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Executive Summary

Research questions

1.  What key catchment processes influence lags in water
quality response to diffuse pollution control measures
(hereafter the measures)?

2. What (inter)national evidence base is available on lags
in water quality response to measures for each type
of measure and pollutant, i.e. fotal phosphorus (P),
soluble reactive inorganic phosphorus (SRP), total
nitrogen (TN), nitrate, faecal indicator organisms
(FIO), and sediment?

3. Isit possible to define/identify catchment typologies
in Scotland to estimate lags in water quality response
for each pollutant and type of measure? If not, why
not?

Background

SEPA implement regulatory and incentivised measures to
protect and improve water quality. The intended effects
of the various measures implemented are to: (i) avoid or
reduce inputs of pollutants at source (Source control);
(i) control / delay transport of pollutants in-field (in field
Transport control); and (iii) trap pollutants before they
reach waterbodies (riparian Trapping). Estimating lags in
water quality response to measures (Definition 1) based
on catchment typologies (Definition 2) could help SEPA
to improve diffuse pollution control and communicate to
stakeholders the causes of the perceived lack of response
to measures in waterbodies that have not improved yet.

Research undertaken

This project undertook a systematic review of the literature
on water quality response and lags in response to the
measures implemented. Overall findings were discussed in
a sense-checking workshop. This Executive Summary (ES)
presents the key findings and policy recommendations.

Key Findings

1. There is paucity of empirical evidence and lack of
understanding about precisely how long it takes a
water quality response to measures to occur, whether
it be the first detectable improvement or the trajectory
to the first response or to the end-point of compliance
with water quality standards. There is no evidence
that fixed timeframes for a water quality response to
measures can be set. Predicted lags in water quality
response based on a catchment typology were not
found in the literature. Long-term water quality and
catchment data are key to quantifying lags.

2. Lack of water quality response to measures was
attributed to combinations of the reasons below:

e Uncertainties about the effectiveness of measures
and the level of implementation required for a
water quality response;

e Low efficiencies of the measures in the context of
background catchment variability and pressures
such as climate change, which translate to small,
undetectable improvements;

e Lack of effectiveness due to non-optimal
implementation of the measures;

e Longer time required for the measures to become
fully effective;

e Variable function and performance of the
measures in response to environmental
conditions;

e Lack of appropriate long-term water quality and
catchment data to account for catchment factors;

e Poor understanding of the start time of the
post-implementation period at the catchment
scale, which affects statistical analyses and study
designs;

*  Monitoring design, which may be introducing
a statistical lag, or is unable to detect the
magnitude of improvement that has occurred or
can occur under site-dependent circumstances.

Studies that observed a water quality response to
measures, found that lags broadly increase with:

e  Catchment size (Fig. ES1) but differ for the
same pollutant in catchments with similar size/
measures;

e Legacy effects from past pollutant inputs stored
in the soils and in-stream;

e Travel time from sources to receptors, e.g. when
groundwater hydrologic pathways predominate;

e Residence time in-field, in-stream and in the
aquifer, which is generally enhanced by storage;

e Presence of multiple, non-agricultural sources
(e.g. wastewater discharges) of that pollutant.

Lags reported in temperate regions were in the range
of 1-25 years for river waterbodies (Fig. ES1. A) and
potentially longer than 20 years for a groundwater
nitrate response. Studies based on a Before-After/
Control-Impact (BACI) design used 2-4 years of
baseline data. The Trend design involved long-

term (over ten years) monitoring and comparisons
between catchments and was used in cases of gradual
implementation of the measures across medium-sized
catchments (size: 20-300km?). Based on long-term
data, river and groundwater water quality trajectories
of response to measures are subject to site-dependent
seasonal, interannual and decadal, climate-related,
variation.



5. Studies that reported a water quality response within
five years post-implementation of the measures
(Fig.ES1) attributed the relatively fast response to
optimal implementation, i.e. extensive and spatially
integrated implementation, targeting to match
pressures to biogeochemical and hydrologic processes
at farm scale and application of a combination of
Source control, Transport control and Trapping across
the landscape.

6. No catchment typologies for lags in water quality
response were identified because of:

e Complexity: Multiple interacting catchment
factors involved in diffuse pollution control;

e  Paucity of long-term water quality and catchment
datasets, which are required to quantify lags;

e Localised, case-study nature of most studies on
effectiveness of measures and related response;

e Inconsistent reporting of catchment factors in
studies of water quality response to measures;

e Lack of knowledge about the function of
measures across a range of conditions and
environments;

¢ Inconsistencies in available evidence per type of
pollutant;

e Difficulty in quantifying the complex processes
determining catchment typologies.

Definitions: (1) Any statistically significant improvement

in water quality in the waterbody downstream of the catchment
where the measures are implemented at or above the level
projected to deliver a water quality improvement at a catchment
scale. (2) Characteristics such as waterbody type, catchment size,
land use, precipitation, pollutant retention and travel / residence
time, legacy effects and implementation of measures.

Literature-based recommendations to
improve understanding of lags in water
quality response

1. Account for dominant legacy effects and hydrologic
paths when targeting the measures to address
pressures.

2. Promote spatially integrated implementation of a
combination of different types of measures.

3. Include Source control, as the intended effect (i.e.
reducing inputs at source) is independent of legacy
effects and hydrologic paths.

4. Collect long-term monitoring data from catchments
where the measures are implemented and from
control catchments (pristine, or without measures);
control data are key to separating effect of measures
from the effects of other factors on water quality.

5.  Apply a BACI or Trend monitoring design using
long-term data depending on availability of pre-
implementation data or on mode of uptake of
measures (gradual or not).

6. Account for catchment-scale influences on water
quality of factors such as rainfall, land use, application
of fertiliser, livestock numbers, streamflow, discharges
from point-sources, and data on soil sorption capacity
and rates of biogeochemical processes.

7. Model water quality responses to catchment
processes to derive catchment-specific typologies
and understand sensitivity to measures over time and
guide further action.

Practical implications -
recommendations for Scotland

1. Keep monitoring water quality to help understand
lags and inform further action.

2. Adjust expectations for water quality response and
recovery, i.e. there is no evidence supporting fixed
timeframes for waterbody improvement.

3. Plan for lags in water quality response. This may
involve:

¢ Planning for longer-term monitoring and flexible
objectives as in “learning by doing";

e Prioritising measures that deliver immediate
results by accounting for hydrologic paths;

e Targeting sources nearest to receiving waters for
faster improvements;

e Demonstrating results to the public in areas
delivering immediate water quality responses.

4. Account for dominant hydrologic paths at farm scale
during catchment characterisation surveys and when
targeting; this means collecting evidence on soil
properties, soil sorption capacity, legacy nutrients,
geology, streamflow and precipitation along with
evidence on land use and pressures.

5. Match the measures to the pollutant(s), pollutant
source(s), and hydrologic transport pathways.

6. Promote spatially integrated implementation of a
combination of types of measures.

Avoid inputs at source (Source control).

8. Consider soil pore-water nutrient measurements to
demonstrate effectiveness of Source control.

9. Consider retro-fitting the correct measure(s) to
site-specific losses when assessment of the measures
in place shows that the predominant sources of
pollutants have not been addressed.

10. Develop modelling approaches (e.g. a decision
support tool) examining the effect of a suite of
catchment factors on water quality using readily
available desk-based GIS data.

11. Investigate strategies for the effective communication
of scientific evidence on lags and adaptive
management approaches in the context of cost-
effectiveness of the measures.
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1.0 Introduction

1.1  Aim

The aim of this project was to critically review the evidence
on lags between the implementation of diffuse agricultural
pollution control measures (hereafter the measures) and

a catchment-scale water quality response to measures

in rivers and groundwater. This report presents evidence
on: (i) the processes causing lags along the source-
mobilisation-delivery continuum from sources to receiving
waters for the key pollutants targeted by the measures in
Scotland, i.e. total phosphorus (TP) and soluble reactive
inorganic phosphorus (SRP)', total nitrogen (TN)? nitrate
(nitrate’), faecal indicator organisms (FIO), and sediment;
(ii) current understanding of the factors influencing lags
water quality response® to measures; (iii) observed lags

in the response of TP, SRP, nitrate”, FIO and sediment to
measures in rivers and groundwater in temperate regions.
This evidence was summarised in a table to explore
typecasting of likely water quality response and recovery
timescales to measures by waterbody/catchment type,
measure, and pollutant in Scotland at a sense-checking
workshop.

The knowledge gained from this project will enable
Scottish Environment Protection Agency (SEPA) to better
understand the current state of knowledge on trajectories
of waterbody status improvement in response to the
measures. It will also help SEPA set realistic timescales for
the achievement of water quality objectives, adjust action
and stakeholder expectations from the implementation of
measures in Scotland, and prioritise action.

APPENDIX 1.1 provides literature-based definitions on
key concepts to assist you in understanding research and
technical terms commonly used throughout the report.

1 The sum of all phosphorus components in natural waters,
total phosphorus (TP), is made up of phosphorus in particulate
and soluble forms. Particulate phosphorus (PP) is a combination
of organic and inorganic filtrate (>0.45 ym); soluble phosphorus
is made up of soluble unreactive phosphorus and soluble reactive
inorganic phosphorus (SRP). SRP responds to colorimetric tests
(molybdate reactive), is usually considered as bioavailable and

is also known as dissolved reactive inorganic phosphorus or
orthophosphate, hereafter reported as SRP.

2 Total nitrogen (TN) is the sum of nitrate-nitrite and total
Kjeldahl nitrogen (TKN), i.e. nitrogen in organic substances (living
and dead organic matter), ammonia and ammonium.

3 At the start-up workshop, the steering group agreed to
examine “secondary response times for ecology (diatoms,
invertebrates, and estuarine macroalgae)", which was initially
requested by SEPA, once the potential for delivering catchment
typologies for pollutants has been discussed. The reason for that
decision was that ecological response times depend on complex
ecological processes independent of or confounded by catchment
processes.

1.2 Policy context

The River Basin Management Plans (RBMP) developed
under the European Union (EU) Water Framework
Directive (WFD; 2000/60/EC, OJEC, 2000) set out
the requirements for the necessary Programmes of
Measures (POMs; see APPENDIX 1.1) to achieve time-
scaled environmental objectives for surface water and
groundwater waterbodies and protected areas.

Article 11 of the WFD prescribes the implementation

of "basic" (regulatory) measures, and where necessary,
"supplementary" (incentivised) measures to achieve the
objectives set in RBMP. ‘Basic’ measures are described

as minimum requirements including relevant existing EU
legislation (e.g. the Nitrate Directive), designed to control
practices resulting in point (e.g. farmyards) and diffuse
(e.g. cropland) pollution sources.

In Scotland, basic measures are implemented as a
mandatory set of requirements known as Diffuse
Pollution General Binding Rules (DP GBR) and are
outlined in the Controlled Activities Regulations (CAR
2019). On compliance with DP GBR, SEPA deliver
guidance to farmers and land managers on the uptake of
supplementary measures funded by the Agri-environment
Climate Scheme of the Scotland Rural Development
Programme (SRDP)* to help improve and protect water
quality beyond compliance with regulations. SEPA are
currently reviewing rural diffuse pollution pressures and
WEFD objectives for the third six-yearly RBMP cycle.

SEPA need to communicate to stakeholders the causes of
the perceived lack of water quality response to measures.
As specified in the project request: “Understanding

the catchment processes determining the timescales
required for water quality response to measures is key to
developing realistic water quality objectives in the third
RBMP cycle. This will help to gauge where further actions
may be targeted in agricultural catchments and minimise
the risk of assuming that the measures have been
ineffective and inefficient”.>

1.3  Project objectives

SEPA asked CREW to systematise the evidence-base on
the catchment typology determining lags between the
implementation of measures and water quality response
for each pollutant.

The specific objectives of the project were to:

Objective 1: Review and identify key catchment processes
influencing lags in water quality response to common
implemented measures in Scotland.

4  For an overview of schemes see: Scottish Government (no
date).

5  For the terms effectiveness and efficiency of measures see
APPENDIX I.1.



Objective 2: Review the (inter)national evidence base on
observed lags in water quality response to measures for
each type of measure and key pollutant, i.e. TP, SRP), TN,
nitrate, FIO, and sediment.

Objective 3: Assess the potential for identifying catchment
typologies for each pollutant's broad response timescales

to each implemented measure (or combination of
measures).

Objective 4: Discuss a table of lags in water quality

response per pollutant per measure in a sense-checking

workshop.

A clarification on terminology is also provided.

1. The term “water quality response times", which was
initially mentioned in the project's spec, is hereafter

reported as “lags in water quality response to

measures” or briefly as “lags” (see APPENDIX I.1).
Lags may refer to: (i) the time required to detect any
measurable (significant) water quality improvement;
or (ii) the time required to achieve the objectives set
for a waterbody, which is more general as a concept
and may include a range of different end-points from

detecting any measurable improvement (as in (i)

to achieving the best possible status for a particular
waterbody. Following on from this, the meaning of
“waterbody recovery” is conditional on specific policy
objectives determined by site-specific circumstances.

The term “catchment typology” was initially

mentioned in the project request but was not found

in the literature on lags in water quality response
to measures. It refers to a suite of characteristics
such as waterbody type, catchment size, land

(On-farm) Source control measures (In field) Transport control measures (Riparian) Trapping measures

use, precipitation, pollutant retention and travel /
residence time, legacy effects from historic inputs
and implementation of measures in terms of types of
measures (Figure 1).

3. Waterbody type: refers to streams, rivers, and
groundwater waterbodies but not to loch, transitional
or coastal waterbodies.

4. The term “common implemented measures in

Scotland” refers to GBR and SRDP measures currently
implemented in Scotland's agricultural catchments
(Figure 1), hereafter reported as SEPA's measures.
SEPA's measures were divided into three categories

in terms of their intended effect (see APPENDIX I.1.)
to enable comparisons with the terminology and
combinations of measures implemented elsewhere
(Biddulph et al., 2017; Lintern et al., 2018; Rittenburg
et al., 2015; Schoumans et al., 2015). In brief:

e Source control measures reduce or avoid inputs of
pollutants.

e In-field Transport control measures delay
transport of pollutants through the soil to
enable their uptake by crops and removal
(e.g. denitrification and FIO die-off), and soil
stabilisation.

e Riparian Trapping measures enhance trapping of
pollutants through plant uptake, retention, and
streambank stabilisation to enable removal before
delivery to waterbodies.

5. The term “pollutants” refers, hereafter, collectively to
TP, SRP, TN, nitrate, FIO, and sediment.
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Figure 1. List of SEPA's measures in relation to their intended effect. Measures 1-4: GBR 18 (Storage and application of fertiliser); Measure
5: GBR 19 (Keeping of livestock); Measure 6: GBR 10 (Preventing pollution from yard runoff); Measure 7: GBR 20 (Cultivation of land);
Measures i-viii: SRDP measures. See also APPENDIX 1.1 for measures implemented elsewhere under each category of intended effect of

diffuse pollution control measures.
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1.4  Outline of the report

The report includes the following sections:

e Section 2 gives an overview of the literature review
approach (detailed in APPENDIX 1.2).

e Section 3.1 (Obj. 1) outlines causes of lags (processes
leading to lags are detailed in APPENDIX II).

e Section 3.2 (Obj. 1) summarises catchment factors
influencing lags (relationships between catchment
factors are described in APPENDIX Il1).

e Section 4 (Obj. 2) explores patterns in observed
lags per pollutant in relation to catchment factors
(metadata reported in APPENDIX 1V) and discusses
policy challenges in understanding lags.

e Section 5 (Obj. 3) lists the reasons why lags based on
catchment typologies could not be identified.

e Section 6 presents literature-based recommendations
to better understand lags and lists practical
implications of available evidence on lags for Scotland.

2.0 Approach

Addressing Objective 1 involved undertaking a systematic
review of the literature (i.e. published online by April
2020, unless otherwise stated). Review for Objective 2
involved critical appraisal of the evidence on lags from

16 peer-reviewed articles and a report on water quality
response to measures (APPENDIX II). Objective 2 focused
on evidence from small to medium sub-catchments (1-300
km?) in temperate regions to allow parallels to be drawn
with the Scottish context. The evidence collected informed
Objective 3, a list of recommendations and a sense-
checking workshop, which was held in September 2020.
APPENDIX 1.2 details the literature review approach.

3.0. Obj. 1: Causes of
lags and catchment
factors influencing
processes leading to lags

3.1 Causes of lags in water quality
response to measures

Water quality response is understood as a pollutant
transfer continuum, whereby nutrient sources as inputs
at the farm scale and field soils can be exposed to

a mobilisation mechanism through biogeochemical
processes and, via hydrologic pathways, delivered to
streams or other water bodies where an impact may be
observed (Granger et al., 2010; Rittenburg et al., 2015).

Figure 2 gives schematic representation of this continuum
in the context of all types of pressures in a catchment.

Lags in water quality response to measures are a “fact of
life" in catchment management because the processes
causing these lags are ubiquitous (Chen et al; 2018 Meals
et al., 2010). The processes causing lags in water quality
response to measures are (Chen et al., 2018):

1. Legacy effects from past (historic) inputs. Pollutants
from past inputs can persist long after inputs have
ceased as a result of the implementation of the
diffuse and point source control measures (past
legacy effects). Past legacy effects on lags are
poorly quantified internationally (Chen et al., 2018).
Gregory et al. (2007) observed that given the storage
capacity of soils and sediments for nutrient and other
pollutants, it is unrealistic to expect Source control will
have an immediate impact on water quality. Growing
evidence from long term studies (i.e. in the range
of 50 years) shows that past legacy effects delay
response to Source control measures from years to
decades (Dupas et al., 2019; Van Meter and Basu,
2017).

2. Biogeochemical legacy effects. Biogeochemical
transformations and transport through soil,
bacteria, crops, crop residues, livestock waste,
vegetated buffers, wetlands, streambed and stream
water increase residence time before mobilisation
and removal or delivery to receiving waters.
Biogeochemical legacy effects lead to accumulation
of pollutants (“sinks" or storage) which are known
to delay phosphorus and nitrogen response to
measures, especially when this happens at sites in-
field, in streambank or streambed prone to occasional
disturbance due to fast runoff or streamflow,
livestock, or erosion (Agouridis 2005; Chen et al.,
2018). Degradation of vegetated buffers, which serve
as nutrient storage sites, will also delay response
to measures (Stutter et al., 2019). Poor matching
of pressures with mobilisation processes at farm-
scale has been noted as a problem leading to low
efficiencies of the measures and lack of response to
measures® (Biddulph et al., 2017; Chen et al., 2019;
Meals et al., 2010; Rittenburg et al., 2015; Wilcock et
al., 2013).

