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Abstract Phosphorus (P) runoff from agricultural
land continues to receive attention due to a widespread
lack of reduction in losses combined with a series of
high profile P-induced harmful algal blooms. Many
widely adopted conservation practices (CPs), aimed at
reducing P loss, target particulate P (PP) through
reductions in erosion or entrapment of P within the
terrestrial landscape. However, there is increasing
evidence that in time, these CPs may in fact increase
dissolved P (DP) losses. We reviewed the effective-
ness of current CPs promoted in the U.S., the results
from long-term in-stream monitoring following imple-
mentation of conservation schemes and field studies
investigating P loss from buffer zones designed to trap
PP. These studies showed that different CPs are
required to target different forms of P loss and the
tendency for farmers to implement strategies targeting
PP over DP resulted in an increase in dissolved
reactive P export post-implementation of 37-250 % in
three of the five catchment monitoring studies. Buffer
zones, such as grass and vegetative filter strips,
managed riparian zones and wetlands were found to
accumulate labile forms of soil P over time and, in
some studies, became significant sources of both
inorganic and organic DP. Furthermore, often over-
looked microbial processes appear to play a key role in
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P release. Consequently, to improve the effectiveness
of future conservation schemes, practices need to
specifically target DP losses in addition to PP and
recognize that CPs trapping P within the landscape are
at risk of becoming legacy P sources.

Keywords Agricultural runoff - Conservation
practices - Nutrient management - Surface runoff -
Buffer zones - Water quality

Introduction

Phosphorus (P) is an essential element for plant and
animal growth and, thus, an important component of
soil fertility in productive agriculture. However,
diffuse losses of P from agricultural sources, while
small in agronomic terms, can be environmentally
significant and have been linked to the accelerated
eutrophication of many streams, rivers and lakes
(Carpenter et al. 1998; Smith et al. 2015b). Running
alongside water quality issues, there are increasing
concerns over the future supply of mineral P fertilizers
(Cordell et al. 2009; Gilbert 2009), highlighting the
need for more sustainable P use.

Efforts to reduce P loss from agriculture are driven
by society’s desire for clean, ecologically healthy
waters and the large economic cost of dealing with the
impacts of eutrophication. Dodds et al. (2008) esti-
mated that on an annual basis, eutrophication costs the
U.S. economy U.S.$2.2 billion due to decreased
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recreational use of impaired waters, decreased value of
waterfront properties, restoration efforts for threat-
ened and endangered species, and providing alterna-
tive drinking water. Consequently, a suite of
conservation practices (CPs) aimed at decreasing P
loss from agriculture have been developed and are
promoted by the U.S. Department of Agriculture,
Natural Resources Conservation Service (USDA-
NCRS) (Table 1).

Despite significant economic investment and large
scale implementation of such CPs at the field scale;
however, there has been limited measured improve-
ment in water quality at the catchment scale in both
Europe and U.S. (Kronvang et al. 2005; Jarvie et al.
2013). For example, over 20 years of intensive
schemes and large scale investment aimed at decreas-
ing nitrogen (N) and P loads to the Chesapeake Bay
have failed to result in major ecological improvements
(Chesapeake Bay Foundation 2014; Sharpley et al.
2009b). The disconnect between reductions in P loss at
the field scale and improvements in water quality at
the catchment scale reflects the complexity of inter-
actions between terrestrial soil processes, hydrological
controls, in-stream P release and retention mecha-
nisms, contributions from other non-agricultural
sources, such as rural septic tanks and wastewater
treatment plants, and the complex food webs in
freshwater systems. Furthermore, there is growing
recognition of the chronic and ubiquitous release of P
from soils enriched in P as a result of past fertilization
management, which buffer mitigation efforts and
result in long lag times between implementation and
measured improvements in water quality (Hamilton
2012; Meals et al. 2010).

The ability of soils or sediments to act as a sink for P
depends on a complex mix of physical, chemical and
biological processes. Changes in land management, as
occurs following the implementation of CPs, alter
these processes and it is unclear how this may impact
soil P retention or release. For instance, many CPs
focus on reduction in sediment loss and associated P
via reductions in erosion or physical entrapment of
nutrient-rich particulates present in surface runoff
before they reach the watercourse but, do little to
address dissolved P (DP) loss (Table 1). In fact,
adoption of some CPs, such as no-till, have been
shown to increase DP loss in some cases (e.g., Gaynor
and Findlay 1995; Sharpley and Smith 1994). Simi-
larly, accumulation of high P soil particles in critical
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areas adjacent to the stream, e.g., riparian buffers
zones, can decrease their effectiveness over time and
even transform buffer zones from P sinks to P sources
(Hoffmann et al. 2009). Characterization of the sinks
and stores of P, often termed legacy P, within a
catchment, and assessment of the effectiveness of CPs
in dealing with legacy P sources is essential to predict
the expected outcome of restoration schemes.

