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  HIGHLIGHTS
● A simple model was used to evaluate how
increasing temporal variability in precipitation
influences crop yields and nitrogen losses.

● Crop yields are reduced and nitrogen losses are
increased at current levels of precipitation
variability.

● Increasing temporal variability in precipitation,
as is expected (and observed) to occur with
anthropogenic climate change will reduce yields
and increase nitrogen losses further.
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  GRAPHICAL ABSTRACT
 

  ABSTRACT
A simple ‘toy’ model of productivity and nitrogen and phosphorus cycling was
used to evaluate how the increasing temporal variation in precipitation that is
predicted  (and  observed)  to  occur  as  a  consequence  of  greenhouse-gas-
induced climate change will affect crop yields and losses of reactive N that can
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cause  environmental  damage  and  affect  human health.  The  model  predicted
that as temporal variability in precipitation increased it progressively reduced
yields and increased losses of reactive N by disrupting the synchrony between
N  supply  and  plant  N  uptake.  Also,  increases  in  the  temporal  variation  of
precipitation  increased  the  frequency  of  floods  and  droughts.  Predictions  of
this model indicate that climate-change-driven increases in temporal variation
in  precipitation  in  rainfed  agricultural  ecosystems  will  make  it  difficult  to
sustain  cropping  systems  that  are  both  high-yielding  and  have  small
environmental and human-health footprints.

© The Author(s) 2022. Published by Higher Education Press. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0)

 

 1    INTRODUCTION
 
Nitrogen  is  both  an  essential  resource  for  intensive
agriculture[1,2], and a cause of damage to the environment and
to  human health[3–5].  Substantial  quantities  of  N  are  removed
from  intensive  agricultural  systems  in  harvested  crops,  and
also,  due  to  the  mobility  of  N  in  flowing  water  and  through
multiple pathways to the atmosphere, losses of N occur readily
during  times  when  N  is  available  in  excess  of  crop  demand,
particularly  during times  when crops  are  absent.  Replacement
of the N (and other nutrients) removed via harvest and of the
N  (in  particular)  lost  to  stream  flow,  surface  flow,  and/or
groundwater  and/or  to  the  atmosphere  is  essential  to  the
maintenance  of  sustained  agricultural  production.  Losses  of
fertilizer-derived  N  by  most  pathways  are  greater  when  N  is
applied in  excess  of  crop requirements[6].  Even where  just  the
appropriate  amount  of  fertilizer  is  applied,  if  is  applied  at  an
inappropriate  time  it  may  temporarily  be  present  in  excess  of
crop demand and hence drive losses of N.

Substantial  research  has  been  directed  toward  matching  N
fertilizer  applications  to  crop  demand[7].  Other  pathways  for
synchronizing  supply  and  demand  for  fertilizer  exist  (e.g.,
slow-release  fertilizer,  deep  placement  of  fertilizer);  however,
the timing of fertilizer application has been the subject of much
research. One major challenge to the ability to synchronize the
supply of N with crop demand through the timing of fertilizer
applications  is  variability  in  precipitation.  Precipitation
variability  can  induce  asynchrony  between  N  supply  and  N
demand, thereby causing N losses that are difficult to avoid[8].
One  of  the  most  robust  predictions  about  precipitation  and
anthropogenic  greenhouse-gas-driven  climate  change  is  that
precipitation  variability  will  increase  as  Earth  warms[9,10],  as
has  already  been  observed  in  many  regions  (e.g.,  Pryor
et al.[11]). This increase in the variability of precipitation means
more frequent floods (and droughts), and therefore an increase
in  losses  of  fertilizer-derived  nutrients[12,13],  especially  N[14].

Here  we ask to  what  extent  could an increase  in  the  temporal
variability of precipitation lead to losses of N that would make
it  more  difficult  to  synchronize  the  supply  of  N to  crops  with
their demand for that N.

 2    METHODS
 
To  address  this  question,  we  made  use  of  a  toy  model  of
production  and  N  cycling  in  row-crop  agricultural  systems
(models  known  as  toy  models  have  a  simplified  set  of  objects
and  equations  that  can  be  used  to  understand  a  mechanism).
We found developing such a model was particularly useful for
testing  our  understanding  of  the  implications  of
biogeochemical  processes  by  requiring  the  expression  of
mechanisms as  simplified  equations  that  can be  tested against
field observations.

