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SPECIAL SECTION

RIPARIAN BUFFER STRIPS AS A MULTIFUNCTIONAL TOOL IN AGRICULTURAL LANDSCAPES

Relationships between Soil Physicochemical, Microbiological Properties,
and Nutrient Release in Buffer Soils Compared to Field Soils

Marc I. Stutter®* and Samia Richards

The retention of nutrients in narrow, vegetated riparian buffer strips
(VBS) is uncertain and underlying processes are poorly understood.
Evidence suggests that buffer soils are poor at retaining dissolved
nutrients, especially phosphorus (P), necessitating management
actions if P retention is not to be compromised. We sampled 19
buffer strips and adjacent arable field soils. Differences in nutrient
retention between buffer and field soils were determined using a
combined assay for release of dissolved P, N, and C forms and
particulate P We then explored these differences in relation to
changes in soil bulk density (BD), moisture, organic matter by loss
on ignition (OM), and altered microbial diversity using molecular
fingerprinting (terminal restriction fragment length polymorphism
[TRFLP]). Buffer soils had significantly greater soil OM (89%
of sites), moisture content (95%), and water-soluble nutrient
concentrations for dissolved organic C (80%), dissolved organic N
(80%), dissolved organic P (55%), and soluble reactive P (70%).
Buffer soils had consistently smaller bulk densities than field soils.
Soil fine particle release was generally greater for field than buffer
soils. Significantly smaller soil bulk density in buffer soils than
in adjacent fields indicated increased porosity and infiltration
in buffers. Bacterial, archaeal, and fungal communities showed
altered diversity between the buffer and field soils, with significant
relationships with soil BD, moisture, OM, and increased solubility
of buffer nutrients. Current soil conditions in VBS appear to be
leading to potentially enhanced nutrient leaching via increasing
solubility of C, N, and P. Manipulating soil microbial conditions
(by management of soil moisture, vegetation type, and cover) may
provide options for increasing the buffer storage for key nutrients
such as P without increasing leaching to adjacent streams.
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IPARIAN VEGETATED BUFFER STRIPS (VBS) comprise
a border physically separating the agricultural activities
ithin the field from the banks of the stream, or river.
They are defined as a zone of no cultivation, grazing, or agro-
chemical application. Vegetated buffer strips have become a
common option in the management of diffuse pollution and
appear in ~70% of Europe-wide river basin management plans
for the European Union (EU) Water Framework Directive
(Eureau, personal communication, 2010). Buffer design varies
spatially along river systems but also by country according to
local policy, incentives, and agricultural landscapes. However,
generally in EU countries, VBS are narrow, unmanaged borders,
in which grow a succession of grasses, herbs, and woodier shrubs,
then trees. In Scotland, the minimum statutory requirements for
VBS state “no land shall be cultivated for a crop that is within 2
m of any surface water or wetland” (GBRA, 2008, p. 6).

Recent studies and reviews have shown varying efficien-
cies of VBS in retaining sediment and nutrients (Liu et al.,
2008; Hoffmann et al., 2009; Collins et al., 2009). A review
by Collins et al. (2009) noted retention efficiency values of 30
to 85% for 1- to 3-m widths and 80% for 6-m in the case of
total P. Efficiencies were also drastically reduced for N species
below widths of 10 m. The ability of buffers to trap sediments
and particulate nutrients mobilized from field slopes depends
on spatially heterogeneous pathways where flow becomes con-
centrated due to topography and development of erosion fea-
tures. Despite this variability, VBS generally perform well in
particle retention due to enhanced infiltration brought about
by rooting from permanent plant cover (Cooper et al., 1995).
However, the uncertainties in VBS function seem to be for
dissolved nutrients. Indeed, Cooper et al. (1995, p. 65) con-
cluded that “set-aside” “led to the development of a zone likely
to supply runoff that is depleted in sediment-bound nutri-
ents and dissolved N but enriched in dissolved P” Today, this
uncertainty with respect to P functioning still exists. Collins
et al. (2009) showed efficiencies for dissolved P of —83% (i.e.,
net losses) to +95%. Buffer P release has been shown in nutri-
ent budget studies of field and buffer plots by Uusi-Kimppi
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fragment length polymorphism; VBS, vegetated buffer strips.
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(2005) and Dillaha et al. (1988). While denitrification leads
to permanent removal of N from the terrestrial ecosystem as
unreactive N, no long-term loss pathway exists for P from
VBS. Soil P sorption can only provide a short-term sink and
is prone to saturation, or altered conditions leading to desorp-
tion. Recent laboratory studies into geochemical sorption pro-
cesses performed in the United States (Schroeder and Kovar,
2008) and the United Kingdom (Stutter et al., 2009a) have
observed enhanced P desorption from VBS relative to soils in
adjacent fields. Abiotic sorption processes may be regulated by
P saturation of the soil sorption surfaces, or changes in the
sorption state of the surfaces. The latter is well known to release
P via reductive dissolution of Fe and Al sorbing phases as soils
become anoxic (Litaor et al., 2005; Chacon et al., 2008).
Trapped sediments may also become buried in VBS. Stutter
et al. (2009a) showed this did not increase the P saturation
of VBS soils after incorporation of sediments. Hence, without
further biogeochemical processing, the incorporation of sedi-
ments in VBS soils may constitute a sink for P.

Microbiogical processes are implicated in P release by reduc-
tive dissolution of Fe(III) oxides under relatively severe changes
in soil redox state (Hoffmann et al., 2009). However, the transi-
tion of VBS development from previous cropland may involve
changes in soil-plant—microbial nutrient cycling, the implica-
tions of which are only now becoming researched with relation
to nutrient retention. Studies have shown enhanced degrada-
tion rates for pesticides in buffer, relative to field soils (Staddon
etal., 2001; Krutz et al., 2006). A recent comprehensive review
of nutrient mobilization and transport in buffers by Vidon et al.
(2010) concentrated on coupled geochemical and hydrological
processes for P, while appraising the more extensive evidence
of biogeochemical processes for N and C cycling. Phosphorus
leaching from VBS may have previously been considered domi-
nated by geochemical processes, but Uusi-Kimppi (2005)
reported that net release of soluble P from VBS coincided with
periods of vegetation senescence. There may also be P release
from humic-Al(Fe)-P complexes and indirectly from the
organic matter during decomposition processes (Giesler et al.,
2005). Concern that buffer organic matter cycling might pro-
mote dissolved organic C (DOC) leaching to streams prompted
a recent U.S. catchment study (Veum et al., 2009), but in this
case that suggestion was not proven. Since the biogeochemi-
cal cycling of N and C have been coupled in riparian soils and
streamwaters (Knowles, 2005; Bernhardt and Likens, 2002;
Tank et al., 2000), it makes sense to extend this to include P.