This paper considers the emerging challenges of
reducing P loss to surface waters through agricultural
management. In particular, we review current litera-
ture to assess the effectiveness of typical U.S.
conservation practices investigating the following
hypothesis: The lack of success of large scale conser-
vation schemes in improving P status in sensitive
catchments is, in part, due to; (1) A focus on reducing
particulate (PP) losses with limited emphasis on DP
loss, and (2) the widespread adoption of conservation
practices which trap P within sensitive areas of the
landscape which over time transition from P sinks to P
sources.

Conservation practices in the US: effectiveness
for PP and DP loss at the field scale

Table 1 lists the CPs promoted by USDA-NRCS
aimed at decreasing P loss from agriculture. They can
be broadly split into three categories: farm inputs,
source management and transport management.
Source and transport measures are further categorized
by USDA-NRCS as avoid, control and trap measures.
Avoid measures aim to limit the loss of nutrients to
runoff through reductions in the amounts of P applied
and its availability in the soil, e.g., nutrient manage-
ment and soil P testing, thus can generally be
considered source management. Control measures
target transport pathways and involve the adoption
land management practices which increase infiltration,
reduce runoff and erosion, e.g., adoption of no-till
practices and the introduction of cover crops. The final
line of defense are trap measures which physically
retain nutrients and particulates in the terrestrial
landscape before they reach the receiving waterbody,
e.g., buffer strips, riparian corridors, wetlands.

A large volume of research has been conducted to
evaluate these strategies at the field scale. Table 1
summarizes the effectiveness of the promoted CPs
based on results from field trials and modelling studies
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across the US and Canada. Many of these studies only
considered total P loss, however where P loss was
separated into dissolved and particulate forms there is
a clear distinction between practices which are
effective at reducing DP and those more effective for
PP (Table 1).

Reductions in farm inputs through careful manip-
ulation of animal diets can reduce DP loss by up to
91 % (Ebeling et al. 2002) and following the “4 R”
approach to nutrient management, which is adding P at
the Right rate to match crop needs, in the Right source
to ensure correct N:P balance, at the Right time to
avoid application within a few days of expected
rainfall, and in the Right place through incorporation
into the soil profile, was highly effective at reducing
DP loss (Sharpley et al. 2009b; Tomer et al. 2014).
However, while in some cases reducing the rate of
application reduced PP loss (Eghball and Gilley 1999)
and some evidence of increased PP loss was seen when
manures were incorporated with disc tillage (Eghball
and Gilley 1999), the effect of reducing farm inputs
and source management on PP transfer was negligible.
One key guiding principle around nutrient manage-
ment is to avoid the accumulation of P within the soil
in excess of crop requirements. While there is clear
evidence that DP losses are highly correlated with soil
test P (STP) concentrations (e.g., Heckrath et al. 1995;
McDowell and Sharpley 2001), a study by Withers
et al. (2009) suggested the reduction of STP in P
enriched soils will have limited impact on PP loss
because STP represents only a small proportion of the
total P present in soils.

Transport measures, and strategies aimed at min-
imizing erosion (e.g., conservation tillage, cover
crops) and trapping sediment (e.g., buffer strips) were
the most effective at reducing PP loss (Table 1).
However, the impact on DP was highly variable and
implementation of these CPs actually increased the
loss of DP in many studies and by more than 200 % for
both vegetative buffers and conservation tillage.

Implementation at the catchment scale

The effectiveness of USDA-NCRS recommended CPs
has been demonstrated at the field scale but does this
relate to improvements in instream water quality?
Table 2 summarizes the results from six long-term
monitoring studies designed to assess the impact of
implementing a range of different conservation

practices on P transport to sensitive waterbodies. In
the majority of the studies the implemented CPs
targeted PP loss, although nutrient management was
common to all but one. Significant reductions in TP
loading were observed at four of the six sites and
during the first 20 years of monitoring in the Lake Erie
Basin. However, this appears to be mostly due to a
reduction in PP loss and, where measured, the
adoption of cover crops, vegetated buffer strips and
no till reduced PP loads by 29-70 %. Conversely, DP
loading was only reduced in the Cannonsville Reser-
voir Basin (Bishop et al. 2005) and during the first
20 years of monitoring in the Lake Erie catchment
(Richards et al. 2002). In the other studies dissolved
reactive P (DRP) loading actually increased over the
monitoring period.

Reductions in DP loading in the Cannonsville
Reservoir Basin were attributed mainly to improved
nutrient management (Bishop et al. 2005). Infrastruc-
ture improvements including construction of a manure
storage lagoon and improvements in roadways
allowed more strategic application of manure in terms
of timing, rate and more even distribution to fields
further from the watercourse. Similarly the 85 and
88 % reduction in DRP within the Sandusky and
Maumee Rivers between 1975 and 1995 was attributed
to assumed reductions in P fertilizer inputs indicated
by 25-40 % reduction in sales between 1980 and
1995. These reductions in DRP back up the results
from field trials reviewed in Table 1 which indicate
that nutrient management is the most effective strategy
to decrease DP loss.

