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Abstract: Field experiments that measure impacts of stacked practices are possible and can 
be aimed at combinations of practices that are most opportune across a watershed or land-
scape region. If we know watershed responses to conservation will only be observed over 
decades, we should be willing to invest in long-term, field-scale conservation research, espe-
cially knowing that results should improve our ability to use practices in combination. The 
data obtained from twice-paired watershed experiments could also help improve models and 
our capacity to confidently simulate approaches to use combined conservation practices for 
water quality improvement.
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Field-edge monitoring provides a direct 
way to document conservation-practice 
effectiveness (Ball Coehlo et al. 2012; 
Reba et al. 2013; Sharpley et al. 2015; 
Smith et al. 2015). However field-scale 
assessments of conservation practice effects 
on water quality are difficult to undertake 
due to the costs and duration of monitor-
ing. The paired watershed design (Loftis et 
al. 2001) requires paired observations that 
provide three to five years of pretreatment 
data before a selected conservation prac-
tice can be implemented and its assessment 
begin. This is why the paired watershed 
approach has been rarely applied to test 
agricultural practices, with relatively few 
examples available in the literature (Bishop 
et al. 2005; King et al. 2008). It may take 
years to accrue a monitoring record suffi-
cient for statistical comparison of treated and 
nontreated fields, especially when extreme 
events occur and then need to be placed 
in a long-term context (Karlen et al. 2009; 
Tomer et al. 2016). Action agencies, under 
public pressure to obtain measureable envi-
ronmental outcomes, cannot tenably explain 
that years of experimental data are needed 
to identify management actions of known, 
proven effectiveness. This deters investment 
in long-term research.

Yet, knowledge gaps afflicting resource 
management are perpetuated by avoid-
ing long-term research (Hewlett 1971). 
Modeling can help fill this gap and sup-
port watershed planning, as shown by 
recent successful examples in the litera-
ture (Gebremichael et al. 2013; Brooks et 
al. 2015; Kalcic et al. 2015; Yang and Best 
2015). However, decision-making based 
on modeling results carries risk, especially 
where long-term records needed for model 
calibration are not available. This increases 
model uncertainty, which should be consid-
ered when management actions are selected 
based on simulations of alternative water-
shed scenarios.

Paired field-edge experiments are not 
only costly and lengthy, but they are also 
limited to evaluation of a single conservation 
treatment. However, no single practice is 
likely to achieve water quality improvement 
goals in any agricultural watershed (Osmond 
et al. 2012). Combinations of practices that 
can be applied across a given landscape are 
needed to account for water quality tradeoffs 
or mitigate unintended consequences result-
ing from any single practice (Tomer et al. 
2015). How can combinations of practices 
that can have the greatest effect at watershed 
scale be identified?

The combined effectiveness of conserva-
tion practices placed along flow paths from 
field to stream has been estimated by mul-
tiplication (Lazarus et al. 2014; Tomer et al. 
2015). While reasonable, this has not been 
confirmed experimentally. Experimental 
designs that can provide data to support 
causal inferencing on water quality are 
lacking (Rissman and Carpenter 2015). 
Modeling approaches have been used to sim-
ulate the effectiveness of combined practices 
in a few situations (Kalcic et al. 2015), but 
extension requires consistent calibration data, 
which returns us to issues of data availability 
and sufficiency. The purpose of this editorial 
is to point out an approach to link stacked 
practices, edge-of-field monitoring, and 
modeling efforts in a way that can overcome 
the impasse between the need for better 
management and the need for better man-
agement to be based on our best available 
science. We know that it can take decades for 
water quality improvements from conserva-
tion action to be documented. Knowing this, 
we should be willing to invest in long-term 
research to support and improve conserva-
tion effectiveness in watersheds through use 
of combinations of practices.

The Inefficiency of Field-Scale Experiments
Direct, field-scale conservation-effects assess-
ments require data from two stations to assess 
the effectiveness of a single practice in one 
place. This is true whether an in-field or a 
field-edge (or “trap and treat”) practice is 
being assessed. In-field practices, including 
nutrient management practices, no-tillage, 
cover crops, and rotations are best assessed 
by comparison to a similar field that is being 
farmed without that practice. “Before and 
after” monitoring approaches may require just 
one gage, but are less statistically robust than 
using the paired approach (Loftis et al. 2001). 
When evaluating field-edge practices, such as 
bioreactors, wetlands, etc., again two gages are 
needed to calculate practice performance by 
comparing inflows and outflows. Essentially, 
we need two gage stations to assess one prac-
tice. Neither paired-watershed approaches 
nor upstream-downstream comparisons can 
provide data about the interactive perfor-
mance of combined practices. Nevertheless, 
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a better understanding of how practices can 
be used in combination is needed to identify 
optimized water quality solutions.

