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ABSTRACT 

Dairy agroecosystems use subsurface or tile drainage to improve trafficability and 

crop yield. One of the main concerns of tile drainage is that it acts as a major source of 

non-point phosphorus (P) pollution because of preferential flow pathways (PFP). PFP are 

large conduits in the soil that allow rapid movement of water. This reduces contact time 

infiltrate has with deeper soil horizons, which are not saturated with P and that could act 

as a sink for this nutrient. Also, PFP are responsible for channeling manure applied at the 

surface to tile drains. The rate of tile drain installation is likely to increase as rainfall 

patterns leading up to and during the growing season are altered by climate change. Climate 

change is also expected to increase rainfall intensity and periods of drought, furthering the 

need to understand the role of PFP activity on P transport. 

There has been much work done on P transport and PFP in tile drained landscapes 

in the US Midwest, however there is a lack of data and analysis in the Northeast. In the 

Lake Champlain Basin (LCB) agriculture is a significant contributor of P and the role of 

tile drainage is still unclear. In addition, tile drain data in the LCB is from New York and 

Quebec while there is limited published edge of field (EoF) studies in Vermont. There are 

also many dairy farms in Vermont that use tile drainage and apply manure near the end of 

the growing season, and the impact of P loading to the lake from these practices is 

unknown. This thesis aims to provide analysis of P transport in tile drained landscapes in 

Vermont. 

Data collected for this study comes from three tile drains from two fields, monitored 

using typical EoF methods. Field sites in this study are typical of the region in terms of 

soils (Covington and Panton clays) and best management practice usage (i.e. manure 

injection, light tillage, and cover cropping). A high temporal resolution dataset of rainfall 

and tile discharge metrics (i.e. flow and P) were used in the analysis. PFP activity was 

assessed using a four-component hydrograph separation technique using two methods, 

electrical conductivity end-member unmixing and hydrograph recession analysis. A unique 

rainfall intensity analysis was performed to forecast the impacts of climate change on P 

transport. Results show that most of the P export occurred during the non-growing season, 

however drought played an important role in seasonal export. Peak P concentrations 

coincided with events post manure injection in the fall, and in the spring with events post 

cover crop termination and post planting. The rainfall pulse analysis showed tile drain P 

loading was higher during events because of higher intensity rainfall pulses. Future work 

should aim to better understand the role of manure application method and timing, as well 

as how antecedent moisture impacts subsequent P transport.  
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Chapter 1 Literature Review 

1.1 Introduction 

Modern agriculture, due to low trophic efficiency, has many environmental setbacks 

[1]. A major environmental and social issue is the enrichment of surface waters with 

anthropogenically supplied nutrients (i.e. eutrophication) from agricultural practices [2]. 

For example, in the Lake Champlain Basin (LCB), agriculture accounts for 38% of 

phosphorus (P) supplied to the lake, the most of any one land use category, and is second 

to developed land in terms of P loading per unit area (i.e. average concentrations) [3]. P is 

the limiting nutrient for micro-organisms responsible for harmful algal blooms, thus it is 

one of the main nutrients of focus for management efforts concerned with improving water 

quality [4]. Dairy cropping agroecosystems are prevalent in the Midwestern and 

Northeastern U.S., as well as Southern Canada, and represent a major portion of 

agricultural land use [5]. In these systems, manure is applied or ‘spread’ on crop fields, 

making them especially susceptible to being non-point sources of this nutrient [6]. P in 

manure applied at the surface is at risk for being transported downstream through surface 

and subsurface hydrologic pathways [7]. Additional concern has been raised with the 

widespread installation of subsurface or tile drainage on poorly drained fields. Tile 

drainage has been identified as a major contributing factor to the water quality issues in the 

Great Lakes because of preferential flow pathways (PFP), which enhance subsurface 

transport of surface applied P [6].  

In the LCB, it is still unclear how much tile drainage contributes to P transport. 

Much of the research on surface and subsurface P loss has been conducted in New York 
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and in Quebec. These studies show that in LCB, tile drainage does not contribute more P 

that surface runoff when manure is applied unincorporated with the soil [8]. In Vermont 

(VT) however, soils and farming differ from other parts of the LCB. For example, manure 

injection is used in VT to reduce P concentrations in surface runoff. Also, soils in the 

Champlain Valley of VT are extremely fine textured and highly erodible, which can result 

in significant PFP activity and P transport through the subsurface [9], [10]. The Natural 

Resodefiurce Conservation Service (NRCS) and University of Vermont (UVM) Extension 

developed the VT P-index to model the risk of P loss associated with applying manure on 

fields [11]. The VT P-index now includes a subsurface P loss pathway, however because 

there is a lack of tile and PFP data in VT, modeling subsurface transport remains difficult 

[12], [13]. Also, tile drain installation in VT is expected to increase as climate change alters 

growing conditions [12], [14].  

1.2 Agricultural Phosphorus (P) 

1.2.1 Soil Fertility 

P is a required nutrient for crops and is applied to agricultural soils to supplement 

the soils’ naturally occurring pool [15]. In VT, application rates of fertilizer and manure 

are suggested based on P levels in the soil (soil test P, STP), as well as levels of reactive 

aluminum (Al) because it is related to the strength of bonding between P and mineral soil 

[16]. The extraction used to determine P and Al is Modified Morgan’s, which has been 

identified as the best method for understanding P fertility of the soils in this region [16], 

[17]. Other extraction methods include Bray P, Mehlich 1P and Mehlich 3P, and Olsen P; 

the goals of the extractions are to determine the amount of P that plants will be able to 

extract from the soil over the growing season, and to relate crop response to additional P 
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inputs [17]. Plants uptake free orthophosphate (ortho-P) anions, which is the same as 

aqueous phase ortho-P. Ortho-P binds with one or two protons at normal soil pH ranges, 

and the ratio of these two forms of ortho-P is dependent on the proton availability, i.e. soil 

pH [18]. P is very reactive, thus has a high affinity to be in the solid phase, meaning it has 

bonded with the mineral soil [19]. Near the plant root, aqueous phase ortho-P is depleted 

by crop uptake very quickly, and it is the solid phase P that replenishes the soil solution 

with aqueous phase ortho-P [18]. Plant roots, fungi, and microorganisms work against the 

natural equilibrium that keeps P in the solid phase [18]; while crops have the ability to mine 

P from the solid phase, to ease the energy required to do this and to maintain adequate crop 

yields, P is applied or the soil pH is altered to shift the equilibrium towards the aqueous 

phase [19].  

Binding energies between P and mineral soil can be categorized into inner sphere 

‘absorption’ and outer sphere ‘adsorption’ [20]. Inner and outer sphere refer to the charged 

surface of the mineral soil. P bonded within the mineral’s inner sphere usually does not 

contribute to fertility as easily because P is held tightly by covalent bonds [21]. Outer 

sphere adsorption are electrostatic bonds, and are easily altered in the rhizosphere because 

there is a water molecule between ortho-P and the mineral surface [21]. The surface charge 

of these minerals can determine the solubility of P bonded to the outer sphere and is a 

function of pH. When pH is greater than the mineral’s point of zero charge (PZC), the 

surface becomes less positive and can retain less negatively charged ortho-P anions [21]. 

Thus, P solubility increases with increasing pH. However, at high pH ionic strength 

increases which changes the plane of sorption, which has the effect of making the mineral 

surface less negative, and can actually increase P retention by the mineral [21]. 
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Nevertheless, outer sphere reactions have the greatest potential to be altered in the 

rhizosphere, thus can contribute to fertility easily [18]. Generally, a pH of 6-7.5 is 

considered optimal for P solubility and plant uptake (Figure 1-1) [21].  

 

Figure 1-1: P fixation as a function of pH. Copied from Penn and Camberato [21] which 

adopted from Price [22]. 

 

1.2.2 Measuring P in Agricultural Runoff 

Because P favors the solid phase, it is usually lost from fields via attachment with 

sediment picked up in runoff [23]. However, studies have also found strong relationships 

between soil P levels and soluble reactive P (SRP) in agricultural runoff [24]. P levels in 

soils have been used to approximate how much P agricultural lands will contribute to 

downstream eutrophication by measuring SRP and bioavailable P (BAP) in runoff [24]. 