Our recent study (Stutter et al., 2009a) implied that enhanced
biological processing was implicated in solubilizing P for a lim-
ited number of VBS soils within a single catchment. It was pro-
posed that enhanced P leaching corresponded with a shift in the
overall microbial community. Here we aim to (i) compare VBS
soils with adjacent cropped field soils at wider range of sites/soil
parent materials; (ii) investigate interactions between changing
soil physicochemical properties (organic matter, moisture con-
tent, bulk density, particle size, water-dispersed fine sediment
release, and dissolved C, N, B and particulate P release); and (iii)
relate these properties to changes in bacterial, archeal, and fungal
communities over short environmental gradients from field to
stream bank. It may be inappropriate to presume that buffer soils
will sequester a range of nutrient forms, input from upslope,

simply because they are left uncultivated and unfertilized.
‘Therefore, any widespread and consistent link between increased
solubility of forms of C, N, and P and altered microbial status of
buffer soils will benefit future mechanistic studies investigating
how we may manipulate buffer biological conditions to increase
nutrient storage and combat leaching losses.

Materials and Methods
Sites and Sampling

Soils were sampled during spring 2010 from 19 sites across
three arable agricultural regions of Scotland (see Supplemental
Fig. S1). Sites covered three soil parent material types/groups
within the following five soil associations (with number of sites
in each group) and dominant characteristics:

1. Balrownie/Corby/Mountboy Associations (7 = 4), Old Red
Sandstone till to fluvial glacial sands and gravels, sandy loam;

2. Tarves Association (z = 10), mixed acid—basic,
metamorphic—igneous till, sand—clay loam;

3. Rowanhill Association (7 = 5), sandstone, shales, limestone,
sandy silt loam.

Together these parent materials cover 25% of Scotland’s
cropland (Supplemental Fig. S1). Sites were selected on the
basis of the presence of a VBS (minimum width 2 m) between
arable land and a first- or second-order stream.

Before sampling, sites were surveyed for VBS width, land
use, slope, fencing or in-field erosion control measures (e.g.,
contour plowing) presence, and extent of field erosion accord-
ing to Kirkbride and Reeves (1993) using three categories
(low—no visible signs; medium—Tlocalized sheetwash and col-
luvial deposition; severe—rill development and resedimenta-
tion across significant areas). Details of the site properties are
given in Supplemental Table SI. Land use in the fields adja-
cent to the sampled buffers was dominantly winter cereals (7
= 14), with spring cereals (7 = 4) and brassicas (7 = 1). Surveys
suggested site erosion extents were limited, with categoriza-
tion as: no visible signs (7 = 8), moderate (7 = 10), and severe
(n = 1; including eroded material reaching the stream). Buffer
widths were 1 to 12 m, median 3 m. Three sites had bare soil
(recently tilled surfaces), with the majority under crop or stub-
ble at the time. We have no information on fertilizer input
history, but it is expected that these are high-P-status arable
soils, and Scottish agronomic guidance states such soils receive
only maintenance inputs of inorganic P fertilizer (i.e., balanc-
ing crop offtake rates). We cannot date the establishment of the
VBS, but their mature grass to shrub vegetation would suggest
periods of >3 yr.

Soils were sampled in triplicate, spaced 5 m apart parallel
to the VBS, (i) on the cropped field side (10 m upslope of
the buffer interface) and (ii) within the buffer (the minimum
of either 2 m from the VBS upslope edge, or half the width),
hereby referred to as field and buffer samples, respectively. Soils
were sampled by gently inserting a steel ring core (6-cm diam-
eter, 6-cm depth) into the soil (upper edge of core at soil profile
surface), cutting through roots, if necessary, to avoid compres-
sion. Soils in VBS had much greater surface rooting than field
soils. Individual cores were bagged, transported to the labora-
tory that day, and maintained at field moisture, in the dark at
<4°C before preparation (within 5 d).
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Equilibrate 10 g

Physicochemical Analyses 1. i )
equivalent soil dry mass :

Soils were removed from cores, roots were picked out man- 100 mL solution for 16 4. Efy ‘i)'l"*;n
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ually, then soils were sieved field-moist to <2 mm, and soil hours at 20 Cﬂ filtgr paper
d iohed Iv. A 20 b I 2. Settling at 20°C for 31
and stone contents weighed separately. -g subsample e > Eir
removed for chemical and microbial characterization was . sediment
maintained field-moist. The remaining soil was dried 3. Withdraw two release

5 mL aliquots

at 105°C, and soil moisture and bulk density (scaled to
account for the subsampling) was determined gravimetri-
cally. Particle size distributions of soils (<2-mm air-dried
fractions) were determined following dispersion (16 h end-
over-end shaking in 1.6 mol L™ ammonium solution) by
laser diffraction (Mastersizer 2000 with HydroG dispersion
unit, Malvern Instruments, Malvern, UK). Loss on ignition
was determined gravimetrically on 1-g samples of each soil
(triplicate analytical replicates) following ignition at 550°C
for 1 h. These results are hereby termed organic martter
(OM) content.

Field-moist soils underwent a combined assay of dis-

solved and particulate nutrient release and aggregate sta-
bility (see Fig. 1). Changes in these properties associated
with drying and rewetting were negated by using field-
moist samples. Ten-gram subsamples of moist soils were
combined with a sufficient volume of 1 mM NaCl to
give a 1:10 oven-dried mass (g):solution (mL) ratio and
equilibrated for 16 h at 20°C (in darkness) on an orbital
shaker. Equilibrations were then shaken vigorously by hand
and left to settle at 20°C for exactly 31 min. At this time two
5-mL aliquots were carefully drawn off using a fine glass pipette
from 5 cm under the liquid surface. Under these temperature,
depth, and time conditions this sampled the <6-pm particles
(i.e., fine silt plus clay by Atterberg particle size classes). This
was calculated according to Stoke’s law (Gee and Bauder, 1986)
assuming a soil density of 2650 kg m™. One of these aliquots
was placed onto the center of a GF/F filter paper and sediment
mass determined gravimetrically following drying at 105°C.
The second 5-mL aliquots (unfiltered suspensions) underwent
a manual persulfate digestion (Williams et al., 1995) at 110°C
for 30 min, and the total P load was determined as soluble
molybdate reactive P (SRP) by automated colorimetry (San*,
Skalar, Breda, the Netherlands). The remaining original sus-
pensions were then filtered to <0.45 pum and filtrates analyzed
for SRP, NO3—N, and NH N, and following an automated
digestion procedure, total dissolved N (TDN), total dissolved
P (TDP), and DOC analyses by colorimetry (San**, Skalar).
Dissolved organic N (DON) and dissolved organic P (DOP)
were determined by difference as DON = TDN - (NO,-N +
NH,-N) and DOP = TDP - SRP. Detection limits were 1 pg
L for SRP and TDD, and 1, 0.1, and 0.5 mg L™ for NOa—N,
NH,-N, and DOC.