However, these two monitor-
ing approaches (watershed pairing and 
upstream-downstream comparison) can 
be combined experimentally to assess a 
sequence of two practices. That is, rather 
than using two gage records to assess a sin-
gle practice, we use four gages to assess two 
practices and their interaction. This would 
provide greater return on the investment in 
conservation effects research. Further, data 
that provide details on practice effectiveness 
both alone and in combination could help 
advance model development by providing 
superior data for model calibration at small 
watershed scales.

The Twice-Paired Watershed Experiment 
Design
The twice-paired design (figure 1) would, like 
the traditional paired watershed experiment, 
include a pretreatment calibration period. 
However, the pretreatment period would 
begin by installing and monitoring a pair 
of edge-of-field practices, placed below two 
similarly managed fields. The example shown 
(figure 1) depicts a pair of denitrifying bio-

reactors (Schipper et al. 2010), where inflows 
and outflows would be monitored. The first 
few years of data provide calibration of the 
hydrology and water quality between the 
two fields, and replicate data sets of inflows 
and outflows to evaluate the edge-of-field 
practice. The replication provides informa-
tion on the consistency of performance by 
the edge-of-field practice and a side-by-side 
calibration for later determining interacting 
effects of two practices. After the calibra-
tion period, an in-field practice is installed 
within one of the two fields. As the treatment 
period monitoring progresses, comparing 
the relationship between the inflows to the 
edge-of-field pre- and posttreatment pro-
vides data to evaluate the in-field practice 
on its own. More specifically, the pre- and 
posttreatment inflow data sets provide data 
that are analyzed to identify significant dif-
ferences between pre- and posttreatment 
periods. Also, the influence of the in-field 
practice on the edge-of-field practice’s per-
formance can be evaluated by determining 
whether/how the relationship between the 
paired edge-of-field practices is changed by 
implementing the in-field practice.

There are several approaches to statisti-
cally analyze data from paired watershed 

experiments. Pretreatment calibration 
data improves the statistical power of any 
approach (Loftis et al. 2001). Simple regres-
sion can be used to evaluate changes in 
runoff/nutrient-load responses to rainfall 
following treatment implementation (King 
et al. 2008). Analysis of covariance approaches 
utilize multivariate data to separate effects of 
storm size and antecedent conditions from 
treatment responses (Bishop et al. 2005); this 
approach would be particularly valuable in 
those rare instances where watershed-scale 
treatments could be replicated. However, 
analysis of covariance is best applied to 
data from rainfall-runoff events, which can 
be considered independent observations. 
However, subsurface flows (tile discharge, 
baseflow) are continuous and serially cor-
related, in which case autoregressive terms 
should be included to compare the magni-
tude and timing of flows among watershed 
treatments (Tomer et al. 2005).

The Possibility of Practice Synergies
In-field and edge-of-field practices can have 
different types of impacts in terms of exam-
ining rainfall-runoff and runoff-nutrient load 
relationships. The way in which these impacts 
may interact determines the potential to 

Figure 1
Concept for a twice-paired watershed experiment. Two edge-of-field practices are installed during the calibration period, then one in-field practice is 
installed during the treatment period. The watersheds and edge-of-field practices are calibrated during the first two to five years, followed by evalu-
ation of the in-field practice. Any change in the relationship between treatment efficiencies of the paired edge-of-field practices between calibration 
and treatment periods determines synergies and/or tradeoffs of using the two practices in combination.

