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Abstract: 

Nitrogen leaching from soils moves 

reactive nitrogen out of the root zone and 

into groundwater and surface waters. This 

process alters local and regional nitrogen 

budgets, reduces crop-available nitrogen, 

and decreases nutrient use efficiency 

(NUE). Leaching contributes to 

groundwater contamination, coastal 

eutrophication, and delays in nitrogen 

recovery because of subsurface legacy 

stores. Drivers include fertilizer rates, 

irrigation, soil texture, climate, and 

management. Measurement and modeling 

approaches vary in scale and accuracy. 

Case studies from intensive agricultural 

regions demonstrate both the magnitude of 

losses and the lagged influence of historical 

inputs. Effective mitigation integrates 

agronomic, technological, and policy 

measures: optimized fertilizer 

management, cover crops, controlled-

release fertilizers, and landscape buffers. 

Coordinated action can reduce leaching 

while maintaining yields and improving 

NUE. 

1. Introduction 

Nitrogen (N) underpins crop production 

worldwide. Farmers apply reactive N to 

boost yields. A significant share of this 

added N moves beyond crops. Leaching 

translocates nitrate (NO₃⁻) with percolating 

water. It removes N from the root zone. It 

contaminates groundwater and downstream 

waters. Losses harm human health and 

ecosystems. They also reduce on-farm 

nitrogen recovery and increase costs. 

Recent studies quantify large regional and 

global fluxes and highlight legacy effects in 

groundwater. These findings show that 

leaching is both an agronomic loss and an 

environmental problem.  

2. Conceptual link: leaching, the nitrogen 

cycle, and NUE 

Leaching is a physical export within the 

nitrogen cycle. It differs from gaseous 

losses (ammonia volatilization, 

denitrification) and surface runoff. When 
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nitrate leaches, it becomes part of 

subsurface and aquatic N pools. That alters 

timing and fate of N in landscapes. Nutrient 

use efficiency measures how much applied 

N is taken up by crops relative to input. 

High leaching lowers NUE because a 

portion of inputs leaves the crop system. 

Low NUE indicates inefficiency: farmers 

apply more N for the same yield. Improving 

NUE reduces both economic cost and 

environmental harm. Reviews define and 

measure NUE in multiple ways, including 

agronomic efficiency and recovery 

efficiency; both are sensitive to leaching 

losses.  

3. Mechanisms and pathways of nitrogen 

leaching 

Nitrate forms from mineralization and 

nitrification. It is highly soluble and carries 

a negative charge, so it does not bind 

strongly to soil particles. Water percolation 

transports nitrate downward. Pathways 

include matrix flow through soil pores and 

preferential flow via macropores, biopores, 

or cracks. Soil hydraulic properties control 

the speed and depth of transport. Deep 

percolation can reach the vadose zone and, 

over time, groundwater. Irrigation and 

heavy rainfall increase fluxes. Soil organic 

matter can retain some N, but this retention 

is limited for nitrate. Over time, vadose 

zone and groundwater act as sinks and 

slow-release sources—creating a legacy of 

past inputs that prolongs water-quality 

problems long after reduced applications.  

4. Environmental and agronomic 

impacts of leaching 

Ecological and human-health impacts are 

well documented. Elevated nitrate in 

drinking water is a health concern, 

particularly for infants 

(methemoglobinemia). Nitrate exported to 

rivers and coasts fuels eutrophication and 

hypoxia. Subsurface N contributes 

substantially to surface-water N loads via 

groundwater discharge. On farms, leaching 

reduces available N, forcing higher or 

repeated fertilizer applications to maintain 

yields. This cycle increases input costs and 

greenhouse-gas risk from higher overall N 

throughput. The interaction between 

leaching and other N loss pathways also 

alters greenhouse-gas balances; for 

example, reduced nitrate in soil may reduce 

denitrification potential under some 

conditions, but increased fertilizer 

application can raise N₂O emissions.  