Microbiological Community Fingerprinting
by TRFLP Analysis

Terminal restriction fragment length polymorphism (TRFLP)
analysis is a robust, high-throughput method for fingerprint-
ing and studying the distribution, structure, and diversity of
microbial communities (Liu et al., 1997). A TRFLP analy-
sis has been applied to the study of fungal ribosomal genes
and bacterial and archaeal 16S rRNA genes (Schiitte et al.,

of suspension

5. Other aliquot
undergoes

N persulfate

— digestion

% Total P
release

6. Filter remaining
suspension to
<0.45 uym

:> C, NP
solubility

Y

V

Fig. 1. Schematic of combined testing of nutrient release, aggregate stability,
and total P mobilization from field-moist soil samples.

2008). DNA was extracted from 0.25 g of fresh soil samples
using the PowerSoil-htp 96 Well Soil DNA isolation kit (Mo
Bio, Carlsbad, CA) according to manufacturers protocols.
Isolated DNA was amplified with polymerase chain reac-
tion (PCR) using a multiplex of primers specific for bacteria,
archaea, and fungi. Multiple primers are used in the same
PCR reaction to study different taxa (Schiitte et al., 2008;
Singh et al., 2006). The primers used are ITSIF (FAM;
5-CTTGGTCATTTAGAGGAAGTAA-3’)  fungal-specific
ITS, 63F (VIC; 5-AGGCCTAACACATGCAAGTC-3),
and 1087R (VIC; 5'-CTCGTTGCGGGACTTACCCC-3')
for bacterial and archaeal 16S rRNA genes. The PCR was
performed on DyadDisciple Peltier Thermal Cycler (BioRad,
Hercules, CA), using program consisting of 5 min at 95°C fol-
lowed by 30 repeated cycles of (30 s at 94°C: denature, 30 s
at 55°C: annealing, and 1 min at 72°C: elongation), then 10
min at 72°C and finally hold at 15°C. The PCR was stained
with fluorescent dye ethidium bromide and visualized using
1% agarose gel that ran at 80 V for 80 min. The PCR product
was cleaned up and purified to remove any unwanted reac-
tion components using Mo Bio UltraClean-htp 96 Well PCR
clean-up kit (Mo Bio, Carlsbad, CA) following the manu-
facturer’s protocol. DNA was quantified using NanoDrop
ND-1000 Spectrophotometer (NanoDrop, Wilmington, DE)
before being digested with Hhal restriction enzyme. A diges-
tion mixture was prepared and incubated at 37°C for 3 h, then
at 95°C for 10 min, and finally held at 10°C. Aliquots of 2 pL
of each digested sample were used for fragment size analysis
using Applied Biosystems 3130x] Genetic analyzer for TRFLP
fingerprinting (Applied Biosystems, Carlsbad, CA). Analysis of
TRELP profiles were performed using GeneMapper software
version 4.0 (Applied Biosystems, Carlsbad, CA). All TRFLP
electropherograms were visually inspected and tabulated. A
threshold of 30 to 550 bp was applied so true peaks can be

determined from background noises.
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Statistical Methods

Genstat v6 (VSN International, Oxford, UK) was used for sta-
tistical analyses. The sampling regime enabled testing differences
between soil physical and chemical properties between field and
buffer soils as a whole population (using ANOVA) and at indi-
vidual sites (using individual site paired # tests and summing
the numbers that were significant or not at p < 0.05). Two-way
ANOVA was used (buffer vs. field and regions) with Tukey simul-
taneous testing (p level of 0.05). Physical and chemical properties
were transformed, on the basis of Anderson—Darling testing p >
0.05), using Box—Cox transformations (to optimal lambda).
Structures of the three microbial communities were examined
in two ways. First, data for all the terminal restriction fragments
(TRFs) were analyzed by multivariate methods separately on the
bacterial, archaeal, and fungal data sets. Principal components
analyses were undertaken to reduce the dimensionality of the TRFs
data to the first five principal components (PCs; PC1-PC5). To
determine the effect of buffer vs. field soil differences and com-
bining data from all sites (i) ANOVA was undertaken on PC1
and PC2, and (ii) overall MANOVA on PC1 to PC5. Correlation
analyses (7) were undertaken between PC1, PC2, and environ-
mental data. Second, TRFs of each of the bacterial, archaeal, and
fungal data sets were ranked according to overall abundance across
all samples. For the top 15 most abundant TRFs (Singh et al.,
2009) (iii) ANOVA was performed to determine the strength of
the effect of buffer vs. field soil, then (iv) correlation analyses ()
and visual plotting were used to evaluate responses of individual
TRFs to environmental variables (soil and nutrient release proper-
ties). Since responses were dominantly linear, (v) redundancy anal-
yses (RDA) were then performed on the 15 most abundant TRFs
and environmental variables. Initially, all environmental factors
were screened for significant correlations in the RDA with TRF
scores, and biplots were limited to environmental variables that
were significant at p < 0.05. The RDA ordination biplots show the
weighted abundances of individual TRFs, the relative importance
of environmental factors in explaining variation in TRF profiles
(by length of arrow), and the degree of correlation between TRFs
and environmental variables (by commonality in the angles from
the plot origin). In processing and analyzing this TRFLP data we
have followed standard protocols (Kennedy et al., 2005; Singh et
al., 2006). The TRFLP analyses were undertaken on a subsample
of soils from Sampling Regions 2 and 3 (1 = 90), as these soils had
been in storage too long to enable extraction of the DNA (>30 d).

Results
Site Properties

There were no relationships between any of the soil properties
described below and buffer width, field slope, or erosion score
(data not shown). A visual impression of the typical field and
buffer setting can be gained from Fig. 2.