Biological assays use algae as a sink for P in runoff to measure BAP. BAP, as compared 

to SRP, is a much more realistic measurement of the dynamic equilibrium between aqueous 
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and solid phase P and thus the immediate eutrophication potential of runoff [17]. Assays 

are difficult for labs to perform because of time constraints, thus the use of synthetic sinks 

like the iron [4], [25] and ion-exchange resin [26], [27] impregnated filter paper methods 

have been suggested as an alternative for measuring BAP. These methods are not common 

because many studies are simply interested in quantifying ortho-P losses from agricultural 

fields. The most common way ortho-P is measured in runoff is by colorimetric analysis, 

which has been modified since Murphy & Riley [28] proposed the standard method to 

accommodate the automation of the reaction [29]. In addition to SRP, many studies also 

report total P (TP) in water samples by digesting the sample in acid to break down organic 

and inorganic forms of P into ortho-P [17]. For simplicity it is common to assume that the 

SRP fraction is immediately bioavailable and that particulate P (PP) is the fraction 

calculated by TP-SRP [10], [30], [31]. Studies have found that SRP is not necessarily the 

same as BAP, and that 10-90% of the measured PP can be immediately bioavailable [4], 

[32]. In the LCB, Poirier et al. [33] showed that 30% of PP is bio-available PP (BAPP) in 

both surface and subsurface runoff. 

An issue with the common TP acid digestion methods for agricultural water runoff 

samples is that they contain sediment, where standard methods are calibrated with reagent 

to sample ratios designed to accommodate little to no sediment in samples [17]. 

Measurements of TP are considered an underestimate when sediment is present [17], [34]. 

Differences in sample physical and chemical properties, and laboratory digestion and 

measurement procedures raise concern about comparing reported P values between 

research studies [35]. One example of this is that different soil P extraction methods will 

result in different values of the same units for the same soil [17]. Also, P can be measured 
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using colorimetric or ICP instrumentation, which differ analytically [17]. Further, studies 

use different digestion procedures for TP, which might be called the same name. For 

example, Lambert & Maher [36] measured TP in turbid lake water samples from an urban 

and agricultural catchment in Australia using the alkaline persulfate digestion, where 1 part 

digestion reagent were used for every 5 parts sample volume. The UVM Agricultural and 

Environmental Testing Laboratory follows the ‘alkaline/acid persulfate’ method for TP 

digestion, where potassium persulfate and sodium hydroxide are used as well but in a 1 

part digestion reagent to 2 parts sample ratio (Standard Methods 4500-P F). Dayton et al. 

[37] calls the alkaline/acid persulfate digestion the USGS method, and writes about the 

Lambert & Maher [36] study saying that they followed this same method. However, in 

Lambert & Maher [36] there is no reference to the USGS or the drop in pH during 

autoclaving, it is only called the alkaline persulfate digestion method.  

1.3 Agricultural Hydrology 

1.3.1 Soil Physics 

Water movement in soils is assumed to follow generalized and accepted models: 

Darcy’s law for saturated flow and the Richards equation for unsaturated flow [13], [38]. 

In general, water moves from areas of high to low potential energy [39]. Soil water energy 

is broken up into the forces acting at any given moment; models simplify these forces into 

the two major components, the downward force of gravity, and the omni-directional forces 

of suction (i.e. matric potential) that are generated from adhesion and cohesion of water to 

water and water to soil [38]. The size of the voids (i.e. distance between the solid and 

liquid/gas phase components of the soil) will determine the relationship between the 

amount of water in the soil and the matric potential (Figure 1-2) [38]. Under saturated 
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conditions soil water potential energy is dominated by hydrostatic pressure and gravity, 

and under unsaturated conditions is dominated by gravity and matric potential [38].  

If the rate of liquid rainfall exceeds the infiltration capacity of the soil, ponding will 

occur. Likewise, if soils become saturated due to accumulation of infiltration, ponding will 

also occur, and if the depth of ponding exceeds the depression storage of the soil (which is 

a function of roughness) surface runoff will occur down a hydraulic gradient [18], [40]. 

Water will also infiltrate and percolate into the soil due to gravity and matric forces [41]. 

The vadose zone consists of the soil horizons that drain to field capacity 24-48 hours after 

being saturated, where field capacity is defined as the soil moisture content following 

gravity drainage [18]. Water will remain in the soil void space until it is evapotranspired 

or has enough potential energy to leave the vadose zone as subsurface flow [41]. The 

wilting point of the soil is the moisture content at which the matric potential exerts more 

force on soil water than crops can, i.e. there is not enough water in the soil for plants to 

access. The matric potential can be related to the soil moisture content for different soil 

textures (Figure 1-2).  

 

Figure 1-2: Matric potential against volumetric water content. Copied from Evett [42].  
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Soils can have significant variability in the size of individual void spaces as well in 

the number of void spaces per unit volume. Soils with uniformity in the size of void spaces 

are considered homogenous. Water in a homogenous soil most often follows vertical 

displacement, or what is known as piston flow or matrix flow, since incoming water will 

displace water that is already present in the soil voids below it [40]. In coarse-textured 

homogenous soils, finger flow is a type of non-uniform displacement flow which can result 

in rapid movement of water [43]. Heterogenous soils consist of similar and dissimilar void 

networks, and infiltrating water will not always displace water that is currently in the soil. 

This type of infiltration and percolation equates to a portion of subsurface flow that can 

have little spatial and temporal contact with soil media, i.e. water is rapidly transported 

from the surface to the subsurface. The biotic and abiotic networks of connected soil void 

space that create conduits in the soil are known as macropores or preferential flow 

pathways (PFP) [44]. PFP activity can be linked to soil texture because higher clay contents 

result in desiccation cracking in soils [45], [46]. Freeze-thaw cycles [47]–[49], as well as 

tillage [31], [50] have also been identified as a mechanism controlling PFP activity. 

Under the Darcy and Richards equations soil water movement is handled by a wide 

variety of software applications [13]. However, PFP are difficult to model because flow 

bypasses the bulk of the soil matrix, thus does not conform to the Darcy and Richards flow 

equations [13]. Darcy-Richards equations are prominent in technical uses and have 

persisted in models even though the theoretical justification of their use in heterogeneous 

soils has been questioned [13], [51]. The increased easy access to computer software that 

can solve the Richards equation is part of the reason why it continues to be used for 
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unsaturated flow in modeling packages [13]. While there have been model updates for 

gravity-dominated laminar-PFP activity, there is still a lack in knowledge around 

turbulent/rapid transport through large soil pathways, which has been attributed to a lack 

of field scale observations [13].  

1.3.2 Tile Drainage  

Tile drains allow for quicker gravity drainage of soils by decreasing the required 

potential energy for soil water to exit the vadose zone [40]. While tile drains decrease 

saturation excess surface runoff [52], subsurface runoff is greatly increased [53], and the 

field scale water budget can transition to being mainly exported via tile drainage [52], [54], 

[55]. Also, tile drains can increase agricultural runoff by 10-25% [6], and event 

hydrographs of receiving water bodies can be altered when tile drainage is installed 

upstream [56]. Tile drains are systematic networks of perforated plastic pipes installed to 

approximately 1 meter below the surface, and are sized and spaced to meet the fields 

drainage requirements [57]. Tile laterals are channeled to a tile main, which discharges at 

the edge of field and eventually to a receiving water course. Originally, tile drains were 

used to drain wetlands that were then converted to agriculture; however, farmers use tile 

drains in poorly drained fields already in production agriculture to improve trafficability 

and yields [44]. The rate of tile drain installation is likely to increase as farms see the 

benefits, especially as rainfall patterns leading up to and during the growing season are 

altered by climate change [12]. For example, the Northeastern U.S. has seen an increasing 

trend in spring rainfall in the 21 days prior to planting, and climate models suggest this 

trend will continue as the extremes become worse [14]. Without tile drainage, farmers risk 

compaction and rutting from heavy machinery on wet soils [58].  
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1.4 Dairy Agroecosystems with Tile Drainage as a Means for P Transport 

Manure P applied at rates that exceed crop uptake and thus accumulates in the soil 

is called legacy P [59]. Legacy P has been identified as the reason why water quality goals 

have not been met, despite action to reduce nutrient losses from agricultural fields [60]. 

Legacy P moves throughout the landscape and accumulates in streambanks and lakes 

where it acts as a long-term source of P in the water course. Legacy P has been shown to 

contribute to elevated TP and SRP concentrations in surface runoff, as well as tile drainage 

[30]. Originally it was thought that the use of tile drains would reduce the P export from 

agricultural lands since they decrease surface runoff [53], [61]. Also, it was thought that 

subsurface flow contains little sediment and PP, and SRP would be low too, because P in 

percolating water would get resorbed in deeper P-lacking soil horizons [62], [63]. 

Throughout the 1970’s and 1980’s, the literature shifted to acknowledging that due to PFP, 

P export through tile drains can be significant [6], [64]. Since then studies have found tile 

drains can export similar levels of sediment as surface runoff, and PP can dominate tile 

drain TP concentrations [65], [66]. High SRP concentrations in tile drains suggest recently 

applied and legacy P are transported to tiles through PFP, and can exceed concentrations 

for eutrophication thresholds [30]. Tile drain P export occurs mostly during periods of high 

discharge, i.e. rainfall and snowmelt events, and most P export occurs during the non-

growing season because total discharge is highest [6]. 