While some form of nutrient management was
involved in all of the conservation schemes imple-
mented in Table 2 this did not result in decreases in
DRP loading in four of the six catchments and DRP
loads were increased in three of the four catchments,
where it was determined. Clearly, the type of agricul-
ture appeared to have an effect on the effectiveness of
strategies. Brannan et al. (2000), found that the
implementation of CPs which mainly targeted PP,
through erosion control and particulate trapping,
reduced PP by 70 % (2.09-0.63 kg P ha™ ') in the
arable dominated catchment but only by 35 %
(4.59-3.00 kg P ha™') in the dairy dominated catch-
ments, while DRP loading was increased to a greater
extent in the arable catchment with a 52 % increase for
dairy from 1.03 to 1.57 kg P ha~' and a 250 %
increase for arable from 0.10 to 0.35 kg Pha™'. While

@ Springer
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these loadings are relatively low, DRP, which is more
bioavailable than PP, made up a much greater
proportion of TP post CP implementation in both the
arable catchment, increasing from only 4 to 21 % and
the receiving river, increasing from 15 to 46 %.
Although nutrient management was implemented,
manure application rates in the arable fields were
based on nitrogen requirements and were in excess of
crop P requirements which may in part explain the
large increase in DRP export. Interestingly export of
TDP was not increased to the same extent as DRP. As
part of nutrient management manure storage lagoons
were constructed to allow for strategic timing of
application. Conversion of organic P within manure to
orthophosphate during storage was suggested as a
potential reason for the reduction in organic P loads
and increase in DRP. Thus, the role of biotic processes
in influencing P availability are rarely considered, but
add to the complexities of P source management and
system response.

Information from the long-term monitoring of the
Sandusky and Maumee Rivers in Ohio, major tribu-
taries of Lake FErie is particularly enlightening.
Implementation of CPs within these catchments
dramatically reduced DRP and TP loads by more than
80 and 40 % respectively between 1975 and 1995, and
in stream flow weighted mean concentrations of DRP
decreased from 0.06 and 0.175 mg P L 'in 1995, to
0.015 and 0.03 mg P L™" in 2008 (Richards et al.
2002). These reductions corresponded with a reduc-
tion in P fertilizer inputs, as discussed earlier, and an
increased adoption of no-till cultivation from virtually
zero in 1975-50 % of cropland in 1995. However,
despite these initial improvements, P loading, espe-
cially DRP, increased from 1995 onwards; and was 70
and 218 % larger in 2008 compared to 1995 in the
Sandusky and Maumee Rivers, respectively. Further-
more annual P loads in the Sandusky River were
between 350 and nearly 500 kg P year ' in
2006-2010, which is greater than prior to restoration
efforts in 1995, when the annual P load was around
200 kg P year ' (Daloglu et al. 2012). Record
breaking algal blooms in Lake Erie have occurred in
recent years (Wynne et al. 2013). The most recent of
which, in the summer of 2014 resulted in a 2 day
shutdown of the City of Toledo’s water supply to
almost half a million people (Henry 2013; New York
Times, August 2014). Modelling analysis of the long-
term trends in water quality and changes in land

@ Springer

management have implicated the widespread adoption
of conservation tillage and broadcast application of
fertilizer and manure during fall and winter, without
incorporation, as contributors to the increased P
loadings (Daloglu et al. 2012; Michalak et al. 2013;
Smith et al. 2015a).

Conservation tillage imparts many benefits to the
soil, including improving soil health and quality
(Karlen et al. 2003, 2014; Sims et al. 1997). However,
long-term surface application of P fertilizers and
manures in the absence of conventional tillage can
lead to accumulation of P in the soil surface (e.g.,
Cade-Menun et al. 2010; Mathers and Nash 2009; Vu
et al. 2010) and encourage the formation of preferen-
tial flow paths (Shipitalo et al. 2000). Consequently
conservation tillage has been shown to increase DP
losses over time (e.g., Gaynor and Findlay 1995;
Sharpley and Smith 1994) and may in fact increase PP
loss, despite a reduction in erosion and sediment loss
due to P enrichment of the particles transported
(Gaynor and Findlay 1995). Therefore, management
of P application must be adapted to minimize the
potential for surface soil accumulation of P (Joosse
and Baker 2011; Sharpley et al. 2012).

