihailescu et al., 2015).
Similarly, Richards et al. (2002) concluded that years of
education and extension activities in the United States
resulted in a decrease in nutrient use as fertilizer (17-22%)
and manure (34%) in the Lake Erie watershed during the
1980s. However, an even greater decline in fertilizer P use
occurred between 2005 and 2008 (33%) when P fertilizers
tripled in price (Jarvie et al., 2015).

Blanket recommendations for changes in agricultural
policy and practice based on P-resource meta-analyses
are unlikely to result in improved efficiencies in P use,
or water-quality improvement, unless the realities and
nuances of local agricultural production systems are
taken into account. The wisdom or beneficial outcomes
of changes in P management coupled with adoption of
appropriate conservation measures are beyond question.
Nonetheless, the real challenges of enacting such changes
should not be diminished. Having access to “big data”
without a basic or first-hand knowledge of the reality
of the underlying systems could lead to erroneous or
misleading interpretations and conclusions.

Clearly, the use of “big data” in meta-analyses of P
resources can provide invaluable insights into global P
flows and identify disconnects in P cycles. Agricultural
and environmental researchers have an opportunity
to provide practical, science-based solutions to restore
or reconnect the fragmented P cycle. As an informed
research community, we have a clear duty to work together
to ensure that developing management and conservation
strategies acknowledge the realities of farm operations,
along with economic and stewardship decisions.
Consideration of these daily decisions that drive farmer
behavior is critical to enacting fundamental and positive
changes in sustainable food production and in land and
water management.

References

Alexander, R.B., R.A. Smith, G.E. Schwarz, E.W. Boyer, J.V. Nolan, and J.W.
Brakebill. 2008. Differences in phosphorus and nitrogen delivery to
the Gulf of Mexico from the Mississippi River. Environ. Sci. Technol.
42:822-830. d0i:10.1021/es0716103

Foley, J.A., N. Ramankutty, K.A. Brauman, E.S. Cassidy, J.S. Gerber, M.
Johnston, N.D. Mueller, C. O’Connell, D.K. Ray, P.C. West, C. Balzer,
E.M. Bennett, S.R. Carpenter, J. Hill, C. Monfreda, S. Polasky, J.
Rockstrom, J. Sheehan, S. Siebert, D. Tilman, and D.PM. Zaks. 2011.
Solutions for a cultivated planet. Nature 478:337-342. doi:10.1038/
nature10452

Gassman, PW.,, M.R. Reyes, C.H. Green, and J.G. Arnold. 2007. The Soil
and Water Assessment Tool: Historic development, applications, and
future research directions. Trans. ASABE 50(4):1211-1250.

Hanserud, O.S., E. Brod, A.F. @gaard, D.B. Miiller, and H. Brattebe. 2016.
A multi-regional soil phosphorus balance for exploring secondary
fertilizer potential: The case of Norway. Nutr. Cycling Agroecosyst.
104:307-320. d0i:10.1007/s10705-015-9721-6

Haygarth, PM., H.P. Jarvie, S.M. Powers, A.N. Sharpley, ].]. Elser, J. Shen,
H.M. Peterson, N.-I. Chan, N.J.LK. Howden, T. Burt, E Worrall, E
Zhang, and X. Liu. 2014. Sustainable phosphorus management and
the need for a long-term perspective: The legacy hypothesis. Environ.
Sci. Technol. 48:8417-8419. doi:10.1021/es502852s

Homer, C.G., J.A. Dewitz, L. Yang, S. Jin, P. Danielson, G. Xian, J.
Coulston, N.D. Herold, J.D. Wickham, and K. Megown. 2015.
Completion of the 2011 National Land Cover Database for the
conterminous United States: Representing a decade of land
cover change information. Photogramm. Eng. Remote Sensing
81(5):345-354.

Page 4 of 5

International Plant Nutrition Institute. 2012. A Nutrient Use Information
System (NuGIS) for the US. International Plant Nutrition Institute,
Norcross, GA. www.ipni.net/nugis.

