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Abstract
Agricultural non-point sources of nutrients and sediments have caused eutrophication and other water quality issues in aquatic 
and marine ecosystems, such as the annual occurrence of hypoxia in the Gulf of Mexico. Management practices have been 
implemented adjacent to and in agricultural drainage ditches to promote their wetland characteristics and functions, includ-
ing reduction of nitrogen, phosphorus, and sediment losses downstream. This review: (1) summarized studies examining 
changes in nutrient and total suspended solid concentrations and loads associated with management practices in drainage 
ditches (i.e., riser and slotted pipes, two-stage ditches, vegetated ditches, low-grade weirs, and organic carbon amendments) 
with emphasis on the Lower Mississippi Alluvial Valley, (2) quantified management system effects on nutrient and total 
suspended solid concentrations and loads and, (3) identified information gaps regarding water quality associated with these 
management practices and research needs in this area. In general, management practices used in drainage ditches at times 
reduced losses of total suspended solids, N, and P. However, management practices were often ineffective during storm events 
that were uncommon and intense in duration and volume, although these types of events could increase in frequency and 
intensity with climate change. Studies on combined effects of management practices on drainage ditch water quality, along 
with research towards improved nutrient and sediment reduction efficiency during intense storm events are urgently needed.
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Introduction

Gulf of Mexico Hypoxic Zone

 Efforts in modern agriculture, to meet consumer demands, 
include application of fertilizers to provide nutrients to crops. 
United States fertilizer application has increased four-fold 

since 1961, from 50 to 200 kg nitrogen (N)  ha−1 year−1 
allowing for a doubling in crop yield (Lassaletta et al. 2014). 
Various non-point sources of nutrients, particularly runoff 
of agricultural fertilizers, have increased the nutrient load 
discharged to freshwater and marine ecosystems, including 
the Gulf of Mexico (USEPA 2011). Agricultural sources 
contributed more than 70% of N and phosphorus (P) loads 
to the Gulf of Mexico via the Mississippi and Atchafalaya 
rivers (Alexander et al. 2008), with loading doubled in the 
second half of the twentieth century due to increased runoff 
of fertilizers (Pierce et al. 2012).

The annual occurrence of a hypoxic zone in the Gulf of 
Mexico is caused by this increased nutrient loading from 
the Mississippi and Atchafalaya river basins (USEPA 2008, 
2011). The size of the hypoxic zone in 2017 was 22,720 km2, 
the size of New Jersey and largest ever recorded (LUMCON 
2017), with a 5-year mean hypoxic zone size of 15,032 km2, 
over three times larger than the 5000 km2 targeted by the Gulf 
of Mexico Hypoxia Task Force (USEPA 2013; Scavia et al. 
2017). Nitrogen loading, in particular nitrate–N  (NO3

−–N), 
is proportional to the bottom water hypoxia (LUMCON 
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2017). To achieve the hypoxic zone size goal, the Gulf of 
Mexico Hypoxia Task Force in 2013 predicted a reduction 
in total N loads of at least 45% would be necessary (USEPA 
2008, 2013). In order to meet the goal of 45% N load reduc-
tion while minimizing impacts to agricultural production, 
McLellan et al. (2015) posited that N management practices 
in agricultural fields and innovative N removal practices in 
aquatic ecosystems would have to be used. Several manage-
ment practices have been implemented in and adjacent to 
agricultural drainage ditches to reduce N in these systems.

Agricultural Drainage Ditches

In the Lower Mississippi Alluvial Valley (LMAV), agri-
cultural drainage ditches are a prevalent management prac-
tice that maintains optimal soil moisture, in turn leading 
to increased crop yields and economic returns for farmers 
(Bouldin et al. 2004; Strock et al. 2007). Agricultural drain-
age ditches have also increased transport and discharge 

In order to conduct a review of these practices, two data-
bases, Digitop (USDA National Agricultural Library) and 
Google Scholar, were searched for water quality literature on 
each of these practices. While many of the studies cited are 
from the LMAV, some studies from the upper Mississippi 
River Basin were included to due to limited information on 
management practices, particularly two-stage ditches and 
riser pipes. Percent change of nutrient and total suspended 
solids (TSS) concentrations and loads were calculated using 
data presented in the literature using Eq. 1. As a change in 
concentration resulting from implementation of a manage-
ment practice may not necessarily result in the same change 
in load, percent change values are presented in separate fig-
ure panels for concentrations and loads. Percent change for 
both concentrations and loads are presented in the same fig-
ure however, to preserve sample size for some management 
practices because, in some instances, sample sizes were 
small (i.e., n ≤ 3) for some variables when concentrations 
and loads were presented individually. 