Adoption of conservation practices

Results from field trials and long-term catchment
monitoring clearly show that different CPs are more
effective against different forms of P loss and reduc-
tions in DP appear to be especially challenging. The
main strategy effective at reducing off-farm DP loss is
nutrient management (see Table 1), however, it
appeared to have limited impact at the catchment
scale (Table 2). In addition to the confounding impact
of other conservation practices adoption rates play an
important part in the success of conservation schemes.
Insights into CP adoption and farmer CP decision
making have recently been gained through reviewing
the National Institute of Food and Agriculture (NIFA)
Conservation Effects Assessment Project (CEAP)
setup to assess the effectiveness of CPs on water
quality across 13 impaired catchments throughout the
US. Nutrient management plans were generally
disliked by farmers mainly due to distrust around
recommendations and a tendency to favor “insurance
fertilization” (Osmond et al. 2015). As a result
nutrient management plans were generally not fully
implemented and in some cases, even after soil testing,
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corresponding fertilizer recommendations were not
followed.

In contrast, practices which targeted sediment and
therefore PP loss, namely conservation tillage, grassed
waterways and terraces, were most widely adopted,
regardless of whether dissolved or particulate pollu-
tants were of most concern (USDA-NCRS 2012).
Discussions with farmers have indicated that they are
more likely to address water quality issues for
pollutants they can see, i.e., sediments than invisible
dissolved pollutants (Reimer et al. 2012) explaining
the preference for erosion control measures.

In one catchment successful and widespread adop-
tion of nutrient management was achieved but only
following the hiring of a dedicated extension officer,
highlighting the importance of farmer education and
outreach (Osmond et al. 2012, 2015).

In summary, long-term monitoring has highlighted
the limited impact and even negative effects of
catchment scale implementation of CP on DP loss.
Limited implementation of nutrient management
plans and an adoption preference for strategies
targeting PP over DP along with confounding effects
of some of the practices actually increasing DP loss
supports our hypothesis that a focus on PP over DP
losses is in part responsible for the lack of success of
many catchment scale conservation schemes.

Conservation practices increasing P loss:
transitions from P sink to P source

Our second hypothesis relates to the unintended
consequences of implementing CPs leading to
increases in P loss. In addition to the potential
negative impacts of adopting conservation tillage
discussed above, strategies which focus on the trap-
ping sediment (and associated PP) prior to it reaching
the watercourse will gradually accumulate P within
the landscape. We hypothesize that over time, vege-
tative filter strips and riparian buffers, wetlands and
grassed waterways will become hotspots of legacy P
and have the potential to transition from P sinks to P
sources.

The speciation of P accumulating within these areas
will depend in part on that of the upslope soils. The
more labile soil P forms have been shown to accumu-
late in the clay size fraction of the soil. For example,
following long-term fertilization, Leinweber et al.

(1997) found that resin P concentrations were highest
in the clay fraction, while H,SO,4-P, associated with
Ca-P forms and residual P accumulated in the silt and
sand fractions respectively. Similarly for organic P
(P,), diester and labile monoester phosphates domi-
nated the clay fraction while the more strongly
retained inositol phosphates (including phytate-P)
mainly accumulated in the sand fraction (McDowell
and Stewart 2006). Smaller particles, mainly clays and
silts, are selectively eroded during surface runoff and
are often transported further than larger, heavier
particles, like sand (Sharpley 1985). This selective
transport suggests that there would be preferential
accumulation of more labile PP within the transition
zones. However, finer particles are less prone to
deposition and may, thus, remain suspended in runoff
and pass straight through these zones with little
retention (Owens et al. 2007).

Further complication arises from the potential
transformations occurring due to different physio-
chemical, biological and environmental conditions,
such as increased carbon addition from vegetation and
leaf litter in riparian zones, wetlands and grassed
waterways and changes in redox conditions as a result
of periods of inundation, add layers of complexity
when considering the long-term impact of CPs which
trap P in the landscape.

Buffers, such as grass (GFS) or vegetated filter
strips (VES), managed riparian zones and constructed
wetlands, provide a disconnect between the edge-of-
field and the watercourse. These areas function by
slowing the flow of surface runoff, promoting sedi-
mentation and infiltration, to act as a filter trapping
sediment and removing DP through plant uptake
(Hoffmann et al. 2009).

Experiments in the U.S. have shown that buffers
and wetlands can be highly effective at reducing PP
loss at the field scale but, the impact on DP appears
highly variable and can in fact increase DP loss
(Table 1).

Table 3 provides a summary of field studies
assessing the impact of buffers on P loss. All but one
of the 16 buffer filter strips and all but two of the five
wetlands studies showed a significant reduction in TP
loss in surface runoff. The difference in TP load
between sites with buffers and sites without ranged
from 21 to 96 % and the difference between inflow
and outflow TP loads from wetlands ranged from 17 to
80 %. For DP, however, the impact was much more
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variable. Four of the 16 buffer strips appeared to be
sources of DP and load reductions ranged from
—258 % (Dillaha et al. 1989) to 88 % (Chaubey
et al. 1995). Similarly to TP, two of the five wetlands
appeared to release DP and reductions in load ranged
from —27 to 90 % (Kovacic et al. 2000). While DP
load reductions were observed in many studies, much
of this impact was attributed to reductions in runoff
volumes and where provided, the impact on DP
concentration was often not significant (Al-wadaey
et al. 2012; Borin et al. 2005; Lowrance and Sheridan
2005).