Towa Drainage District Association. 2015. Des Moines sues three Iowa
counties: Wants drainage regulated. Waterways 1:1-6. http://www.
iowadrainage.org/Waterways%20Newsletter-2015%20Vol01LR.pdf.

Jarvie, H.P,, AN. Sharpley, D. Flaten, PJ.A. Kleinman, A. Jenkins, and T.
Simmons. 2015. The pivotal role of phosphorus in a resilient water—
energy-food security nexus. J. Environ. Qual. 44(5):1308-1326.

Kellogg, R.L. 2001. Potential priority watersheds for protection of
water quality from contamination by manure nutrients. Animal
Residuals Management Working Paper. USDA, Natural Resources
Conservation Service and Economic Research Service, General
Services Administration, National Forms and Publication Center, Fort
Worth, TX. http://www.nrcs.usda.gov/Internet/ FSE_DOCUMENTS/
nrcs143_012227.pdf.

Kleinman, PJ.A., K.S. Blunk, R. Bryant, L. Saporito, D. Beegle, K. Czymmek,
Q. Ketterings, T. Sims, J. Shortle, J. McGrath, E. Coale, M. Dubin, D.
Dostie, R. Maguire, R. Meinen, A. Allen, K. O’Neill, L. Garber, M.
Davis, B. Clark, K. Sellner, and M. Smith. 2012. Managing manure for
sustainable livestock production in the Chesapeake Bay Watershed. J.
Soil Water Conserv. 67:54A-61A. doi:10.2489/jswc.67.2.54A

Lander, C.H., D. Moffitt, and K. Alt. 1998. Nutrients available from livestock
manure relative to crop growth requirements. Resource Assessment
and Strategic Planning Working Paper 98-1. USDA-Natural Resources
Conservation Service, Washington, DC. http://www.nrcs.usda.gov/
wps/portal/nrcs/detail/national/technical/nra/?cid=nrcs143_014175.

Lanyon, L.E. 1992. Implications of dairy herd size for farm material
transport, plant nutrient management, and water quality. J. Dairy Sci.
75:334-344. doi:10.3168/jds.50022-0302(92)77769-8

Lanyon, L.E. 2005. Phosphorus, animal nutrition and feeding: Overview. In:
J.T. Sims and A.N. Sharpley, editors, Phosphorus: Agriculture and the
environment. ASA Monograph. ASA, Madison, WL p. 561-586.

Li,H.,J.Li, G. Li,J. Shen, and L. Bergstrom. 2015. Past, present, and future use
of phosphorus in Chinese agriculture and its influence on phosphorus
losses. Ambio 44(Suppl. 2):274-285. doi:10.1007/513280-015-0633-0

MacDonald, G.K., EM. Bennett, and S.R. Carpenter. 2012. Embodied
phosphorus and the global connections of United States agriculture.
Environ. Res. Let. 7:044024. doi:10.1088/1748-9326/7/4/044024

MacDonald, G.K., EM. Bennett, PA. Potter, and N. Ramankutty. 2011.
Agronomic phosphorus imbalances across the world’s croplands. Proc.
Natl. Acad. Sci. USA 108:3086-3091. doi:10.1073/pnas.1010808108

Maguire, R.O., Z. Dou, J.T. Sims, J. Brake, and B.C. Joern. 2005. Dietary
strategies for reduced phosphorus excretion and improved water
quality. J. Environ. Qual. 34:2093-2103. doi:10.2134/jeq2004.0410

McBride, C. 2011. Oklahoma v Tyson: Playing chicken with environmental
cleanup. Ecol. Law Q. 38(603):603-609.