6 i.e. lack of accounting of the biogeochemical processes
enabling mobilisation and removal of pollutants (including legacy
pollutants) through crop uptake of nutrients, denitrification and
FIO die-off as well as immobilisation through sorption and soil
retention.
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Hydrologic legacy effects. Slow water travel time
from the farm to the receiving waters through the
catchment can delay transport of pollutants, thus
masking the effects of pollution control measures.
Key surface delivery pathways are surface runoff
(a.k.a. overland flow); streamflow; and tidal

water movements (Figure 3). Key sub-surface
delivery pathways include subsurface runoff (a.k.a.
throughflow); preferential flow (i.e. fast, vertical or
lateral, crack- or macropore-dominated flow in soils);
soil matrix flow (i.e. slow uniform flow in soil without
macropores); water infiltration; artificial drainage;
lateral groundwater flow; and baseflow (Figure

3). Travel times of these transport pathways are
summarised for different pollutants and surface and
subsurface pathways in Table 1.

Current inputs from multiple non-agricultural
sources. Non-agricultural sources can mask the effect
of the measures at catchment scale. For example,
non-agricultural point and diffuse sources in urban,
rural and industrial sectors can increase pollutants at
catchment-scale, particularly nutrients (e.g. Stets et
al., 2020), sediment (Biddulph et al., 2017; Collins
and Zhang 2016) and FIO (Kay et al., 2012); see

also Figure 2. In addition, anthropogenic and wildlife
FIO can counteract the effects of the measures as
shown by microbial source tracking in agricultural
catchments with livestock exclusion measures in
place (Kay et al., 2012). In Scotland, key sources

of pollutants potentially confounding response to
measures include: (i) private sewerage systems, which
serve approximately 10% of the population in rural
areas; and (ii) wastewater and stormwater discharges
(combined sewage overflows) from the public
sewerage network (SEPA 2020).

The hydrologic processes underpinning hydrologic
legacy effects are explained in APPENDIX II.1 and II.2.
The biogeochemical processes leading to storage of
pollutants in the catchment for each form of pollutant
are explained in APPENDIX I1.3 to II.5.

Based on understanding of these processes, Meals
et al. (2010) broke down lag time in water quality
response to measures into three interrelated and
temporally overlapping components:

1. The amount of time taken for the measures to
produce their intended effect at the farm scale. This
refers to reducing past and biogeochemical effects
at the farm scale, i.e. reduced pollutant levels in the
soil and removal of pollutants from the soil through
biogeochemical transformations.

2. The amount of time taken for the intended effect of

the measure(s) to be delivered from each farm to the
adjacent waterbody. This refers to reducing hydrologic
legacies (travel time of in-field hydrologic paths) via
delivery of mobilised pollutants.

3. The amount of time it takes for a water quality

response at the catchment scale, i.e. the travel
time of pollutants through the river network and
groundwater.

It is difficult to estimate the time required for each lag
component in water quality response to the measures.
Table 1 summarises the evidence detailed in APPENDIX
Il on travel times of pollutants and fate of each form

of pollutant along the pollutant transfer continuum. As
shown in Table 1, there is a wide range of travel times of
pollutants and different risks and benefits in the context
of lag times in response to measures. The next section
describes the current state of understanding of the

catchment factors influencing the processes leading to lags

and discusses knowledge gaps.
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Figure 3. Schematic representation of delivery pathways in flashy (poorly drained) catchment and freely drained catchments showing surface
and subsurface/groundwater hydrologic paths. The thicker arrows represent a larger relative flow component than the thinner arrows.
Dashed arrows represent intermittent flow. Adapted from Deakin et al., 2016.
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Figure 4. “Land type framework" (see text). Modified from: Rittenburg et al. (2015).



Table 1. Estimates of travel time through different hydrologic pathways and hydrologic compartments. Based on a synthesis of the

evidence reviewed in APPENDIX II.

Field to catchment outlet
through overland surface
runoff and streamflow

Field to stream through
subsurface runoff in the soil
matrix)

Field to stream through
subsurface preferential
pathways/ drainage

Transport below the
water table through
groundwater

(residence in
groundwater)

From
groundwater to
streamflow via
baseflow

Relevant to: TN, Nitrate, TP,
SRP, free-FIO, Particulate P,
Organic N, sediment-bound
ammonium and FIO, and
sediment

Relevant to: TN, Nitrate, TP,
SRP, Organic N, sediment-
bound ammonium and FIO,
and sediment

Relevant to: TN, Nitrate,
TP, SRP, Organic N,
sediment-bound
ammonium and FIO, fine
sediment

Relevant to: TN, Nitrate,
TP, SRP, leached FIO

Relevant to: TN,
Nitrate, TP, SRP

Days to months

Longer travel times occur:

-If overland runoff is slow
(flatter slopes)

-In the presence of in-field
and riparian vegetation

-Soil infiltration is high
(sandy soils)

-Streamflow is low

-Deposition in streambed
(but still less than a year)

-In main stem than
tributaries (for sediment
bound pollutants)

-In the floodplain of flood-
prone areas (by years or
decades)

-In the case of longer and
frequent dry spells

Risks of prolonged travel
time for lags:

-Built up of legacy nutrients
and FIO in-field

-Built up of streambed
legacy nutrients, FIO and
sediment in-stream

Months to years or decades

-P (dissolved and particulate):
5-30 years

-N (dissolved and particulate):
in the range of decades

Longer times are favoured by:

-Past legacy effects
-Small soil pore spaces

-Low groundwater recharge /
water table

-High soil clay or mineral
content

Benefits of prolonged
residence in the soil for

lags (depending on pH,
mineral content, oxygen and

precipitation):

-Sufficient time for N removal
(denitrification)

-Higher chance for P
immobilisation

-FIO immobilisation

Risks of prolonged residence
in the soil for lags (depending

on pH, mineral content,
oxygen and precipitation):

-Built up of legacy nutrients
and FIO

Days to months

-Dissolved pollutants:
Same movement rate as
that of water infiltration

Risks of prolonged travel

Shallow aquifers: Months
to years

Deep aquifers: years to
decades (e.g. for nitrate)

Travel time depends on:

times for lags:

-Bypassing of in-field
Transport control
and riparian Trapping
measures.

-Bedrock geology

-Depth / size of the
aquifer

Longer times found in:

-Sandstone type of
aquifers (e.g. Scotland:
Fife, Strathmore, Moray,
Central belt, Southern
Scotland)

Benefits of prolonged
travel time for lags:

-N removal
(denitrification)

-P sorption on aquifer
matrix

Risks of prolonged travel

time for lags:
-Past legacy effects

-Important

in baseflow-
dominated
catchments and
during the low
flow season.

-Travel time

and exchange
between
streambed and
streamflow
depends on redox
and sediment
properties.

Risks for lags:

-Increasing
in-stream
concentration
long after the
implementation
of measures.
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3.2

Catchment factors influencing

the processes leading to lags

The catchment factors influencing the processes leading to

APPENDIX III describes the relationships between
catchment factors and pollutants along the pollutant
transfer continuum.

lags are”:

1.

Implementation of measures. This refers collectively
to: intended effect of the measures (APPENDIX

1.1); extent; distribution; distance of sites of
implementation from receiving waters, which

is related to catchment size, artificial drainage

and hydrologic connectivity; targeting pressures,
hydrologic paths and biogeochemical processes;
maintenance; function under varying environmental
conditions such as precipitation and temperature;
and performance over time. Rittenburg et al. (2015)
described how the measures influence the processes
leading to lags by combining catchment factors

and these processes into a “land type framework"
(Figure 4). This a simplified conceptual typology

of hydrologic paths predicting which measures will
deliver improvements for a form of pollutant. For
example, precipitation effects and predominant
hydrologic paths may counteract or confound the
intended effects of the measures, if the measures
are not properly targeted or maintained to address
hydrologic processes. According to this framework,
the effectiveness of Source control is the least
affected by hydrologic paths. On the other hand,
lack of appropriate targeting of Transport control
and Trapping measures can lead to fast transfer of
pollutants to receiving waters before past legacies can
be addressed or biogeochemical transformations (e.g.
plant uptake, FIO die-off or denitrification®) can take
place. In this context, riparian buffers are ineffective
at sites dominated by preferential pathways (Stutter
et al., 2019).

7

information: Agouridis et al., 2005; Chen et al., 2013; Heathwaite

Source of evidence, unless otherwise stated for specific

2010; Guo et al., 2018; Lintern et al., 2018; Liu et al., 2017,

Melland et al., 2018; Osmond et al. 2019; Rittenburg et al., 2015;

Stutter et al., 2019; Van Meter and Basu 2018.

8

APPENDIX II.
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In the same line, a more recent study suggested that c
atchment typologiesthat classify catchments
based on their concentration-discharge (C-Q)
combinations could be used as part of a decision
support system for the improvement of monitoring
design and for spatially targeting catchment scale-
measures (Hashemi et al., 2020). For example, they
suggested that application of Trapping measures
(e.g., constructed wetlands)may be appropriate
for catchments showing increase of C with Q,
while Source control measures may be more useful
for catchments showing decrease of C with Q
(Hashemi et al., 2020).

Landscape features such as land use/land cover,
geology, soil type, and topography. Each of these
features has a different relationship with water quality
(see Box 1A and B). There is no clear reporting of
the effect of these factors on lags. However, it is
understood that overland runoff and streamflow are
slower in flatter slopes, and this may prolong travel
time for pollutants thus, increasing the risk of built
up pollutants in riparian areas and in streambed
(APPENDIX 11.1 and APPENDIX I11.2: Catchment
slopes). It is important to remember that seasonal
changes in vegetation cover are important drivers of
change in nutrient uptake and riverine nutrient and
sediment (Guo et al., 2019). There is also relatively
good understanding of the combined influence of
geology and hydrology on groundwater nitrate but
much less is known on the effects of land use, the
measures and climate on groundwater water quality,
which are influenced by site-dependent hydro-
geological gradients (Fenton et |., 2011; McDowell et
al., 2020; Vero et al., 2018, Wang et al., 2013).

Catchment size. A larger catchment size comes with
longer hydrologic paths as a result of longer distance
from field to stream and through potentially denser
and more complex river networks, which increase the
risk of built up of pollutants at various in filed sinks
and streambed storage sites (Section 3.1; APPENDIX
[1.1). It can be assumed that a larger catchment

size may translate into prolonged travel times,

and therefore into prolonged lags in water quality
response to measures. However, this assumption fails
to account for legacy effects from past inputs, the
different transformation and transport processes for
each form of pollutant (APPENDIX 11.3-5), type of
soils, bedrock geology and slopes, presence of point
sources and factors related to the implementation of
measures, e.g. extent and distribution of measures
(Lintern et al., 2018; Meals et al., 2010; Melland et
al., 2018; Rittenburg et al., 2015).



Hydrology. This includes features related to hydrologic
paths discussed as part of hydrologic legacy effects in
Section 3.1 (see also Figure 3) as well as to catchment
response to rain (flashy vs slow) and hydrologic
connectivity. It could be assumed that flashy small
catchments will respond faster to measures because
of faster export of pollutants from the catchment,

and therefore smaller past legacy effects and shorter
hydrologic legacy effects. However, this assumption
fails to account for the effect of factors such as

type of farming, biogeochemical legacies, which are
different for each form of pollutant, and precipitation
regime (Chen et al., 2018; Rittenburg et al., 2015);
see also Figure 3 and 4. It must be also noted that
changes in hydrology and especially in streamflow
(e.g. same-day streamflow) are among the key
drivers of temporal variability in riverine nutrients

and sediment at catchment scales (Guo et al., 2019).
Additional important drivers of temporal variability

in water quality are also related to hydrology and
include recent (less than a month) streamflow and soil
moisture (Guo et al., 2019).

BOX 1A. Examples of catchment factors with a
consistently positive or negative relationship with
pollutants along the pollutant transfer continuum
across studies.

Area of forests or wetlands and nutrients and
sediment in-stream (negative).

Rainfall and FIO from wastewater discharges due
to dilution (negative).

Rainfall and the mobilisation of sediment-bound
nutrients and FIO (positive).

Area of forests and mobilisation of sediment and
sediment-bound pollutants in runoff (negative).

Farmland runoff and nutrients delivered in-
stream (positive).

Rainfall and pollutants from diffuse sources in
surface and subsurface runoff (positive).

Natural grassland and wetlands and diffuse
pollutants in runoff (negative).

Source: APPENDIX I11.1
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5.

Climate. This refers to weather characteristics
(precipitation and temperature); seasonal or periodic,
decadal scale climate cycles, e.g. North Atlantic
Oscillation; and long-term changes in climate, e.g.
climate-change related influences on hydrology,
vegetation and water temperature. Climate change-
driven changes in precipitation can have greater
effects than could be expected by the measures
already in place, outweighing water quality response
to measures (e.g. Gregory 2007).

BOX 1B. Examples of factors with an inconsistent
relationship with pollutants along the pollutant
transfer continuum across studies.

e Erosion and pollutants in-stream. Erosion rate
for each soil type varies in space and time as it is
determined by complex relationships between a
wide range of factors, including slope length and
gradient, intensity frequency of storm events and
the type of measures implemented.

e Soil sorption capacity and pollutants in-stream.
Biogeochemical transformations between
particulate (adsorbed) and solute (de-sorbed)
forms of pollutants vary and are influenced by
complex interactions between rainfall, runoff and
deposition.

e Catchment slope and different forms of
pollutants. This is a complex relationship. A
simple explanation is that while sediments and
sediment-bound pollutants are more easily
mobilised in steeper slopes (positive relationship),
these pollutants may settle out of surface runoff
in areas with shallower slopes and contribute to
soil legacies and thereafter high concentrations
in-stream.

Source: APPENDIX 111.2



4.0 Obj. 2: Studies
reviewed to explore
patterns in lags in water
quality response to
measures

This section reviews the evidence on lags in water quality
response to measures in temperate regions based on

17 catchment-scale studies®. These studies helped to
explore patterns in lags in water quality response to
measures. Metadata on specific aspects of these studies
(i.e. monitoring data, uptake of measures and efficiency
of measures) are provided in APPENDIX IV. Table 2
summarises the results of studies that reported a lack

of water quality response to measures. Table 3 presents
observed lags by pollutant in relation to monitoring/
analysis design, catchment size, land use, precipitation/
discharge, soil/bedrock properties, types of measures
implemented and the interpretation of results, as reported
by the authors of the studies. Figure 5 presents the
relationship between catchment size, monitoring design
and observed lags. The results are described in the form of
a "Questions and Answers" section to help understanding
(Sections 4.1-4.7). Section 4.8 provides evidence on policy
challenges based on the findings of the overall literature
review on lags.

4.1 What are the factors leading
to a lack of water quality response to
measures?

10 out the 17 studies reviewed reported a lack of response
to measures (lack of significant improvements) for at least
one of the pollutants studied (Table 2). Box 2 outlines
reasons for a lack of response to measures given in the
studies reviewed in Table 2. The post-implementation

9  Melland et al. (2018) also reviewed 25 studies from
mesoscale catchments (<100km?) and identified relationships
between pollutant response and factors such as monitoring,
catchment size, hydrologic pathway (as a proxy of travel time)
and type of uptake (mandatory or voluntary) of the measures
implemented. The review by Melland et al., (2018) reported lags
in the context of catchment size and hydrologic pathways but
provided no evidence on trajectories in water quality response
to measures and did not include FIO. There were studies from

a range of climatic conditions (i.e. from Northern Europe and
Australia to tropical South America) in the studies reviewed but
no evidence on how streamflow or precipitation affected lags.
Also, some of the studies referred to spatial comparisons without
temporal information on practice change or there were no
measures over the monitored timeframe. For these reasons, it was
decided to carry out a new review of the literature focusing on
temperate regions and lags in relation to catchment factors.
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monitoring period in studies reporting a lack of response
to measures ranged from 1 to 26 years. It must be also
noted that the evidence in Table 2 largely depends on

the availability of monitoring data in each catchment and
should not be interpreted as an indication of lags in water
quality response to measures (observed lags are discussed
in Section 4.2 and shown in Table 3). The examples in
Table 2 show that it may take many years before any
response to measures is detected (e.g. Dupas et al., 2019;
Pearce and Yates 2017; Schilling et al., 2011; Wilcock et
al., 2013; Zhang et al., 2016).

Lack of response to Source control measures. Reduction
in N inputs and optimisation of P application did not

lead to groundwater and stream quality response due to
legacies from past inputs and biogeochemical legacies

in farm soils (Table 2: Hansen et al., 2019; Zhang et al.,
2016; see also reviews by Jarvie et al., 2013; Vero et

al., 2018). Dupas et al. (2019) attributed the lack of a
phosphorus response to measures in Britany's rivers to

the insufficient extent of measures and gaps in long-

term data series but also highlighted the need to plan

for more diffuse pollution control measures and a longer
monitoring time to detect a phosphorus response. Lack of
FIO response to livestock exclusion measures was reported
in England (Davey et al., 2020) and in small catchments in
New Zealand (Wilcock et al., 2013). Lack of FIO response
was attributed to insufficient extent and distribution

of livestock restrictions for access to streams across the
catchment.

