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1 | INTRODUCTION

Human activities have significantly perturbed the global cycle of

nitrogen by excess inputs of reactive nitrogen (N) to the environ-

ment (Rockström et al., 2009). The major anthropogenic sources of

N to the landscape are intensive agriculture associated with the use

of mineral fertilizers and manure, and atmospheric deposition result-

ing from the burning of fossil fuels and biomass (Duce et al., 2008).

At the global scale, N inputs to the land surface are much larger than

N sinks (Schlesinger, 2009) and have exceeded a critical level beyond

which abrupt and severe environmental change is likely to occur

(Rockström et al., 2009; Steffen et al., 2015). The consequences for

the environment, climate and human life are manifold: eutrophica-

tion of inland water bodies and receiving marine systems causing

toxic algal blooms, losses in biodiversity and aquatic ecosystem

functioning (Diaz & Rosenberg, 2008; Rabalais, 2002), greenhouse

gas emissions especially as nitrous oxide (Aguilera et al., 2021;

Galloway et al., 2003), and nitrate contamination of groundwater

with implications for safe drinking water production (EPA, 2007;

WHO, 2016).

Several national and international efforts have been made to

address the problems associated with excessive N inputs, including

the Clean Water Act (EPA, 1972) in the USA, and the Nitrates Direc-

tive (EU Commission, 1991), which is part of the Water Framework

Directive (EU Commission, 2000) in the EU. The Nitrates Directive

has been implemented to protect surface water and groundwater

across Europe against nitrate pollution and has resulted in the desig-

nation of Nitrate Vulnerable Zones (NVZs) in which action pro-

grammes that aim for balanced fertilization in agricultural areas have

been applied (Bouraoui & Grizzetti, 2011; EU Commission, 2021). The

European regulations have been successful in curbing net N input by

reducing fertilizer usage, increasing N use efficiency, and decreasing

atmospheric deposition (Bouraoui & Grizzetti, 2011). However,

improvement of water quality in EU streams has been minor since the

Directive's implementation: in-stream nitrate concentration has

decreased by 0.02% per year in the period 1992–2018, while no
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appreciable changes have been noticed for groundwater (EEA, 2022).

Similar observations have been made in North American landscapes

(Van Meter et al., 2018; Vero et al., 2018). In summary, the problem

of excess N in the environment is pervasive (EEA, 2018) and the per-

turbed N cycle is one of the most pressing environmental challenges

(Elser, 2011; Galloway et al., 2003). Therefore, diffuse N pollution

continues to be one of the largest pressures on both surface water

and groundwater bodies hindering the achievement of key environ-

mental objectives in the EU (EU Commission, 2021). This raises ques-

tions about the effectiveness of measures on the one hand

(Bouraoui & Grizzetti, 2011) and challenges the state of current

knowledge on reactive N transport in the landscape on the other

(Vero et al., 2018).

The fate of N in the terrestrial and aquatic systems is the result of

a complex interplay between hydrological transport and biogeochemi-

cal transformation processes in soil, subsurface (which includes the

unsaturated zone below the root zone as well as groundwater) and

surface water compartments (e.g., Böhlke & Denver, 1995; Liao

et al., 2012; Lutz et al., 2020). This interplay strongly depends on the

relation between hydrological transport and biogeochemical (reaction)

timescales in the different compartments (Kumar et al., 2020; Ocampo

et al., 2006). Both hydrological and biogeochemical processes can lead

to substantial legacy effects that result in accumulation of N in the soil

and subsurface, and time lags in the propagation of N input flux to N

responses in water bodies (Ascott et al., 2021; Basu et al., 2022). For

hydrological processes, long transport times of water and dissolved

mobile species of N (in particular nitrate) are documented in soil,

unsaturated zone and groundwater (e.g., Ascott et al., 2017; Kolbe

et al., 2019; Weitzman et al., 2022), creating a hydrological legacy. Sim-

ilarly, N can accumulate in immobile organic N pools in soils over long

time scales, creating a biogeochemical legacy (e.g. Sebilo et al., 2013;

Van Meter & Basu 2015). Both legacy types can thus cause a lack of

immediate response in surface water and groundwater to changes in

N inputs such that contemporary water quality is potentially influ-

enced by N inputs that entered the landscape years or decades ago

(e.g. Ascott et al., 2017; Bingham & Cotrufo, 2016; Van Meter

et al., 2017). Hence, N legacies have substantial implications for the

assessment of N-related measures and the resulting management

decisions and environmental policies (Ascott et al., 2021; Basu

et al., 2022; Vero et al., 2018).

Water quality models are indispensable tools for the assessment

of management decisions and environmental policies at the catchment

scale (Honti et al., 2017). Over the past decades, catchment-scale

water quality models with varying complexities and parameterizations

have been developed (e.g. SWAT, Arnold et al., 1998; INCA,

Whitehead et al., 1998; HYPE, Lindström et al., 2010). These models

mechanistically incorporate relevant processes and link N inputs to

catchment exports (Rode et al., 2010; Wang et al., 2012). They are

now commonly used to investigate present-state N concentrations

and loads, and to predict their future trajectories in groundwater and

surface water bodies under different management scenarios. While

the ability of these models to capture observed N concentrations in

streams is generally documented, little attention is paid to examining

whether and how well these existing models represent N-legacy

effects (Sarrazin et al., 2022; Van Meter & Basu, 2015). Here we

(1) briefly review and show if and how N legacies are represented in

current water quality models; and (2) propose stronger efforts

towards proper representation and assessment of legacy components

in water quality modelling. We aim at stimulating discussions in the

modelling community about conceptualisation, characterization and

evaluation of hidden legacy stores in catchment-scale water quality

models. In the spirit of “Getting the right answers for the right reasons”
(Kirchner, 2006), challenging the plausibility of internal model routines

will immensely benefit the overall credibility of water quality

assessments.