Evidence for reduction in buffer effectiveness over
time was demonstrated by Dillaha et al. (1989) in a
series of rainfall simulation experiments to experi-
mental buffer plots. Increased TP loads were found
between the first set of three simulated runoff events
and the second set of three runoff events for all buffer
plots and an increase in DRP load for three of the six
plots. Hence, reductions in TP and DRP compared to
the no buffer plots were much less during the second
rainfall simulation and release of DRP from the buffer
plots was increased (Table 3). Investigation of the
effectiveness of field scale buffer zones has also
shown a reduction in effectiveness over time
(Table 3). The most effective buffers were between
1 and 4 years old. With the exception of one site where
runoff, TP, DRP and PP losses were increased
compared to a non-buffered control (Uusi-Kdmppi
et al. 2000), reductions in TP and DRP load in surface
runoff ranged from 43 to 93 % and 22-88 % respec-
tively compared to reductions of 13-38 % for TP and
—64-36 % for DRP in buffers over 7 years old. Beutel
et al. (2014) found a small decrease in TP load
reductions from a constructed wetland treating irriga-
tion runoff between years four and seven of operation
and a large decrease in DRP reductions over this time
from 70 % in year four to only 24-36 % in year seven.
Similarly, Kovacic et al. (2007) found reductions in
effectiveness of two out of three wetlands receiving
tile drainage from cropland over the first 3 years of
operation, over which time one wetland became a
source of DRP.

While only a limited number of studies have been
conducted on grassed waterways (Table 3), unman-
aged grassed waterways established for 5 years were
found to decrease DRP loading by 30 % in a paired
catchment study in Germany as a result of reduction in
runoff volume, but no significant effect on DRP
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concentration was found (Fiener and Auerswald
2009). However, Smith et al. (2015a) found that
grassed waterways acted as a large source of DRP in
the growing season after establishment in arable fields
within the Lake Erie catchment. Grassed waterways
act as a direct conduit for runoff to reach the
watercourse so release of P from these zones is likely
to have a large impact on water quality.

Processes controlling P release

Release of DP from buffer and wetland soils in many
studies has been attributed to the accumulation of
labile soil P pools. Studies comparing soil P concen-
trations in 10 buffer soils and one wetland soil to
adjacent field soils showed a varying response in soil
test P (STP) (Table 4) from no significant difference to
increased and decreased concentrations. However, the
bioavailable fraction, estimated through extraction
with water or weak salt solutions, was dramatically
increased by 39-146 % in all but two of the sites.
While we were unable to find studies documenting the
soil P concentrations in grassed waterways the large
retention of PP (76-88 %) found by Fiener and
Auerswald (2009) (Table 3) indicates the likely accu-
mulation of P within these structures. Furthermore,
many studies have documented the accumulation of
bioavailable forms of P within agricultural drainage
ditches (Nguyen and Sukias 2002; Sallade and Sims
1997; Vaughan et al. 2007).

The main mechanisms for P release from these
transition zone soils is through (i) abiotic desorption
and dissolution of P and a reduction in P retention due
to saturation of sorption sites and (ii) biotic release
following nutrient cycling through the microbial and
plant pools.

Stutter et al. (2009) carried out incubation and
leaching experiments to determine the importance of
the different mechanisms in the remobilization of P
from a range of buffer strip soils with varying STP
concentrations. The addition of high P sediments to
these soils, mimicking the accumulation of PP, did not
decrease P sorption capacity and did not increase DRP
leaching. This has been attributed to the increase in
sorption sites following sediment addition along with
added P. Further experiments found that manipulating
conditions which promoted increased microbial activ-
ity promoted DRP release and increasing the soil
temperature from 5 to 20 °C along with addition of P
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Table 4 Percent difference in soil P fractions in buffer and wetland soils compared adjacent agricultural fields

Source (location)

Age STP (method)