Riser and Slotted Pipes

Riser pipes have been implemented in two different fashions. 
When used in conjunction with tile drain pipes, primarily in 
the upper Mississippi River Basin, riser control structures 
manage the water level in the tile drainage system before 
subsurface water is discharged into a ditch/stream (Evans 
et al. 1995). Riser pipes are implemented using surface 
drainage pipes in the LMAV. Boards can be placed on the 
field side of the pipe during the dormant season to flood the 
field to depths of 5–50 cm (Maul and Cooper 2000). Slot-
ted pipes (e.g., Cullum et al. 2006) retain water in a portion 
of fields such that sediment particles and nutrients have an 
opportunity to deposit before flowing into a drainage ditch 
or lake (Cullum et al. 2006). In all approaches, subsurface 
(riser pipe in tile systems) and surface runoff water (riser 
and slotted pipes), is withheld for a period of time before 
reaching the receiving water body.

Riser control structures substantially reduced  NO3
−–N 

loads in tile drainage and concentrations in surface runoff 
(median = − 57.2%) (Fig. 1). Reductions in tile drainage 
systems were due to 50% less water volume passing through 
tile drains, not a reduction in  NO3

−–N concentrations (Gil-
liam et al. 1979; Lalonde et al. 1996). There is also limited 
evidence that riser control structures reduced ammonium 
 (NH4

+), total nitrogen (TN), total phosphorus (TP), and 
TSS in surface and subsurface drainage (Cullum et al. 2006; 
Evans et al. 1995; Maul and Cooper 2000) (Fig. 1). Kröger 
et al. (2013c) observed that slotted pipes retained sediment 

(1)
Management Practice Conc. or Load − No Management Practice Conc. or Load

No Management Practice Conc. or Load
× 100%

of excess N and P (Kröger et al. 2007, 2008b) and sedi-
ment (Kröger et al. 2008a) to natural receiving waters. 
As agricultural drainage ditches are ubiquitous across the 
landscape of the LMAV, many studies have investigated 
their use for pollutant mitigation (Kröger et al. 2011). It 
has also been observed that drainage ditches have similar 
biological and physical functions to linear wetlands under 
low flow conditions, whereas they function more like lotic, 
transport-dominated systems during high flow conditions 
(Moore et al. 2001; Strock et al. 2007). Wetland functional-
ity in drainage ditches may provide areas of mitigation for 
non-point source contamination (e.g. excess nutrient load-
ing), particularly with implementation of best management 
practices (Bouldin et al. 2004; Kröger and Moore 2011).

Several management practices have been implemented 
and examined in drainage ditches with the goal of reduc-
ing nutrient loads to the Gulf of Mexico. Some practices 
aim to achieve this goal by promoting and using wetland 
functions. The purposes of this review are to: (1) review 
literature describing effects of management practices (riser 
pipes and slotted pipes, two stage ditches, vegetated ditches, 
low-grade weirs, and organic carbon amendments) on nutri-
ent concentrations and loads reaching and/or leaving agri-
cultural drainage ditches; (2) quantify percent change in 
nutrient concentrations and loads observed in studies which 
these management practices have been implemented; (3) 
identify information gaps regarding water quality associ-
ated with these management practices and research needs 
in this area.
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and P. Time since pipe installation highly affected sediment 
accumulation rates and maximum accumulation occurred at 
65% of slotted pipe volume. These results indicated slotted 
pipes became less effective over time as sediment accumu-
lated closer to the pipe opening was scoured (Kröger et al. 
2013c). Reduction of nutrient concentrations and/or loads 
before reaching drainage ditches reduces demands of drain-
age ditches to do so before water is discharged to receiving 
water bodies.