2 | REPRESENTATION OF N LEGACY IN
CATCHMENT SCALE WATER QUALITY
MODELS—A BRIEF OVERVIEW

Water quality models describing N transformation and transport at

the catchment scale typically include a soil compartment, where N

transformations (such as mineralization or denitrification), plant

uptake and leaching to a subsurface compartment are quantified, and

a subsurface compartment, in which transport and denitrification are

elaborated to varying degrees. The soil compartment is further subdi-

vided into a set of sub-compartments with organic (ON) and inorganic

N (IN) pools (Figure 1). Most models additionally differentiate

between an active (or fast) and inactive (also referred to as slow, pro-

tected or passive) ON pool (e.g. SWAT, Neitsch et al., 2011; HYPE,

Lindström et al., 2010; and ELEMeNT, Van Meter et al., 2017). The

active and inactive pools represent ON with fast and slow mineraliza-

tion rates to dissolved inorganic N (IN), respectively. Slow mineraliza-

tion of inactive ON can be caused by physical protection in soil

microaggregates, association with clay and silt particles, and biochemi-

cal stabilization of the ON compound itself hampering fast decompo-

sition (Paul, 2016; Six et al., 2002). Some models such as SWAT

(Neitsch et al., 2011) and LPJmL (von Bloh et al., 2018) additionally

include a fresh ON pool representing litter, crop residues and micro-

bial biomass. It is generally assumed that IN (and possibly some dis-

solved ON compounds; Lindström et al., 2010) can leach from the soil

to the subsurface compartment and be subsequently transported to

rivers.

The explicit representation of one or several soil pools and, in par-

ticular, of immobile soil ON can enable simulation of N storage in soils

over long timescales and thus of biogeochemical legacy effects of

excessive N inputs (Figure 1). While this representation is comparably

well established in current nutrient models, only very recently have

some studies analysed the temporal dynamics of soil N storage in

more detail (e.g., Ilampooranan et al., 2022; Lee et al., 2016; Sarrazin

et al., 2022; Van Meter et al., 2017, 2018). Accordingly, detailed ana-

lyses of the impact of model structure and/or parameter values on the

simulated build-up of soil ON have rarely been performed (but see,

e.g. Ilampooranan et al., 2022; Sarrazin et al., 2022). However, as N

fluxes from the soil pools propagate through the model
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compartments, we need to quantify and evaluate soil N legacy in

water quality models to more accurately simulate N fluxes and con-

centrations in receiving water bodies.

Most well-established water quality models thus have routines

for biogeochemical legacies, but they are often not evaluated or

checked against field observations. Considering the second type of

legacy that is, hydrological legacy, there is not only a lack of valida-

tion, but generally also a lack of model routines (or only theoretical

routines) to represent N legacy caused by long transport times in

the subsurface (e.g. Lindström et al., 2010; Neitsch et al., 2011).

Fortunately, there have been recent developments exploring the

representation of hydrological N legacy in water quality models

following two main approaches. The first is based on implementa-

tion of two storage compartments, that is, a passive and an active

hydrological storage, and is thus comparable to the implementa-

tion of an active and inactive ON pool in the soil compartment

(Shafii et al., 2019; Yang et al., 2018). The main challenge of this

approach lies in how to parameterise the size of the passive stor-

age and the exchange fluxes between active and passive storages

(Hrachowitz et al., 2016). Moreover, biogeochemical N processes

(e.g. denitrification) within the hydrologically passive storage are

usually neglected (Shafii et al., 2019; Yang et al., 2018). The sec-

ond approach for modelling hydrological legacy of N is based on

the concept of transit times, which essentially characterize the

journey of water and dissolved solutes from inflow (infiltration) to

outflow via discharge or evapotranspiration (e.g. Ilampooranan

et al., 2019; van der Velde et al., 2010; Wade et al., 2002). The

range of transit times caused by a large number of different flow

paths in a catchment is specified by the transit time distribution

(TTD; Botter et al., 2010; Harman, 2015; Rinaldo et al., 2011; van

der Velde et al., 2010). The TTD can be used to describe reactive

transport of dissolved IN along these flow paths to the stream net-

work (Figure 1). Therefore, it also allows representing long lag

times between mobilization of IN (N leaching) and its export to

streams (Ilampooranan et al., 2019; Nguyen et al., 2021; Van

Meter et al., 2017).

3 | HOW CAN WE BETTER REPRESENT N
LEGACIES IN MODELS?

Most of the current water quality models represent biogeochemical

legacy via simulation of N storage in soils. In contrast, efforts to

explore hydrological legacy for N are scarce and restricted to modelling

for scientific purposes, while established water quality models used

by practitioners typically do not consider this legacy component. One

reason for the latter is that the modelling focuses mainly on the repre-

sentation of in-stream concentrations and loads, which can be ade-

quately reproduced by current catchment-scale water quality models

via model calibration—despite the missing description of hydrological

legacy. However, as understanding and quantifying legacy stores is of

paramount importance to mitigate the negative effects of excessive

nutrient loads, water quality models need to represent both biogeo-

chemical and hydrological N legacy. Hence, new synthesis approaches

are needed in water quality models to better reflect and analyse the

joint effects of hydrological and biogeochemical legacies and the time-

scales in which they occur.

Water quality models that do implement hydrological N legacy

generally use TTDs that are constant in time (but see, e.g., van der

Velde et al., 2010; Ilampooranan et al., 2019; Nguyen et al., 2021).

While steady-state TTDs might be adequate to predict annual N

export, prediction of finer-scale N export dynamics and the role of

legacy in modifying these dynamics can benefit from recent advance-

ments by the hydrological modelling community in the description of

dynamic TTDs and storage selection (SAS) functions (Benettin et al.,

2017; Harman, 2015; Rinaldo et al., 2015; van der Velde et al., 2012).