Soil Physicochemical Properties

Results in Fig. 3 show overall differences buffer vs. field and
also testing for differences by sampling region/parent mate-
rial by use of two-way ANOVA. Table 1 gives overall one-way
ANOVA results and individual site #test counts for buffer
vs. field soils, pooling data across all regions. The ANOVA
results (Table 1) revealed highly significant differences between

Fig. 2. Typical narrow, unmanaged vegetated buffer strips as required
by diffuse pollution regulations in northeast Scotland.

buffer and field soil for properties of bulk density, percent clay
content, moisture content, and OM contents. Several physi-
cal properties showed consistent differences between buffer
vs. fleld soils at all sites according to individual site 7 tests.
Dominantly (17, or 18 out of 19 sites), field soils had greater
bulk densities (BD), smaller OM contents, and smaller mois-
ture contents than buffers. In terms of particle size and fine
sediment release under minimal dispersion the percent clay
content (following dispersion) and water-dispersed fine silt +
clay contents were generally greater in buffer than in field soils,
although differences were not significant at many sites. Figure
3 shows the variation in these properties, accounting also for
regional effects. Region/soil parent material was significant in
the two-way ANOVA for BD, fine silt + clay content, and soil
moisture (p < 0.01), but not OM content (p = 0.24). The BD
was approximately 30% lower in buffer soils consistently across
all regions. Buffer conditions increased soil moisture consider-
ably (approximately double in Region 3 with the finer textured
soils), and OM content nearly doubled in buffer compared to
field soils (especially for Region 1).

Soil nutrient properties were significantly different between
buffer and field soils (Table 1). Extracted concentrations of dis-
solved organic nutrients (DON, DOP, DOC) and SRP were
dominantly greater in buffer than field soils. Nowhere (except
two sites for P) did field soils release significantly greater concen-
trations of these nutrients. Concentration ranges for NO, and
SRP were large (2-20 mg N L' and 0.1-1.8 mg P L}, respec-
tively). Ratios in concentrations of DON (combined-site means
1.2 mg N L' buffer and 0.7 mg N L™ field) to NO, (means 5.2
mg N L™ buffer and 4.5 mg N L field) were 0.3 (maximum
0.7) for buffers and 0.3 (maximum 1.6) for field soils. For DOP
(means 0.18 mg P L buffer and 0.11 mg P L™ field) relative
to SRP (means 0.48 mg P L™! buffer and 0.23 mg N L™ field)
concentration ratios were 0.5 (maximum 2.4) for buffers and 0.7
(maximum 5.8) for field soils. Therefore, for N and P, processes
in buffer soils generally elevated inorganic over organic nutri-
ent forms. However, DOC was considerably greater in buffer
(combined sites mean 9.1 mg C L) than in field soils (mean
5.9 mg C L™). Region/parent material was significant in two-
way ANOVA for all release of all nutrients (p < 0.01), with the
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Table 1. Summary statistics for soil physicochemical properties: (i) categories for individual site t tests (B, buffer n = 3; F, field n = 3) based on a sig-
nificance threshold of p < 0.05, with (ii) overall significance given by ANOVA (buffer [n = 57] vs. field [n = 57]). Significant values are in italics. All units

are concentrations as mg L', except where stated.

(i) Individual site t tests as number of sites

(ii) Overall significance

i in each result category by ANOVA
Propertyt Functional relevance — — —
Significant Significant No significant Bvs. F
difference B> F difference F > B difference :
BD (g cm?) Infiltration capacity 0 18 1 0.000
% sand Indication of particle deposition/ 5 4 10 0352
% silt erosion 5 5 9 0.135
% clay 0 8 1 0.001
Moisture content (%) Influences biological processes 18 0 1 0.000
OM content (%) 17 0 2 0.000
DON# Organic nutrient release 1 0 8 0.000
DOP+ 10 2 7 0.009
DOC# 15 0 4 0.000
NO. % Inorganic nutrient release 8 5 6 0.000
R .
SRP+ 14 2 3 0.000
Fine sediment release 01l erqilvny and P carrying 3 8 8 0.004
capaci

Total P pactty 5 7 0422

1 BD, dry bulk density; DOC, dissolved organic carbon; DON, dissolved organic nitrogen; DOP, dissolved organic phosphorus; OM, organic matter; SRP,

soluble reactive phosphorus.
+ Data transformed by Box-Cox transformation before testing.

exception of DOP (p = 0.11). Comparisons between buffer and
field soils were least consistent for NO,. At eight out of 19 sites
NO, concentrations were largest from buffers, but there was a
strong interaction (p < 0.01) as Region 2 showed sites where field
soils released greater NO, concentrations than adjacent buffers.

The assay to estimate fine sediment release (<6 pum, fine silt
to clay particle sizes) showed a significant difference between
buffer and field soils. Generally, when individual site 7 tests
were performed, field soils released greater concentrations of
fines than buffer soils, following the trend for greater percent
clay particle size contributions. The total P release associated
with this fine particle dispersion was not significantly different
between the buffer and field soils and showed strong influence
of region (p < 0.001). However, total P concentrations (3—-14
mg P L™ using the persulfate digestion extraction) were much
larger than dissolved P release (Fig. 3).

Two relationships (Fig. 4) between solution and soil proper-
ties are highlighted to show differences between the buffer and
field soil nutrient processes. In Fig. 4a, when buffer and field soils
are considered together, a curved relationship is seen between
concentrations of DON released in the leaching assay and soil
moisture. But when separated, field soil showed a shallow gradi-
ent in DON release against soil moisture, compared to a much
steeper gradient for the buffer sites (Fig. 4a). Second (Fig. 4b),
there was an overall relationship for combined sites between
DOC release against soil OM content (R* = 0.26; p < 0.001).
This comprised a stronger relationship for separated buffer soils
with greater concentrations of soil OM and DOC released.

Soil Microbiological Properties

The TRFLP analyses detected total numbers of unique DNA frag-
ments of 117, 23, and 116 for bacteria, archaea, and fungi, respec-
tively. The TRFs ranged in size (numbers of base pairs) from 41 to
544 for bacteria, 44 to 515 for archaea, and 36 to 483 for fungi.
Principal components analyses of all TRFs showed that
the first five PCs combined explained 66, 95, and 54% of the

sample variance for bacteria, archaea, and fungi, respectively.
There was evidence of highly significant shifts in community
diversity between buffer and field soils in the bacterial, archaeal,
and fungal populations assessed using MANOVA on these first
five PCs (all p < 0.001). Testing PC1 and PC2 showed bacterial
diversity was overall significantly different between buffer and
field (Table 2), buct this effect was variable by site (included as
a blocking factor). Bacterial PC1 correlated significantly with
many soil properties: percent clay << NO, < moisture < BD <
DON and most strongly with OM content and organic nutri-
ent release. PC2 showed only a weak correlation with OM
content. Archean diversity differed between buffer and field
and community shifts correlated significantly with physical
soil properties (particle size and BD). Fungal diversity differed
between buffer and field soils and PC1 showed significant site
effects. Fungal community shifts correlated significantly with
moisture, BD, and OM content, especially for PC1, with a
correlation of PC2 with SRP release.