Our model was developed for a climate gradient on the Island
of  Hawaiʻi;  it  reasonably  simulates  the  pattern  of 15N  natural
abundance across the gradient and reproduces the location and
magnitude  of  a  peak  in  soil  phosphorus  that  is  caused  by
biological  uplift  in  the  mesic  portion  of  that  gradient[15].  We
wrote  the  program that  runs  the  toy  model  in  Matlab  version
2018a  (Mathworks  Inc.,  Natick,  MA,  USA);  the  code  is
available as online supplementary information associated with
this  article.  This  program  is  built  upon  earlier  versions  that
evaluated  controls  of  symbiotic  biological  N  fixation  in
Vitousek  &  Field[16,17],  were  modified  to  evaluate  the
weathering of soil minerals in Vitousek et al.[18], and modified
again to apply to the climate gradient on the Island of Hawaiʻi
in Vitousek et al.[15]. Most recently, the model was modified to
evaluate  conditions  under  which  N  supply  can  constrain  net
primary production in little-managed perennial vegetation.

The question of how there can be N limitation to net primary
production  is  one  of  the  great  mysteries  in  biogeochemistry,
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because symbiotic  biological  N fixers  are ubiquitous,  and they
should have a substantial competitive advantage where N is in
short  supply.  Also,  through  their  activity  they  should  rapidly
bring N supply close to equilibrium with other resources. This
model-based  analysis  supported  other  approaches  (e.g.,
Menge[19])  in  showing  that  N  limitation  that  is  more  than
marginal  and/or  ephemeral  requires  the  co-occurrence  of
constraints to symbiotic N fixation and losses of N that cannot
be  prevented  by  N-limited  organisms  within  the  ecosystem.
These unavoidable losses are important in that in their absence,
even low inputs of N would accumulate to the point that a slow
turnover of a large pool of N would supply sufficient N to offset
N  limitation.  Additionally,  analyses  using  the  model
demonstrated  that  precipitation  variability  and  the  associated
asynchrony  between  N  supply  and  N  demand  could  drive
losses of N that organisms cannot prevent.

The  importance  of  N  limitation  to  productive  agricultural
systems  is  not  the  mystery  it  is  in  little-managed  perennial-
dominated  ecosystems.  Farmers  control  the  composition  of
vegetation  and  often  actively  exclude  symbiotic  biological  N
fixers  (except  where  they  are  planted  intentionally),  and  the
mobility  of  N  causes  its  loss  during  seasons  when  crops  are
absent  or  inactive.  Here,  rather  than  evaluating  causes  of  N
limitation, we used the model to evaluate: (1) how the timing of
applications of N fertilizer and the number of split applications
influences the recovery of  N in the harvested portion of crops

(as  a  proxy  for  yields)  and  the  losses  of  reactive  N  to  the
environment,  at  a  low  level  of  temporal  variability  in
precipitation;  (2)  how  increasing  the  simulated  temporal
variability  in  precipitation  will  influence  the  recovery  of  N  in
harvests  and  losses  of  reactive  N  to  the  environment;  and
(3)  whether  model-derived  insights  might  provide  potentials
pathways  for  mitigation  in  the  face  of  increasing  temporal
variability in precipitation.

The program we used to run the model is described in detail in
Vitousek et al.[15] and the structure of the version of the model
that we used here is summarized in Fig. 1. Briefly, the program
calculates  the  productivity  of  a  non-N-fixing  crop  from
simulated  soil  moisture  and  temperature,  and  biologically
available  N  and  P  from  all  sources  (fertilizer,  atmospheric
deposition, and mineralization of N and P from soil organic N
and P). We focus on the productivity (net primary productivity
or  NPP)  of  a  generic  non-leguminous  crop,  although  we
recognize  that  yields  of  harvested  products  and  NPP  are  not
perfectly  correlated  for  many  crops.  Mineralization  of  N  (and
P) from soil  organic  matter  (adjusted by temperature  and soil
moisture;  details  not  shown)  was  calculated  for  N  (Nmin)  as
Eq. (1):

 

Nmin = SoilorgN− SoilorgC
CNcrit

(1)

where, SoilorgN  and SoilorgC  are  soil  organic  N  and  C,

 