Metson, G.S., G.K. MacDonald, D. Haberman, T. Nesme, and E.M. Bennett.
2016. Feeding the Corn Belt: Opportunities for phosphorus cycling
in US agriculture. Sci. Total Environ. 542:1117-1126. doi:10.1016/j.
scitotenv.2015.08.047

Mihailescu, E., PC.N. Murphy, W. Ryan, L.A. Casey, and J. Humphreys.
2015. Phosphorus balance and use efficiency on 21 intensive grass-
based dairy farms in the south of Ireland. J. Agric. Sci. 153(3):520-537.
do0i:10.1017/50021859614000641

Murrell, T.S., P.E. Fixen, T.W. Bruulsema, T.L. Jensen, R.L. Mikkelsen, S.B.
Phillips, and W.M. Stewart. 2015. The fertility of North American soils:
A preliminary look at 2015 results. Better Crops Plant Food 99(4):28-31.

Nachtergaele, E, H. van Velthuizen, and L. Verelst. 2009. Harmonized World
Soil Database (version 1.1). Food and Agriculture Organization of the
United Nations, Rome, and International Institute for Applied Systems
Analysis, Laxenburg, Austria.

Neset, T.S., and D. Cordell. 2012. Global phosphorus scarcity: Identifying
synergies for a sustainable future. J. Sci. Food Agric. 92:2-6.
doi:10.1002/jsfa.4650

Nesme, T., and PJ.A. Withers. 2016. Sustainable strategies towards a
phosphorus circular economy. Nutr. Cycling Agroecosyst. 104:259—
264. doi:10.1007/s10705-016-9774-1

Oliveira, V., L. M. Ottosen, and J. Labrincha. 2016. Valorisation of
phosphorus extracted from dairy cattle slurry and municipal solid
wastes digestates as a fertilizer. Waste Biomass Valorization 7(4):861-
869. doi:10.1007/s12649-015-9466-0

Oshita, K., S. Toda, M. Takaoka, H. Kanda, T. Fujimori, K. Matsukawa,
and T. Fujiwara. 2015. Solid fuel production from cattle manure
by dewatering using liquefied dimethyl ether. Fuel 159:7-14.
doi:10.1016/j.fuel.2015.06.063

AGRICULTURAL & ENVIRONMENTAL LETTERSI



http://dx.doi.org/10.1021/es0716103
http://dx.doi.org/10.1038/nature10452
http://dx.doi.org/10.1038/nature10452
http://dx.doi.org/10.1007/s10705-015-9721-6
http://dx.doi.org/10.1021/es502852s
www.ipni.net/nugis
http://www.iowadrainage.org/Waterways%20Newsletter-2015%20Vol01LR.pdf
http://www.iowadrainage.org/Waterways%20Newsletter-2015%20Vol01LR.pdf
http://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/nrcs143_012227.pdf
http://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/nrcs143_012227.pdf
http://dx.doi.org/10.2489/jswc.67.2.54A
http://www.nrcs.usda.gov/wps/portal/nrcs/detail/national/technical/nra/?cid=nrcs143_014175
http://www.nrcs.usda.gov/wps/portal/nrcs/detail/national/technical/nra/?cid=nrcs143_014175
http://dx.doi.org/10.3168/jds.S0022-0302(92)77769-8
http://dx.doi.org/10.1007/s13280-015-0633-0
http://dx.doi.org/10.1088/1748-9326/7/4/044024
http://dx.doi.org/10.1073/pnas.1010808108
http://dx.doi.org/10.2134/jeq2004.0410
http://dx.doi.org/10.1016/j.scitotenv.2015.08.047
http://dx.doi.org/10.1016/j.scitotenv.2015.08.047
http://dx.doi.org/10.1017/S0021859614000641
http://dx.doi.org/10.1002/jsfa.4650
http://dx.doi.org/10.1007/s10705-016-9774-1
http://dx.doi.org/10.1007/s12649-015-9466-0
http://dx.doi.org/10.1016/j.fuel.2015.06.063

Porter, PA., R.B. Mitchell, and K.J. Moore. 2015. Reducing hypoxia in the
Gulf of Mexico: Reimagining a more resilient agricultural landscape in
the Mississippi River watershed. J. Soil Water Conserv. 70(3):63A-68A.
doi:10.2489/jswc.70.3.63A