Two‑Stage Ditches

Generally, drainage ditches have been constructed or modi-
fied such that they are channelized, one-stage systems. Two-
stage ditches were originally implemented to increase bank 
stability via creation of a floodplain in channeled agricul-
tural streams (Davis et al. 2015). In doing so, pipes coming 
into the ditch are intended to empty onto the constructed 
floodplain rather than directly into the stream, mimick-
ing adjacent wetlands, retaining water on the floodplain, 
increasing wetted channel width, and slowing water veloc-
ity (Davis et al. 2015). Design of the channel and floodplain 
width can affect fluvial stability and geomorphic changes in 
ditches (D’Ambrosio et al. 2015; Krider et al. 2017; Powell 
et al. 2007a, b). Connectivity between ditch channel and 
floodplain can increase: hydraulic retention time (HRT), 
contact between sediment and water, riparian vegetation 

development, and organic matter accumulation (Powell and 
Bouchard 2010).

These characteristics of two-stage ditches may provide 
for increased nutrient mitigation ability. Floodplain soils 
are hydrologically connected to surface water, resulting in 
higher soil moisture and redox conditions suitable for deni-
trification (Roley et al. 2012). Powell and Bouchard (2010) 
found denitrification rates did not differ between two-stage 
and one stage ditches in the thalweg. However, rates were 
greater outside the channels on benches and slopes in two-
stage, compared to one-stage ditches (Mahl et al. 2015; Pow-
ell and Bouchard 2010). Furthermore, denitrification rates 
were similar before and after two-stage ditch construction 
(Roley et al. 2012). These results demonstrate potential for 
increased  NO3

− removal due to increased wetted width of 
two-stage ditches not present in one-stage ditches.

Few studies (Davis et al. 2015; Hodaj et al. 2017; Mahl 
et  al. 2015; Roley et  al. 2012) have examined nutrient 
concentrations or loads in two-stage ditches. These stud-
ies observed both increases and decreases in  NO3

−–N 
concentrations and loads in  two-stage ditches (median 
change = 7.1%) (Fig. 2). Roley et al. (2012) found the high-
est percentage of  NO3

− removal occurred at the lowest loads, 
but increased loads during higher flow volumes limited over-
all removal ability. Davis et al. (2015) observed similar dif-
ficulties in which reductions of  NO3

−–N were not as easily 
achieved under high loading. Results indicated water quality 
improvements depended on sizing two-stage ditches such 
that floodplain inundation is maximized (Davis et al. 2015). 

Fig. 1  Percent change in nitrate  (NO3
−), ammonium  (NH4

+), total 
nitrogen (TN), phosphate  (PO4

3−), total phosphorus (TP), and total 
suspended solid (TSS) concentrations and loads for riser pipes in 
agricultural drainage ditches. n = number of percent change values 
represented. Numbers in parentheses represent the number of values 
greater than 200% and not presented in the figure. Line in each box is 
the median, edges of the box are 25th and 75th percentiles, error bars 
are 10th and 90th percentiles, and points are values beyond the 10th 
and 90th percentiles. Percent changes calculated from data presented 
in Cullum et  al. (2006), Evans et  al. (1995), Gilliam et  al. (1979), 
Lalonde et al. (1996), and Maul and Cooper (2000)

Fig. 2  Percent change in nitrate  (NO3
−), ammonium  (NH4

+), solu-
ble reactive phosphorus (SRP), total phosphorus (TP), and total 
suspended solids (TSS) concentrations and loads for two-stages in 
agricultural drainage ditches. n = number of percent change values 
represented. Line in each box is the median, edges of the box are 
25th and 75th percentiles, error bars are 10th and 90th percentiles, 
and points are values beyond the 10th and 90th percentiles. Percent 
changes calculated from data presented in Davis et al. (2015), Hodaj 
et al. (2017), Mahl et al. (2015), and Roley et al. (2012)
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Ammonium concentrations of two-stage ditches were not 
different from reference reaches (median change = 13.9%). 
Mean soluble reactive phosphorus (SRP) (median change 
= − 11.4%) and TP (median change = − 17.6%) concentra-
tions decreased in two-stage ditches compared to reference 
reaches, while TSS increases and decreases were observed 
(median change = 1.7%) (Davis et al. 2015) (Fig. 2). In addi-
tion to increasing HRT and denitrification potential, vegeta-
tion may have contributed to increased nutrient reduction 
as vegetation was more frequently observed on benches of 

two-stage ditches compared to one-stage ditch slopes (Pow-
ell and Bouchard 2010).