1.4.1 Measuring Tile Drainage 

Tile drain effluent quality and quantity is monitored at the edge of field (EoF) 

with automated flow measurement and water sampling devices. This equipment can be 

continuously solar powered for use in remote locations and programed to sample 

baseflow and storm events based on real time event flow and/or timing conditions. There 
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is a wide variety and long history of agricultural EoF data that has come out of the U.S 

Midwest and Southern Canada, and it has been used in variety of long- and short-term 

nutrient and hydrologic studies. EoF data has become a staple tool for managing non-

point source P pollution in the Lake Erie Basin [67], and there has been much 

advancement in our understanding of nutrient transport and the effects of management in 

tile drained landscapes with PFP activity [68]. Studies have used a variety of tile drainage 

sampling and data analysis methods to assess hydrologic and P transport, with an 

increasing call for flow and nutrient data to be measured and interpolated to a high 

temporal resolution [69]–[71], which has the benefit of improving P load estimation [72], 

[73]. Studies have also used in situ sensor data that is cheap to measure continuously 

relative to discrete nutrient concentrations in water samples in a lab [74], [75].  

1.4.2 PFP Contributions to Tile Drains During Events 

PFP contributions to tile drains are assumed when tile drains respond rapidly to 

rainfall pulses; Darcy and Richards flow equations predict much longer response times 

given the depth of tile drainage in the soil profile [76], [77]. Tile flow during rainfall events 

is initiated by preferential flow and occurs through unsaturated macropores on the rising 

limb of the hydrograph [50]. Then, as soils approach field capacity, saturated macropore 

flow will occur, which may promote mixing between the matrix and PFP [50], [78], [79]. 

Studies inside the LCB as well as elsewhere have quantified PFP activity during events by 

performing hydrograph separations [9], [10], [33], [80], [81].  

1.4.2.1 Hydrograph Recession Analysis 

A hydrograph is a plot of tile flow rate against time. The recession limb of the 

hydrograph follows the peak flow rate, and if un-interrupted by secondary peaks, the 

recession can be used as a model of the soil drainage rate in tile drained landscapes [10]. 
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Under the assumption that the peak of the hydrograph results from PFP activity, the 

recession is a model of two reservoirs, PFP or quick flow (QF) and matrix or slow flow 

(SF) contributions to the recession’s flow (Figure 1-3). The reservoirs are assumed to 

follow linear drainage rates in a log-normal plot of the recession due the relatively small 

drainage areas of tile networks at the field scale [10], [82]. Reservoirs separated by a 3 or 

more fold difference in the slopes of the linear segments for QF and SF are considered 

valid [10], [78]. A master recession curve (MRC) is used to aid in this validation process 

[10], [78]. A MRC is generated by matching recession curves from multiple events and 

finding the average drainage rate of the reservoirs at a site. Separating QF and SF for 

individual events is performed based on the hydrograph for that event. To perform the 

separation, first SF is considered to increase at a linear rate from the start of the hydrograph. 

This straight line is connected to the inflection point on the recession limb where QF end 

and SF starts. Subsequent flow after the inflection point is set entirely to SF, and QF is the 

difference between the actual hydrograph and the plot of SF [10].  

 

Figure 1-3: Master recession curve construction of tile drains from Nazari et al. [10], [78]. On the left is 

the recession data plotted in log-normal space, which helps identify linear segments of the 

reservoirs (R1 = QF, R2 = SF), and on the right shows the reservoirs plotted in normal space. 



13 

 

1.4.2.2 End Member Unmixing Analysis 

A second hydrograph separation technique is end member (un)mixing analysis 

(EMMA). The method assumes tracer signatures are conservative, and that tile flow 

represents the mixing of the two end members for PFP and matrix contributions. The 

signature of PFP contributions is set equal to tracer concentrations in rainfall or surface 

runoff, and the signature of matrix contributions is set to tracer concentrations in tile 

baseflow prior to the event. Measuring isotopes of oxygen in end members is a truly 

conservative tracer, where electrical conductivity (EC) is cheaper to measure but may 

overestimate matrix contributions due to slight mixing of surface runoff with the matrix 

prior to the tile [83]. This method is called an ‘unmixing’ analysis when using EC as the 

tracer because you cannot account for mixing prior to the tile in the model [78], but is still 

called EMMA here. While hydrograph recession analysis determines QF and SF based on 

the hydraulics, EMMA estimates contributions based on contact time with soil media. 

Thus, it is more accurate to use the terms ‘new’ and ‘old’ water when measuring PFP and 

matrix contributions using EMMA [78]. To calculate new and old water, the following 

mass balance is used: 

𝑄𝑡𝑖𝑙𝑒 = 𝑄𝑛𝑒𝑤 +  𝑄𝑜𝑙𝑑 

𝑄𝑡𝑖𝑙𝑒𝐸𝐶𝑡𝑖𝑙𝑒 =  𝑄𝑛𝑒𝑤𝐸𝐶𝑛𝑒𝑤 +  𝑄𝑜𝑙𝑑𝐸𝐶𝑜𝑙𝑑 

There are two unknowns, Qnew and Qold, and there are two equations, thus we can solve for 

the unknowns.  

1.4.3 Dairy Agroecosystems with Tile Drainage at the Center of P Research  

This section aims to highlight the current understanding of P transport in tile 

drained landscapes. 
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1.4.3.1 Event, Season, and Antecedent Moisture 

Vidon et al. [84] showed that bulk rainfall and antecedent moisture condition 

(AMC) were not good predictors of TP and SRP fluxes to streams in tile drained landscapes 

during spring events. However, the authors showed that TP and SRP fluxes significantly 

increased with bulk rainfall when the event bulk rainfall was greater than 4 cm. This study 

concluded that reducing P losses at the watershed scale starts with BMP aimed at tile 

drainage. Also during spring and in the same Midwestern watershed, Vidon & Cuadra [83] 

found event antecedent water table depth to be significantly correlated to the mean and 

maximum of tile drain flow, as well as hydrograph response time and runoff ratio; however, 

bulk rainfall was deemed to be the most important rainfall metric to predict the 

aforementioned tile drain metrics. Also, maximum rainfall intensity was inversely 

significantly correlated to hydrograph response time. Results from the previous two studies 

are only applicable during the spring, as Vidon et al. [85] showed significantly different 

hydrologic responses from similarly sized spring and late summer rainfall events in a 

nearby tile drained landscape. Because antecedent moisture of soils at the end of summer 

were so much lower than in spring, tile peak flow rate and discharge volume was greatly 

reduced. Williams et al. [86] showed that surface and tile discharge does not occur unless 

rainfall exceeds the soil moisture deficit (SMD). This study also showed that the lowest 

point of elevation in an artificially drained depression becomes the driest after tile 

installation, while prior to drainage installation it was the wettest spot in the depression.  

Smith & Capel [87] used EC to separate tile flow into matrix and macropore flow 

and found that even after small rainfall events (<5mm) dilution patterns in tile EC were 

observed. Using dye tracers, Grant et al. [47] showed that PFP occurred under a variety of 

soil moisture conditions, and that dry clays had deeper infiltration and less infiltrate-matrix 
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interaction as compared to wet clays. Vidon & Cuadra [83] used tracer analysis to show 

that PFP contributions to tile drains consistently increased with increasing event bulk 

rainfall (i.e. the size of the event). This study showed that PFP contributions during the 

larger events coincide with the peak in both discharge and water table, but that this was not 

the case for the smaller events. King et al. [88] showed that SRP is the dominate fraction 

of TP in year round (baseflow + events) sampling of tile drainage, while Vidon & Cuadra 

[76] showed that the majority of TP exported through tile drains occurred as PP (TP-SRP) 

due to surface-to-tile connectivity through PFP. Vidon & Cuadra [76] found median tile 

SRP concentrations to be significantly higher during larger events as compared to smaller, 

while median TP concentrations were greater but not always significant. TP and SRP 

loading rates were correlated to mean tile discharge, however antecedent moisture did not 

play a role with nutrient loading, which is likely because all events in this study occurred 

during the spring of the same year. Also, median TP and SRP concentrations were 

significantly correlated to the overall event total PFP contribution to tile drains, where SRP 

export was dominated by matrix flow during smaller events and PFP during larger events. 

Regardless of storm size increases and decreases in TP concentrations mirrored the 

increase and decrease of flow rate throughout the event hydrograph.  