Dynamic TTD descriptions have been increasingly used to simulate

the effect of hydrological conditions on reactive solute transport (e.g.,

Benettin et al., 2015; Kumar et al 2020; Lutz et al., 2017). They enable

us to represent and account for time-varying hydrological dynamics

more realistically as they allow incorporating knowledge on catchment

functioning under varying environmental conditions (Harman, 2015;

Rinaldo et al., 2011). Hence, we believe that N transport descriptions

with time-variant TTDs should be the preferred approach for

F IGURE 1 Schematic of N retention
and transformation processes, with an
emphasis on biogeochemical and
hydrological N legacy in catchment-scale
water quality models
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characterising hydrological N legacy, particularly at the sub-annual or

seasonal scale.

In the rainfall-runoff (water quantity) modelling community, there

is a growing tendency to report and evaluate model-internal compo-

nents such as simulated soil moisture, evapotranspiration, groundwa-

ter dynamics, and total water storage anomalies, to prevent the model

from giving good results for the wrong reasons (Bouaziz et al., 2021;

Clark et al., 2011; Rakovec et al., 2016). We argue that such model-

internal plausibility checks should also become a routine procedure in

water quality modelling. In particular, the effect of biogeochemical leg-

acy can become more evident and transparent only if modelling stud-

ies routinely report and quantify N build-up in the inactive ON pool

(Sarrazin et al., 2022). Hence, modelling studies should include, report

and critically analyse model-internal N fluxes and stores in addition to

concentrations in the receiving waters.

The scarcity of field data certainly poses limitations to a thorough

evaluation of simulated legacy stores in water quality models (Sarrazin

et al., 2022). Long-term data on the build-up of ON in soils are scarce

and often limited to a few locations and the top soil

(e.g. Jenkinson, 1991; Sebilo et al., 2013; Van Meter et al., 2016). Sim-

ilarly, although specific groundwater monitoring networks have been

established (e.g. in Europe in the context of the Water Framework

Directive), measurements of groundwater nitrate concentration

remain patchy in space (point measurements) and sporadic in time

(typically annual frequency). Hence, we need field data that are more

tailored to characterization of N legacies such as (i) soil ON measure-

ments over longer periods to quantify biogeochemical legacy;

(ii) nitrate concentrations in groundwater to evaluate simulated IN in

the subsurface; (iii) tracer data to constrain simulated TTDs (Benettin

et al., 2017; Rodriguez et al., 2021; Visser et al., 2019); (iv) field

assessments of denitrification in groundwater (Eschenbach

et al., 2018); (v) detailed spatial and temporal data on N input from

point and diffuse sources to facilitate quantification of N legacy from

N budgets (Ehrhardt et al., 2021; Van Meter & Basu, 2017) or trajec-

tories of N seasonality (Ebeling et al., 2021); and (vi) “soft data” such

as geochemical information on denitrification potential in the soil and

deeper subsurface. Regardless of the quantity and quality of these

observational data, uncertainties in simulated legacies associated with

model input data, structure and parameterisation need to be clearly

addressed and communicated (Sarrazin et al., 2022).

In summary, we want to instigate a broader discussion in the

water quality modelling community about the need for explicit simula-

tion and assessment of legacy components in their models, and call

for concerted efforts between and among modellers and experimental

scientists to gather field data that can inform the modelling of N lega-

cies (Basu et al., 2022; Fu et al., 2020). Such efforts can only thrive

once we overcome disciplinary boundaries between water quantity

and quality modelling as well as between modelling and experimental

research on N in soils and groundwater. We believe that the explicit

simulation and reporting of biogeochemical and hydrological legacy

will provide essential insights into model functioning and realism, and

eventually result in more vigorous efforts to collect field data on N

legacy. Interdisciplinary and transdisciplinary efforts to quantify legacy

components will greatly benefit not only the scientific community but

also society as a whole, as they will lead to more credible estimates of

the hidden legacy components and make their impact quantifiable for

water managers, lawmakers, farmers and other stakeholders. This is

one of the overarching goals of water quality modelling and paves the

way for a fundamental contribution to mitigating human perturbations

of the global N cycle.

AUTHOR CONTRIBUTIONS

This paper emerged from a team effort by Andreas Musolff, Fanny

J. Sarrazin, Pia Ebeling, Rohini Kumar, Stefanie R. Lutz and Tam

V. Nguyen within a water quality modelling initiative led by Sabine

Attinger and Andreas Musolff. Fanny J. Sarrazin, Stefanie R. Lutz

and Tam V. Nguyen performed a model review serving as basis of

the manuscript. Rohini Kumar and Tam V. Nguyen designed the fig-

ure. Rohini Kumar and Stefanie R. Lutz directed the writing pro-

cess. Andreas Musolff, Fanny J. Sarrazin, Kimberley J. Van Meter,

Nandita B. Basu, Jan H. Fleckenstein, Pia Ebeling, Rohini Kumar,

Stefanie R. Lutz and Tam V. Nguyen contributed to the final

manuscript.

ACKNOWLEDGEMENTS

Fanny Sarrazin, Rohini Kumar and Sabine Attinger acknowledge the

Advanced Earth Modelling Capacity (ESM) project funded by the

Helmholtz Association (grant no. ZT-0003).

ORCID

Tam Van Nguyen https://orcid.org/0000-0001-9111-4393

REFERENCES

Aguilera, E., Sanz-Cobena, A., Infante-Amate, J., García-Ruiz, R., Vila-

Traver, J., Guzmán, G. I., González de Molina, M., Rodríguez, A.,

Piñero, P., & Lassaletta, L. (2021). Long-term trajectories of the C foot-

print of N fertilization in Mediterranean agriculture (Spain, 1860–
2018). Environmental Research Letters, 16, 085010. https://doi.org/10.

1088/1748-9326/ac17b7

Arnold, J. G., Srinivasan, R., Muttiah, R. S., & Williams, J. R. (1998). Large

area hydrologic modeling and assessment. Part 1: Model development.