Relationships were then explored between the 15 most abun-
dant individual TRFs and soil property differences in the buffer
vs. field data set using RDAs (summarized using biplots; Fig. 5).
Abundance rankings for the top 15 TRFs in each of the bacte-
rial, archaeal, and fungal data sets with individual TRFs p values
for buffer vs. field are given in Supplemental Table S2. In all
cases below, p values are described between soil properties and
the dominant explanatory axis only (RDA1). For bacteria (Fig.
5a) NO, was strongly related to bacterial community structure
(p < 0.001) with a positive impact on TRF174 and TRF175
and a negative impact on TRF72. Moisture (p < 0.01), OM
content, and DOC (both p < 0.001) were related positively to
TRF143 and negatively to TRF42. Conversely, BD (p < 0.01)
was related negatively to TRF143 and positively to TRF42.
The DON, DOP, and SRP showed a weak relationship (p <
0.05). The RDA for archaea (Fig. 5b) explained limited sample
variance (6 and 2%), this being BD (p < 0.001) and clay (p <
0.05) negatively with TRF182. For fungi (Fig. 5¢) many soil
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properties were significant (with exceptions of (a)
NO,, sand, and silt). Strongest relationships were

OM content and moisture (p < 0.001) positively

with TRF326 and negatively with TRF327 and 4
TRF319. Conversely, BD (p < 0.001) related
negatively to TRF326 and positively to TRF327
and TRF319. The DOP positively related to
TRF328 (p < 0.05). These relationships between
soil properties and individual TRFs agreed with
overall relationships with PCs (Table 2).

DON (mg L1)

Discussion

Buffer zones around streams are envisaged to
provide a barrier to trap and retain nutrient

DON field = 0.02*moist. + 0.18

@ Buffer
O Field

DON buffer = 0.07*moist. - 1.01
[m] R?=0.22; p<0.001

R?=0.11; p=0.01

losses from the surrounding agricultural land. 0
Our results show enhanced DOC, DON, DOP, 0
and SRP solubility from buffer soils relative to
their adjacent cropland during short-term labo-
ratory nutrient release assays using field-moist (b) 25
soils. This supports a growing body of evidence
(Dillaha et al., 1988; Cooper et al., 1995; Uusi-
Kimppi, 2005; Stutter et al., 2009a; see also this
issue) that VBS show enhanced solubility of soil
nutrients and hence greater potential for nutri-

20 -

15 A
ent leaching directly adjacent to streams. This
is converse to their perceived buffering effect.

DOC(mglL?)

High concentrations of readily bioavailable inor- 10 -
ganic and organic dissolved nutrient forms are
of concern for water managers. The proximity
of the VBS to the watercourse is one significant
factor in the likelihood that these elevated in

situ dissolved nutrient concentrations pose a risk

10 20 30 40 50
Soil moisture (%)

@ Buffer

O Field DOC buffer =0.75%LO1+2.3

R?=0.24; p<0.001

DOC field = -0.45*LOI +8.7
o R?=0.05; p=0.09

of enhanced nutrient leaching. Another factor
is increased hydraulic conductivities of VBS
soils relative to cropland, which has previously
been reported (Cooper et al., 1995; Seobi et al.,

5 10 15 20
Soil organic matter content (% mass)

Fig. 4. Relationships for (a) dissolved organic nitrogen (DON) release with field soil moisture

2005). Greater hydraulic conductivity would  ¢ontent and (b) dissolved organic carbon (DOC) release with soil loss on ignition plotted
suggest that surface- and shallow soil-flow enter-  using different notation for buffer and field sites. Separate relationships are used to highlight

ing the buffer is readily transmitted through the
buffer surface soil and likely to transfer any solu-
bilized nutrients resulting from cycling processes to the stream.
Our results confirmed consistently smaller BD for buffer com-
pared with field soils. Small BD is often taken as an indicator
of increased porosity, and in turn, of greater infiltration and
hydraulic conductivity. However, there are often inverse relation-
ships between soil BD and OM contents (Stutter et al., 2009b).
Our study did not directly measure hydraulic conductivity, and
this should be investigated more thoroughly in future. Greater
infiltration capacity would suggest the trapping of fine eroded
particles in the soil matrix (Hoffmann et al., 2009) and this is
a desired primary function of buffers. However, we observed
that both percent clay content by laser diffractometry (follow-
ing chemical and ultrasonic dispersion) and the fine silt + clay—
size particle release by the minimal-dispersion erodobility assay
were generally greater for field than for buffer soils. This suggests
either that fine material was stabilized by the OM in the buffers,
or alternatively that the buffer is able to trap sand to coarser silt
particles but that the sub—fine silt material is eroded through

differences between nutrient processing between buffer and field soil conditions.

the buffer. If the latter were the case, it may be that the rough-
ness and/or infiltration capacities are insufficient for these buffer
width—slope combinations to deposit these fines. This would
leave streams poorly protected from P and pathogens cotrans-
ported with soil fines but limit the input of P to the buffer soils
from particulate forms.

The strongest enhancement of nutrient release in VBS rela-
tive to the cropped fields occurred for SRP and dissolved organic
nutrients. The enhanced concentrations of organic nutrients in
our release assay probably result from the mineralization of the
accumulating soil OM in the buffer. We do not, however, know
the age of the buffers and hence these rates of OM accumula-
tion. The corresponding increases in mean SRP:DOP for the
buffer soils indicated either mineralization of organic P, or that
microbial processes, or sorption competition with organic acids
have increased geochemical desorption (biotic interactions with
abiotic processes). While an increase in buffer OM has posi-
tive implications for landscape C storage, the available C is the
fuel for microbial cycling of nutrients, which may hasten their
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Table 2. Significance (p values) of ANOVA into the effects of treatment (buffer vs. field) and site (blocking factor) and relationships with soil physico-
chemical properties (correlation coefficients). Significant values are in italics. All units are concentrations as mg L', except where stated.