Macrae et al. [89] showed tiles responded to rainfall without the occurrence of 

surface runoff. When surface runoff did occur during events, simultaneous surface and tile 

responses to rainfall inputs was observed. There was not a difference in P loading between 

events when surface runoff occurred and did not occur along with tile drainage. With bi-

monthly sampling, Trentman et al. [90] showed that cover crops can reduce flow and SRP 

concentrations in tile drains over a wide variety of rainfall and AMC. With a continuous 
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dataset of over 40 tile drains, 7000 rainfall events and 190 site years, Hanrahan et al. [91] 

used multiple linear regression (MLR) and average marginal effects (AME) to relate tile 

discharge metrics (Q, SRP loading) to 29 explanatory variables from rainfall driven events. 

This study highlighted the importance of P source and storm dynamics in modeling the 

response variables. For example, the impact of event discharge on SRP loading was 

reduced as event duration, intensity, and 7-day rainfall increased, while the already strong 

impact of P sources on SRP loading was further increased as the three-rainfall metrics 

increased.  

1.4.3.2 P Source and Application 

Osterholz et al. [30] removed 6 months of tile and surface discharge data post P 

application to isolate legacy P transport, and concluded that legacy P losses through tile 

drainage are source limited (concentrations vary as flow rate varies) as opposed to transport 

limited (concentrations remain constant with variable flow rate). Plach et al. [92] showed 

that P transport in tile drainage was more source limited than surface runoff which showed 

transport limitation behavior. This study identified P application management to play a 

larger role in mitigating agricultural pollution potential relative to the impacts of 

hydrology. On clay loam soils, Wang et al. [7] showed that solid cattle manure (SCM) as 

compared to liquid cattle manure (LCM) resulted in higher annual average flow weighted 

mean concentrations (FWMC) of SRP in tile drainage. While SRP concentrations were 

highest in the period soon after LCM application, SRP loading was not significantly 

different between SCM and LCM application methods. This study showed TP and PP 

losses under the SCM treatment were overall less in tile drainage relative to triple 

superphosphate and LCM. The SCM treatment resulted in lower tile drainage volumes as 

well, demonstrating how organic matter can improve soil water holding capacity, 
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suggesting that improving soil structure played a role in reducing P concentrations and PFP 

contributions to tile drains. Reducing P loss through PFP is also achieved by incorporating 

manure with the bulk soil. Williams et al. [31] found that manure injection helped reduce 

the interaction between recently applied P and ponded water, and this was the main factor 

in reducing leachate SRP concentrations. Williams et al. [50] showed that tillage and the 

destruction of PFP paths reduces the ability for recently applied P to be transmitted to tiles 

via PFP. Christianson et al. [93] suggests that because PFP are not destroyed, no-till is 

linked to significant increases in P losses to tile drainage. However, Lam et al. [94] studied 

the year round implications of reduced tillage v.s. aggressive tillage and found no 

difference in tile drain TP or SRP concentrations and loading. This study also showed that 

P concentrations were higher during the rising limb of tile drain event hydrographs relative 

to the falling limb and during baseflow periods.  

1.4.3.3 P Export in Tile Drained Landscapes 

There is not a consensus in the literature as to whether tile drains are a best 

management practice for agricultural P loss. Jarvie et al. [95] found SRP loading within 

the Lake Erie Watershed to have increased as the rate of tile drainage usage in the 

watershed increased alongside. To the contrary, Klaiber [96] and Klaiber et al. [8] showed 

that fields with and without tile drains in the LCB had similar TP export characteristics but 

SRP export was higher in undrained fields. Madison et al. [54] showed that surface runoff 

dominated tile drainage in TP export, but on some occasions tile drainage dominated SRP 

export. Smith et al. [97] showed similar tile and surface runoff SRP and TP export rates. 

Van Esbroeck et al. [98] also found that either surface or tile drainage may dominate annual 

and seasonal field P export. 
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1.5 Conclusions 

While research suggests more data is needed to understand the role of tile drainage 

on P transport, it is clear that because of PFP, manure P applied at the surface is easily 

transported to tile drains and subsequently receiving waters. In the LCB, tile drain data 

comes from New York and Quebec, and there is a clear need for tile drain data in VT [12]. 

Extremely fine texture clays in VT are likely prone to desiccation cracking and thus large, 

active PFP. Also, manure injection is commonly used in VT and there is a lack of injection 

v.s. broadcast studies in the LCB. Research from other areas show that manure injection 

has potential to reduce P concentrations in surface runoff [99]–[103], however there is 

evidence that legacy P plays more of a role in export than application method [104]. In 

addition, it is still unclear if manure injection reduces concentrations in subsurface runoff 

[105], [106]. 
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Chapter 2 Characterizing P Transport to Agricultural Tile Drains in Vermont 

 

ABSTRACT 

Tile drainage has been identified as a potential non-point source of phosphorus (P) 

pollution and subsequent water quality issues. Three tile drained fields in Vermont were 

monitored to characterize hydrology and P export. Fields were in corn silage and used 

minimal tillage and cover cropping practices. Preferential flow path (PFP) activity was 

explored by separating tile flow into flow pathway and source connectivity components 

using two hydrograph separation techniques, electrical conductivity end member unmixing 

and hydrograph recession analysis. Results show that the non-growing season has the 

potential to dominate annual P loading, and peak P concentrations in tile drains occurred 

during events following manure injection in the fall, as well as in the spring after the cover 

crop was terminated. Tile drainage was the dominant P export pathway because of higher 

total discharge. Drought conditions during this study limited surface runoff, and possibly 

resulted in maximum PFP activity in the active clay soils. Intra-event analysis of rainfall 

pulses showed that tile flow and P concentrations were higher because of higher intensity 

pulses. This study highlights the impacts of current manure management, as well as the 

potential for climate change to increase P transport to tile drains.
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 2.1 Introduction 

Reducing nutrient loss and subsequent water degradation is a challenge for 

agriculture as we explore the boundaries of crop and livestock yields [1]. Phosphorus (P), 

among other required nutrients, is applied to farmland to increase fertility; it is easily 

transported from the soil to runoff and eventually surface waters, resulting in non-point 

source P pollution [2]. Accumulated legacy P from long term application of P fertilizers 

and manure increases the difficulty of managing agricultural runoff [3], [4]. Despite this, 

dairy cropping systems continue to apply manure P since land application is the primary 

economically viable method for its disposal [5]. In addition, in the face of climate change, 

where rainfall has and is expected to continue to increase during the period leading up to 

planting, tile drain installation has increased as a solution to concerns around spring field 

accessibility and crop yields [6]–[8]. Tile drainage alters the hydrology and hydraulics that 

control P transport during storm events, and in some instances is regarded as a best 

management practice (BMP) for reducing P in agricultural runoff [9]–[12]. However, tile 

drains installed on poorly drained soils consisting of fine textured clays that are prone to 

desiccation cracking, usually embody preferential flow pathways (PFP) that permit rapid 

movement of water, reducing resorption of P to the soil matrix  [13]–[15]. Thus, tile 

drainage in conjunction with current dairy cropping practices poses an increased risk to 

water quality [16].  

Increasing temporal and spatial contact between P and the soil matrix can result in 

lower P concentrations in runoff [17]. This is achieved by tillage and fertilizer 

incorporation, which also have the effect of disrupting PFP, thus reducing P loss to tile 

drains [15], [18], [19]. However, mechanical action is known to reduce soil structure and 
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aggregate stability that can increase sediment in runoff [20], which is easily transported to 

tile drains via PFP [21]. P export dynamics are a function of season and antecedent 

moisture, which allude to the biogeochemical process controlling P solubility and export 

[22], [23]. While P concentrations in agricultural runoff correspond to P levels in the soil 

[24], peak P loading occurs during rainfall and snowmelt events because hydrology is 

usually the controlling factor of P export in agricultural watersheds [23].  

Previous studies have used two different hydrograph separation methods for 

estimating PFP to tile drains, and until recently the two have yet to be combined to clarify 

matrix-PFP interactions and its impact on P transport [25]. The first method, hydrograph 

recession analysis (HRA), separates matrix and PFP contributions into slow flow (SF) and 

quick flow (QF), respectively, by examining the hydraulics of the system. Here, the soil 

profile is assumed to drain via multiple reservoirs, thus PFP are separated from matrix 

contributions based on groupings of pore sizes that drain at similar rates [26], [27]. The 

second method, a mass balance or end member mixing analysis (EMMA), separates matrix 

and PFP into old and new water, respectively, via a tracer that accumulates in infiltration 

as contact with soil media increases. This method estimates matrix and PFP contributions 

based on contact time with the bulk soil [19], [28]–[30]. By combining the two methods 

into a four component hydrograph model, the mixing of infiltrating water between the 

matrix and PFP can be assessed, thus improving estimates of P export to tile drains [25]. 