 
Fig. 1    The structure of the toy model. The soil pool is divided into organic forms of C, N and P; biologically available forms of water, N, P and
a cation (modeled on calcium and described as M+);  primary (unweathered) minerals  of  P and a cation,  and secondary (formed in the soil)
minerals of P. It includes atmospheric deposition of water, N, P and a cation; losses of inorganic forms of N, P and a cation by leaching, losses
of dissolved organic forms of C, N and P by leaching, and gaseous losses of C and N. For the crop, we include uptake of water, N and P from
the soil, removals of C, N and P in harvested material, and a flux of C, N and P back to the soil in crop residue.
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respectively, and CNcrit is the critical C:N ratio above which N
is immobilized and below which it is mineralized. We assumed
a  critical  C:N  ratio  of  20:1  (the  critical  C:P  ratio  for  net
mineralization,  which  was  calculated  identically,  was  200:1).
Both plant production and decomposition are treated as linear
functions  of  soil  water  content  (as  a  fraction  of  soil  water
holding  capacity,  which  we  assumed  to  be  20  cm  of  water)
(with  no  uptake  of  water  and  so  no  productivity  below  a
permanent  wilting  point  of  5  cm  of  water).  Production  and
rates of primary mineral weathering were also treated as linear
functions  of  temperature,  with  a  maximum  rate  at  30  °C,  but
the dependence of decomposition on temperature was assumed
to  follow  an  exponential  relationship  with  a  Q10 of  2.5.  The
crop plant was assumed to have a constant C:N:P stoichiometry
of  500:10:1  and  a  maximum  productivity  per  month  of  1000
units  of  C;  accordingly,  the  crop  could  not  use  more  than  20
units of N or 2 units of P in any month.

At the end of the growing season we simulated a harvest of half
the biomass C and three quarters of the biomass N and P (with
the remainder going into soil organic C, N, and P pools at that
time). Given the constant stoichiometry of the crop, harvested
C  was  always  set  to  33.3  ×  harvested  N  (not  50,  as  the  whole
plant is, because 75% of plant N and P but only 50% if plant C
was  harvested),  and  harvested  P  was  always  set  to  0.1  ×
harvested  N.  We  calculated  losses  of  N  by  various  pathways,
including  nitrate  loss  (without  concern  for  whether  that  loss
occurred  by  leaching  or  denitrification),  leaching  of  dissolved
organic  N[20],  losses  of  N-containing  trace  gases  during
nitrification[21] and  ammonia  volatilization.  Ammonia  fluxes
depend on soil pH, which was not calculated by the model, so
we  used  the  abundance  of  weathering-derived  cation  as  a
surrogate  for  pH.  For  P,  we  assumed  lower  losses  than  for  N
due to the much lower mobility of P in soils,  and we assumed
half of the residual phosphate (the biologically available P that
remained  in  the  soil  after  plant  uptake)  formed  relatively
recalcitrant secondary minerals that weather slowly.

The version of the program that we used for this paper differed
from  that  in  Vitousek  et  al.[15] in  that  here  we  included  an
explicit  treatment  of  months  within  years,  and  an  explicit
calculation of seasonality in temperature. We also included a 5-
month  crop  growing  season  rather  than  the  continuous  plant
productivity  in  Vitousek  et  al.[15].  This  version  of  the  model
(Fig. 1) had no transpiration (but continued evaporation from
the soil  surface) during the non-growing season, no symbiotic
biological N fixer, and we did not simulate a deep soil layer.

In  the  absence  of  temporal  variability  in  precipitation,  the
program  rapidly  converges  to  an  equilibrium,  with  a  stable

threshold  in  simulated  soil  and  ecosystem  properties  where
precipitation  equals  evapotranspiration.  However,  when
temporal variability in precipitation is included, this threshold
migrates  slowly  to  progressively  drier  positions  along  a
precipitation gradient  over  time,  in  a  reasonable  pattern[15,18].
Precipitation  variability  is  particularly  important  in  that
increasing  precipitation  variability  (together  with  the  related
occurrence  of  extreme precipitation events  such as  floods  and
droughts)  is  one  of  the  most  robust  predictions  (and
observations)  for  consequences  of  greenhouse-gas-driven
anthropogenic climate change[9,10]. We simulated the temporal
variability  of  precipitation  with  a  random  component  to
monthly  variation.  We  simulated  precipitation  with  different
levels of temporal variability, but the same mean precipitation,
as Eq. (2):