Bacteria Archaea Fungi
Propertyt

PC1% PC2 PC1 PC2 PC1 PC2
% variation explained 31.2 1.5 58.1 19.3 216 13.3
Buffer (B) vs. field (F) 0.000 0.012 0.017 0.007 0.000 0.014
Site 0.000 0.000 0.544 0.001 0.000 0.731
Interaction B vs. F x site 0.002 0.001 0.123 0.509 0.007 0.857

PC1§ PC2§ PC1 PC2§ PC1§ PC2§
% clay 0.037 0.711 0.013 0.263 0.083 0.088
% silt 0.193 0.963 0.814 0.034 0.694 0.713
% sand 0.111 0.996 0.925 0.051 0.937 0.522
NO,-N§ 0.005 0.182 0.654 0.073 0.162 0.121
Organic N§ 0.001 0.787 0.760 0.104 0.706 0.062
SRP§ 0.055 0.893 0.089 0.087 0.691 0.047
Organic P§ 0.000 0.277 0.336 0.647 0.294 0.155
DOCs 0.000 0.959 0.260 0.275 0.239 0.245
% moisture§ 0.004 0.384 0.515 0.207 0.000 0.042
BD (g cm>)§ 0.002 0.380 0.009 0.017 0.000 0.043
LOI (%) 0.000 0.047 0.177 0.163 0.000 0.082
SPM 0.781 0.874 0.165 0.854 0.108 0.439

1 BD, dry bulk density; DOC, dissolved organic carbon; LOI, loss on ignition; OM, organic matter; SRP, soluble reactive phosphorus; SPM, suspended

particulate matter.
$ PC, principal component.
§ Data transformed by Box-Cox transformation before testing.

leaching. Staddon et al. (2001, p. 1136) commented that “when
VBS are established without tillage, a litter layer from decaying
above-ground vegetation and massive network of roots alters pat-
terns of OM accumulations that should substantially stimulate
microbial processes.” Ehlers et al. (2010) recently observed in in
situ soil C, N, P spiking experiments that microbial growth rates
depended on available B, but that available C constrained the
potential size of the final microbial populations. Hence, micro-
bial soil N and P cycling potential in buffers will be enhanced
by the availability of this increased OM, where it comprises
metabolically favorable forms. Additionally, Kégel-Knabner et
al. (2008) showed that the presence of orthophosphate ligands
increased desorption and bioavailability of available C forms in
soils. Figure 4 suggests an enhanced rate of OM decomposition
in the buffer soil and, together with greater overall OM contents,
this likely explains the enhanced DOC, DON, and DOP con-
centrations (Kalbitz et al., 2000). The accessibility of the OM
will be improved by the combined actions of bacterial-fungal
decomposers. Hence, TRFLP methodologies are attractive
since they explore diversity in the different components of the
soil microfauna. Although we do not present process-investiga-
tions to firmly connect these microbial components to nutrient
processing, the empirical relationships suggest that a range of
microbes is implicated in explaining the greater nutrient release
from buffer than field soils. Because our study aimed to connect
biogeochemical and physical processes, we were careful to main-
tain field-moist soils for our leaching and erosion risk assay to
counter arguments that the nutrient release was due to a drying—
rewetting pulse variably between the buffer and field soils of ini-
tial different natural moisture conditions.

The overall principal components summary of the TRFLP
data showed very significant shifts in microbial commu-
nity diversity over the transition of field to buffer soil. It is

a limitation of our study, however, that these data were not
combined with microbial biomass and biomass C, N, and P
pools. Future studies should include such results to improve
process-understanding. Our methods show changes in micro-
bial diversity, not biomass, but the latter have been reported
before for VBS (Staddon et al., 2001). Analyses by TRFLP are
rarely used in the literature to assess community shifts between
different environments, across wide ecological gradients since
it may be expected that drastic variation in conditions (wet
to dry soils, very different soil types) greatly influence micro-
bial communities. However, our data are interesting in that
these community shifts occurred across short distances (<10
m) between a cropped field and adjacent VBS. We assume that
the newly formed VBS soil previously had identical microbial
communities to the adjacent field. Generally, stronger relation-
ships existed between PC1 and PC2 (Table 2) and individual
ribotypes (Fig. 5) of the different microbial communities with
physical properties than chemical properties. Hence, changes
in soil texture, moisture, BD, and OM content were impor-
tant in changing the microbial communities. We found no
relationships with microbial factors and detachment processes
as assessed through the minimal dispersion fine silt + clay or
particulate phosphorus release assays. However, there were
indications of changes in the relationships between microbial
diversity and nutrient solubility, most notably with bacterial
PCI1 for dissolved organic nutrients and with fungal PC2 and
SRP release. Microbial cycles have been well studied with
respect to denitrification in riparian wetlands (e.g., Knowles,
2005). Although we found that bacterial PC1 (Table 2) and
TRF175 (Fig. 5) were significantly related to concentrations
of NO,, we did not find consistent results as to changes in
NO, concentrations between buffers and fields to confirm that
nitrification was consistently occurring in the VBS. Studies of
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microbial P cycling are rarer, despite the fact it has long been
appreciated that microbial biomass P can constitute 2 to 5%
(cropland) to 20% (grassland) of soil organic P (Stevenson,
1986). Studies of microbial P cycling in situ (as opposed to
batch cultures) are even rarer, and this cap on understanding
will limit our ability to manipulate this important pool of P to
develop mitigation strategies (Ehlers et al., 2010).

Wider Implications for Buffer Management

Changes in soil microbial structure may be related to changes
in soil properties but also to vegetation composition (Kennedy
et al., 2005; Schiitte et al., 2001; Singh et al., 2009). Figure 2
shows a typical example of the pronounced change in the veg-
etation community between the field and VBS. Typically, these
VBS are unmanaged and left to colonize with a succession of
grasses and eventually shrubs and trees. Elevated soil nutrient
concentrations in the VBS have implications for vegetation
and their biodiversity value. Plants perceived to be of high
biodiversity value and indicative of “pristine” habitats are out-
competed by rapidly growing scrub species tolerant of higher
nutrient levels. This rapid growth of grasses and other annual
vegetation is part of the cycle of plant growth—dieback—organic
matter accumulation that is implicated in the greater nutri-
ent release. The annual dieback of vegetation and exudation
of readily available recent-photosynthate C forms into the soil
is a strong stimulus for microbial cycling rates and has been
previously linked to solubility of SRP in buffers in Sweden
(Uusi-Kidmppd, 2005). Therefore, vegetation management
may be part of breaking this cycle. By removing vegetation
(perhaps via grazing or cutting and removal) the C priming
effect is minimized and there may be some useful offtake via
phytoaccumulation of N and P. Although microbes are effec-
tive at competing with plants for soil P, the elevated soil solu-
tion nutrient concentrations we have observed show that excess
nutrients escape the microbial cycling loop to become avail-
able for plant uptake or subsequently leached. Enhancing plant
uptake of these solubilized nutrients would have dual benefits:
by removing pore-water nutrients that would otherwise leach
(Lee et al., 2000) and providing a possible loss pathway via
vegetation removal. Loss rates of 4 to 15 kg P ha™ yr! have
been documented through biomass removal (Hoffmann et al.,
2009). Buffer biomass harvesting is a recommended strategy
for agri-environmental schemes in Finland.