Lack of response to in-field Transport control and riparian
Trapping. No sediment response to measures could

be detected in a study on the effectiveness of prairie
reconstruction to reduce sediment mainly due to lack
of addressing sediment inputs from streambank erosion
(Schilling et al., 2011). No sediment or nutrient response
was found in studies implementing a combination of
livestock exclusion, Transport (erosion) control and
Trapping measures (Davey et al., 2020"; Table 2:
Pearce and Yates 2017), the reasons provided being:

(i) poor targeting of hydrologic paths; (ii) the measures
were not yet fully effective; (iii) varying performance
of the measures over the range of site-specific levels of
precipitation and temperature; and (iii) need for more
water quality and catchment data (i.e. longer-term and
higher resolution) to capture a significant response to
measures. Steinman et al. (2018) observed that lack

of response to wetland restoration could be due to the
restoration being still very recent: at the start of the
post-implementation period in their study, the restored
sites were not fully functional. Pearce and Yates (2015)
observed that the function of measures can be negated

10 The study by Davey et al. (2020) reports results for the
median catchment size (62.5 km2); the range of catchments was
11-2276 km2. For this reason, this study is not included in Table 2
and 3.



by environmental conditions. For example, under warm,
dry conditions in the summer the land is less likely to
generate significant surface runoff and measures designed
to capture nutrients and sediments in runoff have less
influence on surface water quality. Lack of appropriate
ongoing maintenance of the measure (e.g. removing
sediment from traps) means they have a finite working
lifespan (e.g. Stutter et al., 2019). Constructed wetlands
collecting tile drainage in the US Midwest were virtually
ineffective in reducing P (Kovacic et al., 2000 cited in
Osmond et al., 2019; this study is not reviewed in Table
2). This was because the wetlands received mainly SRP
that was initially sequestered by wetland plants but then
released when vegetation died.

Trajectories: Increases in FIO and nitrate were also
observed post-implementation (e.g. Wilcock et al.,

2103). Studies that reported a lack of water quality
response to measures observed a lack of declining trends
or inconsistent fluctuations in water quality in the post
implementation period response to measures (e.g. Bergfur
et al.,, 2012; Zhang et al., 2016).

Catchment size. It is unclear how a lack of response may
be related to catchment size (Table 2). For relatively small
catchments (1-25km?) the post-implementation period
without detecting a response ranged from 1 year for

TP and sediment (Meal 2001) to 15 years for nutrients
(Pearce and Yates, 2017).
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Box 2. Interpretation of the lack of response to
measures.

Lack of water quality response to measures was
attributed to combinations of the following reasons:

1. Uncertainties about the effectiveness of
measures and the level of implementation
required for a water quality response.

2. Lack of integrated implementation of
combinations of measures at catchment scale/
poor targeting.

3. Low efficiencies of the measures in the
context of background catchment variability
and pressures such as climate change, which
translate to small, undetectable, improvements.

4. Alonger time required for the measures to
become fully effective.

5. Variable function and performance of the
measures in response to environmental
conditions.

6. Lack of appropriate long-term water quality
and catchment data to account for catchment
factors.

7. Poor understanding of the start time of the
post-implementation period at the catchment
scale, which affects statistical analyses and study
designs.

8. Monitoring design, which may be introducing
a statistical lag, or is unable to detect the
magnitude of improvement that has occurred or
can occur under site-dependent circumstances.

Source: Meals 2001; Simon and Makarewitz 2009;
Line et al., 2016; Bergfur et al., 2012; Pearce and
Yates 2017; Wilcock et al., 2013; Schilling et al.,
2011; Steinman et al., 2018; Zhang et al., 2016;
Dupas et al., 2019; see also Table 2.
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4.2 What are the observed lags for
each pollutant?

The ranges of lags vary between pollutants (Table 4).

Table 4. Ranges of observed lags per pollutant based

on the examples shown in Table 3.

Pollutant Range of observed lag (years)
In stream FIO 1-15

In stream TP 1-3.7

In stream SRP 1-7

In stream nitrate 1-25

In stream Sediment 7-16

Groundwater nitrate 8-21

It is important to remember that these are examples

of lags and should not be interpreted as fixed lags to
inform policy, because they are catchment-and pollutant-
specific. In addition, as shown in Table 2, many studies
have reported a lack of response to measures for a
pollutant with longer-term monitoring than that used for
detecting a response with a lag.

*  FIO appears to be the most sensitive pollutant to
Source control (i.e. livestock exclusion) as it shows
a response in relatively short timescales (Table 3A).
Fast response occurs on the condition that there
is extensive implementation of measures across a
catchment (Lewis et al., 2019) or accounting of
dominant hydrologic paths (Wilcock et al., 2013).

e TP and SRP appear to respond to measures
(combinations of all types of measures) within
less than five years following the start of the post
implementation period (Table 3B). As a result of this
perceived “success”, the studies reviewed in Table
3B do not expand on phosphorus legacies. However,
this “success” must be interpreted in the context
of the studies reviewed in Table 2, whereby a wide
range (i.e. 2-26 years) can be observed of post-
implementation period without detecting a TP or SRP
response to measures (See Section 4.1).

e Sediment lags ranged from 7 to 16 years (Table 3C).
Compared to other pollutants and for the same types
of measures and range of sizes of catchments, this
finding suggests that a longer time may be required
for a sediment response to measures ("resistance to
measures”) than for other pollutants. However, one
study reported compliance of sediment with water
quality standards within 5 years of implementation
(Makarewitz et al., 2009). This illustrates that
available evidence on lags is catchment-specific and
generalisations are impractical.

e Nitrate lags ranged from 1 to 25 years (Table 3D
and E). It is unclear whether nitrate response is
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faster in smaller catchments, but soil properties

and tile drainage were key determinants of the
faster response. For example, shorter lags can be
observed for sandy catchments (Table 3E) and
where tile drainage can help remove past (historical)
and biogeochemical legacies (Van Meter and Basu
2017). The authors of studies reviewed in Table 3D
and E highlighted the positive role of Source control
measures in reducing nitrate and the importance

of past legacy effects and hydrologic legacy effects
as causes of longer lags, in line with our review
(APPENDIX I1.2-5).

The range of lags in the studies reported in Table 3 should
be compared with the findings of the recent review by
Melland et al. (2018), who found that the time needed
for detecting the first significant water quality response to
the measures ranges between 1 and more than 10 years
after the measures are implemented. Our review shows
that a longer time may be needed and that it cannot be
concluded with certainty what the range of lags can be.

4.3 What is the relationship between
lags and catchment factors?

4.3.1 Lags and type (intended effect) of
measures

Shorter lags (<5 years) for all pollutants were observed
when a combination of different types (intended effect) of
measures were implemented (Table 3: Meals et al., 2001;
Simon and Makarewitz 2009; Makarewitz et al., 2009;
Line et al., 2016).

Source control

The implementation of Source control measures is
associated with reduced amounts of nutrients and

FIO available for mobilisation and delivery at a farm-

scale (Rittenburg et al., 2015). For example, extensive
implementation across a catchment of manure
management (including slurry storage)and measures
preventing livestock access to watercourses reduced
nutrients and FIO downstream of grazed farmland (Table
3: Lewis et al., 2019; Meals et al., 2001; Makarewitz et al.,
2009; Van Meter and Basu 2017; Willcock et al., 2013).

Livestock exclusion measures from the riparian zone
through fencing were found to be effective in reducing
TP, TN and ammonia (Table 3: Line et al., 2016). Similarly,
reduction in fertilizer application (optimizing to the crop
requirements) and timing (application during plant growth
periods) can reduce the amount of excess nutrients such
as SRP, TP, TN or nitrate available for leaching or surface
runoff (Table 3: Dupas et al., 2018; Hansen et al., 2019;
Makarewitz et al., 2009; Simon and Makarewitz 2009;
Van Meter and Basu 2017).



Box 3. Combinations of measures implemented in studies that reported a water quality response to

measures. References from Table 2.

Source control measures

Source control measures

Source control measures

* Reductionin N and P
fertilisers

* Optimisation of N

* Manure storage

* Livestock restrictions
(fencing)

* Reduction of stocking rates

riparian zone (fencing) with
off-site watering, bridges,
crossings

* Improved farm infrastructure

Riparian Trapping measures

* Livestock exclusion (from » Livestock exclusion with off-

site watering, bridges,
crossings

In-field Transport control

measures
¢ |n-field erosion control

* Farmyard runoff control

* Removal from crop
production

* Irrigation management

In-field Transport control

measures
* Catchcrops

Riparian Trapping measures

* Constructed wetland

* >8 m Riparian buffers

* Riparian restoration with
woody vegetation

The method and timing of slurry application are also
important for soil FIO loadings. For example, Hodgson
et al. (2016, study not included in Table 3) observed
significant reductions in soil FIO following broadcast
application of slurry to grassland soil surface because of
die-off upon exposure to UV radiation and significant
reductions in FIO available for surface runoff following
shallow injection. It can be assumed that FIO die-off on
site will prevent FIO delivery to receiving waters.

In-field Transport Control and riparian Trapping

In-field Transport Control and riparian Trapping can

immobilise nutrients through crop uptake, precipitation or

adsorption on soil matrix, and sediment erosion control
(Davey et al., 2020; Table 3: Makarewitz et al., 2009;
Simon and Makarewitz 2009:; Hansen et al., 2019; Meals
et al., 2001; Meals and Hopkins 2002; Wilcock et al.,
2013). These measures have the potential to reduce
biogeochemical legacy effects and delay transport to
receiving water to achieve pollutant immobilisation or

removal, e.g. through denitrification (Chen et al., 2019) or

FIO die-off (Kay et al., 2012).

* Streambank stabilisation {incl.
revetments)

* Riparian restoration (2-8m up
to 30m) with woody
vegetation

Riparian Trapping measures
*Streambank stabilisation
e Riparian restoration

Observed lags refer to a combination of different
types of measure in each study (Table 3, Box 3). In
this respect, it is impossible to infer lags per type
of measures or a particular measure. It must be
noted that these combinations of measures were
also implemented in studies that reported a lack of
response to measures (see Table 2). However, our
review agrees with the conclusion by Melland et al.
(2018) that lags in water quality response to measures
are broadly shorter in response to the combined
implementation of Source control, Transport control
and Trapping when these address pollutant sources,
pathways and delivery at impacted sites.

4.3.2 Lags and the threshold of
implementation
It must be noted that the right level of implementation

across a catchment for a water quality response to occur
is not fixed or known (Kroll et al., 2019; Meals et al.,



2010; Melland et al., 2018; Stets et al., 2020; Steinman
et al., 2018).

Extent, i.e. level of implementation required for a water
quality response.

Based on our review, studies with long-term data on
gradual uptake of measures show that a water quality
response is more likely to be detected with extensive and
spatially integrated implementation of measures across a
catchment (Davey et al., 2020; Lewis et al., 2019; Wilcock
et al., 2013). Studies that compared many different
catchments (Makarewitz et al., 2009; Wilcock et al., 2013;
Dupas et al., 2019; Van Meter and Basu 2017) observed

a range of outcomes for similar measures and pollutants
but different ways of uptake of the measures (e.g. gradual
versus voluntary, with voluntary implementation being
gradual and not occurring at the same time) and level of
uptake.

Distribution: Integrated implementation.

Evidence from small catchments (<50 km?) showed that
lags were shorter where multiple spatially integrated
measures were implemented (Line et al., 2016;
Makarewitz et al., 2009; Meals et al., 2001).

Start time of the post-implementation period

Different start times for the implementation of Source
control measures such as fertiliser application control

and livestock measures as a result of different rates of
uptake by farmers may further complicate explanations
of differential pollutant improvement (Table 3: Line et al.,
2016; Wilcock et al., 2013). Voluntary implementation of
measures may contribute to asynchronous (not occurring
at the same time) implementation. For example, Line et
al. (2016), who applied a BEFORE-AFTER/CONTROL-
IMPACT (BACI) design to assess water quality response
to measures, highlighted problems related to farmers’
resistance to adopting livestock restriction measures

(i.e. fencing) at the same time and at the extent initially
planned; for this reason, they only used data from the
main stem of the river and not from tributaries.

4.3.3 Lags and targeting
Targeting hydrologic processes

All studies reviewed in Table 3 acknowledged the role
of: (i) targeting critical source areas; (ii) accounting for
hydrologic legacy effects when targeting the measures,
especially in-stream/channel sediment storage; and

(iii) implementing a combination of Source control,
Transport control, and Trapping measures at both the
farm-plot and catchment scales. Wilcock et al. (2013)
empbhasised the role of targeting hydrologic paths. Van
Meter and Basu (2017) reported that tile drainage was
the key determinant of relatively shorter lags in areas
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with past legacy effects. Many studies reported in Table
3 mentioned targeting as a factor contributing to a faster
response but did not explicitly report the evidence or the
criteria their targeting was based on.

4.3.4 Lags and effectiveness of measures at
the catchment scale

Studies reviewed in Table 3 attributed relatively

fast responses (i.e. within five years) to aspects of
effectiveness’ of measures at catchment scale, i.e.
extensive and spatially integrated implementation,
targeting to match pressures to biogeochemical and
hydrologic processes at farm scale and application of a
combination of Source control, Transport control and
Trapping across the landscape.

4.3.5 Lags and efficiency' of measures

The magnitude of improvements in response to measures
determines the efficiency of measures. The magnitude
due to measures must be larger than that related to inputs
of pollutants due to precipitation, slope or point source
discharges, or seasonal/climatic variability. Wilcock et al.
(2013) observed that the 3-7 years climatic variation (due
to the South Oscillation Index (SOI) (which is associated
with changes in precipitation regime and temperature)
masked response to measures and lowered their efficiency.
Dupas et al. (2019) observed that in Brittany’s rivers

the phosphorus improvements due to reductions in

point source discharges were larger than those due to

the measures. They also observed that unveiling the
interannual variation due to the North Atlantic Oscillation
required more than five years of monitoring (Dupas et al.,
2019). It must be noted that only long-term monitoring
could unveil such interannual and decadal effects on the
efficiency of measures.

APPENDIX IV presents efficiencies of measures in the
studies reviewed (where possible). Efficiencies ranged
widely, as expected, but were above 20% at the time

of detecting the first significant improvement and in
some cases reached 90% (e.g. for FIO after 19 years of
monitoring, Lewis et al., 2019). This result may be related
to the monitoring data, as there is a minimum detectable
change based on the frequency and number of samples
available and depending on the efficiency of measures
(Meals et al., 2010; Akoumianaki et al., 2016). By contrast
the efficiencies of the measures implemented in the
studies that reported lack of response were generally

low (APPENDIX IV: Davey et al., 2020; Pearce and Yates
2017).

11 APPENDIX I.1.



4.3.6 Lags and catchment size

Table 3 and Figure 5 show that there is wide range of
lags for a given range of catchment sizes (1-300 km?).
The relationship between lags and catchment size is not
consistent for each pollutant. For example, nitrate lags
(assessed mostly based on Trend analysis on long-term
data) do not increase with catchment size (Figure 5 and
Table 3D), which is expected as nitrate lags depend

on past legacies and bedrock geology underpinning
hydrologic legacies (e.g. Dupas et al., 2019; Van Meter
and Basu 2017); see also Table 1 in Section 3.1. On

the other hand, TP lags (assessed using a BACI design)
decreased with catchment size (Figure 5); see also Table
3B. FIO lags broadly increased with catchment size
(coefficient of determination R?=0.4, based on data
from five catchments), but the catchments reviewed
had different precipitation regimes and soils and showed
different improvement trajectories (Table 3A). Sediment
lags showed a weak relationship with catchment size
(coefficient of determination R?=0.32, based on data
from four catchments) (Figure 3C). These results must
also be assessed in the context of the studies reviewed
in Table 2, whereby a lack of water quality response

to measures was reported for catchments with similar
characteristics and size to those reviewed in Table 3.

A previous review concluded that lags broadly increase
with catchment size, but this relationship was relatively
weak (R?<0.5 based on 14 mesoscale catchments, i.e.

size<65km?) (Melland et al., 2018). Our review shows
that the relationship between lags and catchment size
is not consistent and is partly in agreement with the
findings by Melland et al. (2018), i.e. only for FIO and
sediment.

The effect of monitoring design is further discussed in
Section 4.6.

4.3.7 Lags and land use, slope, soil
properties, precipitation and hydrologic paths

Only one study reviewed in Table 3 presents analyses that
link lags to catchment factors (Van Meter and Basu 2017).
They found that nitrate lags are negatively associated with
both tile drainage and catchment slope, with tile drainage
being a dominant control of nitrate delivery in autumn
and watershed slope being a significant control of nitrate
delivery during the spring snowmelt period (Van Meter
and Basu 2017). Table 3 presents results from three sub-
catchments, where lags ranged between 12 and 25 years.
Lags for in-stream nitrate response to measures in all sub-
catchments of that large river catchment ranged from 12
to 34 years.

Based on Table 3, there is a wide range of characteristics
of catchment factors but also ambiguity in the range

of lags per catchment factor. For example, lags in flat
catchments ranged between 7 and 15 years for all
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pollutants. Lags in steeper catchments ranged between

1 and 25 years but range of sizes of steeper catchment
was also very wide (0.4-299.8 km?). Lags in well-drained
catchments ranged between 1 and 25 years.

Groundwater nitrate lags were longer in loamy than

in sandy catchments presumably due to longer travel
times in the soil matrix in the loamy catchments (Table
3E: Hansen et al., 2019). This finding is in line with the
conclusion by Melland et al. (2018) that lags broadly
increase with the length or travel time of the hydrologic
pathway from sources to receiving waters.

Precipitation was not reported in all studies and
information on discharge was referred in a variety of ways,
e.g. daily, annual, or average during the course of the
study. As a result, comparisons and generalisations are
difficult.

4.4 What is the evidence on water
quality trajectories in response to
measures

Of the 17 studies reviewed to assess pattern in lags, only
two mention the term trajectory and refer to nutrients
(Dupas et al., 2019; Van Meter and Basu 2017); see also
Table 3 for in-stream nitrate. These two studies provide
explicit data on trajectories of in-stream pollutants in
relation to changes in their inputs. These changes refer to
the implementation of measures or policies on reducing
point sources, atmospheric pollution. Other factors that
were shown to affect trajectories were seasonality and
interannual (climatic) variability in precipitation. Wilcock
et al. (2013) reported long-term data (7-15 years) and
presented the evolution of 2-year averages during the
course of-15 years (but not in all of the catchments
studied). There was limited evidence for linear reduction
in pollutants (only TP in one of the catchments of the
study) (Wilcock et al., 2013). Hansen et al. (2019)
expressed concerns about voluntary uptake of measures
as their study demonstrated that a shift of policy from
mandatory to voluntary uptake resulted in deterioration
in groundwater quality after a period of sustained
improvements in response to measures.

Based on the studies reviewed in Table 3, the following
remarks can be made on trajectories:

1. The study of trajectories requires long term data in
pollutant inputs from all sources, catchment and
water quality data.

