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Abstract
Purpose Stream sediment can control phosphorus (P) in the water column at baseflow. Two common laboratory analyses of
sediment P are the equilibrium phosphate concentration at net zero sorption (EPC0) and P fractionation. Good sample handling
ensures representative results, but oftentimes, studies rely on air-dried or freeze-dried samples, which alters sediment biogeo-
chemistry. How and to what extent this influences EPC0 and P fractionation remains unclear. We therefore examine pretreatment
effects on sediment EPC0 and P fractionation.
Materials and methods We collected fine sediments (< 2 mm) from streams in the Tukituki River and Reporoa Basins in New
Zealand (n = 31 sediments). Subsamples were then either kept fresh, frozen then lyophilized (freeze-dried), or dried at 40 °C for
2 weeks (air-dried). Measurements of EPC0 and P fractionation were made in triplicate. The sequential P fractionation scheme
determined five different P pools: NH4Cl (labile P), NaOH reactive P (RP; metal oxide-bound P) and unreactive P (URP; organic
P), HCl (Ca-mineral P), and residual P. Along with statistical comparisons between fresh results and the two pre-treatments, we
explored correlations between pre-treatment effects and sediment physicochemical characteristics.
Results and discussion The sediments had generally low EPC0 (majority < 0.020 mg P L−1), and uncertainty in EPC0 increased
with concentrationmagnitude.While there were sediment-specific changes in EPC0 with pre-treatment, there was no consistent bias
caused by pre-treatment. However, the differences between the fresh and air-dried sediment EPC0 were larger and more variable
than between fresh and freeze-dried sediment. For P fractionation, the Tukituki sediments were enriched in HCl-P, while Reporoa
sediments had more NaOH-RP and NaOH-URP. Despite large sediment-specific changes, the overall effects of freeze- and air-

drying sediment were increased NH4Cl-P (estimated average effect, θ̂ = + 0.63 and + 3.7 mg P kg−1), no significant changes for
NaOH-RP, contrasting changes in NaOH-URP (− 3.4 and + 3.3 mg P kg−1), and decreased HCl-P (− 40 and − 33 mg P kg−1).
Conclusions We found that drying sediment significantly influenced EPC0 and P fractions (especially the NH4Cl-P fraction). Air-
drying was particularly error-prone and should be avoided. The use of freeze-drying to preserve samples for later analyses and
improve ease of handling may be used with appropriate consideration of the research objectives and the error introduced by freeze-
drying. However, we recommend using fresh sediments for analyses whenever possible, as they best represent natural conditions.
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1 Introduction

Phosphorus (P) is a key limiting nutrient of primary produc-
tion in aquatic ecosystems (Elser et al. 2007). Due to its nu-
merous potential sources, variable chemical forms, and reac-
tive transport in the environment, P pollution is difficult to
target and mitigate (Sharpley et al. 2013; Powers et al.
2016). This transport is particularly complex in lotic systems,
since numerous abiotic and biotic mechanisms control P
fluxes (Reddy et al. 1999; House 2003; Withers and Jarvie
2008). Among abiotic factors, stream sediments are a major
control of dissolved P in many streams (Jarvie et al. 2012;
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McDowell 2015). Since most fine sediments (< 2 mm) have a
great capacity for P adsorption (Barrow 1983; Froelich 1988)
and are themselves vectors for P derived from the original soil
source (Condron and Newman 2011), studies of sediment P
interactions are important for characterizing the transport of P
in streams and to receiving water bodies.

Two common laboratory measurements for describing sed-
iment P interactions in streams are the equilibrium phosphate
concentration at net zero sorption (EPC0; Taylor and Kunishi
1971) and sediment P fractionation (Condron and Newman
2011;Wang et al. 2013). Equilibrium phosphate concentration
at net zero sorption is the estimate of the equilibrium dissolved
reactive P (DRP) concentration in the solution of batch exper-
iments containing sediment where neither net desorption nor
adsorption occurs (Froelich 1988). The EPC0 has been used to
indicate the likely contribution of bed sediments in controlling
water column DRP concentrations. For example, Jarvie et al.
(2005) determined sediments to be an active sink for dissolved
P at several stream sites subjected to wastewater treatment
plant (WWTP) discharge since stream DRP concentrations
were usually greater than the sediment EPC0. Similar studies
of streams with high P loading find enriched EPC0 as an
indication of previous P sequestration that might be released
into solution again once in-stream DRP concentrations are
reduced below the EPC0 (Ekka et al. 2006; Haggard and
Stoner 2009).