Journal of the American Water Research Association, 34(1), 73–89.
https://doi.org/10.1111/j.1752-1688.1998.tb05961.x

Ascott, M. J., Gooddy, D. C., Fenton, O., Vero, S., Ward, R. S., Basu, N. B.,

Worrall, F., Van Meter, K., & Surridge, B. W. J. (2021). The need to

integrate legacy nitrogen storage dynamics and time lags into policy

and practice. Science of the Total Environment, 781, 146698. https://

doi.org/10.1016/j.scitotenv.2021.146698

Ascott, M. J., Gooddy, D. C., Wang, L., Stuart, M. E., Lewis, M. A.,

Ward, R. S., & Binley, A. M. (2017). Global patterns of nitrate storage

in the vadose zone. Nature Communications, 8(1), 1–7. https://doi.org/
10.1038/s41467-017-01321-w

Basu, N. B., Van Meter, K. J., Byrnes, D. K., Van Cappellen, P., Brouwer, R.,

Jacobsen, B. H., Jarsjö, J., Rudolph, D. L., Cunha, M. C., Nelson, N.,

Bhattacharya, R., Destouni, G., & Olsen, S. B. (2022). Managing nitro-

gen legacies to accelerate water quality improvement. Nature Geosci-

ence, 15(2), 97–105. https://doi.org/10.1038/s41561-021-00889-9
Benettin, P., Kirchner, J. W., Rinaldo, A., & Botter, G. (2015). Modeling

chloride transport using travel time distributions at Plynlimon. Wales.

Water Resources Research, 51(5), 3259–3276.
Benettin, P., Soulsby, C., Birkel, C., Tetzlaff, D., Botter, G., & Rinaldo, A.

(2017). Using SAS functions and high-resolution isotope data to

unravel travel time distributions in headwater catchments. Water

4 of 7 COMMENTARY

 10991085, 2022, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hyp.14682 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [27/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0001-9111-4393
https://orcid.org/0000-0001-9111-4393
https://doi.org/10.1088/1748-9326/ac17b7
https://doi.org/10.1088/1748-9326/ac17b7
https://doi.org/10.1111/j.1752-1688.1998.tb05961.x
https://doi.org/10.1016/j.scitotenv.2021.146698
https://doi.org/10.1016/j.scitotenv.2021.146698
https://doi.org/10.1038/s41467-017-01321-w
https://doi.org/10.1038/s41467-017-01321-w
https://doi.org/10.1038/s41561-021-00889-9


Resources Research, 53, 1864–1878. https://doi.org/10.1002/

2016WR020117

Bingham, A. H., & Cotrufo, M. F. (2016). Organic nitrogen storage in min-

eral soil: Implications for policy and management. Science of the Total

Environment, 551–552, 116–126. https://doi.org/10.1016/j.scitotenv.
2016.02.020

Böhlke, J., & Denver, J. (1995). Combined use of groundwater dating,

chemical, and isotopic analyses to resolve the history and fate of

nitrate contamination in two agricultural watersheds, Atlantic coastal

plain, Maryland. Water Resources Research, 31, 2319–2339. https://
doi.org/10.1029/95WR01584

Botter, G., Bertuzzo, E., & Rinaldo, A. (2010). Transport in the hydrologic

response: Travel time distributions, soil moisture dynamics, and the

old water paradox. Water Resources Research, 46(3), W03514. https://

doi.org/10.1029/2009WR008371

Bouaziz, L. J. E., Fenicia, F., Thirel, G., de Boer-Euser, T., Buitink, J.,

Brauer, C. C., De Niel, J., Dewals, B. J., Drogue, G., Grelier, B.,

Melsen, L. A., Moustakas, S., Nossent, J., Pereira, F., Sprokkereef, E.,

Stam, J., Weerts, A. H., Willems, P., Savenije, H. H. G., &

Hrachowitz, M. (2021). Behind the scenes of streamflow model perfor-

mance. Hydrology and Earth System Sciences, 25, 1069–1095. https://
doi.org/10.5194/hess-25-1069-2021

Bouraoui, F., & Grizzetti, B. (2011). Long term change of nutrient concentra-

tions of rivers discharging in European seas. Science of the Total Environ-

ment, 409(23), 4899–4916. https://doi.org/10.1016/j.scitotenv.2011.

08.015

Clark, M. P., Kavetski, D., & Fenicia, F. (2011). Pursuing the method of mul-

tiple working hypotheses for hydrological modeling. Water Resources

Research, 47, W09301. https://doi.org/10.1029/2010WR009827

Diaz, R. J., & Rosenberg, R. (2008). Spreading dead zones and conse-

quences for marine ecosystems. Science, 321(5891), 926–929. https://
doi.org/10.1126/science.1156401

Duce, R. A., LaRoche, J., Altieri, K., Arrigo, K. R., Baker, A. R., Capone, D. G.,

Cornell, S., Dentener, F., Galloway, J., Ganeshram, R. S., Geider, R. J.,

Jickells, T., Kuypers, M. M., Langlois, R., Liss, P. S., Liu, S. M.,

Middelburg, J. J., Moore, C. M., Nickovic, S., … Zamora, L. (2008). Impacts

of atmospheric anthropogenic nitrogen on the Open Ocean. Science,

320(5878), 893–897. https://doi.org/10.1126/science.1150369
Ebeling, P., Dupas, R., Abbott, B., Kumar, R., Ehrhardt, S.,

Fleckenstein, J. H., & Musolff, A. (2021). Long-term nitrate trajectories

vary by season in Western European catchments. Global Biogeochemical

Cycles, 35, e2021GB007050. https://doi.org/10.1029/2021GB007050

EEA (2018). European waters. Assessment of status and pressures 2018,

European Environment Agency EEA Report No 7/2018, 2018.

EEA (2022). Indicator assessment: Nutrients in freshwater in Europe.

https://www.eea.europa.eu/ims/nutrients-in-freshwater-in-europe.

Ehrhardt, S., Ebeling, P., Dupas, R., Kumar, R., Fleckenstein, J. H., &

Musolff, A. (2021). Nitrate transport and retention in Western

European catchments are shaped by hydroclimate and subsurface

properties. Water Resources Research, 57, e2020WR029469. https://

doi.org/10.1029/2020WR029469

Elser, J. J. (2011). Geochemistry. A world awash with nitrogen. Science,

334(6062), 1504–1505. https://doi.org/10.1126/science.1215567
EPA (1972). Federal Water Pollution Control act Amendments of 1972.