2. Response to seasonal variation may vary between
sub-catchments of the same river catchment.

3. Climatic (interannual) variation such as that
determined by climatic periodicity has a similar effect
upon sub-catchments in the same region.

4. Trajectories of in-stream pollutant concentrations
following implementation of measures are non-linear.

5. Trajectories of in-stream pollutant concentrations are
parallel to trajectories of inputs only in the period
of increasing inputs and only for inputs from point
sources. In-stream nitrate and SRP increase in parallel
with increasing inputs from both diffuse and point
sources and decrease immediately in response to
abatement of point sources (which elicit a lag-less
response, as described by Van Meter and Basu 2017).
However, long lags in response to abatement of
agricultural diffuse pollution through the measures
have been observed for nitrate and SRP (Dupas et al.,
2019; Van Meter and Basu 2017).

4.5 Do lags depend on the variables
we can measure?

Water quality response to measures occurs as a result

of the interplay among all catchment factors and their
integrated effect on the pollutant transfer continuum
(Heathwaite 2010; Li et al., 2013; Lintern et al., 2018;
Stets et al., 2020). The systematic study of the integrated
effect of all catchment factors on water quality is a key
challenge in catchment management (Kroll et al., 2020;
Lintern et al., 2018; Meals et al., 2010; Stets et al.,
2020). As Lintern et al. (2018) noted: “still required is a
better understanding of the interactions and relationships
between catchment features”.

However, collecting data for all catchment factors

and processes influencing water quality is logistically
impossible. For example, estimates of lags in groundwater
nitrate response to measures require site-specific
knowledge of parameters such as: past inputs of
nitrogen, crop nitrate, pore water and groundwater
nitrate concentrations across hydrogeological gradients,
subsurface runoff, soil properties, groundwater recharge,
depth of the water table, type and size of the aquifer,
denitrification rate, and dispersion and dilution in the
aquifer (e.g. Jiang et al., 2017, not included in Table

3 because it referred to farm-scale data). All these
parameters are difficult to measure at the appropriate
sampling resolution on a site/season- specific basis. A shift
of focus can also be observed in the studies reviewed in
Table 2 and Table 3 from trying to detect a step change
under well designed research/experimental circumstances
and without accounting for lags (Meals et al., 2001)
towards using a combination of long-term monitoring of
inputs and high frequency water quality and modelling
approaches to help understand the interplay between
catchment factors and the effect of climatic or weather
variability (Makarewitz et al., 2009; Pearce and Yates
2017; Wilcock et al., 2013;).



Van Meter and Basu (2017) quantified lags in response to
measures in a river catchment in Canada based on multi-
decadal data series of nitrogen input and meteorological/
streamflow (since 1920) and 25-50-year worth of data of
stream water quality and catchment factors (e.g. bedrock
geology, soils and tile drainage). Such long-term data
series are rare and can rarely be collected.

4.6 What is effect of monitoring
(duration/frequency) on lags in
response to measures?

It is important to note that statistical time lags
(APPENDIX 1.1) do not cause the lack of response

to measures or the lags but they delay detection of
response, thus prolonging the time needed to detect a
response to measures. Sampling frequency (number of
samples per year) accounting for background variability
(e.g. baseflow vs stormflow and wet weather vs dry
spells), baseline data (i.e. before the implementation

of measures and in control catchments) and long-term
data post-implementation are key determinants of our
ability to detect the “minimum detectable change" and
understand how long it will take to document change'?
(Meals et al., 2010).

The ability to detect a water quality response to measures
also depends on the efficiency of the measures: the
smaller the improvement expected as a result of the
measures (e.g. based on model projections or knowledge
of the extent of implementation), the longer the time
needed to detect an improvement in water quality
against the backdrop of catchment variation. The

design, BACI or Trend, used to plan for monitoring

and statistically analyse results, also depends on the
availability of baseline and control data and the uptake
of measures (gradual or completed within a short period
of time. Both types of design can be used if there are
baseline and control data.

4.6.1 s lack of a response to measures a
result of insufficient monitoring?

The studies reviewed in Table 2 used data from relatively
high frequency monitoring, flow weighted concentrations
and sampling across a range of flows (APPENDIX IV). For
example, Schilling et al. (2011) sampled sediment daily
and weekly for 10 years; Zhang et al. (2016) sampled
nutrients weekly to fortnightly and took stormflow

12 Statistical time lags (APPENDIX 11.1) in water quality response
to measures were discussed extensively in two earlier CREW
reports to SEPA (Akoumianaki et al., 2016a;b) and are not further
discussed in this report as they do not cause lags in water quality
response to measures.

samples for 26 years. In this context, the design and
frequency of monitoring was not considered to be the
reason for not detecting a response to measures. Studies
that used the BACI design and did not detect a water
quality response for certain pollutants, attributed this

to uncertainties regarding the start time of the post-
implementation time due to asynchronous (not occurring
at the same time) uptake across the catchment (Table 2:
Davey et al., 2020; Line et al., 2016; Makarewitz et al.,
2009; Steinman et al., 2018). Studies that used a trend
design (Wilcock et al., 2013) or statistical modelling to
detect relationships between the changes brought about
by the measures and water quality (Pearce and Yates
2017) highlighted issues with the function of the measures
(i.e. the measures were not fully effective at the time of
monitoring or because of environmental conditions and to
the extent of implementation required for a response.

4.6.2 Are longer lags in response to
measures due to monitoring or the design?

Lags in temperate regions (Table 3, Figure 5) were in

the range of 1-20 years for river waterbodies and 8-21
years for a groundwater nitrate response. Studies based
on a BACI design used 2-4 years of baseline data. The
Trend design and analysis were reported in studies with
short-term or no baseline data, and were used in cases of
gradual implementation of the measures across medium-
sized catchments (size: 20-280km?) and when there was
voluntary uptake of measures (e.g. Lewis et al., 2019;
Wilcock et al., 2013). Studies using the Trend design were
based on long-term (usually over ten years) monitoring
and comparisons between sub-catchments.

The results of our review are similar to those by Melland et
al. (2018), who reported that the total monitoring time to
detect an improvement in water quality (including baseline
monitoring before the implementation of measures and
post-implementation monitoring) ranges from 4 years
(usually 1 or 2 years pre-implementation and 2 or 3

years post-implementation) to more than 20 years if
“subsurface/groundwater pathways" are involved.

The consensus among the studies reported in Table 3
is that regardless of design /analysis (BACI or Trend),
long-term monitoring of water quality and catchment
data especially on nutrient inputs, precipitation,
streamflow and drainage are key to understanding
water quality response to measures and trajectories
and quantifying lags.

All studies highlighted the need for long-term monitoring
when assessing the effectiveness of measures and water
quality response. Davey et al. (2020) based on their
experience from the water quality response to measures



implemented under the Catchment Sensitive Farming
(CSF) initiative in England stressed the importance

of long term, consistent monitoring programmes for
understanding the contribution of the measures to water
quality trends. An earlier CREW report recommended that
assessing the effectiveness of measures and minimising
statistical time lags requires longer than four (4) years

of post-implementation monitoring with at least weekly
frequency (or finer) of flow-weighted concentrations
(Akoumianaki et al., 2016). Long-term studies suggested
that at least five (5) years of high frequency monitoring
are required to understand the effect of climatic variability
due to the North Atlantic Oscillation on water quality
response to measures (Dupas et al., 2019).

4.6.3 Can monitoring help to explore policy
relevant questions

Monitoring can help to explore a crucial, policy-relevant
question (Jarvie et al., 2013; Kroll et al., 2019; Rittenburg
et al., 2015; Stets et al., 2020):

e Are pollutant reductions simply not large enough
compared to background catchment effects or climate
change on water quality to result in downward
trends, or are legacy effects from past inputs and
lack of matching pressures to local biogeochemical
and hydrologic processes introducing additional,
significant lags in water quality response to measures?

Box 4 summarises the possible outcomes of monitoring

Box 4. Monitoring outcomes and questions about
water quality response to measures

Monitoring can help to explore the following possible
monitoring outcomes:

Did the measure work well by this point in time
and we failed to observe a response’3?

e Did the measures not work yet, and we may or
may not have the ability to determine outcomes/
responses should they occur in future'?

e Did the measures not work by this point in time
and we correctly observed a lack of response’>?

e What are the catchment factors related to the
observed water quality data?

e What is the trajectory of water quality at
catchment scale in the context of catchment
background variability?

e s there any evidence on what measures could be
retrofitted (expanded, re-installed, supplemented
with additional measures) to deliver water quality
improvements?

13 Marc Stutter (James Hutton Institute) pers. com. August
2020.
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4.7 Can we predict or quantify lags
based on catchment typologies?

Despite the practical and policy interest in understanding
lags in response to measures, we lack appropriate
techniques that can account for the diversity of landscape
and management drivers that may impact the time
scales over which change may occur (Van Meter and
Basu 2017). Lags can be better understood using a more
elaborate study design than regulatory programmes
(e.g. by including discharge data, a high frequency,
event sampling, a Before vs After the measures / Control
(pristine or without measures) vs Impact (where the
measures are implemented); or long term-monitoring to
gather time-series data.

There are studies that calculated long-term (over 100
years) N and P balance (input versus output) trajectories
in nutrient loadings and nutrient concentrations but not

in relation to measures or catchment typologies (David

et al., 2010; Goyette et al., 2016; Howden et al., 2010).
More recently, Hashemi et al (2020) provided catchment
typologies for catchment-pollutant combinations based on
catchment-discharge relationships but their study does not
account for lags in response to measures.

Current understanding is that the exact duration of lags
for surface water waterbodies can rarely be predicted but
may exceed the length of research programmes (usually
<3-6 years) and policy cycles in catchment management
(usually <5-12 years) (Chen et al., 2019; Gregory et al.,
2007; Jarvie et al., 2013; Rittenburg et al., 2015; Meals
et al., 2010; Melland et al., 2018; Kroll et al., 2019; Stets
et al., 2020; Steinman et al., 2018; Vero et al., 2018.
Fenton et al., 2011). The exact duration of lags for nitrate
in groundwater can be predicted but only for cases where
the complexity of the factors influencing the nitrate
transfer continuum is well understood spatially and
temporally (APPENDIX II).

Only one out of the 17 studies we reviewed to explore
patterns in lags, applied specific statistical methods to
quantify lags between reductions in inputs or delivery of
pollutants and their concentrations in receiving waters
(Van Meter and Basu 2017). Van Meter and Basu (2017)
quantified lags through long-term monitoring (25-51
years) and the use of the cross-correlation methodology,
whereby they compared reductions in-stream nitrate
concentrations with reductions in nitrogen inputs

in Ontario, Canada. They quantified the effect and
significance of each catchment factor (TN inputs, wetland
area, % organic matter, cropland area, slope, population
density, extent of tile drainage) on the observed lags
based on interannual and seasonal data.

Two studies used indirect methods to estimate lags in
response to measures (Davey et al., 2020; Dupaet al.,
2019). For example, Davey et al. (2020) used process-



based model projections on pollutant loads, Generalised
Additive Mixed Models (GAMMs) and sensitivity analysis
to quantify the strength of the water quality response to
the measures implemented under the Sensitive Catchment
Farming (CSF) in England using an assumed time lag
between 1 and 5 years. The results showed a “strong”
SRP response to CSF within three years but the absence of
any detectable water quality response to CSF advice when
using shorter or longer lags demonstrated “how a failure
to correctly account for lags in the system can lead to the
effectiveness of pollution reduction schemes being under-
estimated or over-looked altogether” (Davey et al., 2020).
In addition, Dupas et al. (2019) estimated breakpoints in
long-term data series (50 years) to identify changes in the
trajectory of water response to measures and other drivers
of change in water quality in the context of discharge
variability.

It is also worth noting approaches that account for

the interplay of catchment factors influencing water
quality. For example, in Scotland, an earlier CREW report
developed a methodology based on a Weight-of-evidence
approach to help take into account and quantify the
interplay between all catchment factors influencing water
quality at catchments where DP GBR and SRDP measures
are implemented (Akoumianaki et al., 2016a). The method
involved quantification of catchment factors such as DP
GBR uptake across a catchment, spend for SRDP measures
with the potential to benefit water quality, nitrogen and
phosphate fertiliser annual inputs, % of high erosion

risk area (depending on crop type and land cover); total
and grazing livestock density; and deviation of annual
rainfall from the 30-year average'®. the catchment factors
proposed in the methodology developed by CREW have
been found to be among the key determinants of water
quality variability in a catchment (Lintern et al., 2018).
The CREW approach can help quantify or understand
lags, provided that long term water quality data become
available.

Finally, it is useful to draw parallels with the “land type
framework™ (Figure 4 in Section 3.2) and the suggestion
by Rittenburg et al. (2015) for the development of
process-based decision-support tools that use readily
available catchment and water quality data to advance
the land type approach. For example, Brooks et al. (2015)
developed a simplified process-based tool building on
the land type framework. They included site-specific
spatial and temporal catchment (e.g. slope, management
scenarios, soil sorption capacity and transformation rates
of pollutants) and water quality data. The tool enabled
Brooks et al. (2015) to identify the causes of a lack of
effectiveness and a longer than 10 years lag in water

14 Despite the availability of adequate data on catchment
factors, the method could not be used for further evaluating their
influence on catchment-scale water quality response and lags
because of lack of adequate water quality monitoring data.
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quality response, despite extensive implementation of
measures.

To sum up:

The review of 17 studies showed there is paucity of
empirical evidence and lack of understanding about
precisely how long it takes for a water quality response
to measures to occur, whether it be the first detectable
improvement or the trajectory to the first response

or to the end-point of compliance with water quality
standards.

All studies in Table 2 and the studies in Table 3 that
monitored for longer than 5 years call for: (i) adjusting
expectations for the timescales of water quality
response; (i) collecting long-term time series data
(longer than 5-10 years) of water quality indicators in
combination with catchment factors related to land use,
soil properties, runoff, streamflow and precipitation

to enable a response to be detected against the
backdrop of catchment variation; and (iii) planning

for a monitoring programme of at least 10 years post-
implementation of the measures for surface water
pollutants and much longer (potentially longer than
20 years) for groundwater nitrate) is required to detect
a measurable water quality response to measures
irrespective of form, type of pollutant and type of
measures, and monitoring design.

4.8 Further evidence on policy
challenges

Previous reviews on water quality response to measures
have also highlighted the paucity of evidence on lags
despite their importance in diffuse pollution control but
also provide additional evidence in relation to the factors
influencing lags (Kroll et al., 2019; Lintern et al., 2018;
Meals et al., 2010; Melland et al., 2018). Here, we
summarise this additional evidence in the context of policy
challenges.

Evidence on measures is site-dependent. Kroll et al.
(2019), after reviewing 158 studies reporting timescales
of effectiveness and efficiencies of measures, concluded
that the localised case-study nature of most studies
makes it unreliable to transfer findings to a different
region or even a nearby catchment. Cherry et al. (2008)
concluded that effectiveness of measures in one farm-plot
or catchment should not be extrapolated to predict water
quality response in catchments with similar measures in
place but different soil type/ land use combinations or
spatial scales (e.g. field to farm to catchment to regional
scale). Effectiveness of measures at both farm-plot and
catchment scales depends on the interplay of catchment-
specific factors, e.g. soil sorption capacity, slope, crop type,



livestock numbers, climate, hydrologic paths, presence of
other source of pollutants and past pollutant inputs (Kroll
et al., 2019; Meals et al., 2010; Rickson, 2014). These
factors vary in space and time in a catchment-specific
way (Agouridis et al., 2005; Chen et al., 2018; Kroll et al.,
2019; Lintern et al., 2018; Liu et al., 2017; Osmond et al.,
2019; Rittenburg et al., 2015; Rickson 2014; Stutter et al.,
2019).

The measures are spatially dispersed. Evidence from
small’® catchments (<50km?) has shown that there
are cumulative benefits from spatially integrated
implementation of combined types of measures (Kroll
et al., 2019; Meals et al., 2010; Melland et al., 2019;
Rittenburg et al., 2015). However, Kroll et al. (2019)
observed that the lack of water quality response to
measures at the catchment scale is related to the lack
of integrated implementation. They observed that the
implementation of measures to achieve water quality
improvements at catchment scale “is often opportunistic,
involving widely dispersed farms throughout large
geographic regions” (Kroll et al., 2019).

Catchment complexity. Complexities of pollution sources,
and pollutant mobilisation and delivery through river
catchments mean that monitored outcomes will take years
to decades to confirm successful impacts arising from
targeted on-farm implementation of the measures (Collins
et al., 2018; Meals et al., 2010; Melland et al., 2018).

There is a call for long-term, high frequency monitoring.
A new approach to observing water quality response and
accounting for lags is gaining ground: evaluation through
long-term regulatory'® monitoring post-implementation
(Lewis et al., 2019; Hansen et al., 2019; Vero et al., 2018;
Davey et al., 2020; Wilcock et al., 2013; Van Meter

and Basu 2017; Dupas et al., 2019). It is premised on
observations that (1) pre-implementation monitoring is
not always feasible; (ii) the uptake and implementation
of measures is usually gradual and over many years;

(iii) legacy effects cause lags ranging from years to

many decades; and (iv) climatic/weather phenomena
influencing precipitation regime and temperature in an
area can have a decadal periodicity. However, there is also
a call for finer resolution monitoring (higher frequency
and more sampling sites) to address events that occur
rarely but have a large impact on water quality, such

as storm events (see review by Meals et al., 2010 on
magnitude of change) and travel time to groundwater
(e.g. Jiang et al., 2017). Securing continuous funding

for long-term and high-frequency water quality
monitoring remains a challenge (Melland et al., 2018).
But there are suggestions for using alternative water

15 Some studies mention these catchment as mesoscale
catchments (Melland et al., 2018) or mini-catchments (Hashemi
et al., 2020).

16 Sampling frequencies using regulatory monitoring vary by
country and availability of autosampler devices.

34

quality measurements to allow early estimation of the
direction of travel of the measures before the signal
reaches receiving waters. For example, Vero et al. (2018)
suggested the use of soil pore-water sampling to detect
reductions in nitrate in response to Source control. Meals
et al. (2010) also suggested that in-stream measurement
of nutrients can be accompanied by soil nutrient
measurements at all farms to demonstrate an immediate
response to fertilisation management measures.