Vegetated Ditches

Vegetation in drainage ditches may increase nutrient and 
suspended solid removal because plants directly uptake 
nutrients from water, increase HRT, oxygenize soil, and pro-
vide surface area for microbial biofilms (Deaver et al. 2005). 
Decreases in particulate P (PP) and inorganic P loads and 
concentrations (Kröger et al. 2008b) along with TSS loads 
(Bouldin et al. 2004; Moore et al. 2010) were observed in 
vegetated ditches (Fig. 3). Dissolved inorganic N load was 
reduced by 57% over 2 years in vegetated ditches (Kröger 
et al. 2007). Nitrogen load reductions from vegetated mes-
ocosms (> 50%) were greater than unvegetated controls 
(26.9%) (Tyler et al. 2012b). Conversely, there were no dif-
ferences in  NH4

+,  NO3
−, or dissolved inorganic phospho-

rus (DIP) mitigation between vegetated and non-vegetated 
ditches, while a non-vegetated ditch had a greater total inor-
ganic phosphorus (TIP) load reduction (71%) compared to a 
vegetated ditch (36%) (Moore et al. 2010). This disparity in 
P load reduction capability of vegetated ditches is exhibited 
by the variability in percent change of DIP, PP, and TIP 
loads in Fig. 3b. Seasonal differences likely contributed to 
variability in nutrient removal associated with vegetation 
in drainage ditches as nutrients assimilated by plants can 
be released back into the ditch system through senescence 
in the dormant season (Kröger et al. 2007) and removal by 
plant species was more effective in the summer than winter 
(Moore et al. 2013). Buffer strips next to drainage ditches 
may also be beneficial as  NO3

−, phosphate  (PO4
3−), and TSS 

concentrations were highest at sites with limited or no buffer 
strips, regardless of ditch size. Conversely, sites with grass 
or forested buffer strips had no measurable  NO3

− (Bouldin 
et al. 2004).

Presence of vegetation may not be sufficient to achieve 
increased reduction in nutrient and TSS concentrations and 
loads. The composition of the vegetative community also 
seems to be an important factor as changes from submerged 
to emergent vegetation can decrease sediment resuspension 
and nutrients in the water column (Bouldin et al. 2004). In 
a mesocosm study, Deaver et al. (2005) found that soft rush 
(Juncus effusus, L.), yellow primrose (Ludwigia peploides, 
Kunth) and cutgrass (Leersia oryzoides, L.) reduced nutri-
ent concentrations relative to the control. Concentrations of 
 NH4

+ and  NO3
− were most decreased by L. peploides, while 

 PO4
3− was decreased most by L. oryzoides, which was least 

effective in  NH4
+ and  NO3

− removal (Deaver et al. 2005). 
Several other mesocosm studies have also observed differ-
ing abilities to remove N nutrients compared to P nutrients. 
Species more efficient at removing N nutrients included L. 
oryzoides, broadleaf cattail (Typha latifolia L.) (Tyler et al. 