5. Measurement and modeling of nitrate 

leaching 

Field measurement methods include 

lysimeters, pore-water samplers, suction 

cups, and groundwater monitoring. Each 

has trade-offs in scale and 

representativeness. Lysimeters provide 

direct leachate collection but are costly and 

localized. Suction cups are common but 
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may under-sample preferential flows. 

Modeling supplements measurements to 

estimate fluxes across scales. Models range 

from empirical leaching coefficients to 

process-based models (e.g., LEACHMN, 

SWAT, HYDRUS). Meta-analyses and 

compilations of field studies provide 

empirical relationships between N 

application and leaching losses. For 

example, a multi-site compilation showed 

systematic increases in leaching with higher 

N inputs across hundreds of site-years. 

Models must represent soil heterogeneity, 

management, timing of inputs, and weather 

to capture leaching dynamics accurately.  

6. Factors controlling leaching: soil, 

climate, and management 

Soil texture plays a major role. Coarse-

textured soils (sandy) transmit water 

quickly and have higher leaching 

vulnerability. Fine-textured soils can retain 

water longer, but macropore flow can still 

cause rapid transport. Climate determines 

the frequency of percolation events. 

Regions with high rainfall or irrigation 

exhibit greater leaching risk. Management 

factors include fertilizer rate, timing 

(synchrony with crop uptake), fertilizer 

form, irrigation scheduling, and crop 

choice. Excessive winter fallow after 

harvest leaves mineral N unutilized and 

susceptible to leaching. Long-term studies 

show that rotation and cover crops reduce 

residual mineral N and hence leaching. 

Organic amendments can change 

mineralization patterns and alter leaching 

risk depending on timing and rate. Meta-

analyses demonstrate systematic effects: 

organic fertilizers sometimes show slightly 

higher nitrate losses, while management 

practices like catch crops consistently 

reduce leaching.  

7. Case studies 

7.1 North China Plain: legacy nitrate and 

deep vadose-zone storage 

The North China Plain provides a clear 

example of intensive fertilizer use, shallow 

water tables in parts, and deep vadose-zone 

nitrate accumulation. Long-term high 

application rates have driven nitrate into 

deep soil layers. Groundwater quality 

suffers in many areas. Recent work 

highlights that nitrate in the vadose zone 

creates delayed contamination of aquifers, 

complicating mitigation because current 

reductions in fertilizer may take years to 

lower groundwater nitrate concentrations. 

This lag underscores the importance of 

preventing new leaching while addressing 

legacy stores.  

7.2 European catchments: mitigation 

through landscape measures 

Several European agricultural catchments 

show measurable improvements after 

implementing grassed buffer strips, riparian 

restoration, and reduced fertilizer inputs. 
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Buffer strips intercept runoff and shallow 

subsurface flow, denitrify nitrate in the root 

zone of buffer vegetation, and reduce 

riverine loads. Monitoring in temperate 

European catchments found that these strips 

reduce diffuse nitrate export and help 

protect sensitive downstream ecosystems. 

However, results vary with strip width, 

hydrology, and maintenance.  

7.3 US Midwest: tile drainage and 

management trade-offs 

In tile-drained systems, subsurface drainage 

expedites water movement and increases 

nitrate export to streams. Studies in the US 

Corn Belt show that tile drainage can 

double or triple dissolved nitrate loads 

relative to undrained systems, depending on 

management. Mitigation options include 

controlled drainage, wetlands, denitrifying 

bioreactors, and cover crops. Controlled 

drainage reduces outflow and can reduce 

nitrate concentration during sensitive 

periods. Bioreactors and constructed 

wetlands can remove nitrate in drainage 

before it reaches surface waters.  

8. Strategies to reduce leaching and 

improve NUE 

Effective strategies operate at field and 

landscape scales. They aim to align N 

supply with crop demand and intercept or 

remove N that leaves fields. 

8.1 Agronomic practices 

• Rate optimization. Apply only the N 

needed. Use soil testing and yield goals. 