Powers, S., T. Bruulsema, T. Burt, N.I. Chan, J. Elser, P. Haygarth, P.
Howden, H.P. Jarvie, Y. Lu, H. Peterson, J. Shen, E Worrall, F. Zhang,
and A.N. Sharpley. 2016. Long-term accumulation and transport of
anthropogenic phosphorus in three river basins. Nat. Geosci. 9:353—
356. doi:10.1038/nge02693

Radcliffe, D.E., J. Freer, and O.F. Schoumans. 2009. Diffuse phosphorus
models in the United States and Europe: Their usages, scales,
and uncertainties. J. Environ. Qual. 38:1956-1967. doi:10.2134/
j€q2008.0060

Richards, R.P,, D.B. Baker, and D.J. Eckert. 2002. Trends in agriculture in
the LEASEQ watersheds, 1975-1995. J. Environ. Qual. 31:17-24.
doi:10.2134/jeq2002.1700

Ruane, E.M., M. Treacy, S. Lalor, C.J. Watson, and J. Humphreys. 2013.
Farm-gate phosphorus balances and soil phosphorus concentrations
on intensive dairy farms in the South-west of Ireland. In: A.
Helgadottir and A. Hopkins, editors, The role of grasslands in a green
future: Threats and perspectives in less favoured areas. Proceedings of
the 17th Symposium of the European Grassland Federation, Akureyri,
Iceland. 23-26 June 2013. Agricultural University of Iceland,
Hvanneyri. p. 141-143.

AGRICULTURAL & ENVIRONMENTAL LETTERS

Sattari, S.Z., A.E Bouwman, R.M. Rodriguez, A.-H.W. Beusen, and M.K.
van Ittersum. 2016. Negative global phosphorus budgets challenge
sustainable intensification of grasslands. Nat. Commun. doi:10.1038/
ncomms10696

Scholz, RW,, D.T. Hellums, and A.A. Roy. 2015. Global sustainable
phosphorus management: A transdisciplinary venture. Curr. Sci.
108(7-10):1238-1246.

Sharpley, A.N., and H.P. Jarvie. 2012. Agricultural management, water
quality and ecology: Putting practice into policy. In: A. Eaglesham,
editor, National Agricultural Biotechnology Council Conference
Proceedings 24. Boyce Thompson Institute, Ithaca, NY. p. 87-116.

Sharpley, A.N., P. Richards, S. Herron, and D. Baker. 2012. Comparison
between litigated and voluntary nutrient management strategies. J.
Soil Water Conserv. 67(5):442-450. doi:10.2489/jswc.67.5.442

Sharpley, A.N., H.P. Jarvie, A. Buda, L. May, and PJ.A. Kleinman. 2013.
Phosphorus legacy: Overcoming the effects of past management
practices to mitigate future water quality impairment. ]. Environ.
Qual. 42:1308-1326. doi:10.2134/jeq2013.03.0098

Thomas, M.A., L.M. Ahiablame, B.A. Engel, and I. Chaubey. 2014. Modeling
water quality impacts of growing corn, switchgrass, and miscanthus on
marginal soils. J. Water Resour. Prot. 6(14):1352-1368. doi:10.4236/
jwarp.2014.614125

Page 5 of 5



http://dx.doi.org/10.2489/jswc.70.3.63A
http://dx.doi.org/10.1038/ngeo2693
http://dx.doi.org/10.2134/jeq2008.0060
http://dx.doi.org/10.2134/jeq2008.0060
http://dx.doi.org/10.2134/jeq2002.1700
http://dx.doi.org/10.1038/ncomms10696
http://dx.doi.org/10.1038/ncomms10696
http://dx.doi.org/10.2489/jswc.67.5.442
http://dx.doi.org/10.2134/jeq2013.03.0098
http://dx.doi.org/10.4236/jwarp.2014.614125
http://dx.doi.org/10.4236/jwarp.2014.614125