 

Simulated precipitation (for that time interval, assumed and
adjusted to be a month) =mean monthly precipitation +
[mean monthly precipitation× a constant (⩾ 1) ×
a random number (uniformly distributed from 0 to 1)
a constant (0.5 to < 1)]

(2)
We  set  precipitation  to  0  when  this  calculation  yielded  a
negative value. The constants were chosen to provide five levels
of  temporal  variability  (including  zero  variability)  with  the
same mean precipitation.

We  performed  all  of  our  analyses  at  a  mean  precipitation  of
12 cm per month,  initially with no seasonal  variation.  We ran
the program for the first 1000 simulated years (12,000 months)
to allow it to equilibrate, then introduced the level of temporal
variation we were testing and ran the program for another 4000
simulated  years.  Fertilizer  additions  took  place  beginning  in
simulated  year  3500  (after  2500  years  of  the  level  of  temporal
variation in precipitation being tested), and we averaged results
(by  month)  for  the  last  1000  simulated  years.  The  output  of
interest  was  yields  of  N  in  harvested  crops  after  the  5-month
growing  season  (from  which  yields  of  C  and  P  could  be
calculated  directly  as  described  above),  losses  of  N  as  reactive
N, and the total number of floods and droughts in the last 1000
years  of  simulation  (floods  were  defined  as  leaching  losses  in
excess of the water holding capacity of the upper 50 cm of soil,
droughts were defined as any two consecutive months with no
precipitation).

 3    RESULTS AND DISCUSSION
 
We  first  ran  the  program  with  a  low  level  of  variation  in
precipitation  among  months,  and  evaluated  the  consequences
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of the timing of fertilization and number of split applications of
fertilizer  during  the  crop  growing  season  for  yields  of  N  in
harvested  material  and  for  losses  of  N.  The  level  of  temporal
variation  we  used  here  was  that  used  for  12  cm  of
precipitation/month)  in  Vitousek  et  al.[15];  it  had  a  coefficient
of  variation  (standard  deviation/mean)  of  0.29.  Subsequent
analyses showed that this level of variability is less than the 0.74
coefficient  of  variation  observed  for  12  cm  per  month  of
precipitation  at  Ponoholo  Ranch  near  the  climate  gradient
(P.  von  Holt,  personal  communication).  The  results  of  this
analysis of the timing of fertilization and of the number of split
applications of  fertilizer  are shown in Fig. 2.  A single addition
of  fertilizer  (100  and  20  units  of  N  and  P,  respectively)  was
more  effective  in  supporting  yields  and  in  reducing  losses  of
reactive N the closer to the start of the crop growing season it
was  applied;  a  quantity  of  N  equivalent  to  nearly  half  of  the
applied N (48.8%) was recovered in the harvest when fertilizer
was  added  as  a  single  application  at  the  time  the  crop  was
planted and began to grow (Fig. 2). Similarly, losses of reactive
N  declined  sharply  as  the  simulated  application  of  fertilizer
occurred  closer  to  the  start  of  the  crop  growing  season.
Splitting the simulated application of fertilizer so that 40% was

added in the first  month of the crop growing season, with the
other  60%  applied  two  months  later  in  July,  caused  a  further
increment in the simulated recovery of N in harvested material
(to  53.6%  of  applied  N),  and  a  further  decrease  in  simulated
losses  of  reactive  N  (Fig. 2).  This  result  differed  slightly  from
applying the  same two splits  of  fertilizer  in  May and June (an
amount of N equivalent to 52.5% of applied N was recovered in
harvest),  a  more  common  agricultural  practice  because  it
maximizes  yields  rather  than  crop  NPP,  in  that  fertilization
later  in  the  growing  season  can  increase  NPP  without
increasing yields.