Sediment P fractionation defines sequentially extracted
pools of decreasingly bioavailable P. While some procedures
may target compound-specific P (Golterman 1996), most pro-
duce operationally defined fractions (Wang et al. 2013).
Phosphorus fractionation provides valuable information on
the forms of P being transported by the sediment and their
reactivity (and potential bioavailability). For example, in some
lakes and reservoirs, Ca-P can be the largest pool in sediments
(identified by acid extractions), where the release to solution is
mostly mediated by bacteria (Tang et al. 2014; Li et al. 2016).
Fractionation can also provide important information on P
reactions with sediments; Lin et al. (2009) found that P
adsorbed to river sediments in isotherm experiments was pri-
marily associated with Fe oxide minerals and (to a lesser ex-
tent) Al oxide minerals extracted by NaOH and NH4F,
respectively.

Data generated from either sediment EPC0 or P fraction-
ation relies on robust laboratory methods to be representative
of the study system and comparable between studies. For
EPC0, previous work has highlighted that solution ionic
strength and Ca2+ concentrations need to be similar to the
study stream, since low ionic strength and low Ca2+ (e.g.,
deionized water) can reduce the sediment’s affinity for P
(Klotz 1988; Rietra et al. 2001; Lucci et al. 2010).
Additionally, pH is pivotal to the sorption process (Barrow
1983), where lower pH generally increases adsorption affinity
(Meyer 1979; Klotz 1988; Huang et al. 2016). A less

significant factor is the temperature during incubation, where
greater temperatures can increase reaction rates and EPC0

(Barrow 1983; Klotz 1988; McDowell et al. 2017). For P
fractionation, the main variables lie with the choice of the
fractionation scheme, where the investigator must consider:
compound-specific versus operationally defined P pools
(Golterman 2002), the number of pools to measure, and the
appropriate analytical methods to accurately measure concen-
trations (He and Honeycutt 2005; Nascimento et al. 2015).
Condron and Newman (2011) and Wang et al. (2013) provide
helpful reviews on available P fractionation methods and
guidance for choosing the appropriate method.

One laboratory variable that has not been formally ad-
dressed is the pre-treatment of sediment for storage and han-
dling purposes. Often, fresh (wet) sediment is preferred for
sediment P analyses, as changes that occur through drying
are avoided (Haggard et al. 2007; Lottig and Stanley 2007;
Condron and Newman 2011). However, logistical constraints
often prevent the timely analysis or handling (e.g., weighing)
of fresh sediment, so drying may be needed for long-term
storage. For example, the intensive study design of stream P
by Stutter et al. (2010) did not allow for all sediments to be
analyzed fresh in the same timeframe; therefore, air-dried
(30 °C) sediments were used with the acceptance of the error
introduced by drying. It is usually, but not always, acknowl-
edged that air-drying sediment can alter redox properties
(Phillips and Lovley 1987; Baldwin 1996), organic matter
structure (Turner et al. 2007), and microbial content (Qiu
and McComb 1995; Worsfold et al. 2005) of the sediment,
and therefore is likely to alter P sorption and fractionation
results (Klotz 1988; Condron and Newman 2011).

An alternative pre-treatment for sediments that is utilized
by some protocols (e.g., Ruttenberg 1992) is freeze-drying.
Although recommended by some workers for sediment P
analyses (Pettersson et al. 1988), freeze-drying is known to
affect redox conditions (Phillips and Lovley 1987), some
pools of nitrogen (Worsfold et al. 2008), and disrupt soil or-
ganic matter (Bartlett and James 1980). Some studies of P
fractionation in lake sediments and similar systems suggest
systematic differences between fresh and freeze-dried sedi-
ments (Barbanti et al. 1994; Goedkoop and Pettersson
2000), but little work has focused on the implications for
stream sediments. Freeze-drying may provide a reasonable
alternative for sediment storage when analysis of fresh sedi-
ments is not feasible.

This study discusses the effect of sediment pre-treatment
on EPC0 and P fractionation results. Using multiple stream
sediments from two contrasting catchments, we compare re-
sults when analyzing sediments fresh, freeze-dried, and air-
dried. We hypothesized that air-drying would produce the
largest differences in EPC0 and P fractions compared to fresh
sediment data, but freeze-dried sediments would be more
comparable to fresh sediments. Additionally, we hypothesized
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that freeze-drying and air-drying would produce results with
less variation among replicate analyses than fresh samples.

