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Abstract. Although the concept of producing higher yields 1 Introduction

with reduced greenhouse gas (GHG) emissions is a goal that

attracts increasing public and scientific attention, the trade-

off between high yields and GHG emissions in intensive INcreasing population and consumption are placing unprece-
agricultural production is not well understood. Here, we hy- dented pressure on agricultural and natural resources (Tilman
pothesize that there exists a mechanistic relationship betwee®t al-, 2002; Burney et al., 2010; Foley et al., 2011). It has
wheat grain yield and GHG emission, and that could be transPeen projected that chemical nitrogen (N) fertilizer consump-
formed into better agronomic management. A total 33 sitedion will increase by 142-169 % to support a 100-110 % in-
of on-farm experiments were investigated to evaluate the recrease in global food crop yields from 2005 to 2050 (Tilman
lationship between grain yield and GHG emissions using®t al., 2011; IFA, 2012). Agricultural intensification of the
two systems (conventional practice, CP; high-yielding sys- 9reen revolution” improved crop productivity while simul-
tems, HY) of intensive winter wheaT(iticum aestivurrL.) taneously increasing environmental costs such as greenhouse
in China. Furthermore, we discussed the potential to produc€as (GHG) emissions (Tilman et al., 2002; Burney et al.,
higher yields with lower GHG emissions based on a survey2010). Agriculture, including fertilizer production, directly

of 2938 farmers. Compared to the CP system, grain yiemcontributes 10-12 % of global GHG emissions, and this fig-
was 39% (2352kgha) higher in the HY system, while Ure rises to 30% or more when land conversion and emis-
GHG emissions increased by only 10%, and GHG emis-Sions beyond the farm gate are included (Smith et al., 2007).
sion intensity was reduced by 21%. The current intensivel N Intergovernmental Panel on Climate Change (IPCC;
winter wheat system with farmers’ practice had a median2007) reported that global GHG emissions would need to
yield and maximum GHG emission rate of 6050 kghand peak before 2015 and be reduced on the order of 50-85 %
4783 kg CQ eq ha'l, respectively; however, this system can (from 2000 levels) by 2050 if dangerous climate change (i.e.,
be transformed to maintain yields while reducing GHG emis-@ temperature rise- 2.4°C) is to be avoided. These inter-
sions by 26% (6077kghd, and 3555kgC@eqhal). twined challenges necessitate a new imperative for global
Further, the HY system was found to increase grain yield@griculture, where higher grain yields are produced with
by 39 % with a simultaneous reduction in GHG emissions bymore efficient use of N fertilizer and a reduction in both re-
18 9% (8429 kg hal, and 3905 kg C@eq ha'l, respectively). ~ active N losses and GHG emissions.

In the future, we suggest moving the trade-off relationships Several conceptual frameworks have been proposed to
and calculations from grain yield and GHG emissions to newduide efforts that could produce higher yields with reduced

measures of productivity and environmental protection usingNPut or environmental costs. These frameworks include eco-
innovative management technologies. logical intensification (Cassman, 1999), an evergreen rev-