Additional  splits  in  simulated  fertilizer  application  were
unrewarding;  in  particular  adding  20%  of  the  fertilizer  each
month (which matched maximum demand for N by the crop)
did not improve simulated recovery of N in the harvested crop,
or  simulated  loss  of  reactive  N,  meaningfully  (Fig. 2).  While
monthly  precipitation  and  so  yields  and  N  losses  have  a
stochastic  component,  the  fact  that  we  averaged  results  (by
month of the year) for the last 1,000 years of simulation meant
that the variance of results  was low, with a standard deviation
of  <  0.2  compared  with  53.6  for  N  in  harvested  material  and
60.8  for  N  losses.  At  this  low  level  of  temporal  variation  in
precipitation,  there  were  no  floods  or  droughts  in  any
treatment,  and  so  there  would  be  no  substantial  losses  of
fertilizer  P via  erosion (P is  nearly  immobile  in  soils  and so it
accumulates in surface soil). Our results would be less extreme
than  those  in Fig. 2,  if  the  non-growing  season  was  relatively
dry  or  if  precipitation  occurred  as  snow  that  melted  at  the
beginning  of  the  growing  season  and  did  not  contribute
substantially to soil water during the non-growing season.

We  then  explored  the  consequences  of  five  intensities  of
temporal  variation  in  precipitation,  with  coefficients  of
variation  ranging  from  0  (no  temporal  variation)  to  1.69.  In
each case, we simulated the application of fertilizer (100 and 20
units  of  N  and  P,  respectively)  in  two  increments  which  is  a
recommended  best  practice  for  many  field  crops  including
maize.  The  results  were  remarkable;  increases  in  temporal
variation caused declining yields,  progressively larger losses of
reactive N,  and (consequently)  floods and droughts  (the latter
summed during the growing season only) were more frequent
(Fig. 3).  We  ran  the  program  multiple  times  and  calculated
standard  deviations  at  the  highest  level  of  variability  in
precipitation; standard deviations were < 1% of the mean for all
outputs  from  the  model  except  floods,  for  which  they  were
< 2%. Floods were defined as occurring whenever water losses
in a  month exceeded the water  holding capacity  of  the soil;  at
some point (perhaps not right at this point, but not far from it)
intense  precipitation  will  lead  to  surface  runoff  and  erosive

 

 
Fig. 2    Effects  of  the  timing  of  simulated  applications  of
fertilizer  (left  of  x-axis)  and  of  the  number  of  simulated  split
applications  of  fertilizer  (right  of  x-axis)  on  the  simulated
recovery of N in harvested material (solid line, a proxy for yield)
and on losses of reactive N to the environment via leaching and
gas  fluxes  (dashed  line).  In  all  cases  a  consistent  100  and  20
units  of  N  and  P  were  applied,  respectively,  per  growing
season, and both recovery and losses of N were averaged over
the  last  1000  years  of  simulation.  Multiple  runs  of  the  model
were performed for the November application of fertilizer and
for  the  five-increment  application;  means  and  standard
deviations  are  reported  for  these  treatments  but  standard
deviations were small and error bars largely are hidden behind
the symbols. For two split applications of fertilizer, application
of 40 units of N upon planting in May and 60 units of N in June
was used.
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losses  of  soil  and  nutrients.  Such  losses  are  likely  to  be
particularly important for P, since in our simulation (as well as
in  practice)  the  relative  immobility  of  P  causes  large  pools  of
fertilizer-derived  P  to  accumulate  in  surface  soils,  where  they
are vulnerable to losses via erosion.

Finally,  we  explored  whether  insights  from  our  toy  model
could help to mitigate the consequences of increasing temporal
variation in precipitation. Earlier field studies showed that no-
till  cropping  systems  could  buffer  the  effects  of  increased
temporal  variation  in  precipitation[12,13] more  effectively  than
could tilled cropping systems, but we could not represent either
tilled  or  no-till  cropping  systems  with  this  toy  model.  We
tested  alternative  scenarios  at  the  second  highest  level  of
temporal  variability  in  precipitation  (a  coefficient  of  variation
of  1.28,  for  monthly  variation  in  precipitation),  and  we
compared the consequences of two splits of simulated fertilizer
application  (as  above)  versus  the  same  total  quantity  of
fertilizer  divided  into  five  splits  (with  a  fifth  of  the  fertilizer
applied each month) versus a situation in which we made two
or  five  splits  of  simulated  fertilizer  application,  and  adjusted
each  one  by  the  water  content  of  the  soil  (so  that  no  more
fertilizer was added than could be used by the crop). We made

this  adjustment  by  multiplying  the  target  fertilizer  application
by  the  water  content  of  the  soil  divided  by  the  water-holding
capacity  of  the  soil.  This  approach  resulted  in  lower  total
applications  of  fertilizer;  it  involves  the  use  of  information on
soil  water  content  that  could  be  predicted  with  crop  models
used for irrigation scheduling and daily weather data.