Further action may involve retrofitting. In general, there
is a consensus that planning for long-term monitoring

is the only way to quantify lags (see Section 4.7). It is
also the only way to understand whether a lack of water
quality response to measures has resulted from poor
targeting or low efficiency and inform further action. This
action may involve retrofitting the correct measures to
site-specific losses (Melland et al., 2018). For example,
Tomer et al. (2014) conducted retrospective studies (i.e.
studies that examined the suitability of targeting after the
measures were implemented) and found that streambank
rather than field erosion was the cause of high in-stream
sediment following the implementation of in-field erosion
(vegetated buffers) measures. Retrofitting involved
riparian re-vegetation at local to basin scale to improve
stream water quality (Tomer et al., 2014). In addition,
adjusting the vegetation and width of riparian buffer
strips can help delay the delivery of pollutants though
preferential pathways and improve the effectiveness of
the buffer strip (Rittenburg et al., 2015; Stutter et al.,
2019).

Targeting is narrow-scope and based on assumptions
about effectiveness and not local evidence. Chen et

al. (2018) found that the lack of appropriate targeting
and planning results in greater uptake of measures that
cannot address biogeochemical and hydrologic legacy
effects. In Europe, and especially in England, narrowly
addressing WFD non-compliances has been implicated

in lack of targeting and integrated implementation of the
measures to deliver temporally consistent water quality
responses with wider ecological benefits (Giakoumis and
Voulvoulis, 2019). Targeting is largely based on general
considerations such as the proximity of grazing pastures
to streams, grazing intensity in relation to vegetative
cover (i.e., grasses), and livestock access to streams. These
considerations assume without evidence that targeted
and well maintained and managed measures will always
deliver a water quality response in short timescales
(Agouridis 2005; Liu et al., 2017). Agouridis (2005)
argued that site-dependant natural stream processes
(e.g. balance between delivered via in-field erosion and
removed via streambank erosion) must be accounted
when targeting livestock pressures and erosion in-field to
ensure that the measures will be effective. Schoumans et
al. (2015) observed that there is uncertainty about the
true effectiveness of measures, such as riparian buffers:



most evidence comes from short-term (single rainfall
event) plot studies.

Links between performance and function of the measures
and lags in response is poorly understood. Chen et al.
(2018) observed that Transport control and Trapping
measures, which can address biogeochemical legacies,
require considerable planning and management. A
common issue in the case of Trapping (e.g. buffer strips)
is pollution swapping (Stutter et al., 2019). Weaver and
Summers (2014) identified that for sandy catchments
dominated by subsurface nutrient flows, riparian fencing
and vegetation were likely to decrease sediment loss,
but increase the proportion of bioavailable phosphorus,
entering waterbodies. The function and performance

of the measures can vary over time irrespective of
maintenance due to factors such as the variation of
vegetation, natural degradation of structures, and
accumulation of pollutants (Liu et al., 2017; Rittenburg
et al., 2015; Stutter et al., 2019). Limited empirical data
have been collected to describe the performance of the

measures against the backdrop of environmental variation.

However, growing evidence shows that under certain
conditions some in-field Transport control and riparian
Trapping measures (e.g. winter stubble, grass strips

and riparian buffers) may become sources for dissolved
(leached) nutrients (Chen et al., 2019; Dodd and Sharpley,
2016; Meals et al., 2010; Stutter et al., 2019); FIO
(Knapper et al., 2012); and sediment (Rickson, 2014).

The link between lags and efficiencies of measures is
poorly understood. Efficiencies of measures at catchment
scale vary widely (Box 5) in the context of background
catchment variability and emerging pressures such as
climate change, which translate to small, undetectable,
improvements (Kroll et al., 2019). The wide range of
efficiencies means that it is difficult to know the minimum
detectable change for a specific catchment without
monitoring (see Section 4.3.5).

Inconsistency of study approaches. Lags have not

been quantified or studied systematically. Results from
different studies are often inconsistent based on the
monitoring methods employed, especially in terms of
forms of sediment and nutrient compounds studied, units
of measurement used, spatial and temporal scales and
monitoring design (Kroll et al., 2019; Meals et al., 2010;
Melland et al., 2018).

Lags are poorly addressed in policy frameworks. Lags
have not been quantified; only few long-term, studies
have applied proper methodologies to quantify lags™.
As a result, lags in water quality response to measures
are rarely considered in policy frameworks requiring
compliance with water quality standards within
designated/fixed timeframes as in the WFD (Gregory et

17 Van Meter and Basu 2017; Dupas et al. 2019; Davey et al.,
2020.
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Box 5. Range of efficiencies of measures to reduce
pollutants at catchment scale.

A review of 158 studies showed that different
combinations of agricultural measures have resulted
in (Kroll et al., 2019):

e 3-85% reductions in TN, with reductions of up
to 92% for NH4+, 82% for nitrate and 78% for
TKN.

e 0-79% reductions in TP, with reductions of up to
91% for SRP.

e 0-90% reductions in total suspended solids.

al., 2007; Davey et al., 2020; Melland et al., 2018; Kroll
et al., 2019; Vero et al., 2018). In 2010, for example,

the European Environmental Bureau stated that ‘time
lags' were simply a ‘generic excuse' generated to avoid
implementation of more stringent policy measures
(Scheure and Naus 2016 cited in Vero et al., 2016).

Van Meter and Basu (2017) pointed out that long lags

in achieving improvements in water quality can lead

to disillusionment among stakeholders regarding the
potential for achieving meaningful changes in water
quality and, unnecessarily, to calls for investment in

more drastic mitigation strategies. There are concerns
among scientists that long lags or lack of understanding
or quantification of lags in water quality response

to measures increases the risk of reducing funding/
support for long-term monitoring of the effectiveness of
measures or promoting voluntary instead of mandatory
uptake of the measures (Hamilton 2012; Jarvie et al.,
2013; Meals et al., 2010; Steinman et al., 2018; Van
Meter and Basu 2017; Vero et al., 2017). Scientists

also point out that new strategies for the effective
communication of both the theory and realities of lags in
water quality response to measures must be investigated,
(Meals et al., 2010; Vero et al., 2017). Osmond et al.
(2019) emphasised the need for adaptive management
also known as “learning by doing".

There are discrepancies between scientific evidence and
policy. The literature also highlights the discrepancies
between timeframes in current regulations (approximately
6 years) and the decadal timescales associated with

the travel times through groundwater (as in the case

of nitrate), legacy phosphorus removal, and sediment
storage (Jarvie et al., 2013; Meals et al., 2010; Osmond
et al., 2019; Rickson 2014; Vero et al., 2018). There is a
call for accounting for lags in the design of water quality
policies (Kroll et al., 2019; Meals et al., 2010; Vero et al.,
2018). More specifically, certain targets and deadlines
prescribed by current policies in WFD may need review
(Vero et al., 2018).



5.0 Obj. 3: Can lags
based on catchment
typologies be identified
in the literature?

Based on the evidence presented in Sections 3 and 4 no
catchment typologies for lags in water quality response
could be identified because of:

e Complexity: Multiple interacting catchment factors
involved in diffuse pollution control.

e  Paucity of long-term water quality and catchment
dataset, which are required to quantify lags.

e Localized, case-study nature of most studies on
effectiveness of measures and related response.

¢ Inconsistent reporting of catchment factors in studies
of water quality response to measures.

e Lack of knowledge about the function of measures
across a range of conditions and environments.

¢ Inconsistencies in available evidence per type of
pollutant.

e Difficulty in quantifying the complex processes
determining catchment typologies.

6.0 Recommendations

6.1 Literature-based recommendations

e Account for dominant legacy effects and hydrologic
paths when targeting the measures to address
pressures.

e Promote spatially integrated implementation of a
combination of different types of measures.

¢ Include Source control measures, as their intended
effect (i.e. reduce inputs at source) is independent of
legacy effects and hydrologic paths.

e Collect long-term monitoring data from catchments
where the measures are implemented and from
control catchments (pristine, or without measures);
control data are key to separating effect of measures
from effects of other factors on water quality.

e Apply a Before-After/Control-Impact or trend
monitoring design using long-term data depending on
availability of pre-implementation data or on mode of
uptake of measures (e.g. gradual or not).

e Account for catchment-scale influences on water
quality of factors such as rainfall, land use, application

of fertiliser, livestock numbers, streamflow, discharges
from point-sources, and data on soil sorption capacity
and rates of biogeochemical processes.
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6.2

Model water quality responses to catchment
processes to derive typologies, understand sensitivity
to measures over time and guide further action.

Practical implications for

Scotland

Keep monitoring water quality to help understand
lags and inform further action, bearing in mind that
monitoring does not cause lags in water quality
response to measures.

Adjust expectations for water quality response and
recovery, i.e. there is no evidence supporting fixed
timeframes for waterbody improvement.

Plan for lags in water quality response. This may
involve:

v" Planning for longer-term monitoring of water

quality and catchment data, more analyses, and
more flexible water quality objectives (ultimately,
the universality of lags calls for adaptive
management approaches);

Prioritising measures that deliver immediate results
by accounting for hydrologic paths e.g. fencing
livestock out of streams has been shown to give
faster, and in some cases, immediate water quality
improvement, compared to waiting for riparian
buffers to deliver their intended effect. However,
as Meals et al. (2010) highlighted, “Quick-fix"
practices with minimum lag time should not
automatically replace practices implemented in
locations that can ultimately yield permanent
reductions in pollutants in the long-term;

v’ Targeting sources nearest to receiving waters;

Taking account of sediment storage and travel
processes. For example, in areas where sediment
and sediment-bound pollutants from cropland
erosion are primary concern, implementing
measures that target the largest sediment sources
closest to the receiving water may provide a more
rapid water quality benefit than erosion controls in
the upper reaches of a catchment;

Demonstrating results to the public at areas
that are likely to deliver immediate water
quality responses, which may be easier at small
scales. This may involve focusing on nested
sub-catchments within larger river catchments
before demonstrating benefits at the larger river
catchment scale, e.g. the protected area scale in
Scotland. It may also involve focusing on areas
with small travel times (i.e. where delivery to
streams does not involve groundwater), and where
nutrient legacies from the past are unlikely.



Account for dominant hydrologic paths at farm scale
during catchment characterisation surveys and when
targeting; this means collecting evidence on soil
properties, soil sorption capacity, legacy nutrients,
bedrock geology and precipitation regime along with
observations on land use and pressures.

Match the measures to the pollutant(s), pollutant
source(s), and hydrologic transport pathways.

Promote spatially integrated implementation of a
combination of measures at farm- and catchment-
scale.

Avoid inputs at source (Source control).

Consider demonstrating immediate response to
Source control, such as fertilisation management
measures, by soil nutrient measurements at all farms.

Consider retro-fitting the correct measure(s) to site-
specific losses.

Develop modelling approaches (e.g. a decision
support tool) examining the effect of a suite of
catchment factors on water quality. The aim of
modelling/tool should be to explore patterns between
catchment characteristics and water quality response
and understand the causes of observed lags to guide
further action. In Scotland, relevant catchment-scale
GIS-based data are readily available for desk-top
surveys or processing and may include:

v" Soil leaching potential, Soil runoff risk, Soil
compaction, available from Scotland'’s soils web

page;

v" Land Use/Land Cover data - JHI has free access to
2007 map (UKCEH no date);

Digital elevation model;
Data from uptake of measures per catchment;
Meteorological data;

Streamflow data;

S N N N

Fertiliser application data, (available from British
Survey of Fertiliser Practice);

v' Livestock numbers, locations, and discharges from
point sources;

v WEFD water quality monitoring data (available form
SEPA).

Investigate strategies for the effective communication
of scientific evidence on lags and adaptive
management approaches in the context of cost-
effectiveness of the measures.
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7.0 Conclusion

This project reviewed over 70 studies on riverine and
groundwater water quality, mainly focusing on small
catchments (<50 km?) and temperate climates. The
overwhelming consensus of the scientific community is
that the study of effectiveness of measures at catchment
scale and related policies must account for long-term, site-
specific lags in water quality response to measures. The
key findings are outlined below.

1.

There is paucity of empirical evidence and lack of
understanding about precisely how long it takes a
water quality response to measures to occur, whether
it be the first detectable improvement or the trajectory
to the first response or to the end-point of compliance
with water quality standards. There is no evidence
that fixed timeframes for a water quality response to
measures can be set. Predicted lags in water quality
response based on a catchment typology were not
found in the literature. Long-term water quality and
catchment data are key to quantifying lags.

Lack of water quality response to measures was
attributed to combinations of the reasons below:

e Uncertainties about the effectiveness of measures
and the level of implementation required for a
water quality response;

e Low efficiencies of the measures in the context of
background catchment variability and pressures
such as climate change, which translate to small,
undetectable improvements;

e Lack of effectiveness due to non-optimal
implementation of the measures;

e Longer time required for the measures to become
fully effective;

e Variable function and performance of the
measures in response to environmental
conditions;

e Lack of appropriate long-term water quality and
catchment data to account for catchment factors;

e Poor understanding of the start time of the
post-implementation period at the catchment
scale, which affects statistical analyses and study
designs;

*  Monitoring design, which may be introducing
a statistical lag, or is unable to detect the
magnitude of improvement that has occurred or
can occur under site-dependent circumstances.



>

YEARS (FIRST RESPONSE TO M EASURES)

3. Studies that observed a water quality response to
measures, found that lags broadly increase with:

e  Catchment size (Fig. ES1) but differ for the
same pollutant in catchments with similar size/
measures;

e Legacy effects from past pollutant inputs stored
in the soils and in-stream;

e Travel time from sources to receptors, e.g. when
groundwater hydrologic pathways predominate;

e Residence time in-field, in-stream and in the
aquifer, which is generally enhanced by storage;

e Presence of multiple, non-agricultural sources
(e.g. wastewater discharges) of that pollutant.

4. Lags reported in temperate regions were in the range
of 1-25 years for river waterbodies (Fig. ES1. A) and
potentially longer than 20 years for a groundwater
nitrate response. Studies based on a Before-After/
Control-Impact (BACI) design used 2-4 years of
baseline data. The Trend design involved long-
term (over ten years) monitoring and comparisons
between catchments and was used in cases of gradual
implementation of the measures across medium-sized
catchments (size: 20-300km?). Based on long-term
data, river and groundwater water quality trajectories
of response to measures are subject to site-dependent
seasonal, interannual and decadal, climate-related,
variation.

RANGE OF OBSERVED LAGS IN THE STUDIES REVIEWED HERE
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Studies that reported a water quality response within
five years post-implementation of the measures (Fig.
ES1) attributed the relatively fast response to optimal
implementation, i.e. extensive and spatially integrated
implementation, targeting to match pressures to
biogeochemical and hydrologic processes at farm
scale and application of a combination of Source
control, Transport control and Trapping across the
landscape.

No catchment typologies for lags in water quality
response were identified because of:

e Complexity: Multiple interacting catchment
factors involved in diffuse pollution control;

*  Paucity of long-term water quality and catchment
datasets, which are required to quantify lags;

e Localised, case-study nature of most studies on
effectiveness of measures and related response;

e Inconsistent reporting of catchment factors in
studies of water quality response to measures;

e Lack of knowledge about the function of
measures across a range of conditions and
environments;

¢ Inconsistencies in available evidence per type of
pollutant;

e Difficulty in quantifying the complex processes
determining catchment typologies.

B. Nutrients FIO

Source control measures

* Livestock exclusion with off-site
watering, bridges, crossings

Source control measures

¢ Reduction in Nand P
fertilisers

¢ Optimisation of N

* Manure storage

* Livestock restrictions
(fencing)

* Reduction of stockingrates

¢ Farmyard runoff control

* Removal from crop
production

¢ Irrigation management

* Improved farm infrastructure

Riparian Trapping measures

* Streambank stabilisation (incl.
revetments)

* Riparian restoration (2-8m up
to 30m) with woody vegetation

Source control measures
» Livestock exclusion

In-field Transport control
measures
* Catch crops

In-field Transport control
measures

350

Riparian Trapping measures e In-field erosion control
¢ Constructed wetland
* >8 m Riparian buffers
* Riparian restoration with

woody vegetation

Riparian Trapping measures
* Streambank stabilisation
*Riparian restoration

Figure ES1. A. Relationship between time (years) elapsed between the start of implementation of measures and the first detectable water
quality response to measures in river waterbodies in temperate regions based on BACI and Trend monitoring designs. No compliance with
water quality standards was observed in any of these studies. B. Combinations of measures implemented per catchment per pollutant in the

studies presented in A.



Key practical implications-recommendations for
Scotland based on these findings are listed below.

1. Keep monitoring water quality to help understand
lags and inform further action.

2. Adjust expectations for water quality response and
recovery, i.e. there is no evidence supporting fixed
timeframes for waterbody improvement.

3. Plan for lags in water quality response. This may
involve:

e Planning for longer-term monitoring and flexible

objectives as in “learning by doing “;

e Prioritising measures that deliver immediate
results by accounting for hydrologic paths;

e Targeting sources nearest to receiving waters for

faster improvements;

e Demonstrating results to the public in areas
delivering immediate water quality responses.

targeting; this means collecting evidence on soil
properties, soil sorption capacity, legacy nutrients,
geology, streamflow and precipitation along with
evidence on land use and pressures.

5. Match the measures to the pollutant(s), pollutant

source(s), and hydrologic transport pathways.

Account for dominant hydrologic paths at farm scale
during catchment characterisation surveys and when
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10.

11.

Promote spatially integrated implementation of a
combination of types of measures.

Avoid inputs at source (Source control).

Consider soil pore-water nutrient measurements to
demonstrate effectiveness of Source control.

Consider retro-fitting the correct measure(s) to
site-specific losses when assessment of the measures
in place shows that the predominant sources of
pollutants have not been addressed.

Develop modelling approaches (e.g. a decision
support tool) examining the effect of a suite of
catchment factors on water quality using readily
available desk-based GIS data.

Investigate strategies for the effective communication
of scientific evidence on lags and adaptive
management approaches in the context of cost-
effectiveness of the measures.