% increase versus field soils

Bioavailable P DOP (method) MBP  Reference
(method)
Riparian buffer/UK 3 n.s (Olsen) 39 % (1 mM NaCl) 23 % (1 mM 34 % Stutter et al. (2009)
NaCl)
Riparian buffer/UK 8 n.s 146 % (1 mM 742 % (1 mM 227 %
NaCl) NaCl)
Riparian buffer/UK n.g. 56 % (Olsen) 125 % (WSP) 155 % (WSP,) 212 % Roberts et al. (2013)
Riparian buffer/U.S. 13 —043 % 52 % (EPCy) n.d. n.d. Schroeder and Kovar (2008)
(Bray-1)
Harvested grass 17 ns. n.d. n.d. n.d. Uusi-Kédmppa and Jauhiainen
buffer/FI (2010)
Vegetated buffer/FI 15 50 % (Pac) n.d. n.d. n.d.
Riparian buffer/NZ 4-5 208 % (Olsen) 65 % (WSP) n.d. n.d. Cooper et al. (1995)
Riparian buffer/NZ 4-5 =25 % (Olsen) 36 % (CaCl,-P) n.d. n.d. Aye et al. (2006)
Riparian buffer/NZ 4-5 21 % (Olsen) 58 % (CaCl,-P) n.d. n.d.
Riparian buffer/NZ 4-5 =32 % (Olsen) —14 % (CaCl,-P) n.d. n.d.
Wetland/NZ 4-5 —63 % (Olsen) —50 % (CaCl,-P) n.d. n.d.

rich sediments increased DRP leaching from 0.05 to
150 mg P L™ Their findings suggest that saturation
of P sorption sites had not occurred, even in the soils
with the highest STP and that cycling through the
microbial biomass plays an important role in remobi-
lization of P.

This is supported by the buildup of the microbial P
pool over time following establishment of riparian
buffer zones and the large increase in the microbial P
pool in riparian soils compared to adjacent field soils
found by Stutter et al. (2009) and Roberts et al. (2013)
(Table 4). The potential for microbial accumulation in
drainage ditch sediments had also been demonstrated
with 1040 % of DRP reductions in fluvarium exper-
iments attributed to microbial uptake (Sharpley et al.
2007). Microbial processes play a large role in the soil
organic P cycle and Stutter et al. (2009) and Roberts
et al. (2013) also showed a large increase in the labile
organic P fraction extracted by either 1 mM NacCl or
water (Table 4). The P, fraction made up 90 % of the
total P extracted with 1 mM NaCl in 8 year old VES in
the U.K. (Stutter et al. 2009) and 34 % of water
extractable P in the 12 VSF soils investigated by
Roberts et al. (2013), highlighting the role of P,
cycling within these zones.

Of the field studies on buffer effectiveness pre-
sented in Table 3 only two studies reported total

dissolved P (TDP) concentrations (Dillaha et al. 1989;
Noiji et al. 2013). In these studies dissolved unreactive
P (DUP), generally considered to be mainly P,, made
up 20-50 % of TDP. Similarly, in the plot study by
Dillaha et al. (1989), where buffer soils increased DRP
concentrations relative to no buffer plots, there was a
corresponding increase in DUP concentration of a
similar magnitude of up to 200 %. At the catchment
scale the impact of CPs on DUP appears mixed.
Dissolved unreactive P was determined for two of the
six locations presented in Table 2, Owl Run (Brannan
et al. 2000) and Nomini Creek (Inandar et al. 2001). In
the Owl Run catchment there was a decrease in DUP
export from the dairy dominated catchment which
resulted in an overall, small decrease in TDP loading,
but an increase in DRP loads, attributed to changes in
manure speciation during storage. However, in the
arable dominated catchment where transport focused
CPs were implemented, including grass waterways
and strip cropping, there was a significant increase in
both DUP and DRP loading resulting in a 117 %
increase in TDP export. The Nomini Creek catchment
is dominated by row crop agriculture and implemen-
tation of transport CPs, including buffers and no-till,
increased DUP loads by 55-83 %, and DRP loads by
92 %. In both catchments, DUP made up a significant
proportion of TDP, ranging from 25 and 78 % in the
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arable and dairy dominated catchments of Owl Run
respectively and >80 % in Nomini Creek. The dom-
inance of DUP and the bioavailability of some P,
forms to algae (Whitton et al. 1991; Whitton and Neal
2011), indicates that the impact of CPs on dissolved P,,
export needs to be considered and that the potential of
buffer zones to act as sources of P may be underes-
timated by monitoring programs solely measuring
DRP.

In addition to DP, the bioavailability of PP export to
waterbodies can be modified by buffer zones and
wetlands. Preferential trapping of sand sized particles
in buffers indicates that finer particles, which tend to
be enriched with P, may remain in runoff passing
through the buffer. This may be especially relevant if
the physical retention properties of the buffer have
been reduced due to the accumulation of sediment
over time (Owens et al. 2007). Similarly spatial
assessment of particulates stored within wetland soils
have shown that clay particles travel further into the
wetland and can accumulate near the outflow while
less P rich sand particles prudentially accumulate
nearer the inflow position (Maynard et al. 2009a).
Transformation of PP speciation has also been docu-
mented within wetland soils with an increase in the
proportion bioavailable P, fraction found in the
outflow of a constructed wetland in California com-
pared to the irrigation water entering the wetland
(Maynard et al. 2009b). This fraction was considered
to be microbial in origin reinforcing the view that
microbial processes play a large role in the bioavail-
ability of both DP and PP reaching the watercourse.