olution (Swaminathan, 2000), and eco-efficient agriculture
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(Keating et al., 2010), and they share a view of cropping sys-Henan province (S1 to S15), 4 sites in Hebei province (S16
tems as ecosystems that should be designed to maximize the S19), 12 sites in Shandong province (S20 to S31), and 2
use of fixed resources (land, light, favorable growing con-sites in Shaanxi province (S32 to S33, Supplement Fig. S1
ditions) and optimize the use of agricultural inputs (particu- and Table S1). The climate in the experimental region is a
larly N and P fertilization) to produce high grain yields. Such warm, temperate, sub-humid, continental monsoon climate
systems can draw upon features of traditional agriculturalwith cold winters and hot summers. The annual cumulative
knowledge and add new ecological information to the inten-mean temperature for days with mean temperatures above
sification process (Matson et al., 1997; Chen et al., 2011)10°C is 4000-5000C, and the annual frost-free period is
While there is agreement regarding the need for such im-175 to 220 days. Annual precipitation is 500 to 700 mm, with
provements, there are only a few examples of how they cammpproximately 30—40 % of the rainfall occurring during the
be developed and adapted on a large scale and across huwinter wheat growing season (from the beginning of October
dreds of millions of farmers’ fields (Carberry et al., 2013). to middle of June). The amount and distribution of rainfall
Wheat production in the North China Plain (NCP) involves vary widely from year to year, and are affected by the conti-
some of the most intensive N applications in the world, andnental monsoon climate. The soil types were mainly calcare-
the enrichment of N in soil, water, and air has created se-ous fluvo-aquic, yellow brown, cinnamon, yellow cinnamon,
rious environmental problems (Cui et al., 2010; Zhang etmeadow sanne, and yellow soils. Details of site coordinates,
al., 2012). For example, the N applied by farmers of winter average annual precipitation, soil texture, soil types and some
wheat in the NCP is often greater than 300 kg NhéCui et soil properties are shown in Supplement Table S1.
al., 2010), even though results from region-wide experiments
have demonstrated that the optimal N rate is 128kgNha 2.1 On-farm field experiments: design, crop
(Cui et al., 2008). This overuse of N fertilizer over the past management, and sampling procedures
10 years has not increased wheat yield, with stagnation at
~ 4573 kg ha' with national average (mean grain yield from Both systems (CP and HY) were tested at each of the 33
2003 to0 2012, FAO, 2013). In contrast, in previous high-yield sites under four or five N treatments. Five N treatments in
studies in this region, high wheat yield @000 kg hal) was 15 sites in Henan province included no N as a control (CK),
achieved by optimizing the wheat canopy and using favor-and low (50 % of median), median, high (150 % of median),
able management practices to maximize both the quantityand very high (200 % of median) treatments. Four N treat-
and quality of the wheat canopy (Meng et al., 2013). ments at the other 18 sites included no N as a control (CK),
Recent studies have shown great promise for increasingnd low (50 % of median), median, and high (150 % of me-
N-use efficiency and grain yield in maize production by inte- dian). The amount of N fertilizer for the median N treatment
grating crop and N management (Chen et al., 2011; Grassinivas recommended by local agricultural extension employees
and Cassman, 2012). Here, we hypothesize that there exsased on experience. Detailed information of N application
ists a mechanistic relationship between wheat grain yieldrates for the 33 sites is shown in Table 1.
and GHG emission, and that could be transformed into bet- For both conventional practice (CP) and high-yield (HY)
ter combining improved crop management technologies withsystems, one-third of granular urea (COMN}) is applied
optimal N management. Two groups of experiments withby broadcasting at the time of sowing, and the remainder is
different on-farm N level management systems were con-applied at the stem elongation stage prior to irrigation. De-
ducted in the key winter wheat growing region of north- pending on the weather, winter wheat typically receives three
ern China. A conventional practice (CP) plot was managedrrigations (about 90 mm per time): one before winter, a sec-
based on farmers’ current practices with a yield of approx-ond at the stem elongation stage, and another around the an-
imately 6000kg hal; on a high-yield (HY) plot, an inte- thesis stage. Although the volume of irrigation was not pre-
grated soil-crop system management approach was appliedsely measured for every plot and site, the values were sim-
to close the yield gap and maintain the grain yield at ap-ilar for each system at every site. For the CP system, exper-
proximately 8500 kg hal. We evaluated the trade-off rela- iments were managed using each individual farmer’s current
tionships between crop productively and GHG emission forcrop management practices, except for N fertilizer applica-
the CP and HY systems. We discuss the potential for shiftingtiion rate. In the HY system, local agronomists recommended
the focus of the current farming system to new productivity new varieties with resistance to disease, environmental stress,
and environmental protection values to produce higher yieldsaand lodging that also had the potential for high yields. These
with reduced GHG emissions. new varieties varied across experimental sites. In addition,
the better combinations of planting date and plant popula-
tions based on local weather (e.g., mean temperatures) were
2 Methods and materials used to optimize the crop canopy, and make maximum use
of regional environmental resources (e.g., light and tempera-
All experiments were conducted on farm fields at 33 sitesture). Compared to the HY system, most farmers’ fields used
in 31 counties from 2007 to 2008, including 15 sites in later sowing and used more seeds. Finally, in the HY system,
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Table 1.N application rate and wheat grain yield for different N application rates and the two systems. N application rate includingno N as a
control (ON), 50 % of median N rate (50 % N), 100 % of median N rate (100 % N), 150 % of median N rate (150 % N), and 200 % of median
N rate (50 % N). The systems included a conventional practice (CP) and a high-yielding system (HY).