Fig. 3  Percent change in nitrate  (NO3
−), ammonium  (NH4

+), phos-
phate  (PO4

3−), dissolved inorganic phosphorus (DIP), and particulate 
phosphorus (PP) concentrations (a) and  NO3

−,  NH4
+, total nitrogen 

(TN),  PO4
3−, DIP, PP, total inorganic phosphorus (TIP), and total 

phosphorus (TP) loads (b) for agricultural drainage ditches with veg-
etation. n = number of percent change values represented. Numbers in 
parentheses represent the number of values greater than 200% and not 
presented in the figure. Line in each box is the median, edges of the 
box are 25th and 75th percentiles, error bars are 10th and 90th per-
centiles, and points are values beyond the 10th and 90th percentiles. 
Percent change calculated from data presented in Deaver et al. (2005), 
Kröger et  al. (2007), Kröger et  al. (2013a, b), Moore and Kröger 
(2010), Moore et al. (2010), Moore et al. (2013), Tyler et al. (2012a), 
and Tyler et al. (2012b)
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2012b), creeping burhead (Echinodorus cordifolius L.), and 
Eurasian watermilfoil (Myriophyllum spicatum L.) (Moore 
and Kröger 2010). Species more efficient at removing P 
nutrients included L. oryzoides, T. latifolia, M. spicatum, E. 
cordifolius, and lizard’s tail (Saururus cernuus L.) (Moore 
and Kröger 2010; Tyler et al. 2012a). Leersia oryzoides, M. 
spicatum, and E. cordifolius performed well for both N and 
P nutrient removal (Moore and Kröger 2010; Tyler et al. 
2012a, b). Moore et al. (2013) also observed differing sea-
sonal removal efficiencies for plant species between sum-
mer and winter. Overall, results of these mesocosm studies 
indicate that no single plant species was most effective in 
removing both N and P and removal efficiencies were dif-
ferent depending on the season. Therefore, establishment of 
a more diverse vegetative community in drainage ditches 
with complementary nutrient reduction abilities for N and P 
during growing and dormant seasons is necessary for main-
taining efficient nutrient mitigation year round (Deaver et al. 
2005; Tyler et al. 2012b; Moore et al. 2013).

Low‑Grade Weirs

One management practice implemented in the LMAV is 
low-grade weirs (hereafter weirs) in agricultural drainage 
ditches to increase HRT and decrease flow velocities (Pierce 
et al. 2012; Kröger et al. 2013a). Although no differences in 
water volume or HRT were observed between ditches with 
weirs and those with riser pipes (Kröger et al. 2011), weirs 
were able to provide drainage management year-round and 
on a spatially gradated basis compared to a single riser pipe 
usually used only during the dormant season (Kröger et al. 
2012). Times to reach peak and base flows (approximately 
7.5 h longer) were increased in ditches with vegetation and 
weirs (Kröger et al. 2008a; Prince Czarnecki et al. 2014). 
Zones of inundation were created upstream of weirs, aiding 
increased sedimentation, sediment-bound P removal, and 
anaerobic conditions for increased N removal through deni-
trification (Kröger et al. 2011, 2012) (Fig. 4).

Denitrification rates were not different between sites with 
weirs and those without weirs. There were, however, sea-
sonal differences with a trend of summer > winter > spring. 
Interestingly, denitrification rates also differed based on weir 
age with greater rates in younger systems (< 1 year) com-
pared to older systems (> 2 years) (Kröger et al. 2013a). In 
the Mississippi Delta, Baker et al. (2015) observed increased 
abundance of the nosZ gene [a nitrous oxide  (N2O) reductase 
catalyzing the final step of denitrification of reducing  N2O 
to atmospheric  N2] 5–25 m upstream of weirs as compared 
to 50 m sampling intervals between weirs.

Substantial  NO3
−–N concentration and load reductions 

were observed in systems with (79%) and without (73%) 
weirs, resulting in no statistical difference between systems 
(Kröger et al. 2012). Loads of  NO3

−–N,  NH4
+–N, DIP, 

and TIP decreased from inflow to outflow in systems with 
weirs and with riser pipes, with no difference in removal 
between systems (Kröger et al. 2011). Conversely, Little-
john et al. (2014) found no differences between inflow and 
outflow loads in ditches with weirs, likely due to substantial 
variation in nutrient loads between storm events. Further-
more, few differences were observed between inflow and 
outflow concentrations because of variability between sea-
sons, hydrology, and runoff volume (Fig. 4a). For exam-
ple,  NO3

− load was skewed by two dormant season storm 
events in which outflow load greatly exceeded inflow load. 