Public Law 92-500.

EPA (2007). Environmental Protection Agency: Nitrates and nitrites,

Chemical Summary, TEA CH database, https://archive.epa.gov/

region5/teach/web/pdf/nitrates_summary.pdf.

Eschenbach, W., Budziak, D., Elbracht, J., Höper, H., Krienen, L., Kunkel, R.,

Meyer, K., Well, R., & Wendland, F. (2018). Möglichkeiten und Gren-

zen der Validierung flächenhaft modellierter Nitrateinträge ins Grund-

wasser mit der N2/Ar-Methode. Grundwasser, 23, 125–139. https://
doi.org/10.1007/s00767-018-0391-6

EU Commission. (1991). Directive 91/676/EEC. Council directive of

12 December 1991 concerning the protection of waters against

pollution caused by nitrates from agricultural sources. Official Journal

of European Community, L375, 1–8.
EU Commission. (2000). Directive 2000/60/EC of the European Parlia-

ment and of the council of 23 October 2000 on establishing a frame-

work for community action in the field of water policy. Official Journal

of European Community, L327, 1–72.
EU Commission (2021). Report from the Commission to the Council and

the European Parliament on the implementation of Council Directive

91/676/EEC concerning the protection of waters against pollution

caused by nitrates from agricultural sources based on Member State

reports for the period 2016–2019, COM(2021) 1000 final, Brussels,

Belgium, https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=

CELEX:52021DC1000&from=EN

Fu, B., Horsburgh, J. S., Jakeman, A. J., Gualtieri, C., Arnold, T., Marshall, L.,

Green, T. R., Quinn, N. W. T., Volk, M., Hunt, R. J., Vezzaro, L.,

Croke, B. F. W., Jakeman, J. D., Snow, V., & Rashleigh, B. (2020).

Modeling water quality in watersheds: From here to the next genera-

tion. Water Resources Research, 56, e2020WR027721. https://doi.org/

10.1029/2020WR027721

Galloway, J., Aber, J., Erisman, J., Seitzinger, S., Howarth, R.,

Cowling, E., & Cosby, B. (2003). The nitrogen Cascade. Bioscience,

53(4), 341–356. https://doi.org/10.1641/0006-3568(2003)053

[0341:TNC]2.0.CO;2

Harman, C. J. (2015). Time-variable transit time distributions and trans-

port: Theory and application to storage-dependent transport of chlo-

ride in a watershed. Water Resources Research, 51(1), 1–30.
Honti, M., Schuwirth, N., Rieckermann, J., & Stamm, C. (2017). Can integra-

tive catchment management mitigate future water quality issues

caused by climate change and socio-economic development? Hydrol-

ogy and Earth System Sciences, 21, 1593–1609. https://doi.org/10.

5194/hess-21-1593-2017

Hrachowitz, M., Benettin, P., van Breukelen, B. M., Fovet, O.,

Howden, N. J., Ruiz, L., van der Velde, Y., & Wade, A. J. (2016). Transit

times—The link between hydrology and water quality at the catchment

scale. Wiley Interdisciplinary Reviews Water, 3(5), 629–657. https://doi.
org/10.1002/wat2.1155

Ilampooranan, I., Van Meter, K. J., & Basu, N. B. (2019). A race against time:

Modeling time lags in watershed response. Water Resources Research,

55(5), 3941–3959. https://doi.org/10.1029/2018WR023815

Ilampooranan, I., Van Meter, K. J., and Basu, N. B. (2022). Intensive agricul-

ture, nitrogen legacies, and water quality: intersections and implica-

tions. Environmental Research Letters, 17(3), 035006. https://doi.org/

10.1088/1748-9326/ac55b5

Jenkinson, D. S. (1991). The Rothamsted long-term experiments: Are they

still of use? Agronomy Journal, 83(1), 2–10. https://doi.org/10.2134/
agronj1991.00021962008300010008x

Kirchner, J. W. (2006). Getting the right answers for the right reasons:

Linking measurements, analyses, and models to advance the science of

hydrology. Water Resource Research, 42, W03S04. https://doi.org/10.

1029/2005WR004362

Kolbe, T., de Dreuzy, J.-R., Abbott, B. W., Aquilina, L., Babey, T.,

Green, C. T., Fleckenstein, J. H., Labasque, T., Laverman, A. M.,

Marçais, J., Peiffer, S., Thomas, Z., & Pinay, G. (2019). Stratification of

reactivity determines nitrate removal in groundwater. Proceedings of

the National Academy of Sciences, 116, 2494–2499. https://doi.org/10.
1073/pnas.1816892116

Kumar, R., Heße, F., Rao, P. S. C., Musolff, A., Jawitz, J. W., Sarrazin, F.,

Samaniego, L., Fleckenstein, J. H., Rakovec, O., Thober, S., &

Attinger, S. (2020). Strong hydroclimatic controls on vulnerability to

subsurface nitrate contamination across Europe. Nature Communica-

tions, 11, 6302. https://doi.org/10.1038/s41467-020-19955-8

Lee, M., Shevliakova, E., Malyshev, S., Milly, P. C. D., & Jaffé, P. R. (2016).