Sites CP HY
N rate (kg N ha'l) Grain yield (kg ha'l) N rate (kg N ha'l) Grain yield (kg ha'l)

0 50% 100% 150% 200% O 50% 100% 150% 200% 0 50% 100% 150% 200% O 50% 100% 150% 200%
S1 0 105 210 315 420 3993 5619 5757 5659 5822 0 105 210 315 420 6081 6962 7233 7390 7356
s2 0 105 210 315 420 3493 5619 5758 5659 5822 0 105 210 315 420 6008 8392 9389 9030 8429
s3 0 105 210 315 420 3794 5654 5759 6937 6673 0 105 210 315 420 6967 8476 9121 9163 8855
sS4 0 105 210 315 420 4845 5387 5760 5672 5617 0 105 210 315 420 6495 7387 8379 8252 8263
S5 0 105 210 315 420 4875 5485 5761 6390 6240 0 105 210 315 420 4920 6510 8480 8795 8310
S6 0 105 210 315 420 3867 5205 5762 5167 4917 0 105 210 315 420 6168 7179 8215 8345 7484
s7 0 105 210 315 420 4059 5185 5763 6285 5869 0 105 210 315 420 4319 6710 7697 7627 7151
S8 0 105 210 315 420 3884 5122 5764 5746 5262 0 105 210 315 420 4546 5431 7680 8547 7775
S9 0 105 210 315 420 3904 4565 5765 5499 5465 0 105 210 315 420 6649 7989 8306 8783 8389
S10 0 105 210 315 420 3214 4504 5766 5781 5615 0 105 210 315 420 3914 6005 8218 8148 7595
S11 0 90 180 270 360 4876 5746 5767 5815 5770 0 90 180 270 360 6612 8308 8817 9644 9317
S12 0 90 180 270 360 4268 4908 5768 5127 4598 0 90 180 270 360 6016 7583 8216 8458 6992
S13 0 105 210 315 420 4035 5107 5769 5385 5120 0 105 210 315 420 5716 7320 8219 8011 7160
S14 0 105 210 315 420 4200 5256 5770 5989 5912 0 105 210 315 420 6556 7290 8923 8067 7812
S15 0 105 210 315 420 2667 4272 5771 5070 5208 0 105 210 315 420 5897 6972 8026 9212 8644
S16 0 90 180 270 5053 6768 7784 7078 0 90 180 270 5744 7747 8959 9057
S17 0 90 180 270 4527 5664 6095 6068 0 113 225 338 6311 8176 9081 9206
S8 0 90 180 270 4067 5415 5715 5889 0 90 180 270 5476 7398 8501 7743
S19 0 113 225 338 5075 5839 6510 6162 0 113 225 338 6160 7537 9032 8531
S20 0 90 180 270 5028 5494 5998 6038 0 113 225 338 6803 7718 8541 8029
S21 0 105 210 315 5000 5997 6231 6251 0 105 210 315 7374 9025 9580 9628
S22 0 105 210 315 5148 6175 6525 6225 0 105 210 315 7067 7632 9106 9138
$23 0 90 180 270 4594 5531 5846 5972 0 105 210 315 6507 8400 9343 9324
S24 0 90 180 270 4624 5378 6001 6134 0 105 210 315 7392 7982 8863 8901
S25 0 105 210 315 4496 5367 6169 6002 0 105 210 315 6151 6449 8601 8235
S26 0 113 225 338 4098 5004 5908 5699 0 113 225 338 6540 7454 8455 8423
S27 0 105 210 315 4813 5456 6174 5853 0 113 225 338 6996 7781 8730 8482
S28 0 105 210 315 4742 5402 5927 5754 0 113 225 338 7209 7576 9172 8420
S29 0 90 180 270 4883 5383 5944 5509 0 113 225 338 6658 7617 8960 8236
S30 0 105 210 315 4138 5086 5623 5094 0 105 210 315 7281 8006 8924 8955
S31 0 105 210 315 4639 5465 6187 6357 0 105 210 315 6499 7355 8107 8104
S32 0 90 180 270 5345 5507 6460 6435 0 90 180 270 7683 8039 9443 9395
S33 0 90 180 270 4250 4420 6223 5839 0 90 180 270 5339 6774 9521 9147
mean O 101 201 302 412 4378 5363 5993 5895 5594 0 104 208 312 412 6244 7490 8662 8619 7969