Management and environmental factors
influencing P mobilization

Management of buffer zones and the adjoining
agricultural fields influences the potential for DP
retention or mobilization (Table 3). One of two VFS in
Sweden bordering an arable field, was found to be a
source of DRP following 9 years of traditional culti-
vation practices (Uusi-Kédmppd et al. 2000), likely due
to large accumulation of PP. Implementing 3 years of
grazing in the buffer to increase plant uptake,
increased DRP retention resulting in the buffer
returning to a modest DRP sink in the following
2 years under direct drill management. However,
during grazing PP export increased and the buffer
became a modest source of PP due to cattle grazing

@ Springer

and treading damage on the soil. This highlights the
different responses of differing P forms to manage-
ment and the complexity of developing effective CPs.
As this study suggests, management of vegetation
within buffer strips influences performance. Buffers
where vegetation (grass) was regularly cut and
removed showed a reduction in DRP load, while
comparable buffers where vegetation was retained
were found to be significant sources of DRP (Table 3;
Uusi-Kidmppa and Jauhiainen 2010). In addition to the
removal of soil P through plant harvest and removal
the contribution of plant residues at the soil surface in
unmanaged riparian zones can make a large contribu-
tion to DRP loss especially in cold climates where
much of the annual P loss occurs during snowmelt (Lui
et al. 2013; Uusi-Kédmppa and Jauhiainen 2010).

Transport pathway also influences the effectiveness
of buffer zones. Most research has focused on the
impact on surface runoff but the effect on subsurface
losses remain uncertain (Table 3). Duchemin and
Hogue (2009) investigated the impact of VES on P loss
in surface runoff and subsurface drainage from runoff
plots under natural rainfall to Canadian manure
amended pastures, 1 year after implementation. The
VES significantly reduced TP and DRP load to surface
runoff compared to non-buffered controls but there
was a large increase in TP and DRP load in drainage
waters from 40 mg TP and 4.41 mg DRP per plot per
year to 149-183 mg TP and 7.08-7.93 mg DRP per
plot per year. At this site, the increase in subsurface P
loss did not negate the large reduction in P loss to
surface runoff due to the dominance of this pathway in
transporting the majority of annual P loads and total P
loss was reduced by 7 kg P Ha~'. However, where
subsurface drainage is the dominant pathway buffer
zones may not be effective CPs for P control. Noiji
et al. (2013), compared P loss from pastures and
fodder crop fields in the Netherlands bordered by
buffer strips to unbuffered controls across a range of
hydrological regimes. They found a significant reduc-
tion in TP and DRP load of 60 % for fields dominated
by shallow subsurface flow, but no reduction in either
parameter in fields dominated by deep subsurface flow
or tile drains.

Environmental factors can exert control on mobi-
lization of soil P stores. Wetlands, grassed waterways
and riparian buffers prone to occasional flooding are
all susceptible to changes in redox state. Redox
conditions can have a large influence on P
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mobilization through the reductive dissolution of Fe—P
under anaerobic conditions and subsequent release of
P (e.g., Surridge et al. 2007; Scalenghe et al. 2010).
Additionally large pulses of P can be released from the
microbial biomass following wet-drying cycles and
freeze—thaw events (Blackwell et al. 2010). The
increased accumulation of microbial biomass P in
buffer soils compared to field soils (Table 4) will
increase this risk.

Adoption considerations

There has been widespread adoption of riparian buffer
zones, including grass/vegetative buffer strips and
wetlands across Europe and the U.S. (Collentine et al.
2015; Osmond et al. 2012). While it should be
remembered that riparian zones provide a wide range
of ecosystem benefits, in terms of P mitigation, their
impact is unclear (Table 3) and possibly overstated.

It is important to consider the appropriateness of
CPs on a site by site basis, implementing a “right
strategy, right place” principle. In the U.S., the Farm
Service Agency (FSA) administers a voluntary con-
servation scheme called the Conservation Reserve
Program (CRP) where farmers receive an annual
payment to set-aside land from agricultural production,
and convert it to VFS, grass waterways and riparian
buffers (FSA-USDA 2015 http://www.fsa.usda.gov/
programs-and-services/conservation-programs/conser
vation-reserve-program/index). Sprague and Gronberg
(2012) evaluated the relationship between total N and P
export on 133 agricultural catchments across the U.S.
and the area of land under CRP, which was roughly
8 % of total U.S. cropland in 2002. Modeling results
showed that increased export of TP was significantly
associated with an increase in area of land under CRP
but that the association was stronger as the erodibility
of soils, hence the proportion of PP transported,
decreased.