• Timing and split application. Place N 

when crops can use it. Splitting reduces 

periods of excess mineral N. 

• Placement. Banding or deep placement 

reduces volatilization and can lower 

leaching compared with surface 

broadcasting. 

These practices increase NUE and reduce 

nitrate pools vulnerable to leaching. Field 

studies show that deep placement and split 

applications improve recovery and yield for 

many crops.  

8.2 Crop-based measures 

• Cover crops and catch crops. These 

capture residual N after harvest and 

immobilize it in biomass. They reduce 

winter and early-spring leaching. Meta-

analyses and regional studies report 

consistent reductions in nitrate leaching 

where cover crops are adopted. 

• Rotation selection. Rotations including 

deep-rooted or N-scavenging species 

reduce residual soil N.  

8.3 Fertilizer technology 

• Controlled-release and stabilized 

fertilizers. These deliver N over time and 

reduce mismatch with crop demand. Trials 

show reduced leaching with equivalent or 

better yields in many contexts. 

• Incorporation of organic amendments 
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with care for timing to prevent 

mineralization-driven leaching spikes.  

8.4 Landscape and edge-of-field 

measures 

• Buffer strips, wetlands, and bioreactors 

intercept and remove nitrate. They work as 

last-line defenses. Placement and design 

must match hydrology and expected loads. 

• Controlled drainage reduces peak 

outflows in tile systems.  

8.5 Precision agriculture and decision 

support 

Sensor-based soil N monitoring, remote 

sensing, and decision models can tailor 

inputs in near-real time. Precision tools can 

improve spatial and temporal matching of 

N supply and demand, reducing excess 

pools prone to leaching. Adoption barriers 

include cost, data literacy, and 

infrastructure.  

9. Policy, monitoring, and research needs 

Policy must balance food security and 

water quality. Regulation of N inputs and 

incentives for conservation practices both 

play roles. Long-term monitoring of 

groundwater and vadose zones is critical to 

detect legacy effects and to evaluate 

interventions. Research priorities include: 

improving models of preferential flow; 

quantifying deep-vadose and groundwater 

storage and release; understanding 

interactions between climate extremes and 

leaching; breeding crops with higher N 

uptake efficiency; and deploying 

economically viable precision 

technologies. Integrated policy frameworks 

that couple agricultural support with water-

quality goals yield better outcomes than 

fragmented approaches. Recent global 

assessments emphasize the need to address 

both current fluxes and legacy stores if 

surface-water and groundwater 

improvements are to be sustained.  

10. Conclusion 

Nitrogen leaching is a central challenge for 

sustainable agriculture and water quality. It 

removes plant-available N, lowers nutrient 

use efficiency, contaminates drinking 

water, and fuels downstream 

eutrophication. The problem spans scales—

from pore-scale preferential flow to 

continental groundwater legacy—and 

persists because of historical inputs that 

accumulate in subsurface stores. 

Measurement and modeling provide 

complementary perspectives; field data 

document responses to management, and 

models help scale findings across 

landscapes. 

Evidence indicates practical pathways to 

reduce leaching while maintaining yield. 

On-farm actions—optimized rates, split and 

deep placement, cover crops, and 

controlled-release fertilizers—improve 

NUE and reduce vulnerable nitrate pools. 

Landscape measures—buffer strips, 
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wetlands, bioreactors, and controlled 

drainage—serve as effective last lines of 

defense. Precision agriculture and decision 

support can further refine timing and 

placement, though adoption barriers 

remain. 

Policy and monitoring must reflect the lag 

between management change and water-

quality response. Groundwater and deep 

vadose-zone stores produce delayed 

outflows. Thus, reductions in fertilizer 

inputs today may take years to fully 

manifest in improved groundwater quality. 

Successful mitigation requires integrated 

strategies: sound agronomy, targeted edge-

of-field measures, long-term monitoring, 

economic incentives, and research that 

reduces uncertainty in transport and 

transformation processes. 
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