Fig. 4  Percent change in nitrate  (NO3
−), ammonium  (NH4

+), total 
Kjeldahl nitrogen (TKN), total nitrogen (TN), dissolved inorganic 
phosphorus (DIP), total inorganic phosphorus (TIP), total phosphorus 
(TP), and total suspended solids (TSS) concentrations (a) and  NO3

−, 
 NH4

+, TKN, total inorganic nitrogen (TIN), TN, DIP, TIP, TP, and 
TSS loads (b) for agricultural drainage ditches with low-grade weirs. 
n = number of percent change values represented. Numbers in paren-
theses represent the number of values greater than 200% and not pre-
sented in the figure. Line in each box is the median, edges of the box 
are 25th and 75th percentiles, error bars are 10th and 90th percentiles, 
and points are values beyond the 10th and 90th percentiles. Percent 
change calculated from data presented in Amatya and Gilliam (2003), 
Baker et al. (2016), Flora and Kröger (2014a, b), Kröger et al. (2011), 
Kröger et al. (2012), Littlejohn et al. (2014), and Faust et al. (2017b)
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However, with exception of  NO3
−, median loads decreased 

between inflow and outflow (Littlejohn et al. 2014). Baker 
et al. (2016) also observed large variability in nutrient and 
sediment load percent change in ditches with weirs, with 
ranges of − 96%–885% for total inorganic N and − 65%–1% 
for total inorganic P (Fig. 4b).

Weirs create zones of inundation for sedimentation as 
supported by greater sediment and water depth upstream 
of weirs compared to reference sites. Sediment accumula-
tion decreased as weirs became older than 1 year, indicating 
yearly maintenance is necessary for optimal sediment reduc-
tion (Kröger et al. 2013b), but this may counter nutrient miti-
gation as Littlejohn et al. (2014) found that drainage ditches 
with weirs performed better in nutrient reduction 1 year after 
construction. Usborne et al. (2013) observed greater mean 
water depth upstream of weirs, but sediment deposition was 
not different between sites with and without weirs. Sedi-
ment deposited upstream of weirs can also remove sediment-
bound P. Yet, P can also be released under anaerobic condi-
tions behind weirs because non-bioavailable iron phosphate 
complexes are reduced to ferrous iron, releasing bioavailable 
P under periods of inundation. No differences between TP 
concentrations of sediments or any P fractions at 1-year-
old weirs and reference sites were detected (Kröger et al. 
2013b). Total P, soluble P, loosely bound P, and reductant-
soluble P in sediment was not different between sites, while 
sediment aluminum phosphate and iron phosphate concen-
trations were different between sites (Usborne et al. 2013). 
Several studies have observed sediment organic carbon 
levels ranging between 1% and 6.8% (Kröger et al. 2013b; 
Usborne et al. 2013; Littlejohn et al. 2014). Smith et al. 
(2005) observed that sediment organic carbon and silt and 
clay fractions decreased as drainage area increased, with 
sediment organic carbon > 6% with small drainage areas and 
1%–3% in large drainage areas. Kröger et al. (2013a) sug-
gested organic carbon seemed to be limiting denitrification 
in drainage ditches in sediments frequently inundated and 
would be thought to accumulate organic matter due to slower 
decomposition under anaerobic conditions.

Organic Carbon Amendments

Whereas weirs have allowed for increased N removal by 
forming areas of anaerobic conditions within drainage 
ditches conducive to denitrification, there are other factors 
that may influence the N cycle in aquatic ecosystems. Three 
major factors have been implicated in directly influencing 
denitrification rates of microbial communities: (1) presence 
of anaerobic conditions; (2) availability of  NO3

−–N; and 
(3) availability of organic carbon (Knowles 1982). If we 
assume the presence of anaerobic conditions (due to use of 
low-grade weirs or other drainage control structures) and 

 NO3
−–N are not limiting, then other factor(s) such as organic 

carbon become limiting.
Sediments from North Carolina agricultural drainage 

ditches showed increasing organic matter (as straw) from 
5% dry weight to 11% resulted in significant increases in 
 NO3

−–N removal, but no further increase was observed 
when organic matter was increased to 16% (Burchell et al. 
2007). Forms of C substances used in stream bioreactors 
include wood media, cornstalks, wheat, maize cobs, barley 
straw, and rice husks with  NO3