Climate variability and extremes, interacting with nitrogen storage,

amplify eutrophication risk. Geophysical Research Letters, 43(14),

7520–7528. https://doi.org/10.1002/2016GL069254

COMMENTARY 5 of 7

 10991085, 2022, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hyp.14682 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [27/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/2016WR020117
https://doi.org/10.1002/2016WR020117
https://doi.org/10.1016/j.scitotenv.2016.02.020
https://doi.org/10.1016/j.scitotenv.2016.02.020
https://doi.org/10.1029/95WR01584
https://doi.org/10.1029/95WR01584
https://doi.org/10.1029/2009WR008371
https://doi.org/10.1029/2009WR008371
https://doi.org/10.5194/hess-25-1069-2021
https://doi.org/10.5194/hess-25-1069-2021
https://doi.org/10.1016/j.scitotenv.2011.08.015
https://doi.org/10.1016/j.scitotenv.2011.08.015
https://doi.org/10.1029/2010WR009827
https://doi.org/10.1126/science.1156401
https://doi.org/10.1126/science.1156401
https://doi.org/10.1126/science.1150369
https://doi.org/10.1029/2021GB007050
https://www.eea.europa.eu/ims/nutrients-in-freshwater-in-europe
https://doi.org/10.1029/2020WR029469
https://doi.org/10.1029/2020WR029469
https://doi.org/10.1126/science.1215567
https://archive.epa.gov/region5/teach/web/pdf/nitrates_summary.pdf
https://archive.epa.gov/region5/teach/web/pdf/nitrates_summary.pdf
https://doi.org/10.1007/s00767-018-0391-6
https://doi.org/10.1007/s00767-018-0391-6
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52021DC1000&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52021DC1000&from=EN
https://doi.org/10.1029/2020WR027721
https://doi.org/10.1029/2020WR027721
https://doi.org/10.1641/0006-3568(2003)053%5B0341:TNC%5D2.0.CO;2
https://doi.org/10.1641/0006-3568(2003)053%5B0341:TNC%5D2.0.CO;2
https://doi.org/10.5194/hess-21-1593-2017
https://doi.org/10.5194/hess-21-1593-2017
https://doi.org/10.1002/wat2.1155
https://doi.org/10.1002/wat2.1155
https://doi.org/10.1029/2018WR023815
https://doi.org/10.1088/1748-9326/ac55b5
https://doi.org/10.1088/1748-9326/ac55b5
https://doi.org/10.2134/agronj1991.00021962008300010008x
https://doi.org/10.2134/agronj1991.00021962008300010008x
https://doi.org/10.1029/2005WR004362
https://doi.org/10.1029/2005WR004362
https://doi.org/10.1073/pnas.1816892116
https://doi.org/10.1073/pnas.1816892116
https://doi.org/10.1038/s41467-020-19955-8
https://doi.org/10.1002/2016GL069254


Liao, L., Green, C. T., Bekins, B. A., & Böhlke, J. K. (2012). Factors control-

ling nitrate fluxes in groundwater in agricultural areas. Water Resource

Research, 48, W00L09. https://doi.org/10.1029/2011WR011008

Lindström, G., Pers, C., Rosberg, J., Strömqvist, J., & Arheimer, B. (2010).

Development and testing of the HYPE (hydrological predictions for

the environment) water quality model for different spatial scales.

Hydrology Research, 41(3–4), 295–319. https://doi.org/10.2166/nh.

2010.007

Lutz, S. R., Trauth, N., Musolff, A., Van Breukelen, B. M., Knöller, K., &

Fleckenstein, J. H. (2020). How important is denitrification in riparian

zones? Combining end-member mixing and isotope modeling to quan-

tify nitrate removal from riparian groundwater. Water Resources

Research, 56(1), 1–32. https://doi.org/10.1029/2019WR025528

Lutz, S. R., van der Velde, Y., Elsayed, O. F., Imfeld, G., Lefrancq, M.,

Payraudeau, S., & van Breukelen, B. M. (2017). Pesticide fate on catch-

ment scale: Conceptual modelling of stream CSIA data. Hydrology and

Earth System Sciences, 21(10), 5243–5261. https://doi.org/10.5194/
hess-21-5243-2017

Neitsch, S. L., Arnold, J. G., Kiniry, J. R., & Williams, J. R. (2011). Soil and

water assessment tool theoretical documentation version 2009. Texas

Water Resources Institute. https://hdl.handle.net/1969.1/128050

Nguyen, T. V., Kumar, R., Lutz, S. R., Musolff, A., Yang, J., &

Fleckenstein, J. H. (2021). Modeling nitrate export from a mesoscale

catchment using storage selection functions. Water Resources Research,

57, e2020WR028490. https://doi.org/10.1029/2020WR028490

Ocampo, C. J., Oldham, C. E., & Sivapalan, M. (2006). Nitrate attenuation

in agricultural catchments: Shifting balances between transport and

reaction. Water Resources Research, 42, W01408. https://doi.org/10.

1029/2004WR003773

Paul, E. (2016). The nature and dynamics of soil organic matter: Plant

inputs, microbial transformations, and organic matter stabilization. Soil

Biology and Biochemistry, 98, 109–126. https://doi.org/10.1016/j.

soilbio.2016.04.001

Rabalais, N. N. (2002). Nitrogen in aquatic ecosystems. Ambio, 31(2), 102–
112. https://doi.org/10.1579/0044-7447-31.2.102

Rakovec, O., Kumar, R., Mai, J., Cuntz, M., Thober, S., Zink, M., Attinger, S.,

Schäfer, D., Schrön, M., & Samaniego, L. (2016). Multiscale and multi-

variate evaluation of water fluxes and states over European river

basins. Journal of Hydrometeorology, 17(1), 287–307. https://doi.org/
10.1175/JHM-D-15-0054.1

Rinaldo, A., Benettin, P., Harman, C. J., Hrachowitz, M., McGuire, K. J., van

der Velde, Y., Bertuzzo, E., & Botter, G. (2015). Storage selection func-

tions: A coherent framework for quantifying how catchments store

and release water and solutes, water Resour. Résumé, 51, 4840–4847.
https://doi.org/10.1002/2015WR017273

Rinaldo, A., Beven, K. J., Bertuzzo, E., Nicotina, L., Davies, J., Fiori, A.,

Russo, D., & Botter, G. (2011). Catchment travel time distributions and

water flow in soils. Water Resources Research, 47(7), W07537. https://

doi.org/10.1029/2011WR010478

Rockström, J., Steffen, W., Noone, K., Persson, Å., Chapin, F. S., Lambin, E.,

Lenton, T. M., Scheffer, M., Folke, C., Schellnhuber, H. J., Nykvist, B.,

de Wit, C. A., Hughes, T., van der Leeuw, S., Rodhe, H., Sörlin, S.,

Snyder, P. K., Costanza, R., Svedin, U., … Foley, J. (2009). Planetary

boundaries: Exploring the safe operating space for humanity. Ecology

and Society, 14(2).