2 Materials and methods

2.1 Study sites

Sediment sampling sites were located in two catchments on
the North Island of New Zealand: the Tukituki and the
Reporoa Basin. The Tukituki Basin is dominated (in New
Zealand Soil Classification) by Brown and Pallic soils which
equate to Dystrochrepts and Aquepts or Fragiochrepts, respec-
tively, in US Soil Taxonomy (Hewitt 2010). Land use is dom-
inated by high production exotic grasslands (77% as of 2012).
The Tukituki Basin receives approximately 800mmof rainfall
annually, and mean annual temperature is 14.5 °C. The
Reporoa Basin is dominated by pumice soils (Vitrands in
USDA soil taxonomy; Hewitt 2010); land use (as of 2012)
is predominantly dairy farming (44%) and exotic forestry
(39%). Mean annual rainfall in the Reporoa Basin varies from
1100 to 1550 mm, and mean annual temperature is 12.6 °C
(Piper 2005).

Sampling took place during baseflow conditions in austral
summer 2016/2017. Sediments were sampled from the sub-
merged streambed at a variety of stream locations within each
catchment (n = 28) and from some floodplain sites in the
Tukituki catchment (n = 3). The Tukituki stream substrates
were mostly gravel, sand, and some silt, while Reporoa stream
substrates were sandy with a few cases of high silt (~ 80%);
floodplain samples were predominantly sand. Further details
about the study sites and their water quality can be found for
the Tukituki catchment in Quinn et al. (2018) and for the
Reporoa catchment in McDowell et al. (2018).

2.2 Sampling and preparation

Surficial sediments (uppermost 1 to 3 cm) were collected with
a shovel during baseflow conditions. These sediments were
located within the stream, near the centroid of flow, so as to
target sediments under active flow. The stream sites, while at
baseflow, were shallow and slow enough so as to prevent
excessive winnowing of fine sediments during removal. We
consider the streambed sediments to be oxic at time of collec-
tion as judged by the dissolved oxygen in the water column
(saturation was generally ≥ 100%) and sufficient streamflow
(and thus hyporheic exchange). However, it is possible that
anoxic micro-zones may be present, even at these shallow
depths, depending on the biogeochemical context (De Falco
et al. 2016; Reeder et al. 2018). Samples were wet-sieved in
the field to < 2 mm with minimal exposure to air, kept cool
(4 °C), and in the dark during transit to the laboratory.

Approximately 5 g dry weight (dw) from each sediment
sample was dried at 104 °C to determine moisture content.
Approximately 20 g dw of sediment was used for each pre-
treatment. For the freeze-dried sediments, the subsample was
first frozen (− 20 °C) for at least 24 h before being quickly
transported to a freeze-drier for desiccation. The air-dried sed-
iments were prepared by drying at 40 °C (with ventilation) for
2 weeks. Air- and freeze-dried samples were stored at 4 °C
until analysis.

For each pre-treatment, pHwas measured in a 1:5 sediment
to solution ratio (e.g., 1 g dw in 5mL of solution) in D.I. water.
For other physicochemical characteristics of the sediment,
subsamples of the freeze-dried sediment were as follows: mi-
crowave digested with nitric acid plus hydrogen peroxide;
then analyzed via inductively coupled plasma optical emission
spectrometry for total Al, Ca, Fe, Mg, K, Mn, Na, and Zn
content; analyzed for total C content via a CN elemental ana-
lyzer; and analyzed for anion storage capacity (ASC;
Blakemore et al. 1987).

All sediments (n = 31) were analyzed for P fractions, but
only the Tukituki sediments (n = 20) were used for sorption
experiments.