−–N removal in the order of 
cornstalks > cardboard, > wood chips and oil > wood chips 
(Greenan et al. 2006; Liu et al. 2015). In a field trial of 
organic carbon barriers in drainage ditches in China, rice 
straw produced mean removal rates of 73% for  NH4

+–N and 
96% for  NO3

−–N (Liu et al. 2015). Removal of  NO3
−–N 

ranged from 83% to 100% in a laboratory microcosm study 
of drainage ditch sediments with amendments of dissolved 
organic carbon (DOC as glucose) and particulate organic 
carbon (POC as Bermuda grass (Cynodon dactylon L.) hay) 
(Faust et al. 2016) (Fig. 5). However, when DOC and POC 
amendments were scaled up to use in experimental drain-
age ditches with and without weirs, the maximum  NO3

−–N 
removal rate was 31%. This result indicates that flow reduces 
the ability for N mitigation in drainage ditches even with 
weirs in place to increase HRT (Faust et al. 2017b). Finally, 
in a field scale study, Faust et al. (2017a) observed sediment 
organic carbon levels from 0.25% to 6.04%. Increased aro-
matic and molecular weight character of DOC in drainage 
ditches could indicate that organic carbon is less available 
to microbes performing denitrification (Faust et al. 2017a; 

Fig. 5  Percent change in nitrate  (NO3
−), ammonium  (NH4

+), and 
total nitrogen (TN), concentrations and loads for agricultural drainage 
ditches with organic carbon amended. n = number of percent change 
values represented. Line in each box is the median, edges of the box 
are 25th and 75th percentiles, error bars are 10th and 90th percentiles, 
and points are values beyond the 10th and 90th percentiles. Percent 
change calculated from data presented in Burchell et al. (2007), Faust 
et al. (2016), Faust et al. (2017b), and Liu et al. (2015)
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Song et al. 2011). While much focus regarding organic car-
bon amendments has been on N removal, fibric organic car-
bon horizons at the ditch sediment surface had greatest mean 
P, Fe, Al concentrations (Vaughan et al. 2007), indicating 
drainage ditch sediments may serve as a sink for P.

Undoubtedly, limited bioavailability of organic carbon 
can reduce denitrification rates and thus N removal. Carbon 
and N cycles are often considered independently, but links 
and interactions between the two are important, especially 
regarding denitrification and other microbial-mediated pro-
cesses (Holmes et al. 1996). Several studies have examined 
limitations to denitrification and thus  NO3

−–N removal 
using carbon to N (C:N) ratios. The amount of rice straw 
added to drainage ditches was positively correlated with 
 NH4

+ and  NO3
− removal (Liu et al. 2015). The optimal C:N 

ratio in drainage ditch sediments was determined to be 5.0 
as  NO3

−–N removal was similar to removal when organic 
carbon was amended to achieve ratios of 10, 15, and 20, but 
did not increase  NH4

+–N concentrations as did higher C:N 
ratios (Faust et al. 2016). Various management practices, 
examined above, have been implemented in drainage ditches. 
Clearly, there are still questions to be answered and improve-
ments to these management practices that can be achieved 
when used individually as well as jointly.

Research Needs

For each management practice reviewed above, there were 
studies conducted pertaining to their use in decreasing nutri-
ent and sediment concentrations and loads within drainage 
ditches. An array of water quality parameters were meas-
ured in these studies. Depending on specific goals and 
objectives, researchers should strive to measure TSS, TN, 
 NH4

+–N,  NO3
−–N,  NO2

−–N, TP, PP, and  PO4
3−–P concen-

trations and loads in order to distinguish how bioavailable 
and sequestered N and P are distributed as related to TN 
and TP. Measurement of runoff volume in order to calculate 
load is important since trends are often observed between 
concentration and load (Figs. 3, 4). Measurement of runoff 
volume will further allow for determination of how runoff 
volume, along with variables affected by volume (e.g., rain-
fall intensity and duration, antecedent soil water content, 
antecedent drainage ditch water level), impact nutrient and 
sediment loss to downstream aquatic ecosystems. Given the 
relationship between the C and N cycles, measurements of 
organic carbon content in sediment (% TOC) and water (total 
organic carbon, DOC, absorbance ratio, specific ultravio-
let absorbance) will provide insight into possible limitation 
of denitrification and other N cycles processes due to low 
organic carbon availability.