Rode, M., Arhonditsis, G., Balin, D., Kebede, T., Krysanova, V., van

Griensven, A., & van der Zee, S. E. A. T. M. (2010). New challenges in

integrated water quality modelling. Hydrological Processes, 24(24),

3447–3461. https://doi.org/10.1002/hyp.7766
Rodriguez, N. B., Pfister, L., Zehe, E., & Klaus, J. (2021). A comparison of

catchment travel times and storage deduced from deuterium and tri-

tium tracers using StorAge selection functions. Hydrology and Earth

System Sciences, 25(1), 401–428. https://doi.org/10.5194/hess-25-

401-2021

Sarrazin, F. J., Kumar, R., Basu, N. B., Musolff, A., Weber, M., Van

Meter, K. J., & Attinger, S. (2022). Characterizing catchment-scale

nitrogen legacies and constraining their uncertainties. Water Resources

Research, 58, e2021WR031587. https://doi.org/10.1029/

2021WR031587

Schlesinger, W. H. (2009). On the fate of anthropogenic nitrogen. Proceed-

ings of the National Academy of Sciences, 106(1), 203–208. https://doi.
org/10.1073/pnas.0810193105

Sebilo, M., Mayer, B., Nicolardot, B., Pinay, G., & Mariotti, A. (2013). Long-

term fate of nitrate fertilizer in agricultural soils. Proceedings of the

National Academy of Sciences, 110(45), 18185–18189. https://doi.org/
10.1073/pnas.1305372110

Shafii, M., Craig, J. R., Macrae, M. L., English, M. C., Schiff, S. L., Van

Cappellen, P., & Basu, N. B. (2019). Can improved flow partitioning in

hydrologic models increase biogeochemical predictability? Water

Resources Research, 55(4), 2939–2960.
Six, J., Conant, R. T., Paul, E. A., & Paustian, K. (2002). Stabilization mecha-

nisms of soil organic matter: Implications for C-saturation of soils.

Plant and Soil, 241(2), 155–176. https://doi.org/10.1023/A:

1016125726789

Steffen, W., Richardson, K., Rockström, J., Cornell, S. E., Fetzer, I.,

Bennett, E. M., Biggs, R., Carpenter, S. R., Vries, W.d., de Wit, C. A.,

Folke, C., Gerten, D., Heinke, J., Mace, G. M., Persson, L. M.,

Ramanathan, V., Reyers, B., & Sörlin, S. (2015). Planetary boundaries:

Guiding human development on a changing planet. Science, 347(6223),

1259855. https://doi.org/10.1126/science.1259855

van der Velde, Y., De Rooij, G. H., Rozemeijer, J. C., Van Geer, F. C., &

Broers, H. P. (2010). Nitrate response of a lowland catchment: On the

relation between stream concentration and travel time distribution

dynamics. Water Resources Research, 46(11), W11534. https://doi.org/

10.1029/2010WR009105

van der Velde, Y., Torfs, P. J. J. F., van der Zee, S. E. A. T. M., &

Uijlenhoet, R. (2012). Quantifying catchment-scale mixing and its

effect on time-varying travel time distributions. Water Resources

Research, 48, W06536. https://doi.org/10.1029/2011WR011310

Van Meter, K. J., & Basu, N. B. (2015). Catchment legacies and time lags:

A parsimonious watershed model to predict the effects of legacy stor-

age on nitrogen Export. PLOS ONE 10(5), e0125971. https://doi.org/

10.1371/journal.pone.0125971

Van Meter, K. J., & Basu, N. B. (2017). Time lags in watershed-scale nutri-

ent transport: An exploration of dominant controls. Environmental

Research Letters, 12(8), 084017. https://doi.org/10.1088/1748-9326/

aa7bf4

Van Meter, K. J., Basu, N. B., & Van Cappellen, P. (2017). Two centuries of

nitrogen dynamics: Legacy sources and sinks in the Mississippi and

Susquehanna River basins. Global Biogeochemical Cycles, 31(1), 2–23.
https://doi.org/10.1002/2016GB005498

Van Meter, K. J., Basu, N. B., Veenstra, J. J., & Burras, C. L. (2016). The

nitrogen legacy: Emerging evidence of nitrogen accumulation in

anthropogenic landscapes. Environmental Research Letters, 11(3),

035014. https://doi.org/10.1088/1748-9326/11/3/035014

Van Meter, K. J., Cappellen, P. V., & Basu, N. B. (2018). Legacy nitrogen

may prevent achievement of water quality goals in the Gulf of Mexico.

Science, 360, 427–430. https://doi.org/10.1126/science.aar4462
Vero, S., Basu, N., Van Meter, K., Richards, K. G., Mellander, P.-E.,

Healy, M. G., & Fenton, O. (2018). Review: The environmental status

and implications of the nitrate time lag in Europe and North America.