Paired watershed experiment
(in field practice, edge-of-field monitoring) Twice-paired watershed experiment

Upstream-downstream experiment
(edge-of-field practice, edge-of-field

monitoring; bioreactor as an example)

Denitrifying
bioreactor

1. Pretreatment calibration
(2+ years)

1. Implement field edge 
practice and calibrate  
two fields (replicated  
experiment, 2+ years)

2. Treatment evaluation
(3+ years)

2. Implement field practice
and evaluate two practices

(3+ years)
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Figure 2
Examples of twice-paired watershed experiments, identified using the Agricultural Conservation Planning Framework. Edge-of-field/in-field treat-
ment combinations shown are (a and b) nutrient removal wetlands/cover crops and (c and d) denitrifying bioreactors/drainage water management.
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obtain synergistic water quality improve-
ments through stacking of practices. A key 
benefit of in-field practices (e.g., reduced 
or no tillage and cover crops) is to reduce 
the runoff fraction by encouraging greater 
infiltration (Kaspar et al. 2001; Sun et al. 
2015). This provides an opportunity to then 
increase (or synergize) the effectiveness of 
the edge-of-field practice. That is, because 
effectiveness of edge-of-field practices are 
usually determined by the residence time of 
runoff detention, lower runoff fractions from 
an infield practice deliver smaller runoff vol-
umes to the field edge, which either provides 
a greater residence time and effectiveness to 
the edge-of-field practice, or allows the edge-
of-field practice to be downsized, enabling 
a larger number of fields to be protected 
with a given conservation practice budget. 

Where such combined practice effects can 
be demonstrated experimentally, agricul-
tural water quality models could be tested 
for their capacity to simulate changes in the 
effectiveness of edge-of-field practices due to 
the presence/absence of in-field practices.

Example Applications
A variety of in-field and edge-of-field 
practice pairings can be tested using this 
experimental design. Two examples are 
illustrated using results of the Agricultural 
Conservation Planning Framework obtained 
from watersheds in Iowa (figure 2a) and 
Indiana (figure 2b). A pair of small nutrient 
removal wetlands could be located below 
adjacent cropped fields as shown in figure 
2a, which are sized at <2% of the drainage 
area. Once both wetlands were installed, an 

initial calibration period would compare the 
relative performance of these two wetlands 
for nitrate (NO3

–) removal, followed by a 
treatment period in which the effectiveness 
of cover crops on NO3

– losses would be 
evaluated, both with and without the pres-
ence of the wetland practice. In the second 
example (figure 2b), a pair of denitrifying 
bioreactors could be installed to receive tile 
drainage from adjacent fields that are also 
flat enough to be suited for drainage water 
management. The two bioreactors would be 
installed to initiate the experiment, and the 
flow volumes and NO3

– loads from the fields, 
above and below the bioreactors (including 
high flows that bypass the bioreactors in both 
positions), would be monitored. Following 
the initial calibration period, drainage water 
management/water table control would 
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be implemented in one of the two fields 
to monitor tile flows and NO3

– loads with 
neither, each, and both the in-field and 
edge-of-field practices during the treatment 
period. Controlled drainage can reduce 
drainage volumes, which would decrease the 
N load to the edge of the field and could 
increase relative bioreactor performance for 
N removal.

Conclusion
Our ability to reduce nutrient loads from 
agriculture may depend on our ability to 
use conservation practices in combination. 
Multiple practices can help account for water 
quality tradeoffs that are involved with prac-
tice selection, and can provide a “treatment 
train,” or sequence of practices that detain 
and treat water flows along hydrologic path-
ways between each field in a watershed and 
the watershed’s outlet (Tomer et al. 2015). If 
we are aware that combinations of practices 
will be necessary to meet nutrient reduction 
goals, then to apply this concept wisely we 
should obtain experimental data that reveal 
synergies and tradeoffs involved with using 
conservation practices in sequence, in a 
way that provides new knowledge targeted 
at conservation opportunities that are most 
numerous and can be best leveraged in given 
watersheds and landform regions. A twice-
paired experimental design is proposed here 
to better determine how combinations of 
practices may provide the greatest envi-
ronmental synergies, potentially leading to 
conservation programs more effective in 
improving water quality.

The twice-paired watershed experimental 
design is just an idea at this point. A demon-
stration is needed to confirm that an actual 
experiment can be implemented to obtain 
and analyze data to test this concept. Data on 
the soils, land use, and topography of a water-
shed can be used to identify which practices 
have the greatest number of implementation 
opportunities (Tomer et al. 2015), which can 
in turn be leveraged to identify the best (i.e., 
most extendible) practices to include in twice-
paired experiments. After concept validation 
with actual measured data, a twice-paired 
experiment should provide information 
useful in improving watershed models by 
showing how synergies and tradeoffs involved 
with stacked practices can be simulated with 
watershed models. Then, applying watershed 
models to devise/test watershed conservation 

options could be done with greater confi-
dence in actual planning contexts.
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