Tile drainage research in the U.S. Midwest provides a foundation for research in 

the Northeast, where intensive dairy cropping agroecosystems are also prevalent [31]. In 

the Lake Champlain Basin (LCB), 38% of P supplied to the lake has been attributed to 

agriculture [32], and rainfall and climate trends suggest more extreme periods of wetness 
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and drought [8]. Thus, this study aims to improve the understanding PFP and P transport 

to tile drains to help adapt nutrient management decisions to the impacts of climate change. 

Year-round monitoring of rainfall and tile discharge metrics were performed to 1) 

characterize P transport from tile drains in Vermont (VT) and 2) assess the role of PFP and 

rainfall dynamics on P transport. Effects of antecedent moisture condition (AMC), 

seasonality, P application timing, and transport/source limitation behavior were explored 

to characterize P transport dynamics [33]–[35]. A dataset of high temporal resolution 

measurements of tile flow, tile P concentrations, and rainfall from an archetypal VT dairy 

agroecosystem was used for this analysis. Also, the four component hydrograph separation 

model proposed by Nazari et al. [25] was used to assess PFP activity, as well as matrix-

PFP interactions. A unique intra-event rainfall pulse analysis was performed using 

temporal rainfall data, where it was hypothesized higher intensity rainfall pulses would 

result in higher P concentrations in tile drains because of PFP activity. 

2.2 Methods 

2.2.1 Site Description 

Tile drainage was measured year-round from intensive dairy forage production 

fields, located within the LCB in western VT (Addison County). Three different tile 

networks draining two separate field sites were monitored for this study. The first site is 

drained by the tile network AHS and the second field site, DC, is drained by the two 

separate networks of DC south (DCS) and DC north (DCN). The tile network at AHS was 

installed in 2016 and both networks at DC were installed in 2018. Tile network drainage 

areas were determined from installation maps provided by the installer; AHS is 14.16 ha, 

DCS is 8.0 ha and DCN is 4.85 ha. At both sites, tiles were installed to a depth of 1 meter 



31 

 

and are spaced 7.62 m (25 ft) apart. Tile laterals at AHS are 101.6 mm (4 in) in diameter 

and are connected to a 203.2 mm (8 in) tile main, and at DC the tile laterals are a diameter 

of 101.6 mm and are connected to 152.4 mm (6 in) tile mains. The sites are 3.2 km apart 

and the mean annual rainfall and temperature for the area is 94 cm and 7.8 degrees C, 

respectively. Site soils were not identical but are dominated by fine-textured soils that are 

prone to desiccation cracking. AHS is of the Vergennes clay soil series, while soils at DC 

are dominated by the Covington and Panton silty clay series with a small vein of the 

Swanton fine sandy loam series in the east/upper parts of the field [36].  

Both sites were in corn silage production during the study period and since tile 

installation occurred, yet AHS was in hay production prior to tile installation. Before tiles 

were installed, the farmer had formed multiple broad swales extending across the entire 

field that were sloped to the edges to improve surface drainage. This grading occurred at 

DCS, and the southern portion of DCN, but not at AHS. These surface features remain, and 

the broad swales drain to surface inlets that have individual outlets and are not linked to 

the tile drainage network. During the study period and in the few years prior, both sites 

received light chisel tillage prior to planting and dairy manure was injected after the corn 

harvest (Table 2-1). In the fall of 2020, the farmer performed deep tillage along the field 

topographic contours to effectively create surface roughness features (i.e., ‘water bars’) 

throughout the field that would intercept surface runoff and promote infiltration. 
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Table 2-1: Site management practices and timing. P.A.E. is P application equivalent. The 

cover crop was terminated with glyphosate, where application rate was not 

available. Thus, a standard application rate of 0.34 kg (0.75 lbs) of glyphosate (acid 

equivalent) per acre assumed. Nitrogen side dress was entirely urea ammonium 

nitrate (UAN), and the cover crop was Winter Rye (Secale cereale). 

 

2.2.2 Field Measurements 

Tile flow and nutrient data were collected at AHS for the entirety of the 2019 and 

2020 water years (WY) and for three events in the 2021 WY. At DC data were collected 

for the entirety of the 2020 and 2021 WY and throughout October of the 2022 WY. Rainfall 

was measured using both a tipping bucket rain gauge (Onset Computer Corp.) and a manual 
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rain gauge at DC. Rainfall was estimated for the 2019 water year at AHS using NOAA 

NOWData for the Burlington, VT area [37]. Tile flow was monitored at the edge of field 

(EoF) where tile mains discharged. Flow from the tile outlet at AHS was directed into an 

H-flume (1.5ft) and was measured using the flume along with a compound weir (Thel-Mar, 

LLC) inserted into the pipe. Stage in the weir at the tile outlet was measured using a bubbler 

flow module and converted to flow rate using rating curves. Below the flow capacity of the 

weir of 10.7 L/s, the weir rating curve was used to determine flow. At or above this flow 

rate, a relationship between the water pressure at the tile outlet and stage in the flume was 

used to determine flow. Tile flow at both DCS and DCN was measured using in-line 

electromagnetic flow meters (ModMag M1000, Badger Meter, Inc). The flow meters were 

set back several meters from the tile main outlet and installed below ground. Manholes 

were dug to access the tile main and the main was then cut and the flow meter placed at 

the end of the new outlet. The end of the flow meter was allowed to drain freely into the 

manhole, where a standpipe was installed on the inlet of the old tile outlet to control the 

water level in the manhole. The electromagnetic flow meters required pipe-full conditions 

during measurements, thus the outlet elevation using the standpipe was set just above the 

top of the flow meter outlet.  

Automatic water samplers (Teledyne ISCO-6712) were used to record stage or flow 

at five-minute intervals at each tile outlet, as well as sample the discharging tile water. At 

AHS samples were taken using an anchored intake just before the outlet and at DC the 

sample tubing was anchored at the outlet of the flow meter. Samplers contained 24 1-liter 

bottles and a two-part program was typically used; the first set of bottles were reserved for 

composite baseflow sampling (part A) and the second set were reserved for discrete event 
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flow sampling (part B). Baseflow sampling was time based and was disabled during events. 

Event sampling was triggered based on rise in flow rate and event sampling followed time 

and flow proportional bases to maximize resolution during peak flows. Flow- and time-

based pacing was determined based on prior observations of the network response and flow 

characteristics, and time-based sampling in baseflow occurred every six hours. Minor 

modifications to the automatic sampler programming occurred throughout the study period 

to account for storm size, baseflow, etc. yet the general approach remained consistent.  

Surface runoff was measured from distinct surface watersheds above the DCS and 

DCN tile networks as part of a paired watershed study in the calibration phase occurring at 

the DC site. Surface runoff was measured using automatic water samplers with methods 

like those at the tiles except for the flow measurement device. At DCS surface runoff was 

collected by a surface inlet set back several meters from the EoF and directed underground 

through a 0.3 m (12 in) pipe to the EoF, where flow was measured using a bubbler module 

to determine stage in a compound weir inserted into the pipe. At DCN surface runoff was 

directed using wooden wing-walls into a 0.47 m (1.5 ft) H-flume located at the EoF where 

a bubbler module was used to determine stage in the flume. At DCS water samples were 

collected using an intake anchored in the outlet pipe and at DCN the intake was placed in 

a plastic box anchored at the flume outlet. 

2.2.3 Water Quality Analysis 

Events were anticipated from the weather forecast, however a wireless modem was 

used to communicate with the automatic samplers to remotely determine if event sampling 

had occurred. Event samples were retrieved from sites and transported to the lab within 24 

hours, and grab samples were returned to the lab the same day. Samples were analyzed at 

the University of Vermont Agriculture and Environmental Testing Laboratory (UVM 
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AETL) located in Burlington VT by standard methods for TP (SM 4500-P F: alkaline 

persulfate digestion and flow injection analysis) and SRP. Sample splits for SRP were 

filtered using a 0.45 um membrane filter and frozen until the analysis. Most event samples 

in this study were turbid and thus centrifuged until they were non-turbid and then decanted 

to ease with filtering. The P fraction of TP-SRP is equal to particulate P (PP) plus dissolved 

unreactive P (DUP) where DUP is organic and PP smaller than the filter pore [38]. 

However for simplicity, herein it is assumed that TP-SRP is PP [21], [34], [39]. Runoff 

sample and rainwater (collected from the manual rain gauge) EC was measured using a 

benchtop EC meter (Amber Science, Inc.). 

2.2.4 Analytical Methodology  

Runoff event initiation points corresponded with the initial rise in tile flow, usually 

from low- or no-flow conditions. Events during the dry season usually ended when tile 

flow returned to zero, while events during the wet season usually had long recession limbs. 