Hydrogeology Journal, 26, 7–22. https://doi.org/10.1007/

1510s10040-017-1650-9

Visser, A., Thaw, M., Deinhart, A., Bibby, R., Safeeq, M., Conklin, M.,

Esser, B., & van der Velde, Y. (2019). Cosmogenic isotopes unravel the

hydrochronology and water storage dynamics of the southern sierra

critical zone. Water Resources Research, 55, 1429–1450. https://doi.
org/10.1029/2018WR023665

6 of 7 COMMENTARY

 10991085, 2022, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hyp.14682 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [27/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1029/2011WR011008
https://doi.org/10.2166/nh.2010.007
https://doi.org/10.2166/nh.2010.007
https://doi.org/10.1029/2019WR025528
https://doi.org/10.5194/hess-21-5243-2017
https://doi.org/10.5194/hess-21-5243-2017
https://hdl.handle.net/1969.1/128050
https://doi.org/10.1029/2020WR028490
https://doi.org/10.1029/2004WR003773
https://doi.org/10.1029/2004WR003773
https://doi.org/10.1016/j.soilbio.2016.04.001
https://doi.org/10.1016/j.soilbio.2016.04.001
https://doi.org/10.1579/0044-7447-31.2.102
https://doi.org/10.1175/JHM-D-15-0054.1
https://doi.org/10.1175/JHM-D-15-0054.1
https://doi.org/10.1002/2015WR017273
https://doi.org/10.1029/2011WR010478
https://doi.org/10.1029/2011WR010478
https://doi.org/10.1002/hyp.7766
https://doi.org/10.5194/hess-25-401-2021
https://doi.org/10.5194/hess-25-401-2021
https://doi.org/10.1029/2021WR031587
https://doi.org/10.1029/2021WR031587
https://doi.org/10.1073/pnas.0810193105
https://doi.org/10.1073/pnas.0810193105
https://doi.org/10.1073/pnas.1305372110
https://doi.org/10.1073/pnas.1305372110
https://doi.org/10.1023/A:1016125726789
https://doi.org/10.1023/A:1016125726789
https://doi.org/10.1126/science.1259855
https://doi.org/10.1029/2010WR009105
https://doi.org/10.1029/2010WR009105
https://doi.org/10.1029/2011WR011310
https://doi.org/10.1371/journal.pone.0125971
https://doi.org/10.1371/journal.pone.0125971
https://doi.org/10.1088/1748-9326/aa7bf4
https://doi.org/10.1088/1748-9326/aa7bf4
https://doi.org/10.1002/2016GB005498
https://doi.org/10.1088/1748-9326/11/3/035014
https://doi.org/10.1126/science.aar4462
https://doi.org/10.1007/1510s10040-017-1650-9
https://doi.org/10.1007/1510s10040-017-1650-9
https://doi.org/10.1029/2018WR023665
https://doi.org/10.1029/2018WR023665


von Bloh, W., Schaphoff, S., Müller, C., Rolinski, S., Waha, K., & Zaehle, S.

(2018). Implementing the nitrogen cycle into the dynamic global vege-

tation, hydrology, and crop growth model LPJmL (version 5.0). Geos-

cientific Model Development, 11, 2789–2812. https://doi.org/10.5194/
gmd-11-2789-2018

Wade, A. J., Durand, P., Beaujouan, V., Wessel, W. W., Raat, K. J.,

Whitehead, P. G., Butterfield, D., Rankinen, K., & Lepisto, A. (2002). A

nitrogen model for European catchments: INCA, new model structure

and equations. Hydrology and Earth System Sciences, 6, 559–582.
https://doi.org/10.5194/hess-6-559-2002

Wang, L., Stuart, M. E., Bloomfield, J. P., Butcher, A. S., Gooddy, D. C.,

McKenzie, A. A., Lewis, M. A., & Williams, A. T. (2012). Prediction of

the arrival of peak nitrate concentrations at the water table at the

regional scale in Great Britain. Hydrological Processes, 26(2), 226–239.
https://doi.org/10.1002/hyp.8164

Weitzman, J. N., Brooks, J. R., Compton, J. E., Faulkner, B. R., Mayer, P. M.,

Peachey, R. E., Rugh, W. D., Coulombe, R. A., Hatteberg, B., &

Hutchins, S. R. (2022). Deep soil nitrogen storage slows nitrate leach-

ing through the vadose zone. Agriculture, Ecosystems and Environment,

332, 107949. https://doi.org/10.1016/j.agee.2022.107949

Whitehead, P. G., Wilson, E. J., & Butterfield, D. (1998). A semi-distributed

integrated nitrogen model for multiple source assessment in

catchments (INCA): Part I—Model structure and process equations.

Science of the Total Environment, 210-211, 547–558. https://doi.org/
10.1016/S0048-9697(98)00037-0

WHO. (2016). Nitrate and nitrite in drinking-water—Background document

for development of WHO guidelines for drinking-water quality

(No. WHO/FWC/WSH/16.52). World Health Organization1525(WHO)

Press.

Yang, X., Jomaa, S., Zink, M., Fleckenstein, J. H., Borchardt, D., & Rode, M.

(2018). A new fully distributed model of nitrate transport and removal

at catchment scale. Water Resources Research, 54(8), 5856–5877.
https://doi.org/10.1029/2017WR022380

How to cite this article: Lutz, S. R., Ebeling, P., Musolff, A.,

Van Nguyen, T., Sarrazin, F. J., Van Meter, K. J., Basu, N. B.,

Fleckenstein, J. H., Attinger, S., & Kumar, R. (2022). Pulling the

rabbit out of the hat: Unravelling hidden nitrogen legacies in

catchment-scale water quality models. Hydrological Processes,

36(10), e14682. https://doi.org/10.1002/hyp.14682

COMMENTARY 7 of 7

 10991085, 2022, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hyp.14682 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [27/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5194/gmd-11-2789-2018
https://doi.org/10.5194/gmd-11-2789-2018
https://doi.org/10.5194/hess-6-559-2002
https://doi.org/10.1002/hyp.8164
https://doi.org/10.1016/j.agee.2022.107949
https://doi.org/10.1016/S0048-9697(98)00037-0
https://doi.org/10.1016/S0048-9697(98)00037-0
https://doi.org/10.1029/2017WR022380
https://doi.org/10.1002/hyp.14682

	Pulling the rabbit out of the hat: Unravelling hidden nitrogen legacies in catchment-scale water quality models
	1  INTRODUCTION
	2  REPRESENTATION OF N LEGACY IN CATCHMENT SCALE WATER QUALITY MODELS-A BRIEF OVERVIEW
	3  HOW CAN WE BETTER REPRESENT N LEGACIES IN MODELS?
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	REFERENCES