Conclusions

Our study has shown that buffer soils, sampled from VBS with
typical characteristics as found in the United Kingdom, had
increased nutrient solubility when compared with adjacent
cropland soils, using laboratory assays with field-moist soils.
This shows a potential for increased leaching of nutrients to
waters in situ. Consequently, under current design and man-
agement regimes, VBS are not fully protecting headwaters sus-
ceptible to eutrophication. The increased solubility of SRP in
buffer soils is a critical finding since, if this P form is leached
to streams, it will have deleterious effects on water quality.
However, there are a number of abiotic factors, unexplored by
the present study, which may impact on SRP solid—solution
partitioning, namely soil P saturation and sorption competi-
tion with organic matter. Our observations of empirical links

0.6
(a) Bacteria
04 TRF174 TRF143
TRF171TRF51
0.2 | Silt Moisture
2 NOj; _ Ll
N 0.0TRF175 \ OIQOC
g DOP
@ TRAPAE2 Sand
02 BD TRF483
e TRF306
-0.4
TRF72
-0.6 ' ! : ' : :
-0.8 -0.6 -0.4 -0.2 0.0 0.2
RDA 1 (27%)
0.8
(b) Archaea
06 | TRF86
04 4 TRF182
_ TRF82
=
o~ 024 TRF279
b BD,
5
é 0.0 4 TRF526 bty
Clay TR 76
-0.2 4 TRF44
0.4
TRF45
-0.6

-06 -04 -0.2 0.0 0.2 0.4 0.6 0.8
RDA 1 (6%)

() Fungi TRF327

TRF319

i
1 Mois 0]
Trezs oisture LORRF331

SRP

RDA 2 (8%)
&
M

TRF32§

-1.0

08 -06 -04 -02 00 02 04
RDA 1 (14%)

Fig. 5. The response of the 15 most abundant individual terminal
restriction fragments (TRFs) from (a) bacterial, (b) archaeal and (c)
fungal data sets to significant environmental variables as analyzed
by redundancy analyses (RDAs). BD, dry bulk density; DOC, dissolved
organic carbon; DON, dissolved organic nitrogen; DOP, dissolved
organic phosphorus; LOI, loss on ignition; OM, organic matter; SRP,
soluble reactive phosphorus.

between altered microbial diversity and nutrient release in
buffer and field soils should be taken as evidence for a necessity
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of future mechanistic studies into abiotic and biotic processes.
The biotic processes should also be expanded to include the
dynamics of the soil-plant—microbial system to understand
how to manage processes for the benefit of nutrient losses.
The sources of nutrients (particularly P) to buffer soils remain
uncertain and could be inputs from upslope (via the erosion
retention capacity of the buffer), or solubilization of nutrients
remaining from the period of field management and past excess
fertilizer application. However, any catchment actions (nutri-
ent source and erosion control measures) acting to limit further
increases in nutrient status of buffer soils will decrease the sus-
ceptibility that internal nutrient cycling will lead to nutrient
solubilization and potentially leaching.

Acknowledgments

This work was presented during a workshop organized within COST
Action 869 in Ballater, UK. This study was funded by the Scottish
Government’s Rural Environment Research and Analysis Directorate.
We thank Yvonne Cook and Nadine Thomas for technical assistance in
chemical and microbiological methods. We also thank the anonymous
reviewers for their assistance in improving the manuscript.

References

Bernhard, E.S., and G.E. Likens. 2002. Dissolved organic carbon enrichment
alters nitrogen dynamics in a forest stream. Ecology 83:1689-1700.
doi:10.1890/0012-9658(2002)083[1689:DOCEAN]2.0.CO;2

Chacon, N., N. Dezzeo, M. Rangel, and S. Flores. 2008. Seasonal changes in
soil phosphorus dynamics and root mass along a flooded tropical for-
est gradient in the lower Orinoco River, Venezuela. Biogeochemistry
87:157-168. doi:10.1007/s10533-007-9174-3

Collins, A.L., G. Hughes, Y. Zhang, and J. Whitehead. 2009. Mitigating diffuse
water pollution from agriculture: Riparian buffer strip performance with
width. CAB Rev.: Perspect. Agric., Vet. Sci., Nutr. Nat. Resour. 4(39).

Cooper, A.B., CM. Smith, and M.J. Smith. 1995. Effects of riparian set-
aside on soil characteristics in an agricultural landscape: Implications
for nutrient transport and retention. Agric. Ecosyst. Environ. 55:61-67.
doi:10.1016/0167-8809(95)00605-R

Dillaha, T.A., J.H. Sherrard, D. Lee, S. Mostaghimi, and V.O. Shanholtz.
1988. Evaluation of vegetative filter strips as a best management practice
for feedlots. J. Water Pollut. Control Fed. 60:1231-1238.

Ehlers, K., L.R. Bakken, A. Frostegird, E. Frossard, and E.K. Biinemann.
2010. Phosphorus limitation in a Ferralsol: Impact on microbial activity
and internal P pools. Soil Biol. Biochem. 42:558-566. doi:10.1016/j.
s0ilbio.2009.11.025

GBRA. 2008. Scottish Regulations ‘General Binding Rules for Agriculture,
GBR 20, April 2008’. Available at http://www.legislation.gov.uk/
5s1/2008/54/pdfs/ssi_20080054_en.pdf (verified 17 May 2011).

Gee, G.W., and J.W. Bauder. 1986. Particle size analysis. p. 383-411. /n A.
Klute (ed.) Methods of soil analysis. Part 1. Physical and mineralogical
methods. 2nd ed. Agron. Monogr. 9. ASA, Madison, WI.

Giesler, R., T. Andersson, L. Lovgren, and P. Persson. 2005. Phosphate sorption
in aluminium- and iron-rich humus soils. Soil Sci. Soc. Am. J. 69:77-86.

Hoffmann, C.C., C. Kjaergaard, J. Uusi-Kidmppi, H.C.B. Hansen, and B. Kro-
nvang. 2009. Phosphorus retention in riparian buffers: Review of their
efficiency. J. Environ. Qual. 38:1942-1955. doi:10.2134/jeq2008.0087

Kalbitz, K., S. Solinger, J.H. Park, B. Michalzik, and E. Matzner. 2000. Con-
trols on the dynamics of dissolved organic matter in soils: A review. Soil
Sci. 165:277-304. doi:10.1097/00010694-200004000-00001

Kennedy, N., S. Edwards, and N. Clipson. 2005. Soil bacterial and fungal com-
munity structure across a range of unimproved and semi-improved upland
grasslands. Microb. Ecol. 50:463—473. doi:10.1007/500248-005-0256-2

Kirkbride, M.P, and A.D. Reeves. 1993. Soil erosion caused by low-
intensity rainfall in Angus, Scotland. Appl. Geogr. 13:299-311.
doi:10.1016/0143-6228(93)90034-X

Kégel-Knabner, I., G. Guggenberger, M. Kleber, E. Kandeler, K. Kalbitz, S. Scheu,
K. Eusterhues, and P. Leinweber. 2008. Organo-mineral associations in tem-
perate soils: Integrating biology, mineralogy, and organic matter chemistry. J.