2.3 Sorption experiments

Batch experiments for EPC0 were carried out in triplicate for
each sediment following the methodology of Lucci et al.
(2010). Solutions of KH2PO4 at 0, 0.01, 0.1, 1, 5, and
25 mg P L−1 were prepared with a background of 0.003 M
CaCl2 to simulate in-stream ionic strength and Ca2+ concen-
trations (Klotz 1988; Lucci et al. 2010). A pH buffer was not
used for these solutions; however, all solutions were in the
range 4.5–5.6. A higher pH (closer to the stream pH) would
possibly alter the measured EPC0 depending on the specific
sediment surface chemistry regulating P uptake (Bolan and
Barrow 1984; Klotz 1988; Huang et al. 2016). Using a sedi-
ment to solution ratio of 1:20, sediment samples were incu-
bated with each solution for approximately 24 h via an end-
over-end shaker near room temperature (~ 20 °C). After cen-
trifugation (2400g for 20 min), the supernatant was analyzed
colorimetrically either via the molybdenum blue method
(Murphy and Riley 1962) or the malachite green method
(Ohno and Zibilske 1991; D’Angelo et al. 2001). We pre-
ferred the malachite green method with a micro-plate read-
er for low concentrations (e.g., < 0.1 mg P L−1), since its
detection limit (0.006 mg P L−1; D’Angelo et al. 2001) is
more sensitive than what we could achieve with the mo-
lybdenum blue method on our spectrophotometer (~
0.02 mg P L−1 for a 1-cm light-path). Standards prepared
with the same background matrix were used for each batch
of analyses. Adsorption or desorption of P was calculated
as the mass of P either released into solution or removed
from solution divided by the mass of sediment.
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2.4 Phosphorus fractionation

We determined P fractions in each sediment using the Hieltjes
and Lijklema (1980) method with some modifications. The
sediments were sequentially extracted (at 1:100 sediment to
solution ratio) with NH4Cl (loosely sorbed P), NaOH (inor-
ganic P associated with metal oxides; Danen-Louwerse et al.
1993), and HCl (inorganic P associated with calcium min-
erals). A wash step with NH4Cl was included between
NaOH and HCl extractions to prevent any significant carry-
over (Condron and Newman 2011). The NaOH extract was
also analyzed for total P (NaOH-TP; Pettersson et al. 1988)
after an acid-persulfate autoclave digestion (USEPA 1978).
After the HCl extraction, the residual pellet was dried, ground
via a mortar and pestle, and digested for remaining P (residual
P) by block digestion with H2SO4 and H2O2 (Olsen and
Sommers 1982). The NaOH extracts were analyzed for reac-
tive P (NaOH-RP) with a modified molybdenum blue method
suitable for alkaline extracts (Dick and Tabatabai 1977; He
and Honeycutt 2005), which prevents the hydrolysis of organ-
ic P known to occur with the analysis of reactive P via the
single-solution molybdenum blue method of Murphy and
Riley (1962). Here, we denote the difference between
NaOH-TP and NaOH-RP as unreactive P (NaOH-URP),
which we consider to be primarily comprised of organic P
(He and Honeycutt 2005). All other extracts and digested
extracts were neutralized and then analyzed with the molyb-
denum blue method of Murphy and Riley (1962).

Phosphorus fractionations were done in triplicate. Two sep-
arate observations of HCl-P (from two different sediment sam-
ples, one from the fresh and one from the freeze-dried pre-
treatments) were censored due to extreme values (~ 800–
1200 mg P kg−1 greater than other replicates and samples).
Laboratory replicates were summarized with a geometric
mean (to account for skewness) and used for statistical com-
parisons (see below).

2.5 Determination of EPC0

Sediment EPC0 was calculated as the x-intercept of the linear
sorption model of P sorption on initial (rather than equilibri-
um) solution DRP concentration using only the solution con-
centrations from the 0 mg P L−1 treatment up to the lowest
treatment with all triplicate points indicating positive sorption
(in this study, either 0.01 or 0.1 mg P L−1). Further explanation
of the rationale behind this approach can be found in the
Electronic Supplementary Material 1.

In addition to calculating the EPC0, the uncertainty about
the EPC0 was calculated in order to compare the variations
induced by sediment pre-treatment. A 95% confidence inter-
val about the x-intercept was estimated with a likelihood-
based approach (see example 4 in Harding 1986). An example

of this calculation is shown in Fig. S1 (Electronic
Supplementary Material 1).

2.6 Statistical comparisons

To test our hypothesis that sediment pre-treatment would af-
fect P fractions and EPC0, comparisons were made using the
Wilcoxon signed-rank test (Hollander et al. 2013). The null
hypothesis of the test is that there is zero shift in location due
to the pre-treatment (i.e., the paired differences have a distri-
bution symmetric about a common median (θ) that is equal to
zero); the data were treated as repeated measures where the T+

statistic and p value were computed for each comparison
(fresh vs freeze-dried, fresh vs air-dried, and freeze-dried vs

air-dried). Additionally, an estimate of θ (θ̂ ) and its 95%
confidence interval were computed for evaluating the alterna-
tive case where θ ≠ 0 (Hollander et al. 2013; Ugarte et al.