Water quality data should be collected for several con-
secutive years since studies have found effects associated 
with management practices shift over time (Kröger et al. 

2013b). For example, sediment build-up behind weirs and 
slotted pipes will change nutrient and sediment reduction 
efficiencies and hydrological characteristics in drainage 
ditches. Researchers should attempt to maintain long-term 
data collection efforts and report results both over shorter 
and longer time frames. At a minimum, studies in drainage 
ditches receiving runoff from agricultural landscapes should 
include several full crop rotations in order to capture a range 
of climatic conditions including wet years, dry years, and 
average years.

While not an exhaustive list, below are questions that 
remain to be answered with regard to the management prac-
tices reviewed herein:

1. As demonstrated by the low sample sizes in Figs. 1 and 
2, few studies have been conducted in drainage ditches 
with riser or slotted pipes and with two-stage ditches. 
Comprehensive studies examining nutrient and sediment 
concentrations and loads associated with these manage-
ment practices are imperative.

2. Due to typical weir heights used (5%–20% of bankfull), 
water above this level can flow unimpeded, meaning 
weirs may not possess nutrient mitigation effects dur-
ing large storm events (Prince Czarnecki et al. 2014). 
If weir heights were increased to occupy more of the 
bankfull height, would nutrient and sediment removal 
increase and be less affected by large storm events?

3. In bioreactors, forms of C substances used included 
wood media, cornstalks, wheat, maize cobs, barley 
straw, and rice husks (Liu et al. 2015). What forms of 
organic carbon result in the best efficiency of nutrient 
removal?

4. Bioreactors required frequent C replenishment due to 
rapid C depletion. For example, C released from rice 
straw occurred primarily during the first 3 weeks with 
C loss accounting for less than 5% of C available (Liu 
et al. 2015). While optimizing release of organic carbon 
for denitrification, how long do various C substances 
amended to drainage ditches last before replenishment 
is necessary?

5. How can management practices be used in concert or 
in combination? Two examples demonstrating possi-
bilities of combining management practices include: 
(1) organic matter content in sediment of two-stage 
ditches (range = 3.7%–28.3%) was slightly higher than 
one-stage ditches (5.6%–24.2%), perhaps showing that 
presence of floodplains in two-stage ditches helps build 
organic matter (Roley et al. 2012; Davis et al. 2015) and 
be favorable for denitrification (Powell and Bouchard 
2010); (2) use of organic carbon amendments at weirs 
in drainage ditches to induce anaerobic conditions and 
provide organic C for denitrification (Faust et al. 2017b).
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6. An overarching theme regardless of management prac-
tice is that storm events intense in duration and volume 
had an impact on the ability to reduce nutrient con-
centrations with the majority of nutrients (> 70% N 
and > 80% P) and sediments (up to 90%) transported 
during intermittent, large storm events occurring less 
than 10% of the year (Kröger et al. 2007; Davis et al. 
2015; Baker et al. 2016). Yet, intense storm events are 
predicted to increase in the southeast U.S. under some 
climate change models (Carter et al. 2014; Wuebbles 
et al. 2014). What can be done to improve the nutrient 
and sediment removal efficacy of management practices 
reviewed herein, particularly during large storm events?

This review found management practices used in drainage 
ditches have at times been successful in decreasing concen-
trations and loads of nutrients and TSS. Research on nutrient 
management practices in fields and nutrient removal prac-
tices in drainage ditches will allow for: assessment of how 
well practices work, identification of strategies to improve 
practices through adaptive management, and determination 
of what next steps are feasible if management practices do 
not perform as well as anticipated. Results from future stud-
ies should be used by producers to inform adaptive man-
agement decisions and improve management practices to 
reduce nutrient and sediment losses in drainage ditches and 
decrease water quality impacts to downstream ecosystems.
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