we improved sowing quality by careful management to fos-2.2 Farmers’ survey
ter strong individual plants and make them uniform, creating
a lodging-resistant architecture in the crop canopy. Weed3dVith the key winter wheat growing region of northern China
were well controlled with the use of spray herbicides andfrom 2004 to 2009, approximately 2-8 typical townships
manual pulling. Pest and disease stress were controlled usingere randomly selected in each county, and 4-6 typical
spray insecticide and fungicide before the stem elongatiorvillages were randomly selected in each township. Out of
stage and after anthesis. No obvious water, weed, pest, dhese, 8-10 farmers were randomly questioned regarding
disease stress was observed during the wheat-growing se#leir choice of fertilizer, application rate, and grain yield in
son for both CP and HY system. the past year. Data required included fertilizer production, N
A randomized complete block design was employed incontent, fertilizer application rate and grain yield. For grain
three replications with plots measuring40n?. All plots  Yield and N application, only a few observatiorsg %) fell
received approximately 90kgBsha ! as calcium super- outside the normally expected ranges of the entire data set.
phosphate (Ca(POy)> - H20) and about 60 kg JO ha ! as However, considering the great variation in each parameter
potassium chloride (KSOs) before planting. among fields, we treated the upper and lower 2.5 percentiles
At maturity, three separate areas (each Zgere har- of the data as outliers (Fig. S2). By considering all of the
vested manually. All plant samples were oven dried &tG0  survey data and removing the top and bottom 2.5% of re-
in a forced-draft oven to a constant weight, weighed, andspondents, a total of 2938 (39 counties in 5 provinces) were
yields were adjusted to 125 g k§moisture content. evaluated in this study.
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2.3 Data analysis of the sites (Cerrato and Blackmer, 1990). We determined
the minimum GHG emissions needed to achieve maximum

For each experiment, the total GHG emissions, includinggrain yield as the inflection point of the curve (Cerrato and

CO;, CHs, and NO during the whole life cycle of wheat Blackmer, 1990).

production, were divided into three components: (1) those

emitted during N fertilizer application, including direct and

indirect NbO emissions, which can be calculated based onthe3 Results

empirical N loss model (see below); (2) those released during

N fertilizer production and transportation; and (3) those emit-Considering all 33 locations, wheat grain yield averaged

ted during the production and transportation of pesticides t?993kgha® in the median N treatments (201 kg NHa

the farm gate and diesel fuel use in farming operations suct®f CP systems. For the HY system, grain yield av-

as sowing, tilling, irrigation and harvesting (Supplement Ta-€raged 8662kg hd (208kgNha'), which was 45%

ble S2). The impact of the GHG emissions was calculated a§™ 2669 kg ha') higher than that of the CP systems. Corre-

CO, eq. The 100 yr global warming potential (GWP) of £H spondingly, grain yield with no N control in the HY system

and NbO are 25 and 298 times the intensity of €@ amass ~ averaged 6244 kg ha, which was 43% { 1866 kg ha')

basis, respectively (Forster et al., 2007). The soib@ix as  higher than a grain yield of 4378 kghafrom the CP sys-

a contributor to global warming potential was not included tem (Table 1). Although a large difference in grain yield was

in our analysis, because net flux has been estimated to coPserved between the CP and HY systems, there were no

tribute < 1% of the GHG emissions from agriculture on a differences in soil properties and soil type (Supplement Ta-

global scale (Smith et al., 2007). The change in soil organicble S1).

carbon content was also not included in our analysis because ) ) )

it was difficult to detect such a small magnitude of change>-1 Relationship between wheat yield and GHG

over a short time (Conant et al., 2010). emissions for different management systems