2015). The statistic θ̂ (which carries the same units as the
observations) estimates, on average, both the magnitude and
direction of pre-treatment effect when the null hypothesis is
rejected.

Further, we explored the differences in P fractions and
EPC0 between pre-treatments with the sediment physico-
chemical data (given in Table S1, Electronic Supplementary
Material 2). We used Spearman’s ρ to measure the correlations
between variables.

All analyses were performed in R ( R Core Team 2017).
The data and code used in this manuscript are provided online
at https://doi.org/10.6084/m9.figshare.6157772.v1.

3 Results

3.1 EPC0 and its uncertainty

The EPC0 of the Tukituki sediments varied from 0.011 to
0.055 mg P L−1 for fresh sediments, 0.012 to 0.052 mg
P L−1 for freeze-dried sediments, and 0.003 to 0.130 mg
P L−1 for air-dried sediments (Fig. 1). Most of these sediments
had relatively low EPC0 (< 0.020 mg P L−1) regardless of the
pre-treatment used. The uncertainty about EPC0 (here, the
width of the 95% confidence interval for EPC0) was correlated
with the magnitude of EPC0 (Spearman ρ = 0.439; Fig. 2)
where uncertainty was as low as 0.002 mg P L−1 and as high
as 0.053 mg P L−1.

It can be seen from Fig. 1 that the disparity between pre-
treatment methods varied for each sediment. For example,
sediment T11 had practically identical results for each pre-
treatment, while air-drying reduced EPC0 in other sediments
such as T9 and T1. Additionally, the air-dried pre-treatment
had the greatest uncertainty for sediment T9, while the fresh
pre-treatment was the most variable for T1. Because effects of
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pre-treatment were different among each sediment, a
Wilcoxon signed-rank test showed no uniform effect of pre-
treatment for any of the three comparisons (p > 0.5; Table 1).
This result is further illustrated in Fig. 3. While differences in
measured EPC0 with magnitudes of approximately 0.010 mg
P L−1 or more are ecologically relevant for sediment P studies,
the distribution of these differences is largely centered near

zero (θ̂ of 0.0004 and − 0.0032 mg P L−1 for the freeze-dried
and air-dried comparisons, respectively; Table 1). Thus, no
consistent bias can be attributed to pre-treatment based on
our data.

However, we note that the variation in pre-treatment differ-
ences is considerably greater for air-drying in comparison to

freeze-drying. In Fig. 3, the standard deviation of comparisons
and the inter-quartile range (IQR; difference between the 25th
and 75th percentiles) are 0.010 and 0.004 mg P L−1 for the
freeze-dried comparison; for the air-dried comparison, the
standard deviation and IQR were 0.034 and 0.016 mg P L−1.
This result suggests that air-drying induces more deviation in
EPC0 from the fresh sediment EPC0 than freeze-drying.

Tables S1 and S2 (Electronic Supplementary Material 2)
give the physicochemical characteristics of the sediments and
their Spearman rank correlations with the EPC0 values, re-
spectively. Greater EPC0 in the fresh sediments coincidedwith
greater sediment Al, K, Mg, and Zn (at α = 0.05). Changes in
EPC0 due to freeze-drying (positive values being an increase

Fig. 1 EPC0 and the 95%
confidence intervals estimated for
EPC0 for each pre-treatment
(sediment sample ID is below
each subplot)

Fig. 2 Uncertainty about EPC0,
as the width of the 95%
confidence interval, compared to
the magnitude of EPC0. The
Spearman rank correlation
between EPC0 uncertainty and
EPC0 is also given
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in EPC0 relative to the fresh sediment EPC0) were negatively
correlated with Al but positively correlated with anion storage
capacity (ASC). For the air-dried pre-treatment, changes in
EPC0 were negatively correlated with sediment Al, Fe, Mg,
and Mn content. There were no significant correlations of the
EPC0 measures with pH nor with changes in pH caused by
drying.

3.2 Phosphorus fractionation

Sediment P fractions for each pre-treatment are shown for
the Tukituki and Reporoa samples (Fig. 4). The fresh
Tukituki sediments were relatively low in the labile frac-
tions, NH4Cl and NaOH-RP (medians of ~ 0.4 mg P kg−1

and 19 mg P kg−1, respectively). Unreactive P in the NaOH
fraction was also low for Tukituki sediments (maximum of
19 mg P kg−1 but median of 4.4 mg P kg−1). However, the
Tukituki sediments were enriched in the HCl fraction
(range of 250 to 410 mg P kg−1). The fresh Reporoa sed-
iments were also low in NH4Cl-P (majority < 0.5 mg
P kg−1) but had a relatively large amount of NaOH-RP

(median of 280 mg P kg−1). Additionally, the Reporoa
sediments had medians of 9 mg P kg−1 in NaOH-URP
and 140 mg P kg−1 in HCl-P.