For these events the last visible inflection point on the recession limb was used to determine 

the end of the event hydrograph [40]. Event volumes were calculated as the area under the 

hydrograph, time to peak was calculated as the time between the start of the event and the 

maximum flow rate for the event, runoff ratio (RR) was calculated as the ratio of total event 

runoff depth to the total rainfall depth, and hydrograph response time was calculated as the 

time difference between the start of rainfall and the initial hydrograph rise [30]. Event total 

rainfall was determined as the rainfall in the 24 hours leading up to the event start time plus 

rainfall during the event.  

Chemographs were constructed by linearly interpolating between sample bottle 

concentrations to achieve a concentration dataset for each event at the resolution of the 

flow data (i.e. 5 minutes). Starting and ending concentrations were assumed to be entirely 
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SRP and set to the average concentrations in baseflow samples at each site during the study 

period. Loadographs were constructed by multiplying the continuous flow (i.e. 

hydrograph) and nutrient concentration (i.e. chemograph) datasets. Event loads of TP, SRP, 

and PP (TP-SRP) were determined by integrating the loadographs, and event flow weighted 

mean concentrations (FWMC) were back-calculated by dividing the mass exports by the 

total event volume. At AHS, for six relatively small to moderately sized events, insufficient 

samples were obtained to calculate P export as described above. For these, an average P 

concentration for the event was assumed based on the samples available and on 

concentrations in other events temporally nearby. Also at AHS, for three large events, 

equipment failure resulted in both incomplete hydrographs and incomplete TP samples. 

For these, export was estimated from either another nearby monitored tile or from previous 

storms of similar rainfall intensity. At DC, loadographs were constructed for events that 

fell between 5/12/2020 and 7/21/2021, while compositing sampling was used outside of 

this period [16]. At the DC site, P export during missed events was estimated using 

regression relationships with nearby tiles. For all tiles, to simplify and because baseflow 

sampling was intermittent, P loading from baseflow was set to a constant site-specific 

value, and it was assumed this loading rate occurred every day there was tile flow but no 

event hydrograph.  

2.2.4.1 Four component hydrograph separation 

Analysis of both flow pathway and source contribution is a novel approach to tile 

drain data; this study closely follows the methods used in Nazari et al. [25] to combine the 

two hydrograph separations into one model. The methods are presented in detail in that 

study, and modifications to them are described here. First, their approach uses 30-minute 

data while here we used 5-minute data, which maximized the resolution of the flow data 
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due to significantly shorter recessions observed in this study. Our results suggested that 

daily aggregated data of flow and P concentrations would result in under-estimating P 

loading due to flashy tile hydrographs [37]. We also found that there was high 

multicollinearity between flow components in the four-component hydrograph separation 

model. Thus, we chose not to pursue the multiple linear regression analysis. We performed 

the master recession curve (MRC) analysis in RC 4.0 using the matching strip method [41]. 

Results from the MRC analysis showed that QF:SF recession constant ratios were greater 

than 3, thus suggesting that reservoir distinctions were valid (Supp. Table 3) [21], [25]. 

Concerning the individual event hydrograph separations, intermediate reservoirs [42], [43] 

of tile hydrograph recessions in log-normal space were frequently observed, making it 

difficult to isolate a single inflection point to represent the peak of SF [25]. Thus, to 

separate QF and SF for each event, the recession constant of the shallowest of the observed 

linear reservoirs was used as the slope of the linear increase in slow flow from the start of 

the event. The intersection of this straight line with the recession of the actual hydrograph 

represented the end of QF and the subsequent hydrograph was set to SF. 

An additional modification from the Nazari et al. [25] methods were that continuous 

EC data were not available in this study because EC was measured in discrete samples (i.e., 

individual event and baseflow bottles) [44]. Thus, only the events where baseflow EC was 

available prior to the event were used in the source contribution analysis and thus four 

component hydrograph separation. This was determined since rapid dilution of EC was 

observed between baseflow samples and the event’s first discrete sample, even if event 

sampling occurred prior to tile flow reaching 1.0 L/s. To perform the EMMA with the 

discrete EC values, EC was linearly interpolated between sample values, and the value for 
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baseflow EC prior to the event was used as starting and ending values for the tile signature 

(i.e. new water = 0 at the start and end of event). In addition, rainwater EC was consistently 

several orders of magnitude less than surface runoff and surface runoff was not available 

for most events. Thus, the minimum value of surface runoff EC was used across all events 

as the signature for new water. This assumption represents the minimum amount of mixing 

of surface runoff with the layer of interaction [45], and is the most accurate signature of 

the new water end member available in this study.  

2.2.4.2 Rainfall pulse analysis   

Observation of the hydrograph and rainfall data indicated that tile drains readily 

and rapidly responded to rainfall pulses, thus, rainfall pulses were analyzed to better 

understand how pulse intensity affects tile discharge metrics associated with the timing of 

a rainfall pulse. Pulse data were determined from the temporal rainfall data from the tipping 

bucket rain gauge. The tipping bucket rain gauge records the duration of time between 

rainfall increments of 0.254 mm (0.01 in). The tipping bucket rain gauge data was 

aggregated on an hourly basis by clock hour to obtain rainfall pulses. Consecutive 30-

minute pulses greater than zero were lumped together into a single pulse, and pulse metrics 

of total volume, maximum intensity, and duration were calculated. The maximum pulse 

intensity of the pulse group was set equal to the highest 30-minute intensity contained 

within the group. The maximum intensity was compared to the quartiles of the period of 

record of the 30-minute pulse data to assign levels to pulse group (herein ‘pulse’) 

intensities. Pulse that fell below Q4 were assigned to 'Low' and pulses above Q4 were set 

to ‘High’. The response variable window for a rainfall pulse was the hour following the 

start of a pulse group hour following the end of a pulse. The mean of the three P species 
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loadographs, along with the maximum of the hydrograph, in the response variable window 

were calculated as the response variables associated with the pulse.  

A two-sample t-test was used to compare means from the two groups of pulse 

intensities. This analysis was essentially an experiment where rainfall pulses are 

treatments, and the response variables are tile mean P loading rates and maximum flow 

rate in the time window post rainfall pulse. For the assumption of independence to be met 

between replicates, we must assume that the P pool is inexhaustible, thus there is an equal 

chance for the effect of pulse intensity to generate a given tile P concentration regardless 

of how much was exported previously. This was not the case for events close to manure 

application since data suggested old water contained high soluble P prior to events, 

suggesting source limitation post manure application. Osterholz et al. [34] suggested 

removing observations six months post P application to isolate the effects of legacy P on 

tile drain concentrations. However here, because of the drought and frequent P 

applications, very few events and rainfall pulses met this assumption. As a middle ground, 

we removed pulses that occurred withing 100 days of manure application to minimize the 

effect of source limitation P transport.  

2.2.4.3 Statistical analysis 

The Kendall’s rank correlation coefficient was used to determine the relationship 

between event rainfall and tile discharge metrics and time series, namely day of hydrologic 

year, number of days since manure injection, and number of days since P application, 

which included manure injection, cover crop termination, and fertilizer application during 

planting (Table 2-1) [33], [34]. Pearson correlations were used to correlate tile discharge 

and rainfall metrics. Event rainfall metrics included total rainfall, which was determined as 

the rainfall in the 24 hours leading up to the event plus the rain fall during the hydrograph, 
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max hourly rainfall intensity, and 24-hour and 7-day and 30-day rainfall totals. Event tile 

discharge metrics included P species loads and FWMC, total water discharge, peak flow 

rate, response time, time to peak, and RR. The Kruskal-Wallis (KW) nonparametric test 

was used to evaluate significant differences when data was not normally distributed. Factor 

groups with significant KW p-values were compared using the Dunn test post-hoc analysis 

to determine significant differences between individual levels [46]. Analysis was 

performed using R software [47]. 

2.3 Results and Discussion 

2.3.1 General Hydrology and P Transport 

Rainfall was 108, 63, and 70 cm during the 2019, 2020. and 2021 WY, respectively. 