We used values in the published literature to simulate theP
relationship between N loss and N application rate and to ®Siher four or five N treatments, the relationship between

timate GHG emissions from N fertilization. Totab® emis- o S ) !
sions included both direct and indirect emissions Ind'rectWheat grain yield and GHG emission fit a spherical-plateau
! inciu : indi ISSIONS. e hodel (P <0.001; Fig. 1). The minimum GHG emissions

emissions were estimated using a method of the IPCC (IPCC . ; S
2006), where 1 and 0.75 % of ammonia (BHrolatilization heeded to achieve maximum grain yield was 3555 and

1 -
and nitrate (NQ) leaching are lost asJD, respectively. The 3905kg CQ eq Mg for the .CP.and HY system. In con

. trast, the corresponding grain yield for the HY system was
N losses were calculated based on an empirical model th

) . . 8429 kg hal, 39 % greater than the 6077 kgHafor the CP
employs the following equations from Supplement Fig. S3: system. The GHG emission intensity reduced by 21 % from

Direct N;O emissiongkg N ha™) = 0.33ex0.0054 N rate, (1) ~ 285kgCQeq Mg~* for HY system to 463 kg C@eqMg*

e for CP system.
—1\
NHg volatilization (kg N ha™™) = 0.17 Nrate-4.95,  (2) Large site-specific variations in GHG emission and grain

N leaching(kg N ha™t) = 2.7 exp(0.0088 N ratg. 3) yield were observed across the 33 experimental sites (Ta-
) ) ) ) ble 2). Calculated minimum GHG emissions needed to

The system boundaries were set using scales in the life cyclg:pieve maximum grain yield for the CP system by
from production inputs (such as fertilizers and pesticides),spherica| with plateau model ranged from 2736 (S11) to
delivery of inputs to the farm gates, farming operations, andg475 kg CQeqha (S9), similar to the HY system, which
wheat harvesting. Using the emission factors for all agricul-ranged from 3055 (S12) to 5476 kg @€ ha * (S15) (Ta-
tural inputs give_n in Supplement Table S2, we calculated to+,g 2). The corresponding maximum yield for the CP sys-
tal GHG per unit area, expressed as k@(éi@ha_l' andthe  tem ranged from 5012 to 7421 kgha whereas in the HY
GHG intensity, expressed as kg g€ Mg~ grain. system, these values ranged from 7314 to 9598 M{ ki&a-

The relationship between wheat grain yield and GHG e 2). As a result, GHG emission intensity ranged from 456

emissions at each of the 33 sites in the two cropping sysiy ggg kg CQ eq Mgt for the CP system and from 343 to
tems with either four or five N treatments was determined us45o kg CQ eq Mg~1 for the HY system (Table 2).

ing the IPNI Crop Nutrient Response Toditip://nane.ipni.

net/article/NANE-3068 and the NLIN procedure in SAS 3.2 Opportunity to produce higher yields with reduced
(SAS Institute, 1998). We evaluated five models: quadratic, GHG emissions

quadratic with plateau, linear with plateau, square root, and

spherical with plateau. In most cases, all five models signifi-Based on a survey of farmers’ practices for 2938 farm-
cantly fit the data® < 0.01), and had similar coefficients of ers, the N application rate averaged 284 kgNhand
determination R?). Considering the continuity and smooth ranged from 77 to 573kgNha; the corresponding
simulation, we chose the spherical with plateau model for allgrain yield averaged 6050kgh& with a range from

ooling data from all 33 experimental sites receiving ei-
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Table 2. The minimum GHG emissions needed to achieve maximum grain yield and the corresponding yields for a conventional practice
(CP) and a high-yielding system (HY).

Sites CP system HY system
Mini. GHG Max. GHG emission Mini. GHG Max. GHG emission
emission yield intensity emission yield intensity
kgCOeqhal kghal kgCOeqMgl kgCOeqhal kghal kgCO,eqMg?