Sediment pre-treatment effects on P fractionation are
summarized in Table 2. Both drying methods increased
the NH4Cl P fraction as compared to the fresh sediment,
with an average increase of 0.63 mg P kg−1 and 3.7 mg
P kg−1 for freeze-drying and air-drying, respectively.
Further, the increase in NH4Cl-P due to pre-treatment
was 3.1 mg P kg−1 greater for air-drying than freeze-dry-
ing. Pre-treatment effects on the NaOH-RP fraction were
mixed: Changes due to either freeze-drying or air-drying
were not significant at α = 0.05 although Fig. 4 suggests
some decreases with drying—particularly for the Reporoa
sediments (median values of differences with fresh
Reporoa data were − 22 and − 76 mg P kg−1 for freeze-
dried and air-dried, respectively). Results of NaOH-URP
indicated a decrease with freeze-drying (θ̂ = − 3.4 mg
P kg−1), but an increase with air-drying (θ̂ = 3.3 mg
P kg−1). Both drying methods caused significant decreases
in HCl-P in the sediments (θ̂ = − 40.4 and − 33.3 mg
P kg−1 for freeze-drying and air-drying, respectively).
The residual P fraction was unaffected by drying methods.

Spearman rank correlations of fresh sediment P and differ-
ences in sediment P due to pre-treatment with sediment char-
acteristics for each P fraction are given in Table S3 (Electronic
Supplementary Material 2) and are only summarized here.
NH4Cl-P content was positively correlated with metals (Al,
Fe, Mg, Mn), but negatively correlated with ASC. While no
correlations were apparent for freeze-drying, changes in
NH4Cl-P due to air-drying were negatively correlated with
metals (e.g., greater amounts of P in the air-dried pre-treat-
ment relative to fresh sediment corresponded with less
amounts of Fe), but positively correlated with total C and
ASC. NaOH-RP was negatively correlated with Ca, Mg, and
pH, but positively correlated with Na, total C, and ASC;
changes due to either drying method were negatively correlat-
ed with Na, ASC, and—just for the freeze-dried pre-treat-
ment—total C. While some correlations were evident for the
NaOH-URP, HCl-P, and residual P fractions in the fresh sed-
iment, no noteworthy correlations were evident for the pre-
treatment effects.

Table 1 Wilcoxon signed-rank tests for the effect of sediment pre-
treatment on sediment EPC0 (n = 20). T

+ is the test statistic (i.e., sum of
the positive ranks) used to calculate the p value, where the null hypothesis
is that the distribution of differences (second minus the first, e.g., freeze-

dried EPC0 minus fresh EPC0) is centered about zero (θ = 0); θ̂ is the
pseudo-median calculated for the comparisons as an estimate for pre-

treatment effect; and the 95% confidence interval (CI) about θ̂ is also given

Comparison T+ p value θ̂ (mg P L−1) 95% CI

Fresh vs. freeze-dried 113 0.7841 0.000387 − 0.00223 0.00208

Fresh vs. air-dried 88 0.5459 − 0.00315 − 0.00860 0.02458

Freeze-dried vs air-dried 90 0.5958 − 0.0049 − 0.00841 0.0258

Fig. 3 Boxplots of the differences in EPC0 due to pre-treatment (dried
minus fresh EPC0; the underlying data is superimposed with arbitrary
scatter for presentation purposes)
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4 Discussion

4.1 Effects of pre-treatment on EPC0

In this study, we report considerable variability in sediment
EPC0 dependent on the pre-treatment used (Figs. 1 and 3), yet
no consistent bias due to pre-treatment (Table 1). To our
knowledge, few studies have examined changes in EPC0 with
drying. Klotz (1988) measured an increase in one sediment
EPC0 from 0.011 to 0.021 mg P L−1 with air-drying at
80 °C—well within the differences calculated here (Fig. 3).
With a focus on lake sediments, Twinch (1987) compared
fresh sediments and air-dried sediments (at room temperature)
and measured significant increases in EPC0 with drying
(means of 0.095 and 0.284 mg P L−1, respectively). These
results cast doubt on the use of drying, particularly air-drying,
for sediment P studies; however, the mechanisms for these
changes in EPC0 remain unclear.