Event rainfall metrics, namely total rainfall, maximum hourly rainfall intensity (MHRI), 

and 24 hour and 7- and 30-day antecedent rainfall, were positively correlated to the day of 

hydrologic year (Supp. Figure 1). For MHRI this is the expected result because of high 

intensity summer thunderstorms, however, correlations were highly influenced by a very 

wet July in the 2021 WY (Supp. Figure 1). An abnormally dry to moderate drought period 

occurred from June 2020 to August 2021, and during this period, tile drains regularly 

responded to rainfall without surface runoff occurring [48]. A lack of surface runoff was 

also attributed to high surface roughness from subsoiling in the fall of 2020. Tile drainage 

was the dominate P export pathway and results coincide with the notion that hydrology 

dictates P transport in tile drained landscapes [23]. In fall 2020 there was no baseflow prior 

to and after event hydrographs because of the drought, suggesting the entirety of the event 

flows and P was transported to the tile via PFP. Also, runoff ratios for these events were 

among the lowest and hydrograph response times were relatively high (above the 
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interquartile range; Supp. Table 1), suggesting that a soil moisture deficit needed to be 

overcome to allow PFP activity [49], [50]. TP and SRP FWMC in this study and elsewhere 

in the LCB [13] were higher in surface runoff than in tile drainage, however event peak TP 

concentrations in tile flow were found to exceed surface runoff TP FWMC on some 

occasions. Findings in other cold climate regions have found that the majority of surface P 

export occurs during the non-growing season because the majority of annual flow may 

stem from snowmelt [51], [52]. Results in this study showed that snowmelt did not result 

in higher surface runoff volumes relative to summer thunderstorms. Also, P concentrations 

in surface runoff and tile drainage were higher in the summer than during the snowmelt 

event, thus the non-growing season was not a significant P export period via surface runoff. 

Most of the annual TP export through the tiles was during events flows, where larger events 

generally exported more P (Supp. Table 1). In the 2019 and 2020 WY most of the annual 

TP loading through the tiles was during the non-growing season, while in the 2021 WY TP 

loading was similar between the growing and nongrowing seasons (Table 2-2). This stems 

from the drought that limited the number of events during the growing season in WY 2020 

and during the non-growing season in WY 2021. Despite this, average event volumes and 

RR were still highest during the non-growing season across all sites and WY (Table 2-3)
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Table 2-2: Annual estimates of TP export for each water year (WY). Volume is mean event volume, RR is mean event runoff ratio, G 

is growing season, and NG is non-growing season. 
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2.3.2 Tile Discharge and P Export Dynamics 

2.3.2.1 Seasonal Differences 

In the summer, event maximum rainfall intensity was the highest, and time to peak 

flow rate and runoff ratios were significantly lower than the other seasons (Figure 2-1). 

Event TP and SRP FWMC in tiles were not significantly different between the four 

seasons, however SRP loads were significantly higher in the winter (Figure 2-1). King et 

al. [53] found that while tile SRP FWMC were lowest in the winter, SRP loads were 

significantly higher than summer and fall values. The winter represents a period when 

legacy P acts as homogeneous source during events, i.e., more transport limited [34]. SRP 

FWMC may be lower in winter because it’s the longest time since P application, and thus 

legacy P is the main contributing P-source to concentrations in tile drains [34]. However, 

since legacy P-mineral soil binding energies decrease due to wetter soils in winter, SRP 

loading is higher [23]. 
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Figure 2-1: Boxplots of tile discharge and rainfall metrics for four hydrologic seasons (Fall: Oct-Dec, Winter: Jan-Mar, Spring: Apr-June, Summer: 

July-Sep). Letters denote significant differences between seasons.  
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The mean event tile drain RR was 44%; AHS and DCN had mean RR of 55% and 

54%, while DCS had a mean of 26% (Supp. Table 2). There were 5 events where RR were 

greater than one, all of which corresponded to fall rain-on-snow events. Mean RR at DCN 

during the NG season of the 2020 WY was 94% (Table 2-2) suggesting that shallow ground 

water was significantly augmenting event flows at this site during this period. At the field 

scale with extremely fine textured clay soils, relatively short response times to rainfall and 

flashy hydrographs are usually attributed to PFP [21], [30]. Because during the NG season 

soils are wetter and closer to field capacity, clay soils would be expected to swell and thus 

the PFP network would decrease [54]. However, results here suggest that PFP were highly 

active regardless of antecedent soil moisture [25], [29]. High PFP transport to tiles in this 

study could be a function of the recent tile installations (2016 at AHS and 2018 at DC). 

Tiles backfilled incorrectly or backfilled during a drought period when soils are dry and 

blocky may result in large PFP that exist directly over tile laterals, which may not diminish 

until years of freeze-thaw cycles help settle the backfill material [63]. 

2.3.2.2 P Export Relative to P Application Periods 

Days since P application was the better predictor of event TP and SRP loads, peak 

sample concentrations, and FWMC, as opposed to days since manure application (Supp. 

Figure 2). However, P concentrations in event samples and event FWMC were highest post 

manure injection. There were four manure injection periods observed during this study, 

namely the autumns of each year. There was moderate and severe drought pre-manure 

injection in the falls of the 2019 and 2021 WY, respectively, while conditions pre-injection 

in the 2020 and 2022 WY were abnormally dry and normal, respectively. In the falls of the 

drier years, event TP export through tiles was relatively low because of small FWMC (< 

1000 ugP/L) and small event discharges in 2019 and 2021 WY, respectively. In the falls of 
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the wetter years, event FWMC remained elevated throughout the fall (>1000 ug P/L), 

where in the 2020 WY the result was that fall events contributed to most of the annual P 

export. P concentrations in tiles were also elevated following the P application periods later 

in the WY, namely post cover crop termination and during planting. In the 2019, 2020, and 

2021 WY P concentrations in event samples post cover crop termination were elevated 

relative to events prior. As the glyphosate-P application rates were relatively small (Table 

2-1), this suggests that the cover crop could have been the contributing P-source during 

this period, which can occur during the spring thaw if their cells lyse over winter [55]. The 

2019 WY was the only year that had events post planting and subsequent fertilizer 

application and showed P concentrations spiking slightly higher than post cover crop 

termination. 

2.3.2.3 P Concentrations in Tiles During Events 

There were 840 tile event samples analyzed for TP, and 467 were also analyzed for 

SRP. Overall, while linear trends were significant for TP, flow rate explained little of the 

variation in P concentrations during events (R2 = 0.05). This agrees with others who have 

concluded that flow rate poorly predicts P concentrations in tile drains due to high 

variability at low flow rates [25], [44]. In this study, high TP and SRP concentrations at 

low flows corresponded to the initial samples during the hydrograph during events post P 

application. When removing samples that occurred within the first hour of the event, the 

relationship between SRP concentrations and flow rate was significant, and when removing 

samples in the first 10 hours, linear trends drastically improved (Figure 2-2). 
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Figure 2-2: Event TP and SRP concentrations as a function of tile flow rate. Regressions 

were performed after removing the points in green, i.e., samples taken within the 

first 10 hours of events. 

 

Post manure injection, the highest event P concentrations in tiles corresponded to 

the initial hydrograph response, while in the spring and summer, the highest event sample 

concentrations corresponded to the highest flow rates (Supp. Figure 3). While this suggests 

P transport was source limited post manure injection, and transport limitation post fertilizer 

application, events during the fall also showed transport limitation behavior apart from the 

samples corresponding to the initial hydrograph rise. These samples, which likely represent 

manure transport to the tile line because of PFP, corresponded to periods when soils were 
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wetter. For example, the event on 12/25/2020 at DCN, where there was snow on the field 

prior, resulted in a RR > 1 and soils were likely saturated prior to the hydrograph response. 

Under this condition, peak event TP and SRP concentrations were 3-4 times higher than 

the peak concentrations on 12/01/2020, when soils were still dry (no baseflow). The dry 

conditions likely prohibited full saturation of the soils throughout the event because most 

of the flow was transported to the tile via PFP, bypassing the matrix, thus P export was 

transport limited. This can be seen in Supp. Figure 3, where the chemograph for the 

12/01/2020 event at DCN resembles that of the spring and summer events. The more 

saturated soil matrix on 12/25/2020 would have permitted matrix-PFP interactions, where 

P-laden pre-event water was quickly transported to the tile, as seen by the event P peak 

concentration coinciding with the initial tile response (Supp. Figure 3).  

 2.3.3 Flow Pathway and Source Connectivity  

2.3.3.1 QF, SF, New and Old Water Metrics 

Differences in the timing of the two hydrographs separations suggests that flow 

pathways were not equivalent to source contribution [25]. On average, the peak of old 

water occurred over 20 hours prior to SF (Table 2-4). Also, the timing of peak QF 

contributions occurred over one hour prior to peak contributions from new water, however 

there were five events at DCS and ten events at DCN where QF and new water timing was 

equivalent (Supp. Table 4). QF and new water, as well as SF and old water had different 

cumulative volumes, further supporting the notion that flow pathways are not equivalent 

to source contribution in tile drained landscapes [25]. Mean flow contributions of QF and 

new water were 78% and 48% of total event tile flow, respectively (Table 2-3). Peak flow 

contributions of QF and new water were 96% and 80%, respectively. While Nazari et al. 

[25] reported lower peak flow contributions for QF (and similarly for new water) than in 
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this study, mean new water (and QF) contributions were similar to the Nazari et al. [25] 

study and others also using EC-EMMA hydrograph separations [30], [56]. Also, we 

observed similar but slightly lower mean RR across all sites as compared to Nazari et al. 