Plant Nutr. Soil Sci. 171:61-82. doi:10.1002/jpln.200700048

Knowles, R. 2005. Denitrifier associated with methanotrophs and their poten-
tial impact on the nitrogen cycle. Ecol. Eng. 24:441-446. doi:10.1016/j.
ecoleng.2005.01.001

Krutz, L.J., T.J. Gentry, S.A. Senseman, I.L. Pepper, and D.P. Tierney. 2006.
Mineralization of atrazine, metachlor and their respective metabolites in
vegetated filter strip and cultivated soil. Pest Manag. Sci. 62:505-514.
doi:10.1002/ps. 1193

Lee, K.-H., T.M. Isenhart, R.C. Schultz, and S.K. Mickelson. 2000. Mul-
tispecies riparian buffers trap sediments and nutrients during rain-
fall simulations. J. Environ. Qual. 29:1200-1205. doi:10.2134/
jeq2000.00472425002900040025x

Litaor, M.I., O. Reichmann, A. Haim, K. Aurswald, and M. Shenker. 2005.
Sorption characteristics of phosphorus in peat soils of a semiarid altered
wetland. Soil Sci. Soc. Am. J. 69:1658-1665. doi:10.2136/sssaj2005.0068

Liu, W.-T., T.L. Marsh, H. Cheng, and L.J. Forney. 1997. Characterisation
of microbial diversity by determining Terminal Restriction Fragment
length Polymorphisms of genes encoding 16S rRNA. Appl. Environ.
Microbiol. 63:4516-4522.

Liu, X., X. Zhang, and M. Zhang. 2008. Major factors influencing the efficacy
of vegetated buffers on sediment trapping: A review and analysis. J. En-
viron. Qual. 37:1667-1674. doi:10.2134/jeq2007.0437

Schroeder, PD., and J.L. Kovar. 2008. Comparison of the phosphorus
sorption characteristics of a conservation reserve buffer and an ad-
jacent crop field. Commun. Soil Sci. Plant Anal. 39:2961-2970.
doi:10.1080/00103620802432865

Schiitte, UMLE., Z. Abdo, S.J. Bent, C. Shyu, C.J. Williams, J.D. Pierson,
and L.J. Forney. 2008. Advances in the use of terminal restriction frag-
ment length polymorphism (T-RFLP) analysis of 16S rRNA genes to
characterize microbial communities. Appl. Microbiol. Biotechnol.
80:365-380. doi:10.1007/s00253-008-1565-4

Seobi, T., S.H. Anderson, R.P. Udawatta, and C.]. Gantzer. 2005. Influence of
grass and agroforestry buffer strips on soil hydraulic properties for an Al-
baqualf. Soil Sci. Soc. Am. J. 69:893-901. doi:10.2136/sss2j2004.0280

Singh, B.K., L. Nazaries, S. Munro, I.C. Anderson, and C.D. Campbell.
2006. Use of multiplex terminal restriction fragment length polymor-
phism for rapid and simultaneous analysis of different components of the
soil microbial community. Appl. Environ. Microbiol. 72:7278-7285.
doi:10.1128/AEM.00510-06

Singh, B.K., K.R. Tate, D.J. Ross, J. Singh, J. Dando, N. Thomas, P. Mil-
lard, and J.C. Murrell. 2009. Soil methane oxidation and methanotroph
responses to afforestation of pastures in Pinus radiata stands. Soil Biol.
Biochem. 41:2196-2205. doi:10.1016/j.s0ilbio.2009.08.004

Staddon, W.J., M.A. Locke, and R.M. Zablotowicz. 2001. Microbiological charac-
teristics of a vegetative buffer strip soil and degradation and sorption of Meta-
chlor. Soil Sci. Soc. Am. J. 65:1136-1142. doi:10.2136/ss52j2001.65411306x

Stevenson, EJ. 1986. Cycles of soil: Carbon, nitrogen, phosphorus, sulfur, mi-
cronutrients. John Wiley & Sons, New York.

Stutter, M.I., S.J. Langan, and D.G. Lumsdon. 2009a. Vegetated buffer strips
can lead to increased release of phosphorus to waters: A biogeochemical
assessment of the mechanisms. Environ. Sci. Technol. 43:1858-1863.
doi:10.1021/es8030193

Stutter, M.I., D.G. Lumsdon, M.E Billett, D. Low, and L.K. Deeks. 2009b. Spa-
tal variability in properties affecting organic horizon carbon storage in up-
land soils. Soil Sci. Soc. Am. J. 73:1724-1732. doi:10.2136/sssaj2008.0413

Tank, J.L., J.L. Meyer, D.M. Sanzone, PJ. Mulholland, J.R. Webster, B.J. Pe-
terson, W.M. Wollheim, and N.E. Leonard. 2000. Analysis of nitrogen
cycling in a forest stream during autumn using a N tracer addition.
Limnol. Oceanogr. 45:1013-1029. doi:10.4319/10.2000.45.5.1013

Uusi-Kidmppi, J. 2005. Phosphorus purification in buffer zones in cold cli-
mates. Ecol. Eng. 24:491-502. doi:10.1016/j.ecoleng.2005.01.013

Veum, K.S., K.W. Goyne, PP. Motavalli, and R.P. Udawatta. 2009. Runoff
and dissolved organic carbon loss from a paired-watershed study of three
adjacent agricultural watersheds. Agric. Ecosyst. Environ. 130:115-122.
doi:10.1016/j.agee.2008.12.006

Vidon, P, C. Allan, D. Burns, T.P. Duval, N. Gurwick, S. Inamdar, R.
Lowrance, J. Okay, D. Scott, and S. Sebestyen. 2010. Hot spots
and hot moments in riparian zones: Potential for improved wa-
ter quality management. J. Am. Water Resour. Assoc. 46:278-298.
doi:10.1111/j.1752-1688.2010.00420.x

Williams, B.L., C.A. Shand, M. Hill, C. O’Hara, S. Smith, and M.E.
Young. 1995. A procedure for the simultanecous oxidation of to-
tal soluble nitrogen and phosphorus in extracts of fresh and fumi-
gated soils and litters. Commun. Soil Sci. Plant Anal. 26:91-106.
doi:10.1080/00103629509369283

WWW.agronomy.org » WWw.crops.org « Www.soils.org

409