For the case of an increased EPC0 with drying (i.e., de-
crease of P affinity), at least two complementary biotic mech-
anisms are possible: lysing of microbial P (to be flushed when
in contact with solution) and the removal of any potential
biotic uptake by killing microbes. The flushing of microbial
P upon drying has been demonstrated in lake sediments (Qiu
and McComb 1995; Baldwin 1996) as well as after microbial
death via less sediment-perturbing methods (e.g., autoclaving
and irradiation; Meyer 1979; Klotz 1988; Haggard et al.
1999). McDowell (2003) showed an inverse relationship

between microbial biomass P and desorbable P (as CaCl2-
extracted P) in stream sediments except where high organic
carbon was present. Thus, the effects of both air-drying and
freeze-drying could alter microbial P interactions and shift
EPC0 upward, particularly in sediments where biotic P uptake
is relatively high (Lottig and Stanley 2007).

A possible abiotic mechanism for increasing EPC0 with
drying is the shift of sediment Fe from amorphous Fe
(oxyhydr)oxides to more crystalline Fe oxides. Phillips and
Lovley (1987) demonstrated that both air-drying and freeze-
drying sediments oxidizes poorly crystalline Fe (as measured
by oxalate extracts). This oxidation could shift the Fe species
from more amorphous, highly P-reactive Fe (oxyhydr)oxides
to more crystalline, less P-reactive Fe oxides (Golterman
2004; Jan et al. 2015), i.e., the metal oxides are aged (see also
discussion below). More crystalline metal oxides may also
explain the positive correlation observed between fresh sedi-
ment ASC (higher for more sorptive sediments) and increased
EPC0 after freeze-drying, although the same effect was insig-
nificant for the air-dried pre-treatment (Table S2; Electronic
Supplementary Material 2). Using lake sediments, Baldwin
(1996) tested the effects of desiccation and oxidation (via
air-drying) compared to oxidation alone on P adsorption and
concluded that oxidation is the primary factor in reducing P
affinity. The speciation of the sediment Fe in the current study
was not measured, but average total Fe for the sediments in the
EPC0 experiments was 17.5 g kg−1 (standard deviation of
2.24 g kg−1; n = 20). Therefore, oxidizing and aging of

Fig. 4 Phosphorus fractionations
in stream sediments from the
Tukituki Basin (top row) and
Reporoa Basin (bottom row) for
each pre-treatment (fresh, freeze-
dried, and air-dried). Note that
within each sediment, the pre-
treatments are ordered as fresh,
freeze-dried, and then air-dried,
and note the difference in scales
for each row
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sediment Fe may have increased EPC0 in some of the dried
pre-treatments, particularly the air-dried treatment (Fig. 3).

Mechanisms for decreasing EPC0 (i.e., an increase in P
affinity) with drying are less clear. Sorption processes are typ-
ically stronger at lower pH (Barrow 1983; Huang et al. 2016),
which could be important for the cases of decreasing sediment
pH with drying, but we found no relation between these var-
iables for our data (Table S2, Electronic Supplementary
Material 2). As drying may affect organic matter content
(Barbanti et al. 1994; Turner et al. 2007), an indirect effect
may be tied to the competition between organic matter and
phosphate for sorption sites (Guan et al. 2006).

Considering fresh sediment EPC0 as the Bideal^ EPC0,
one objective was to identify a drying technique that in-
duces the least variation in EPC0 measurements. We have
shown that freeze-drying introduces a modest amount of
variation in EPC0 (standard deviation of comparisons
0.010 mg P L−1; IQR of 0.004 mg P L−1), but air-drying
produces considerably more variation (standard deviation
of comparisons 0.034 mg P L−1; IQR of 0.016 mg P L−1;
Fig. 1). These figures are also reflected in the 95% confi-

dence intervals for θ̂ in Table 1 (− 0.0022 to 0.0021 and −
0.0086 to 0.025 mg P L−1 for the freeze-dried and air-dried
comparisons, respectively). Therefore, we recommend
that, in cases where fresh sediment analyses are not prac-
tical, freeze-drying is the better alternative for sediment
preservation before sorption analyses. We further recom-
mend caution when using dried sediments for individual
sorption studies where the goal is to characterize reactive
transport processes (e.g., House and Denison 2002); the

variability induced by drying may alter the interpretation
of how the natural sediments behave in situ.