[25], who’s study site was twice the size of DCS. Here, total, QF, and new water RR were 

consistently higher at DCN, the smaller of the two DC fields, suggesting field size and thus 

tile drainage area may have less of an impact on event volumes and pathway/source 

contributions. Differences between RR may be explained by the fact that DCN has a greater 

topographic relief than DCS. Surface ponding at the DCN site will have a higher chance 

of finding the soil cracks because it is sloped, and in addition, the deep tillage may have 

resulted in substantially more PFP, which led to more QF and new water at DCN.
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Table 2-3: Summary stats for tile flow metrics, fraction of total flow (FTF), and time to 

peak (TTP) for total tile event flow and hydrograph separation components of flow 

pathway (QF, SF), source connectivity (new, old), and the four-component model. 

 
 

2.3.3.2 Four component hydrograph separation 

 Correlation analysis suggests that QF, new water, and QFnew were the 

superior predictors of event P loads (Supp Table 5). On average, QFnew represented a high 
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proportion of total flow (46%), and peak contributions were as follows: 73% for QFnew, 

68% for QFold, 49% for SFold, and 18% for SFnew (Table 2-4). Nazari et al. [25] found lower 

peak contributions from QFnew (66%), yet higher peak contributions from SFnew (33%) and 

from SFold (98%). This could be because of the differences in data collection and analysis 

methods, as well as differences in soils, tillage, and slope. For example, conservation tillage 

was employed in the Nazari et al. [25] study while here deep tillage (i.e. subsoiling) was 

performed to promote infiltration. While QFnew had higher mean volumes, QFold volumes 

were equal to or exceeded that of QFnew for eight of the smaller 28 events in the analysis 

(Supp. Table 4). We observed similar correlations between QFold and QFnew volumes (r = 

0.49) as in the Nazari et al. [25] study (r = 0.40), who also found that only the smaller 

events had QFold volumes exceeding QFnew (3 of 27 events). An example of QFold 

dominating the entirety of event flow here was during back-to-back events of July 2 and 

July 3 of 2021. For the duration of a multi-peak event on 07/02/2021 QFnew remained higher 

than QFold. The event the following day, which occurred on saturated soils, QFold remained 

higher than QFnew. This suggests that in back-to-back events AMC can have an impact on 

matrix-PFP mixing, however 7-day or even 24-hour rainfall was not found to have any 

significant positive effect on or trend with total tile flow, QFnew, and QFold volumes 

throughout the entirety of the study (Supp. Table 5). While higher AMC corresponds to 

wetter macropore walls and the potential for increased transport of water from the matrix 

into PFP [19], [57], results here suggest that soils needed to be near field capacity for this 

to take effect at these sites.  
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We found negative correlations between 7-day rainfall and QFnew and SFnew, and 

between maximum rainfall intensity and QFnew, SFold, and SFnew (Supp. Table 5). Also, we 

observed positive correlations between time to peak and the volumes for each of the four 

components except for QFold. Since QFold time to peak was correlated to the overall 

hydrograph time to peak, it is expected QFold volumes would be as well. Here and in Nazari 

et al. [25] the finding is that AMC and event rainfall are not good predictors of QFold and 

the other three hydrograph components volumes. While QFold was the only component not 

correlated to above mentioned rainfall metrics, and had the lowest coefficient of variation, 

this suggests that this pathway is controlled by different mechanisms relative to the other 

three components.  

The peak of SFnew occurred at an average time of 27.4 hours into the event, which 

is slightly quicker that in Nazari et al. [25]. Nazari et al. [25] found a negative relationship 

between the timing of SFnew and 10 day rainfall, while here we found a semi-strong 

negative relationship between SFnew with 24 hour rainfall, and very strong negative 

relationship with maximum rainfall intensity (Supp. Table 5). Saturated flow through the 

matrix of clay soils is calculated to reach tile drains (at a depth of 1 m) on the order of a 

week, suggesting that a portion of event water is transported into the matrix at deeper 

horizons through PFP; this is what the SFnew pathway represents [25], [30]. PFP supply 

event water to deep portions of the soil matrix, i.e., PFP feed the SFnew hydrograph 

component, thus PFP may have an important role in ground water recharge [25]. Frequent 

recharge of ground water via PFP suggests P from the surface could be transported and 

accumulate as legacy P in much deeper soil horizons [58].  
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2.3.3 Rainfall Pulse Analysis 

Tile discharge metrics associated with rainfall pulses were compared using non-

parametric comparison of means, and there was an uneven, yet similar, number of pulses 

identified (Supp. Table 6). P loading rates in the tiles during periods associated with high 

intensity rainfall were significantly greater than during periods associated with low 

intensity rainfall (Figure 2-3). Also, high intensity rainfall pulses resulted in significantly 

higher flow rates as compared to the lower intense rainfall pulses. Others have found 

relationships between rainfall metrics and P concentrations and loading in tile drains at the 

inter-event scale, however this is the first known study to examine these relationships at 

the intra-event scale. Vidon and Cuadra [45] found that P concentrations were more 

variable during larger rainfall events as compared to smaller, where we found similar 

results with higher variation associated with higher pulse intensities.  
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Figure 2-3: Boxplots showing difference between pulse and tile flow and P metrics for high 

and low intensity pulses. 

 

Most of TP was exported as PP through tiles throughout the year, suggesting PFP 

were the dominate P export pathway to tile drains. Further, because the clay soils in this 

region (Covington and Panton soil series) are dispersive (i.e. easily dislodged by rainfall 

and suspended in surface runoff) and thus highly erodible, legacy PP (i.e., P sorbed to 

eroded sediment) is easily exported through PFP to the tiles. The rainfall pulse analysis 

shows this was case, however because of the drought during this study period, as well as 

the recent tile installations, the PFP network at these fields possibly represented a 

maximum condition. As time proceeds, the PFP network may diminish, resulting in less 

rapid infiltration and possibly different rainfall-driven P transport dynamics. This may also 
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shift the P export dynamic between the surface and subsurface, where the surface may have 

higher runoff volumes and thus P export since less water is being channeled to the tiles via 

PFP. Nevertheless, climate change is expected to continue to increase the intensity of both 

drought and rainfall events in the LCB [8], and results here suggest this has implications 

for tile drain P transport. In the LCB, P in the lake bottom sediment is easily mobilized to 

the overlying water column, thus P exported at any time throughout the year may contribute 

to cyanobacteria blooms [59]. Legacy P will continue to be a challenge for this region, 

which persists in the water course, acting as a source of P even after BMP reduce P export 

from agricultural fields [4]. 

2.4 Conclusions 

P concentrations in tile drains and surface runoff were well above the threshold for 

eutrophication throughout the year. Tile drains were the dominate P export pathway, and 

results agree with the notion that annual P export from tile drainage has the potential to be 

the greatest during the non-growing season, since it is the time of year with the highest tile 

discharge [23]. Spikes in tile P concentrations during events coincided with periods of P 

influxes, namely manure injection, herbicide application/cover crop termination, and 

planting/fertilizer application. Near the end of the growing season, soil P levels were in the 

low-optimal range (6 mg/kg Modified Morgans). Despite this being relatively low for 

agricultural fields that are considered hot-spots for legacy-P export [24], [34], [60], here, 

annual tile drain P loading was still relatively high for the LCB [10], [61].  

We performed the four component hydrograph proposed by Nazari et al. [25], 

which is a simple and more accurate representation of PFP activity because it includes a 
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hydrograph component for matrix-PFP interactions. EC-EMMA was performed using 

discrete sample bottles, and dilution patterns showed QFold exceeding QFnew during periods 

of very high AMC. QFold, which represents the matrix-PFP mixing pathway, contributed 

to tile drains year-round and under a range of AMC. This pathway may coincide with 

higher SRP in tile drains; however, we were not able to confirm that here. Nazari et al. [25]  

found that including the four component hydrograph separation improved the prediction of 

SRP concentrations, suggesting matrix-PFP mixing is an important indicator of SRP in tile 

drains. Thus, the four-component hydrograph separation in this study could be valuable for 

validating field scale-P export models like the VT P-Index [62].  

Manure injection has the potential for very high P concentrations in tile drains, 

however AMC and timing of injection could reduce P export. Future work should include 

more event data to be able to quantify the differences between events following manure 

injection on wet and dry soils, as well as if manure injection is an improvement over surface 

application for subsurface P export [17], [63]. Also, while subsoiling likely reduced surface 

runoff, it is still unknow the effect it had on tile P export. The intra-event rainfall analysis 

showed P concentrations were higher in tile drains following higher intensity rainfall 

pulses, yet more data is needed to confirm this phenomenon as climate change is expected 

to have an impact on both AMC and rainfall characteristics. 
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