Itis believed that undertaking a systematic review of the
literature on water quality response and lags in response
to the measures implemented helped to better
understand the factors causing lags and the limitations in
identifying catchments typologies for lags. It also helped
to gather information on what can be done to improve
understanding of lags in water quality response. Finally, it
provided practical recommendations for Scotland towards
accounting for lags in river basin management planning,
reducing the lags, and communicating the scientific
evidence on lags with practitioners and policy makers.
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APPENDIX

APPENDIX 1.1
their terminology

Key concepts and

Note: This Section is not intended to provide regulatory or
legal definitions of terms. Instead, it provides a literature-
based definition of terms used in this project.

Measures (as of Programmes of Measures -
POMs)

The Water Framework Directive (WFD; 2000/60/EC,
OIJEC, 2000) set out the requirements for PoMs where
an individual waterbody has been classified as below or
at risk of not reaching “good ecological status” by 2015
and for preventing further deterioration of the status of
freshwater environments. PoMs to tackle agricultural
diffuse pollution are implemented as agricultural Best
Management Practices (BMP).

Categories of on-farm measures in terms of
intended effect
Diffuse pollution control measures installed on land to

deliver water quality benefits'® can be divided into three
categories:

(i) Measures avoiding inputs of pollutants at source, i.e. on
the farm.

These measures are referred to as: Avoiding (Osmond et
al., 2019); BMPs that reduce application of a pollutant at
the source (Rittenburg et al., 2015); source management
(Rittenburg et al., 2015; Agouridis et al., 2005); nutrient
source controls (Chen et al., 2019); practices addressing
sources of pollutants (Melland et al., 2019); measures
limiting sources of pollutants (Lintern et al., 2019); and
source control (Wang, et al., 2019).

Examples include: Manure/slurry storage; nutrient
management (i.e., planning the fertiliser amount, rate,
timing, and method of application); preventing livestock
access to watercourses (including fencing and provision for
alternative watering and bridges-crossings for livestock);
control and reduce farmyard runoff; and reduction of
stocking rates to reduce nutrient and FIO inputs.

This report refers to these measures as: “Source control”.

(i) Measures controlling and delaying mobilisation of
pollutants by capturing, retaining or interrupting surface
and subsurface transport pathways of pollutants in-field.

These measures are also referred to as: Controlling
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(Osmond et al., 2019); mobilisation control (Lintern et

al., 2019); practices addressing pathways of pollutants
(Melland et al., 2019); in-field structural and vegetative
BMPs (Rittenburg et al., 2015); cultural BMPs (Agourides
2005); practices addressed at pathways of pollutants
(Melland et al., 2019); and BMPs that increase the soil's
ability to infiltrate and store water, reducing overland flow
(Rittenburg et al., 2015).

Examples include: retention of winter stubble, cover
crops, in-field grass strips; hedges; reduced or no-till; and
reduction of stocking rates to reduce livestock poaching.

This report refers to these measures as: "in-field Transport
control” or simply Transport control.

(iii) Measures intercepting and trapping/retaining
pollutants in riparian areas before they reach waterbodies.

These measures are also referred to as: Trapping (Osmond
et al., 2019); delivery control (Lintern et al., 2019); and
riparian structural and vegetative BMPs (Agourides 2005;
Rittenburg et al., 2015; Stutter et al., 2019); nutrient
retention and sediment trapping (Stutter et al., 2019);
and practices addressed at delivery or impact of pollutants
(Melland et al., 2019).

Examples include: vegetated (grass or trees) riparian buffer
strips adjacent to grassland and arable fields, constructed
wetlands and sediment trap bunds.

This report refers to these measures as: “Riparian
Trapping” or simply Trapping.

Agricultural Best Management Practice (BMP)

A technique, process, activity, or structure intended to
remove, reduce, delay, or prevent agricultural pollutants
from reaching receiving waters (e.g. Strecker et al 2001).
This term is commonly reported in international research
and regulatory literature to reflect both mandatory and
voluntary implementation of these practices.

This report uses the term “measures” when referring to
studies using the term BMP, unless otherwise stated.

Effectiveness of measures

The degree to which a measure or a combination of
measures implemented achieves its intended effect at
(Strecker et al 2001; Kay et al., 2010; Liu et al., 2017):

(i) the farm/field scale, e.g. prevention or reduction of a
pollutant's losses from a field to a waterbody; and

(i) catchment scale, e.g. compliance of receiving
waterbodies, such as streams, groundwater, lochs,
estuaries, or coastal waterbodies, with water quality as
well as ecological (where relevant) standards.



Efficiency of measures

How well a measure or combination of measures
removes pollutants, usually expressed as changes of
pollutants in compared to original conditions, due to the
implementation of the measures. It may refer to:

(i) Efficiency at the field scale, e.g. percentage reduction
of loadings of pollutants in the soil, percentage reduction
of losses from farm plots where the measures are
implemented to receiving waterbodies.

(i) Efficiency at catchment/scale, e.g. percentage change
of a pollutant’s concentrations at the catchment outlet.

Form of pollutant

This includes specific forms of pollutants that determine
their behaviour in the soil/groundwater, stream-bed,
in-stream, and brackish, saline, or turbid waters, e.g.
particulate versus dissolved, organic versus inorganic, and
bioavailable or not.

Water quality response to measures

* Meals et al. (2010): the first measurable (i.e.
statistically significant) improvement in water quality
in the waterbody downstream of the catchment
where the measures are implemented at the level
projected to reduce diffuse pollution at a catchment
scale.

¢ Melland et al. (2018): the number of years from when
a threshold or maximum rate of implementation of a
practice is reported or inferred to have been achieved,
to when a (significant) effect on water quality was
deduced to have occurred.

e This report: any measurable (i.e. statistically
significant) improvement in water quality in the
waterbody downstream of the catchment where
the measures are implemented at or above the level
projected to reduce diffuse pollution at a catchment
scale, i.e. at or above the threshold

Lag in the water quality response to measures

(also reported as time lag, lag time, environmental or
water quality response time', delayed response, memory
effect, residence effect, and legacy effect)

The time elapsed between implementation (adoption,
uptake, installation) of measures at the level projected
to reduce diffuse pollution at a catchment scale and a
water quality response to measures in the waterbody
downstream of the catchment where the measures are
implemented (Fenton 2011; Meals et al 2010;).

19 SEPA's project request
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Statistical lag time in water quality response

The time between a water quality response to measures
and its detection due to insufficient monitoring design
(Meals et al., 2010).

Legacy effects

(mainly referring to nitrogen and phosphorus) pollutants
that remain stored in terrestrial and aquatic landscapes
due to (Chen et al., 2019):

e Excessive anthropogenic inputs before the
implementation of the measures, including fertiliser
use, fossil fuel combustion and food and feed import.

e Biogeochemical legacy effects, which arise from the
time elapsed from inputs to complete removal from
a given landscape via gaseous emission and plant
uptake, and export from the catchment through
water flow and are associated with biogeochemical
nutrient cycling within or among soil/sediment, biota,
and water.

¢ Hydrologic legacy effects, which arise from the
hydrologic travel times required for nutrient delivery

from the sources to the receiving waters along the
hydrologic pathways at the catchment scale.

Hydrologic connectivity

The probability that a certain point in the landscape is
capable of transmitting material to another point. For a
point to be considered hydrologically connected, it must
be generating runoff and transmitting the flow vertically
downwards and downslope to the stream/river channel
and thereof downstream (Brierley et al., 2006).

Adaptive management

Its basic premise is that as management proceeds,
information is collected that improves knowledge of the
system being managed. This knowledge is then used

to improve future management practice, in an iterative
process sometimes described as ‘learning by doing'.
Consequently, adaptive management should be a good
way to manage systems that are poorly understood.
Source: Westgate 2013.



APPENDIX 1.2
Literature review methodology

Computerised searches for peer-reviewed and grey
literature were performed using web-based search
engines such as Google Scholar (GS n.d.); Web of

Science (WoS n.d.); and Science Direct (SD 2020). The
reason for using three different search engines was to

take advantage of the different benefits arising from the
use of each one of them. GS enabled the detection of
published peer-reviewed and grey literature (e.g. reports
from government organisations and regulatory agencies)
on the basis of full document searches including results
drawn from references; however, the results (in terms of
numbers and content) were not 100% reproducible. WoS
enabled a detection of peer-reviewed articles tagged for
their high scientific impact and close relevance of their title
and keywords with the search terms. In addition to the
advantages referring to the GS and WoS search engine,
SD allowed for the targeted search of whole document,
i.e. de-emphasising results from references as in GS.

The following words-phrases were used as search terms
or keywords: “best management practices®" OR BMP
OR land management OR WFD agricultural measures OR
agri-environment measures OR measures. Other terms
used for further refinement of the results included: Diffuse
pollution OR non-point source OR nonpoint source;
Catchment OR watershed OR landscape; Response OR
lag time OR time lag OR “water quality response time";
Legacy nutrient.

20 See APPENDIX 1.

Given time constraints, the review focused on peer-
reviewed (both review and research) articles and book
chapters from SD and WoS related to UK and international
evidence on lag times in water quality response to
measures/BMPs published post-2010 (including). Grey
literature was also used, reports and technical notes
referring to any relevant evidence from Scotland,
regardless of year of publication. Evidence on response to
SEPA's measures was also extracted by searching the web
sites of environment protection agencies such as the Irish
EPA, the US EPA, and the Environment Agency. Finally,
citations from selected articles and reports were also
checked to develop an understanding on how evidence
and knowledge gaps are interpreted by the researchers
themselves and to identify evidence that was not captured
by the search engine.

The search string and associated output is presented in
Table I.1.

Case studies for Objective 2. Most studies refer to

water quality in catchment up to 300 km? in temperate
regions. Data from larger river catchments or subtropical
catchments were included, but only where the measures
implemented, or the monitoring design were similar to
SEPA's measures. In addition to catchment size, measures
and climate, selection criteria for these studies included
clear information on: catchment characteristics, such

as waterbody type, land use/land cover, hydrology,

types and uptake of measures implemented and, where
available, soil properties; monitoring design and efficiency
of measures. The research articles selected included
studies from Ireland, England, Denmark, France, USA,
Canada, and New Zealand. Studies reporting lags in water
quality response to measures were summarise in a Table
and a graph and were discussed at the sense checking
workshop.

Table 1.1. Search string.

Number  Keywords Google WoS Science Direct
scholar
“best management practices” OR BMP OR land
9 management OR WFD agricultural measures OR 3,930,000 4,656,775
agri-environment measures OR measures
91 Refine: Diffuse pollution OR non-point source 24,400 3,018
OR nonpoint source
9.2 Catchment OR watershed OR landscape 1894
92 [1 (cited in 80 papers in
93 Response OR lag time OR effectiveness 6610 334 Google Scholar and 42 in Web of
science and Scopus)]
2010-2020 3360
9.4 203 77 [See above: Cited: 23]

Since 2020 92




APPENDIX Il

Hydrologic paths and
forms of pollutants along
the pollutant transfer
continuum

1. Past legacy effects and multiple non-agricultural
sources (Processes at Source?' in Figure 2). Pollutants
may enter catchments through external inputs to the soils
(e.g. application of fertilisers, intensively grazed grassland,
septic tank soakaways,) or directly into streams through
wastewater and stormwater discharges in both urban

and rural areas. Atmospheric deposition, wildlife and
naturally occurring sources, e.g. bedrock, can constitute
sources of pollutants both in soils and in-stream. Excessive
anthropogenic nutrient inputs through agriculture and
wastewater discharges are major causes of the build-up
of legacy nutrients in catchments in soil and streambed,
respectively.

2. Biogeochemical legacy effects (Processes referring

to Mobilisation?? in Figure 2). Pollutants in agricultural
land may be mobilised through: agricultural activity

such as tillage, poaching by livestock and erosion from
overgrazing; biogeochemical transformations, e.g.
sorption-desorption cycles, mineralization, crop uptake of
nutrients, leaching (i.e. loss of non-adsorbed pollutants
from the soil to groundwater or receiving streams
through subsurface hydrologic pathways); FIO die-off;
denitrification; hillslope and gully erosion, and freeze—
thaw cycles. In-stream mobilization of pollutants can

also occur by streambank erosion, sediment deposition/
resuspension cycles and organic matter decay or nutrient
cycling in the water column or the sediment. Warming
also increases microbial activity, desorption of phosphorus
from sediments, and decomposition and mineralization
of organic matter (Kaushal et al., 2014). For pollutants
with high sorption potential by most soils and sediments,
as in the case of SRP, ammonium and FIO, sinks or
storages are ubiquitous. As a result, there is: (i) continuous
accumulation of these pollutants in various terrestrial and
aquatic landscapes, and (i) continuous re-mobilisation in
runoff, streamflow, or through disturbance of the soil or
resuspension from streambed.

21 The amount of inputs is measured at the sites that are
considered sources of pollutants along the source-mobilisation-
delivery continuum in a catchment, e.g. in the soil in farmland or
remote areas and in effluent discharges.

22 Measuring mobilisation of pollutants depends on the form
of pollutant mobilised (i.e. nutrient, FIO or sediment) and the
biogeochemical processes investigated. Measurement can be
in-situ, as in erosion studies (e.g. measurement of suspended
sediment in-stream or in runoff), or also involve in-vitro
experiments (e.g. FIO die off rates, nutrient crop uptake).
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3. Hydrologic legacy effects (Processes referring to
Delivery? in Figure 2). Hydrologic flow pathways can

be surface or subsurface, depending on the sites of
delivery of mobilised pollutants within a catchment and
hydrologic connectivity. In general, particulate forms of
pollutants are largely transported by overland (surface)
flow whilst dissolved forms are transported by both
surface and subsurface (lateral and vertical) runoff.
Dissolved pollutant infiltration along the soil matrix is
influenced by mobilisation processes, mainly adsorption
potential. Artificial (tile) drainage can cause a preferential,
lateral flow path, transporting weakly and non-absorbed
pollutants in dissolved form and strongly adsorbed
pollutants associated with fine soil colloids to waterbodies
(Rittenburg et al., 2015). Sediment and particulate
nutrients, such as phosphorus (Sharpley et al., 2013),
can accumulate rapidly between rainfall and flood events
in the soil, floodplain and streambed and at locations
where slope or stream channel geometry serves to lower
runoff velocity and streamflow. However, measuring

and quantifying the time component of these processes
requires long term water quality and catchment data and
as well as complex hydrogeological studies (Chen at al.,
2018), which are rarely available.

1.1

Key facts on delivery of pollutants to receiving waters via
overland flow, artificial drainage, and streamflow:

Surface hydrologic paths

e Delivery of pollutants from sources to receiving waters
in overland runoff and in-stream has a relatively short
hydrologic travel time ranging from days to months
(Chen et al., 2019; Jarvie et al., 2013).

e Particulate and dissolved pollutants entrained in
overland flow could be partially deposited onto soil
if runoff is slow or filtered out of flow due to the
presence of vegetation (hydraulic reduction) (Chen et
al., 2019; Rittenburg et al., 2015).

e Dissolved pollutants such as nitrate can be delivered
to streams faster in loamy, relatively impermeable
soils than in sandy soils due to increased infiltration in
sandy soils (Hansen et al., 2019).

e Pollutants deposited in streambed during low-regime
streamflow could be stored in the sediment but
storage times can be relatively short term, i.e. until
the next high-flow event remobilizes them (Jarvie et
al., 2012), with residence times of <1 year in-stream
in many river systems (Chen et al., 2019; Jarvie et al.,
2013). For P, residence time in-stream is estimated to

23 Delivery is measured through measurement of the
concentration of pollutants in surface and subsurface runoff,

in soil matrix, groundwater and streamflow (stormflow and
baseflow). Dyes and isotopes can effectively help trace subsurface
pollutant transport pathways.



1.2

be less than a year irrespective of flashiness, however
sorption to streambed/streambank sediments
enhances the influence of sorption-desorption and
deposition-resuspension effects prolonging residence
time (Jarvie et al., 2013).

Residence times for FIO in-stream depend on many
other factors such as temperature, solar radiation,
salinity and die-off rates (extensively reviewed in an
earlier CREW report by Akoumianaki et al., 2020).

Shallower slopes favour net deposition of particulate
pollutants and sediment in runoff and streamflow and
prolong residence times of pollutants in lowland soils
and streambed sediments (Chen et al., 2019).

Fine sediment and total sediment storage in the
river channel are generally higher in main-stem
reaches than in tributaries in poorly-drained (flashy
hydrographs) catchments (Sheriff et al., 2016).

Flooding events can increase residence time (by years
or decades) of nutrients and sediment in adjacent
inundated floodplain or riparian zone (Hamilton,
2012; Sharpley et al., 2013).

Heavy or extreme rainfall events could remobilise
pollutants in runoff and streamflow, thus facilitating
their export from the catchments (Jarvie et al., 2012),
but as these events are rare, this effect is described as
“fast in—slow out" (Trimble, 2010).

Subsurface hydrologic paths

i. Key facts on transport of pollutants in the
zone between above-ground sources and the
water table (i.e. the unsaturated zone) via
throughflow, vertical or lateral preferential
flow and soil matrix flow:

Delivery of pollutants from sources to receiving
waters (i.e. adjacent streams other types of surface
waterbodies and the groundwater-water table) has

a relatively long hydrologic travel time ranging from
months to years or decades (Chen et al., 2019; Jarvie
et al., 2013).

Nitrate and dissolved phosphorus can move through
preferential pathways at a similar rate as water

and relatively fast as there is not sufficient time for
adsorption on the soil particles (Rittenburg et al.,
2015).

Dissolved pollutant movement through the soil
matrix can be slow and gradual and may favour
removal of certain pollutants such as N through
denitrification (Vero et al, 2018), or immobilisation
such as phosphorus precipitation into clay minerals or
phosphorus adsorption onto the soil matrix, and FIO
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sorption onto soil particles (Rittenburg et al., 2015;
Kay et al., 2012).

Nitrate and phosphorus forms transport through the
unsaturated zone is dependent upon soil hydraulic
properties?* as well as on effective rainfall or recharge,
depth of the zone above the water table, and the clay
or mineral content of the soil (Sharpley et al., 2013;
Vero et al., 2018). Other important factors include the
cropping pattern, levels of fertiliser application and
the type of fertiliser applied (Vero et al., 2018).

Due to the variety of soil properties in any single area,
both rapid preferential flow and slow matrix flows are
frequently observed within the same area (Sharpley et
al., 2013; Vero et al., 2018).