Hydrology of the site can have a large influence on
effectiveness of buffers. To effectively decrease P
transport, run-off needs to flow evenly across the
length of the buffer, i.e., via sheet flow (Hoffmann
et al. 2009). However, during intense storms, runoff
flow often converges into narrow flow paths, defined
by site specific conditions, such as topography, soil
type and physical characteristics, which may be
influenced by land management (e.g., soil com-
paction). Surface runoff along narrow flow paths will

concentrate sediment and nutrient transport through a
small area of the buffer zone (Owens et al. 2007) and
may rapidly saturate the physical retention capacity
for both sediment and DP. Field observations by
Dillaha et al. (1989) indicated that farmers imple-
mented VFS following federal cost-share programs
with little consideration of site hydrology. Hence, the
majority of filter strips implemented on 18 farms in
Virginia for water quality improvement purposes were
ineffective due to generation of concentrated flow
paths. Consequently, in some cases careful design and
maintenance of buffers at specific locations may be
more effective than widespread implementation of a
set buffer zone.

In summary, enrichment of buffer zone soils with
labile forms of P, compared to the contributing
agricultural fields, has been demonstrated, suggesting
that soils in buffer zones can be a significant source of
both inorganic and organic DP. Field studies have
demonstrated that the effectiveness of buffer strips and
wetlands decreases over time and that the risk of P
release increases under certain management (Table 3).
Such release of DP occurs for example, when
protecting fields under conventional tillage and where
plant material remains on the soil surface, and under
certain environmental conditions, for example episo-
dic flooding. This supports our second hypothesis that
over time CPs that trap P within the landscape can
become P sources instead of sinks. From the catch-
ment monitoring trials shown in Table 2, no decrease
in DRP loads were found for schemes where buffer
strips or grassed wetlands were implemented and in
two of the four studies there was a 37-92 % increase in
DRP loads post implementation.

Conclusions

Current conservation schemes are often not sufficient
to meet water quality targets. A review of field studies
assessing the effectiveness of recommended CPs in the
U.S. indicated that different CPs need to be adopted
depending on the pollutant form and that many CPs
designed to reduce sediment and PP transport can
increase the export of DP. Furthermore CPs which act
by trapping P within the landscape, such as buffers,
wetlands and grassed waterways can accumulate P
over time and become enriched with labile forms of P
compared to adjacent field soils. This may result in

@ Springer


http://www.fsa.usda.gov/programs-and-services/conservation-programs/conservation-reserve-program/index
http://www.fsa.usda.gov/programs-and-services/conservation-programs/conservation-reserve-program/index
http://www.fsa.usda.gov/programs-and-services/conservation-programs/conservation-reserve-program/index

388

Nutr Cycl Agroecosyst (2016) 104:373-392

these P sinks transitioning into P sources. Conse-
quently, in-stream water quality following CP imple-
mentation in catchment monitoring studies often
shows reductions in PP export but no change, or even
increases in DRP loading.

Of the current USDA-NCRS recommended CPs,
nutrient management practices are the only strategies
that consistently decrease DP losses (Table 1). How-
ever, while included in most catchment scale conser-
vation schemes implementation of nutrient
management plans meets farmer resistance. Further-
more, the fact that farmers are more reluctant to
recognize the issue of dissolved nutrient losses
compared to the easily visualized loss of particulates
and studies, suggest that extensive education and
outreach is required to improve nutrient management
plan adoption (Osmond et al. 2015). Clearly, reduc-
tions in DP losses with current CPs are proving
difficult. This has also been exacerbated by wide-
spread adoption of CPs targeting erosion and PP which
have been shown in some cases, to increase DP loss.
For example conservation tillage and the widespread
implementation of buffers and wetlands which accu-
mulate P within the landscape.

Furthermore, due to the large timescales involved
in decreasing soil P concentration through reduction or
cessation of P inputs (Dodd et al. 2012; Meals et al.
2010), additional strategies to reduce DP losses from P
enriched soils are urgently required. Possible strate-
gies include vertical tillage and destratification of no-
till soils to redistribute P accumulated at the soil
surface (Kleinman et al. 2015), phytoextraction of P to
accelerate the decline in soil P pools (Koopmans et al.
2004; van der Salm et al. 2009), especially in buffer
zones and the use of Al or Fe industrial wastes as soil
amendments to convert VES soils acting as a DRP
source into P sinks (Habibiandehkodi et al. 2015).

To improve the effectiveness, future conservation
schemes require: (1) the selection of CPs based on the
dominant form of P in runoff (DP or PP) and an
understanding of possible tradeoffs between the two
forms; (2) recognition that CPs designed to trap P
within the landscape are at risk of becoming legacy P
sources; (3) extensive education and outreach to
ensure the widespread adoption of CPs targeting DP
losses; and (4) inclusion of TDP in monitoring
programs in addition to DRP as dissolved P, losses
can be significant, especially from riparian zones.
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