S1 3117 5761 541 3322 7314 454
S2 3380 5771 586 3403 8961 380
S3 4295 6797 632 3338 9039 369
S4 3448 5875 587 3929 8286 474
S5 4398 6296 698 4556 8603 530
S6 2932 5277 556 3709 7988 464
S7 3801 6156 617 3920 7504 522
S8 3599 5660 636 5326 8170 652
S9 5475 5487 998 3444 8492 406
S10 4661 5715 816 4687 8003 586
S11 2736 5806 471 4799 9448 508
S12 2982 5012 595 3055 7888 387
S13 3249 5410 601 3280 7796 421
S14 3798 6119 621 3820 8210 465
S15 4610 5136 898 5476 8890 616
S16 3387 7421 456 3847 9059 425
S17 3143 6082 517 3742 9141 409
S18 3187 5814 548 3310 8106 408
S19 3650 6305 579 3992 8741 457
S20 3686 6033 611 3639 8259 441
S21 3026 6232 486 3295 9598 343
S22 2929 6367 460 4645 9189 505
S23 3050 5900 517 3537 9328 379
S24 3811 6127 622 4305 8917 483
S25 3763 6068 620 4520 8380 539
S26 3967 5781 686 4301 8459 508
S27 3591 5975 601 4000 8576 466
S28 3515 5815 604 4080 8685 470
S29 3084 5695 542 3851 8539 451
S30 3101 5348 580 4258 8977 474
S31 4315 6346 680 3966 8119 488
S32 4197 6475 648 4184 9459 442
S33 3986 5973 667 4341 9397 462

3.44 to 8.31Mgha! (Fig. 2, Supplement Fig. S2). The from 4783 to 3555kg C@eqha® without any losses in
calculated GHG emissions averaged 4783 kg€®ha! yield (pathway from A to B, Fig. 2). The GHG emission in-
(Fig. 2), of which 1183kg C@eqha® was attributable to  tensity of point B was 585 kg C£eq hal, which was only
field management (e.g., irrigation, tillage, and harvesting),74 % of current practices (point A). With the HY system,
1270kgCQeqhal was from N fertilization, and 2330 grain yield increased to 8429 kgta(or 39% compared to
originated from N production and transport. Calculated GHG point A) with a GHG emission reduction of 18 % @905 kg
emission intensity averaged 807 kg &€& Mg 1. The GHG  CO, eq hal) (pathway A to C, Fig. 2). As a result, the
emissions ranged from 2106 to 10757 kg@ hal with GHG emission intensity for point C reduced by 41 % from
a variance of 38 %, whereas GHG emission intensity ranged®07 kg CQ eq Mg~ for point A to 463 kg CQ eqMg™, for
from 382 to 1795kg C@eqha® with a variance of 39% HY point C.

(Fig. 2). If food crop yields need to be increased by 100-110% in
Compared to average farmers’ practices (point A), thethe future (Tilman et al. 2011), a wheat yield of 12 Mgha
minimum GHG emissions needed to achieve a maximumwill be necessary in China. This would require approx-
grain yield for CP systems (point B) was reduced by 26 %imately 292kg N hal (Yue et al., 2012), close to the

www.biogeosciences.net/11/2287/2014/ Biogeosciences, 11, 22842014
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Fig. 1. The relationship between GHG emissions and grain yield for GHG emission (kg CO, eq ha™)