Steeper slopes are associated with a thicker
unsaturated zone (low water tables) and therefore
longer travel times for nitrate to the water table (Vero
et al., 2018).

As a result of leaching, soil nitrate concentrations have
been found to increase with soil depth years after the
implementation of N Source control measures in areas
with thick unsaturated zones and historic excessive
agricultural N inputs. This effect is known as the
“nitrate time bomb” (Wang et al., 2013).

For P, the travel time from farm soil to stream

may range from 5 to 30 years (Jarvie et al., 2013).
For N, the travel time can vary from farm soil to
groundwater is in the range of decades (Wang et al.,
2011;2012;2013).

In certain regions of Scotland underlain by Old Red
Sandstone and Carboniferous Sandstone (e.g. East
Scotland, Northern Highland, Central Belt and Scottish
Borders), N travel times in the unsaturated zone have
been estimated to exceed 20 and in some cases 50
years, from 2009 (Wang et al., 2011; 2012).

ii. Key facts on transport of pollutants in
groundwater:

Travel time within groundwater begins once
pollutants break through the water table and become
available for transport within the aquifer (deep
groundwater) (Vero et al., 2018).

Pollutants that can be transported to groundwater are
dissolved nutrients such as nitrate (Vero et al., 2018)
and SRP (Holman et al., 2008; 2010; Jarvie et al.,
2013; McDowell et al., 2020), and potentially leached
FIO into shallow groundwater (Knapett et al., 2012).

Travel time of pollutants in the groundwater depends
on the geological characteristics of the aquifer (e.g.

24

i.e. a soil's ability to permit water movement through its

pores.



flow type, flow length, water residence time, age,
permeability) and may not be uniform within the
same groundwater waterbody (Vero et al., 2018). In
general, longer water residence times are associated
with sandstone aquifer types and shorter water
residence times are associated with karstic aquifers
(O'Dochartaigh et al., 2015).

¢ Pollutant residence time can range from several
months to years in shallow groundwater and from
several years to decades in deep groundwater in many
regions (Chen et al., 2019; Jarvie et al., 2013; Vero et
al., 2018), including the UK (Wang et al., 2011).

e  Prolonged pollutant residence time in groundwater
can facilitate removal of pollutants (Meals et al.,
2010), e.g. N removal through denitrification (Vero
et al., 2018), or P sorption onto the aquifer matrix
(Holman et al., 2010). However, residence times
can be up to 50 years or longer (Vero et al., 2018;
Sharpley et al., 2013; Jarvie et al., 2013).

¢ In Scotland, certain types of aquifer such as Old
Red Sandstone (Fife, Strathmore and Moray) and
Carboniferous sandstone (mainly Scotland’s Central
Belt, and Southern Scotland) are characterised by
groundwater residence times often in excess of 60
years (O'Dochartaigh 2011 cited in O'Dochartaigh et
al., 2015).

iii. Key facts on delivery of pollutants from
groundwater to surface waters via baseflow:

e Pollutants in groundwater enter streams at sites
of streambed/streambank-stream interface (a.k.a.
hyporheic exchange), or transitional and coastal
waters through groundwater upwelling from the
sediments.

¢  Pollutants that can be delivered from groundwater
to streams include mainly nitrate (Vero et al., 2018)
and solutes (not further discussed here). However,
growing evidence shows that considerable amounts
of SRP in streamflow can originate from groundwater
(McDowell et al., 2020; Holman et al., 2008;).
Some studies have shown a link between shallow
groundwater SRP concentrations in headwater
catchments and baseflow SRP concentrations
(Mellander et al., 2016).

* |n climatic conditions such as those in Scotland,
delivery of pollutants via baseflow is most important
in summer or during low-flow periods (Holman et
al., 2010). In Scotland, groundwater is estimated to
sustain more than a third of the annual flow in all
river waterbodies, even in small upland streams, rising
to over 60% in some rivers in drier East Scotland
(Gustard et al., 1987 cited in O'Dochartaigh et al.,
2015).
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e The transport of pollutants via baseflow depends
on redox conditions in streambed and sediment and
sediment properties (e.g. grain size); e.g. oxygen
gradients leading to hypoxia in the sediment profile
may favour denitrification (Vero et al., 2018), or
sediment properties may enhance SRP sorption before
release into the streambed (McDowell et al., 2020).

1.3  Forms of pollutants in sources

Sources (soil, stream banks, sediment)
P forms:

(1) Inorganic P, mainly SRP added as fertiliser;
(2) Organic P in litterfall, crop residue, livestock/wildlife
faeces, and sewage discharges.

Fully bio-reactive inorganic nitrogen forms (in particulate
or dissolved forms):

(1) Oxidized nitrogen from atmospheric deposition (as
nitrogen oxides-NO,) and fertiliser application (as nitrite
and nitrate);

(2) Reduced nitrogen from atmospheric deposition
(mainly as fine particulate ammonium salts) and fertiliser
application (as ammonium in dissolved or particulate
forms).

Partially bio-reactive (upon microbially-mediated
transformation) nitrogen forms:

(1) Dissolved and particulate organic N (as protein and
urea) in litterfall, crop residue, livestock/wildlife faeces,
and sewage discharges.

Sediment:

(1) industrial (including mining), and domestic wastewater
in urban and rural areas;
(2) Construction activities in urban and rural areas.

FIO*:

(1) domestic sewage discharges from the public network
and private septic tanks;

(2) livestock;

(3) manure/ biosolid spreading;

(4) wildlife.

* An earlier CREW report to SEPA delivered an extensive
review of catchment FIO sources.

References: Lintern et al., 2018; Rittenburg et al.,
2018; Bunemann, 2015; EEA: https://ec.europa.eu/
environment/integration/research/newsalert/pdf/IR6

en.pdf.



https://ec.europa.eu/environment/integration/research/newsalert/pdf/IR6_en.pdf
https://ec.europa.eu/environment/integration/research/newsalert/pdf/IR6_en.pdf
https://ec.europa.eu/environment/integration/research/newsalert/pdf/IR6_en.pdf

1.4 Forms of pollutants associated
with different mobilisation processes

Mobilisation (soil, stream banks, sediment, runoff, in-
stream)

P transformations:

(1) Dissolved P (Orthophosphate) solubilised during rock-
weathering;

(2) Crop P (SRP) uptake;

(3) Mineralised P from organic P through microbial decay;
(4) Particulate P, i.e. P adsorbed on clay minerals in
soil/sediment particles (thereafter undergoing similar
mobilisation processes to soil and sediment);

(5) Precipitated P (immobilised) as non-bioavailable
phosphate minerals with aluminium, iron, manganese, or
calcium;

(6) Microbial P, immobilised into microbial biomass;

(7) Re-mineralised P through microbial transformation of
microbially-bound P to dissolved P;

(8) Leached P into soil solution as dissolved P (SRP) when
sorption potential is low.

N transformations:

(1) Microbially-mediated atmospheric N-fixation to
produce ammonium;

(2) Microbial uptake of ammonium (immobilisation);

(3) Crop uptake of ammonium and nitrate;

(4) Leaching of excess N in soil into infiltrating water as
dissolved nitrate;

(5) Nitrification: microbial transformation of ammonium
to crop-available nitrites and nitrates under aerobic
conditions;

(6) Ammonification: microbial transformation of nitrate to
crop-available ammonium under aerobic conditions;

(7) Denitrification: microbial transformation of water-
soluble nitrate into dinitrogen N, (atmosphere) under
anaerobic conditions;

(8) Ammonia volatilisation: release of water-soluble
ammonium into the atmosphere as ammonia;

(9) Adsorption of ammonium on clay particles (thereafter
undergoing similar mobilisation processes to soil and
sediment).

Sediment mobilisation processes

(1) Hillslope and gully erosion by precipitation
(weathering) producing both organic and inorganic
particulate material;

(2) streambank erosion by streamflow or due to livestock
poaching;

(3) Sediment resuspension and deposition in-stream.
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FIO*:

(1) Die-off or growth depending on responses of different
types of bacteria to oxygen and nutrient levels, and
exposure to solar radiation and salinity;

(2) Leaching is possible, especially in freely drained
sediments (Gagliardi and Karns 2000);

(2) Adsorbed FIO undergo similar mobilisation processes
to soil and sediment.

* An earlier CREW report to SEPA delivered an extensive
review of catchment FIO sources.

References: Lintern et al., 2018; Rittenburg et al., 2015;
Bunemann, 2015.

II.5 Forms of pollutants in different
delivery pathways

P forms:

(1) Particulate P (adsorbed) is entrained in surface runoff;
(2) Particulate P (adsorbed) adheres on soil matrix;

(3) Dissolved P (non-adsorbed or weakly adsorbed) in
surface runoff, preferential flow (vertical or lateral) upon
leaching into soil solution and in streamflow;

(4) P adsorbed to very fine colloidal soil particles can
travel significant distances, laterally or vertically, and reach
groundwater waterbodies;

(5) Particulate P can be taken out of the delivery flow
pathway (e.g. runoff and streamflow) by filtration from
vegetation, sedimentation and infiltration during slow
surface runoff, or sedimentation and deposition during
slow streamflow followed by resuspension during high-
flow regime;

(6) Under hypoxic (or even anoxic) conditions, P is
released from the sediment resulting in the possibility that
upwelling groundwater could contribute significantly to
baseflow concentrations of P (McDowell et al., 2020);

Nitrogen forms:

(1) Nitrogen in the unsaturated zone, i.e. above the water
table, can be transported in subsurface flow pathways
(vertical or lateral) through fast preferential flow as nitrite/
nitrate (dissolved), or through slow soil matrix flow paths
as organic nitrogen sorbed to the soil matrix, where there
is opportunity for biogeochemical transformation (see
APPENDIX 11.4);

(2) Dissolved nitrate in baseflow and streamflow;

(3) Ammonium (usually adsorbed in soil particles) can be
found in overland flow, preferential flow, soil matrix flow
and streamflow;

(4) Ammonia can be found in streamflow;

(5) Organic N can be found overland flow, in preferential
flow, soil matrix flow and stream flow.



Sediment:

(1) Suspended sediments are generally transported by
overland flow and streamflow into receiving surface
waters;

(2) Finer sediments can sometimes be transported by
subsurface flows;

(3) Sediment can be taken out of the delivery flow
pathway by filtration from vegetation, sedimentation and
infiltration during slow surface runoff or sedimentation
and deposition during slow streamflow;

FIO forms:

(1) Freely drained soils, E. coli O157:H7 can travel below
the top layers of soil for more than 2 months after manure
initial application .and can reach the water table of shallow
groundwater.

References: Lintern et al., 2018; Oeurng et al., 20104, b;
Perks et al., 2016; Rittenburg et al., 2015; Gagliardi and
Karns, 2000.

APPENDIX Ili
Relationships between
catchment factors and
pollutants

This Section discusses the relationships between each key
catchment factor separately and the levels of pollutants
along the source-mobilisation-delivery continuum. Table
1.1 summarises these relationships.

.1

Positive correlations between land use and inputs of
pollutants in soils and streams.

Consistent relationships

¢ Intensively grazed grassland and in-stream livestock
defecation are sources of both particulate and
dissolved nutrients (P and N) and FIO in the soil and
in-stream, respectively (Kay et al., 2012; Lintern et al.,
2018);

e Application of manure and fertilisers on crop and
grazing lands is a source of particulate and dissolved
forms of nutrients (Zhu et al., 2012) and FIO (Kay et
al.,, 2012; Hodgson et al., 2016);

e Septic tank soakaways and wastewater discharges
are major inputs of nutrients and FIO in soils and in-
stream (Heathwaite 2010; Kay et al., 2012).
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Negative correlations between non-intensive land uses

and rainfall and inputs of pollutants.

e Rainfall is negatively associated with pollutants from
point sources due to the dilution effect of rainfall on
stormwater and sewage effluent (Kay et al., 2008a);

e Extensive cover (>45%) by forest, wetlands or
undeveloped areas are associated with reduced
nutrient inputs compared to other land uses and types
of cover (Stets et al., 2020; Kay et al., 2008b). The is
clearly illustrated in a USA-wide study showing that
river nutrient and sediment concentrations were lower
in catchments dominated by wetlands and natural
grassland than in agricultural catchments, despite the
20-year or longer implementation of BMPs in the
agricultural catchments (Stets et al., 2020).

Positive correlations between agricultural land use and
rainfall and mobilisation of pollutants.

e  Extensive livestock grazing enhances mobilisation of
sediment and FIO. More specifically, livestock can
increase the mobilisation of sediment and sediment-
bound nutrients and FIO enhancing susceptibility
of soil to erosion from overgrazing and livestock
poaching (Agouridis et al., 2005; Conroy et al., 2016).

e Rainfall can increase mobilisation of sediment-bound
nutrients and FIO in surface and subsurface runoff
and enhance infiltration in permeable soils (Chen et
al.,, 2019; Kay et al., 2012).

Negative correlations between forest land cover and
mobilisation of pollutants.

e Extensive forest land cover can immobilise nutrients,
sediment and sediment-bound pollutants through
root uptake, precipitation or adsorption on soil matrix,
and erosion control (Lintern et al., 2018).

Positive correlations between farmland runoff and rainfall
and delivery of pollutants to receiving waters.

e Extent of agricultural land cover is a key
determinant of in-stream and groundwater pollutant
concentrations (Heathwaite 2010; Lintern et al.,
2018; Vero et al., 2018).

e Rainfall can enhance delivery of both particulate
and dissolved pollutants via surface and subsurface
hydrologic pathways (See also Section 3.1.2 and
APPENDIX I1). Livestock or application of fertiliser
or manure do not affect, in themselves, the delivery
of mobilised nutrients and FIO from farmland to
watercourses or in-stream. However, the presence
of impervious surfaces within a catchment, as



in farmyards, compacted farmland , built-up or
deforested areas, facilitates the delivery of pollutants
via overland flow pathways and by increasing
hydrologic connectivity (see APPENDIX 1.1) and
streamflow (Lintern et al., 2018). Rainfall is positively
correlated with in-stream pollutants from diffuse,
mainly agricultural, pollution sources.

Negative correlations between land cover and delivery of
pollutants to receiving waters.

e River nutrient and sediment concentrations are lower
in catchments dominated by wetlands and natural
grassland than in agricultural catchments (Heathwaite
201; Lintern et al., 2010; Stets et al., 2020).

.2

Measures

Inconsistent relationships

Inconsistencies have been observed in relation to water
quality response to measures. For example, Makarewitz
et al. (2009) and Simon and Makarewitz (2009) observed
that in-stream sediment reductions (within a year) and
recovery (regulatory compliance) five years after the
implementation of measures such as removal from

crop production and gully plugs were not followed by
compliance with standards for nutrients and FIO. This is
extensively discussed in Section 3.2 (see also APPENDIX
V).

Erosion

Predominance of soils susceptible to erosion increases
soil loss, and sediment in runoff and artificial drainage
and potentially in streamflow (Rickson, 2014). However,
it must be borne in mind that that erosion rate for each
soil type varies in space and time as it is determined by
complex relationships between (see review by Rickson
2014):

e Soil properties;

¢ Runoff intensity, which determined sediment transport
and deposition processes;

® Frequency of storm events and duration of periods
between storm events;

¢ Hydrologic paths from sediment source sites to
watercourses;

e Slope length and gradient; and land use;
e Soil conservation measures; and
e Length, morphology and density of the river network.

For example, annual erosion rates in the UK in silty clay
loamy soils ranged from 0.33 to 7.44 t/ha in arable land

54

and from 2.82 to 4.92t/ha in pasture land (Walling et al.,
2002; 2003, 2006; Tetzlaff et al., 2013 cited in Rickson,
2014). An additional problem is the discrepancies between
erosion rates and sediment concentrations in-stream.
These may reflect lack of: (i) targeting critical source
sediment areas with erosion control measures (Biddulph

et al., 2017); (ii) accounting for deposition of eroded
sediment within the catchment before reaching the stream
network (Parsons et al., 2004 cited in Rickson 2014); (iii)
accounting for streambank erosion which is independent
of farm-plot erosion control measures (Schilling et al.,
2011); and lack of accounting for weather (event vs non-
event) variability (Sheriff et al., 2016). It is also useful

to recognise the importance of hydrologic connectivity:
fields with low erosion risk may represent a higher
environmental risk if the connectivity with the receiving
waters is uninterrupted (see review by Rickson 2014).

Finally, Sheriff et al. (2016) suggested the following
catchment controls on sediment erosion and transport,
which also highlight the importance of site-specific
catchment factors:

e Catchment size and shape
e Drainage ratio

e Soil type and location of soils susceptible to erosion in
relation to stream network

¢ Slope and the location of steep slopes in relation to
stream network

e Vegetation (area covered, type, temporal fluctuations)

e Stream discharge, with positive correlation between
event streamflow and resuspension and streambank/
streambank erosion

e Rainfall duration, with positive correlation between
rainfall and in-stream suspended sediment indicative
of sediment loss in land runoff.

e Rainfall intensity, with positive correlation between
rainfall and in-stream suspended sediment indicative
of topsoil loss in areas with high hydrologic
connectivity and low groundcover.

e Antecedent (prior to rain) catchment wetness,
with positive correlation with in-stream suspended
sediment indicative of hydrologic connectivity due to
sustained wetness.

Soil sorption capacity

Soil sorption capacity can be correlated positively

with sediment-bound nutrient and FIO mobilisation,

as nutrients adsorbed on clay and silt particles can be
delivered to receiving waters primarily via overland flow
(see Section 3.1.2 and APPENDIX I1.1-3). For example,
Lintern et al. (2018) reviewed evidence showing that



in-stream concentrations of ammonium, TN and TP

were positively correlated with the % of silt and clay in
catchment soils. However, biogeochemical transformations
between particulate (adsorbed) and solute (de-sorbed)
forms of pollutants vary in space and time and can be
determined by complex interactions between rainfall,
runoff generation and deposition (Rickson 2014).

Catchment slope

Slope correlates positively with the mobilisation of
sediments and sediment-bound pollutants, i.e. higher
concentration in overland flow (e.g. Onderka et al.,
2012). This is because overland flow has higher velocities
on steeper slopes, and therefore has greater erosive and
transport power. However, steeper slopes have been
found to correlate negatively with dissolved in-stream

pollutants such as nitrate and total dissolved solids as a
result of interacting catchment physical characteristics
such as soil properties (soil texture and soil drainage),
morphological variables (drainage density and elongation)
and vegetation cover (Li et al., 2013). On the other

hand, slower overland flow at shallower slopes allows for
particulates to settle out of the flow and be deposited in
the catchment before delivery to watercourses, potentially
contributing to biogeochemical legacies mobilised through
storm events (Lintern et al., 2018; Chen et al., 2019).