Results  of  these  analyses  are  summarized  in Fig. 4.  Adjusting
the  simulated  amount  of  fertilizer  applied  depending  on  soil
water  content  had  a  relatively  small  effect  on  yields  and
(consequently)  the  recovery  of  N  in  harvested  material,  but  it
did greatly decrease simulated losses of reactive N (Fig. 4). The
model-based analysis did not indicate a way to enhance yields
and  thus  to  maintain  food  security  in  the  face  of  increasing
demand  for  food  and  increasing  temporal  variation  in
precipitation,  but  it  did  indicate  a  way  to  sustain  yields  while
substantially reducing losses of reactive N to the environment.
Based  on  these  results,  it  seems  likely  that  we  will  face

 

 
Fig. 3    Effects of simulated temporal variability in precipitation
on  the  simulated  number  of  floods  (solid  line)  and  droughts
(dashed  line).  Both  were  summed over  the  last  1000  years  of
simulation.  Simulated  temporal  variability  in  precipitation  is
given  as  the  coefficients  of  variation  of  precipitation  per
month, and (as in Fig. 5) multiple model runs were performed
with means and standard deviations calculated and reported at
the  highest  level  of  variability  in  precipitation.  Floods  were
defined as  occurring  when simulated water  loss  exceeded the
water-holding  capacity  of  the  upper  soil  (20  cm  of  water).
Droughts  were  defined  as  occurring  when  two  consecutive
months  received  simulated  zero  precipitation;  only  droughts
that occurred during the crop growing season were included.

 

 

 
Fig. 4    Consequences  of  a  management  practice  designed  to
offset  the  effects  of  greater  simulated  variability  in
precipitation.  This  simulation  was  performed  at  the  second-
highest level of temporal variation in simulated precipitation; it
compared  the  effects  of  two  with  five  splits  in  standard
fertilizer application both with a total of 100 units of N and 20
units of P. The two applications were simulated to occur in May
and  July.  The  height  of  the  bars  in  each  group  represent  the
simulated recovery of N in harvested material, simulated losses
of  reactive  N  and  the  total  quantity  of  N  fertilizer  applied.
Results  of  these  standard  treatments  were  compared  with
treatments  in  which  we  simulated  two  and  five  splits  of
adjusted fertilizer application with lesser and variable amounts
of fertilizer applied. Multiple model runs were performed with
means and standard deviations calculated and reported for the
outputs  summarized;  standard  deviations  were  small  (always
< 2% of means) so the error bars are not readily visible.
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increasing  challenges  to  food  security  with  the  ongoing
enhancement in precipitation variability (Fig. 5).

 4    CONCLUSIONS
 
A simple model of the consequences of the increase in temporal
variability of precipitation that is expected[9,10]—and already has
been observed[11]—to occur as a consequence of anthropogenic
climate  change  shows  that  increasing  temporal  variability  in
precipitation  drives  asynchrony  in  the  supply  of  nutrients  by
fertilizer or other sources and the demand for those nutrients by
crops.  Increasing  temporal  variability  in  precipitation  also
increases the frequency of floods and droughts straightforwardly,
and  so  causes  loss  of  soil  and  associated  immobile  elements.
Results  of  the  model  support  and  extend  empirical  studies
showing the temporal  variation in precipitation causes losses of
nutrients  from  intensive  agricultural  systems[12,13].  Use  of  this
model  to  evaluate  pathways  by  which yields  could  be  increased
and  the  environmental  damage  caused  by  fertilizer  losses
mitigated showed that while fertilizer use and associated N losses
could  be  reduced,  climate-change-driven  increases  in  temporal
variation in precipitation in rainfed agricultural  ecosystems will
make it difficult to sustain cropping systems that are both high-
yielding  and  have  small  environmental  and  human-health
footprints.
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