the CP (small circle and dashed line) and the HY (dot and solid line)
system. Data were pooled from 33 sites of on-farm experiments fofjg 2. A stylized grain yield-GHG emission framework demon-
CP and HY systems. The relationship between GHG emissions andyrating three pathways to produce higher yields with less GHG
grain yield wasy’ = 1940+ 4137(3X /7110— 0.5(X/35553), X < emissions. The gray dots represent grain yields and GHG emissions
3565;Y = 6077,X > 3555 (R? = 0.75, P < 0.001) for CP system, oy the 2938 farmers surveyed. The line of dashed line (1) and solid
andY = 3845+ 45833X/7810— 0.5(X/3905%), X <3905;Y = jine (2) mean relationship between grain yield and GHG emission
8429,X > 3905 (R* = 0.68, P < 0.001) for HY system. for CP and HY system, respectively. Point A is the average for all
farmers; points B and C are the minimum GHG emissions for max-
imum grain yield with the CP and HY system, respectively (the
284kgN hal total N rate used under current practices. details are shown in Fig. 3); and point D represents the target of
This indicates that the target yield of 12 MgHacould be ~ 12Mgha! of wheat grain yield in the future.
achieved using current N application rates if N losses can be
controlled. Thus, GHG emissions from N fertilizer would be
similar to or less than the level associated with current prac2009; Millaret et al., 2010; Cui et al., 2013a, b). For winter
tices. A new level for productivity and environmental sus- wheat systems in China, an in-season root-zone N manage-
tainability should be created for the pathway from point C to ment strategy can reduce the N application rate by 61 % from
Din Fig. 4. 325kgNha?l to 128kg Nha'l compared to current prac-
tices, resulting in an large decrease in GHG emissions from N
fertilizer with no loss in wheat grain yield (Cui et al., 2013b).
4 Discussions This result is represented by the pathway from point A to B
in Fig. 2. Although these practices represent a large step for-
While the concept of producing higher yields with less GHG ward, increasing rather than merely maintaining grain yield,
emissions as a goal has been widely debated, studies on crdpey also present a fundamental challenge.
productively and GHG emission have been notably discon- In intensive cropping systems, the more efficient cycling
nected in the past (Tilman et al., 2002; Burney et al., 2010;0f N depends on environmental management interactions
Carberry et al., 2013). Generally, the increasing of N ap-that influence the balance and rate of microbial processes
plication rate cannot promise a substantial increase in croge.g., nitrification and denitrification) and transport among
productivity because of diminishing returns (Cassman et al.plant, soil and environments (e.g., air and water) (Robertson
2003) but increase GHG emission (McSwiney and Robert-and Vitousek, 2009). When a high-yield system was adopted
son, 2005; Hoben et al., 2011; Van Groenigen et al., 2010jn a previous study, crop health, insect and weed manage-
Cui et al., 2013ab). Previous studies have focused on hownent, moisture and temperature regimes, supplies of nutri-
to optimize N management (e.g., appropriate source, timingents other than N, and use of the best-adapted cultivar or hy-
placement, or product) to enhance crop recovery of appliedrid all contributed to more efficient uptake of available N
N and reduce N losses and GHG emissions (Snyder et aland greater conversion of plant N to grain yield, therefore
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reducing reactive N losses and GHG emissions (Cassman & Conclusions
al., 2003; Cui et al., 2013b).

In the HY system of the present study, the better combina-The current relationship between wheat yield and GHG emis-
tion of adopted varieties, planting data, and planting qual-Sions due to farmers’ practices can be reversed for high-
ity was determined to optimize the crop canopy, and thisyielding systems using innovative management technologies,
maximized the use of regional environmental resources (e.gand a new paradigm of productivity and environmental sus-
light, temperature). Yields were increased by 39 %, and GHGainability can be created to produce higher yields while re-
emission intensity was reduced by 41 %, compared to curreniucing GHG emissions. In this study, we increased yield by
practices. Within the CP system, late sowing and the use oB9 % and reduced GHG emission intensity by 41 %, com-
too many seeds often results in excessive|y |arge Canopiegared to current practices. In the future, there will need to be
and weak individuals, which lead to high susceptibility to an eco-efficiency agricultural revolution, with large increases
lodging, low efficiency of light capture, small spikes, small in grain ylelds complemented with reduced GHG emissions.
grains, and consequently low yields (Xu et al., 2013). A win—win outcome for agriculture and emissions will re-

To the best of our knowledge, this is the first on-farm study quire eco-efficient solutions that create new productivity and
to report the relationship between wheat grain yields and to€nvironmental frontiers to achieve food and GHG security.
tal GHG emissions. Grain yield increased with increasing
GHG emissions before reaching the maximum yield, with . . L
the lowest GHG emissions achieved when emission imensit)gupplementz_;\ry material relateql to this _art|cle IS
decreased, indicating a trade-off relationship between higﬁivallable online athttp://www.biogeosciences.net/11/
yields and GHG emissions (Figs. 2 and 4S). In this Study12287/2014/bg-11-2287-2014-supp|ement.pdf
grain yield in the HY system increased by 39 % while GHG
emissions increased by only 10 %, and GHG emission inten-
sity was reduced by 21 %, compared to the CP system. This
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cereal crop production area in China, but it also appears to b&lew Century Excellent Talents in University (NCET-11-0478),
relevant for other high-yield cropping systems outside Chinaand the _Innovatiqn Group Grant of the National Natural Science
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