The lack of consistent relationship between slope and the
mobilisation and delivery of pollutants may also be related
to the fact that shallow slopes are often used as farmland
which can deliver higher amounts of sediments and
nutrients compared to steeper natural areas, especially if
they are covered by woodland (Lintern et al., 2018).

Table 111.1. Summary of how each key catchment factor is related to inputs, mobilisation, and delivery of pollutants at landscape/
catchment scales. Studies reviewed examined cause-effect relationships and correlations between a factor and pollutants at locations of

inputs, mobilisation and delivery.

+ represent a positive relationship (factor leading to or associated with increase of pollutant); - represent a negative relationship (factor
leading to or associated with a decrease of pollutant); 0: No relationship; +/-, or +/0 or -/0 represent evidence that is inconsistent
across studies.

Correlations between catchment factors
and pollutants

Pollutant inputs (i.e.

external sources in soils or

Pollutant mobilisation Pollutant delivery (i.e. from

. . . sources via surface and
(i.e. soil, streambed, in-

in-stream) subsurface flow pathways)
stream)
Catchment Factors P N Sed  FIO P N Sed FIO P N Sed FIO
Livestock + + 0 + + + + + 0 0 0 0
Fertiliser application + + 0 -
0 0 0 0 0 0 0 0
Manure application + + + +
Urban wastewater/Septic tank
p + + + + + + + + + +
discharges
Forest land cover - - 0 0 - - - 0 - - - 0
Implementation of combined measures - - 0 - +/- +/- +/- +/- -/0 /0 +/- -/0
Geology: erosion (0] 0 (0] 0 +/0 +/0  +/0 +/0 0 0 0 0
Climate: rain duration / intensity 0 0 0 0 + + + +/- + + + +/-
Catchment size 0 0 0 0 0 0 0 0 +/- +/- 4/ 0
Elevation/slope 0 0 0 0 + + + 0 +/-  +/- +/- 0
Baseflow contribution 0 0 0 0 0 0 0 0 +/- o+ - +/0
References 1 1 2 3 4 4 5 3 6 6 7 8

References: 1. Zhu et al., 2012; Reviews by Heathwaite (2010) and Lintern et al., 2018; 2. Conroy et al., 2016; Review by Lintern et al.,
2018; 3. Agouridis et al., 2005; Hodgson et al. (2016); Kroll et al., 2019; Conroy et al., 2016; Kay et al., 2008a,b; 2012; 4. Agouridis et al.,
2005; Reviews by Chen et al., 2018; Lintern et al., 2018; Rittenburg et al., 2015; Akoumianaki et al., 2020 5. Agouridis et al., 2005; Conroy
et al., 2016; Reviews by Lintern et al., 2018 and Rickson, 2014. 6. Allaire et al., 2015; Davey et al., 2020; Onderka et al., 2012; Stets et al.,
2020; Biddulph et al., 2017, Davey et al., 2020; Reviews by Stutter et al., 2019; Schoumans et al., 2015; and Lintern et al., Akoumianaki et
al., 2020 2018; 7. Onderka et al., 2012; Li et al., 2013; Review by Lintern et al., 2018; 8. Agouridis et al., 2005; Kay et al., 2012; Lewis et
al., 2019; Hong et al., 2018 (and literature cited therein on groundwater-stream bed bacterial exchange); Akoumianaki et al., 2020
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APPENDIX IV. Metadata
from selected studies
on lags in water quality
response.

Table IV.1 Metadata from selected studies on lags in water quality response. Q: Discharge/streamflow; Sed/TSS: Sediment; TON: Total

Organic Nitrogen; TDP: Total Dissolved Phosphorus; BACI: Before-After/Control-Impact; GW: Groundwater.

Study / Country  Monitoring design Measures Efficiency (%)

e Years: 4 Phases of CF implementation
(2006-2019)

e Parameters: FIO, TP, SRP, Sed, Total

Oxidised N
* Design: BACI in eight river catchments * CSF: Greatest uptake
\l;si;;;escesr;:tatwe of 69 catchments targeted o Fencing
Pre-CSF: 2006-09 o Farm infrastructure FIO=4-35%
re-CSF: - =4-
England, UK Post-CSF: 2010-2018 o Reduce livestock TP—4-21
1 Daveyetal2020 O o Feeders
* Monitoring: SRP=3-20
&2 EA 2019 o Artificial wetlands
o Monthly: 2000-06 Sed=?
o Weekly:2007-today o Nutrient management Total oxidised N=?
e Uptake: Voluntary
o Control (non-CSF/modelled) =61 sites
) ® 67.4% of farms implemented 50%
o Impact (CSF)=49 sites of the measures advised
e Additional data: weather, cropping
patterns, livestock densities
¢ Analysis: Generalised Additive Mixed
Models (GAMMs)
* Parameters: Q, FIO, Nutrients, Sediment
e Design: BACI
Livestock exclusion/watering/
Pre-BMP: 4 * 8
o rre yrs bridges/culverts/crossings
Post-BMP:1 TP: 25
Vermont, USA o ros 4 e Streambank stabilisation (incl.
(Meal y o Control: no-BMP revetments) FIO:46-52
3 eals 2001
o Impact: BMP e Riparian restoration (2-8m) with TN=?
d tati
¢ Monitoring: woody vegetation Sediment=?
. ) e Uptake: Voluntary (7 farms
o Q: Continuous -considered extensive)
o Nutrients: Composite weekly
o FIO: grab twice weekly
* Parameters: TP
¢ Design: BACI
o Pre-BMP:4 years
Meals and

. o0 Post-BMP: 2 years
4 Hopkins 2002 See Meals 2001 TP:21%
o Control: no BMP

Vermont
o Impact: X2 BMP
* Monitoring

o P: weekly
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Study / Country  Monitoring design Measures Efficiency (%)
e Parameters: TP, SRP, TON, TKN, Sed,
FIO, Q
Conesus Lake * Design: BACI
Catchment, Control: pristine Pre-BMP: 9 months
NY, USA Post-BMP:>4yrs Nutrient management
Makarewicz et Gully plugs
al., 2009 Hori ;
* Monitoring Rotations Variable
. o Q=daily Removal from crop production 30-70%
Simon and o TP, SRP, TON, TKN, Sed, FIO: Improved farm infrastructure
Makarewitz 2009

Catchment size
<10 km?

Six catchments

autosampler weekly composite/flow
proportional

o TP, SRP, TON, TKN, Sed, FIO: Grab
samples

¢ Additional data: Soil and drain data
¢ Analysis: ANCOVA & Trend analysis

Source control and combinations of
measures most successful

N. Carolina
USA
Line et al., 2016

e Parameters: TP, TN, NH3. nitrate-, Sed
* Design: BACI

o Control: Non-BMP

o Impact: BMP

o Pre-BMP: 3.7yrs

o Post-BMP:3.7yrs
* Monitoring:

o Automated and grab sampling

o Collection every 2 weeks

o for TP, TN, NH3. nitrate-, Sed

o Flow-proportional samples during
storm events

¢ Analysis: ANCOVA and Least Squares
means test

e Livestock exclusion with alternative
watering (3 m fencing off riparian
areas) on only the main stem —
Landowners resisted fencing to the
extent recommended

e Evaluating the effectiveness of
excluding cattle from less area
and length than is commonly
recommended was a high priority.

TKN= 34 ammonia=54
TN=33

TP=47

TSS=60

No significant change
for nitrate-

Pearce and Yates
2017

Lake Erie basin

Nith and
Conestoga sub
watersheds, USA

o Parameters: Stream Metabolism
(Dissolved Oxygen) and nutrients (TP,
ammonium, TN, TDP, SRP, Nitrate).
Turbidity and TSS

¢ 13 headwater catchments

e Sampling for 2 weeks in Summer 2014
¢ Range of years post-BMP:3-15 years

¢ No pre-BMP data

e Use of BMP metrics (i.e. BMP abundance,
BMP location)

¢ Use of GIS mapping to locate BMPs
¢ Nutrient monitoring: grab sampling twice
¢ Flow velocity monitoring

¢ Analysis: Multiple regression between (i)
BMP metric and stream metabolism and
nutrients, and (ii)stream metabolism and
nutrients

* Manure storage
o Livestock restrictions
e Erosion control structures

e 30-m wide riparian buffers

e TP (average >x9
standard, i.e.
0/3mg/I)

e ammonium
(average)>10
standard, i.e.
0.019mg/I
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Study / Country  Monitoring design

Measures

Efficiency (%)

Lewis et al., 2019

Olema Creek
9 Watershed o

(Tomales Bay,

Parameters: FIO, Precipitation,
Streamflow

Analysis: Trend analysis of a 19-year data
set of FIO

Design: No pre-BMP data, One Control
site (only wildlife influences)

o at multiple sampling stations at
confluences and downstream the

e 40 “stream corridor grazing BMPs"
in 28km of stream corridor

(1) Livestock fencing,
(2) hardened stream crossings, and

(3) off stream drinking water systems
for cattle

85% reduction

>90% reduction

USA) measures: e Gradual implementation of
o Faecal coliforms (MPN): quarterly (dry Esgf\isstg: t:triie phases, Phase 1
season) to 12 times a year both low setng
flow and storm flow
¢ Stakeholder workshop helped
o ) to develop a shared conceptual
e Parameters: Tu_rb|d|ty, TSS,‘D|ssolved understanding of the links between
Oxygen, P:v mrt]rate, TNdv Filterable water quality, pressures, and flow
Reactive Phosphorus and TP paths and the most appropriate
e Catchments: 5 catchments representative BMPs
of regional soils, rainfall and climate, e on-farm management actions
topography, and farming methods e.g. livestock management, farm
* Design: Stakeholder workshop helped dairy effluent (FDE) treatment
Wilcock et al., to develop a shared conceptual and disposal with greater use of
2013 understanding of the links between water ~ irfigation for treated effluent, and
10 quality, pressures, and flow paths and the use of nitrification inhibitors)
most appropriate BMPs » methods of intercepting runoff from
New Zealand « Monitoring: every two weeks for two land before entry to natural waters,

years at 3 sites in each catchment /
thereafter monthly at catchment outlet.

Monitoring time: 7-16 years

Analysis: Trend analysis (Seasonal
Kendall test on parameters with LOWESS
smoothing and flow-adjustment where
needed.

e.g. use of natural and constructed
wetlands, riparian management).

¢ 'Dairying and Clean Streams
Accord': fencing waterways,
manage effluent effectively and
have nutrient management systems
that minimised environmental
damage
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Study / Country

Monitoring design

Measures

Efficiency (%)

11

Hansen et al.,
2019

Denmark

e Parameter: Nitrate

¢ Additional data:

o N fertilizer input,

o handling of manure,
o crop plans,

o yields,

o catch crops

5 catchments underlain by sandy and
loamy soils

Monitoring sites (and frequency):

o soil water (sandy: 52 samples/yr —
loamy: 28 samples/yr)

o drainage,

o shallow groundwater (6 samples/yr
from sandy and loamy catchments)

o streams (biweekly)

Monitoring design (1989-2016): e.g.
(1) Groundwater

o Sandy catchments: 15-20 stations
o Loamy catchments: 14-24 stations
(2) Surface water

o Sandy catchments: 2 stations

o Loamy catchments: 3 stations

Analysis: 28-year trend analysed with
linear regression (backward and forward
trend analysis to detect trend reversals
and time lags)

¢ N mitigation measures (efficiency
evaluated by measurement of root
zone N leaching reduction)

- Max stock density

- Guidelines for the handling of
manure

- Mandatory fertilizer and crop
rotation plans

- Compulsory growing of catch crops

- Statutory norms for manure N
utilization

- Max N allowance for crops equalling
economic optimum

- Max N allowance for crops ~ 10%
below economic optimum

- 6% obligatory catch crops

- Organic farming, wetlands,
extensification, and afforestation

- Site-specific groundwater protection
zones

- More catch crops
- Better manure handling
- 10 m buffer zones

- Max N allowance for crops =~ 15%
below economic optimum

* Most effective measures for
reducing Gw and Stream Nitrate:

o increased utilization of N in
manure

o reduced N allowance for specific
crops relative to the economic
optimum

* Need for:

o targeting the measures
by considering of farming
characteristics and site-specific
hydrogeological and geochemical
conditions of the subsurface.

o Ensure that voluntary approaches
to uptake won't slow progress.

e Soil leaching
reduction (sandy and
loamy soils): 33%
initially (1989-1997)
but only by 2% later
(2004-2016)

e Gw nitrate: reduction
in the 28-year period
(sandy catchments):
concentration
dropped from
100mg/I to
approximately
standard levels
(50mg/l) but no
compliance with the
standard)

e GW nitrate reduction
in the 28-year period
(loamy catchments):
Compliance reached
in 15 years (due to
denitrification)

e Stream
Nitrate (loamy
catchments)>Stream
nitrate (sandy
catchments due to
the short residence
time of water in the
upper groundwater
aquifers or in tile
drains.

e Stream nitrate in
sandy catchments:
consistently low
levels.
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Study / Country

Monitoring design

Measures

Efficiency (%)

Schilling et al.,
2011

e Parameter: Sed
0 Monitoring years: 1996-2005

o Parameters: Stream discharge,
Suspended sediment, Rainfall

o Design: not truly paired, Control vs
Impact (Walnut)

o Sediment Monitoring: daily and weekly

e Measure: Prairie reconstruction

e Greatest problem for lack of

effectiveness: streambank erosion,

Significant reduction in
10 years observed only

12 collection lack of hydraulically controlled in October (-36%)
lowa Walnut and . o . (sand or gravel) source material
Squaw Creek o Anfily5|s. Multlple I|r?ear regression . . and November (-45%)
Watersheds (using seasonality, discharge, and the * Proposed solutions: re-meandering,
Control sediment as covariates) adding floodplains
o Additional data:
o Streambank erosion survey
o Modelling gross sediment erosion
(RUSLE)
e Study years:1985-2011
¢ Parameters: TP, TN, DP, DN
¢ Additional data:
Zhang et al., o Atmospheric deposition
2016 o Fertiliser and manure application * Largest declines recorded for sub- P t f decli
PP basins where there were extensive | ccntage of declines
o Point-source data in pollutants river
13 S h o Manure or fertiliser management loadings lower than
Rgsqug anna ¢ Monitoring: for TP declines in inputs at
iver Basin - . . source (due to legacy
and sub-basins o Daily streamflow o Control of atmospheric effects)
draining to o deposition for TN
Chesapeake Bay o Six sites
o Sampled days (25- 40)
o Pollutants sampled across full range of
streamflows: monthly and 8 stormflow
samples
¢ Declines in Nitrate were associated
with the reductions in N inputs
* Parameters: In-stream Nitrate, TP and under the Nitrate Directive and the
Britany, SRP. Urban Waste Water Management
14 ¢ Monitoring: monthly or bi monthly data Directive.
: Dupas et al., e Declines in SRP and TP
2018 ¢ Duration of monitoring: 50 years eciines in >rran were
associated with control of
e Design: Trend point sources (e.g. wastewater
discharges, phosphates in detergent
use).
e Parameter: Nitrate
¢ Long term monitoring stream data
(1973-2014) and catchment data (GIS
daFa on tile drainage, slopes, land use, * Uptake of measures: Not
point sources, Dams, bedrock geology) mentioned if gradual or not or level
and long term trajecto'ries of N inputs of implementation
15 from all sources and climate-related /

Van Meter and
Basu

seasonal variation in discharge
e Daily Discharge data
¢ Flow-weighted Nitrate concentrations

e Trend analysis

* Measures on N-fertiliser and

manure management
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Study / Country

Monitoring design

Measures

Efficiency (%)

16

Scotland,

Tarland
catchment

Bergfur et al.,
2012

e Parameters: ammonium, SRP, nitrate,

sediment

¢ Design: BACI
* Pre-implementation: 5 years
¢ Post implementation: 5 years

e Control: streams with degraded riparian

vegetation downstream of areas with
mixed farming

Site 5:

Source control: livestock fencing
Trapping: riparian broadleaf trees
planted

Siter 13:

Septic tank removal,

Source control: fencing
Trapping: constructed wetland,
riparian tree

Site 8: Livestock fencing

17

Steinman

e Parameters: In stream TP, TDS, SRP,

Nitrate, Ammonia

e Sampling monthly and during three

storm events

¢ Design: Comparison between Upstream

vs Downstream of wetlands and pre
(1.5yrs)- vs post (2yrs)-restoration data

¢ Analyses: ANOVA

Wetland restoration to slow

the flow of water during storm
events, thus trapping and retaining
sediment and nutrients

Restoration involved (overall
restored area 0.45km32):

1. Reconnecting 0.16km? of former
pasture land to river by placing a
pipe from the river to an excavated
detention pond; 2. 0.17km? four
detention basins to collect and store
water during high flows

Questions because of lack of
response:

-Are we using ineffective BMPs?
-Are we locating BMPs in the
wrong areas?

-Should we be more patient for the
BMPs to become more effective?
-Does the intensity of agricultural
land use overwhelm the assimilative
capacity of the BMPs?

-Is there sufficient satisfaction with
implementation of the management
practice (output) instead of its
effectiveness (outcome) that we

do not push harder for better
outcomes?

Explanation for lack of response:
reasons: (1) Restoration is still

very recent, and until the restored
sites are fully functional, which
should take a number of years,

it is unreasonable to expect a
demonstrable change; (2) the two
created wetland restoration sites
have relatively small footprints and
volume holding capacity compared
to the entire watershed; (0.45 km?
: of 464 km?). Given the volume
of water moving through the
Macatawa River, especially during
storm events, the ability to detect
a signal from the noise may be
very difficult at any one particular
site; (3) the natural environment is
variable, so it will take a number
of years to detect a robust trend at
any site, regardless of direction; and
(4) 2017 was adry year (43%
lower than long-term average),
thereby resulting in fewer
opportunities for the wetlands to
serve as filtering and retention
basins to remove transport of
pollutants.
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