Additionally, as we have shown that uncertainty in EPC0

increases with magnitude (Fig. 2), care should be exercised in
EPC0 measurements not only for very low concentrations but
also for relatively high concentrations (e.g., > 0.030 mg
P L−1). Several studies examining impacted streams in a vari-
ety of settings have measured EPC0 values ranging from near
detection limits (i.e., < 0.010 mg P L−1) to more than 1 mg
P L−1 (Ekka et al. 2006; McDowell 2015; Weigelhofer 2017).
Often, EPC0 is used as an indicator variable, where changes in
EPC0 are examined over multiple sampling periods or sites
(Jarvie et al. 2005; Ekka et al. 2006), or used to correlate with
baseflow DRP concentrations (McDowell 2015). These gen-
eral uses of EPC0 may not be significantly affected by the
uncertainty we describe here, but other specific calculations
may be more tenuous (e.g., percentage EPC saturation; Jarvie
et al. 2005).

4.2 Effects of pre-treatment on P fractionation

Drying pre-treatments of stream sediments can alter P frac-
tions, thus confounding important P biogeochemical process-
es.We have demonstrated that, generally, the largest P fraction
in a sediment is the most susceptible to error caused by drying
(e.g., HCl-P in the Tukituki sediments and NaOH-RP in the
Reporoa sediments; Fig. 4). However, error in smaller P frac-
tions (e.g., NH4Cl-P) should not be ignored as these pools can
represent highly bioavailable pools (Pettersson et al. 1988;
Condron and Newman 2011; Wang et al. 2013). Indeed, the

Table 2 Wilcoxon signed-rank tests for effect of pre-treatment on each P
fraction using all data (n = 31). T+ is the test statistic (i.e., sum of the
positive ranks) used to calculate the p value where the null hypothesis is
that the distribution of differences (second minus the first, e.g., freeze-dried

sediment P minus fresh) is centered about zero (θ = 0); θ̂ is the pseudo-
median calculated for the comparisons as an estimate for pre-treatment

effect; and the 95% confidence interval (CI) about θ̂ is also given

P fraction Pre-treatment comparison T+ p value θ̂ (mg P kg−1) 95% CI

NH4Cl Fresh vs freeze-dried 495 < 0.001 0.6293 0.5043 0.7888

Fresh vs air-dried 496 < 0.001 3.723 2.236 4.275

Freeze-dried vs air-dried 496 < 0.001 3.134 1.548 3.602

NaOH-RP Fresh vs freeze-dried 149 0.0527 − 4.107 − 13.07 0.08472

Fresh vs air-dried 252 0.9461 0.5146 − 37.88 5.028

Freeze-dried vs air-dried 282 0.5168 1.895 − 5.804 6.018

NaOH-URP Fresh vs freeze-dried 50 < 0.001 − 3.433 − 5.139 − 1.867
Fresh vs air-dried 368 0.01766 3.266 0.7702 5.402

Freeze-dried vs air-dried 460 < 0.001 5.734 3.692 9.242

HCl Fresh vs freeze-dried 50 < 0.001 − 40.43 − 58.52 − 24.6
Fresh vs air-dried 70 < 0.001 − 33.33 − 51.39 − 18.61
Freeze-dried vs air-dried 286 0.4678 4.909 − 9.436 20.12

Residual Fresh vs freeze-dried 294 0.3777 2.128 − 2.055 6.467

Fresh vs air-dried 235 0.8092 − 0.3977 − 4.107 3.664

Freeze-dried vs air-dried 209 0.4559 − 1.941 − 8.703 3.865
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labile pools such as NH4Cl-P are critical as they also correlate
with P available for exchange with the water column
(McDowell 2015). In this study, we showed consistent in-
creases in NH4Cl-P (0.63 to 3.7 mg P kg−1; Table 2) with
either drying pre-treatment, with air-drying being the most
severe. This is likely due to either lysing of microbial P (Qiu
and McComb 1995; McDowell 2003) or reduction in sedi-
ment P affinity (Baldwin 1996), but NH4Cl is also capable
of dissolving some small amounts of CaCO3, Al, or Fe
oxide-bound P (Hieltjes and Lijklema 1980; Pettersson et al.
1988)—there is not enough information to discern if any in-
teractions between drying and labile calcite or metal P com-
pounds took place.

Sediments with larger amounts of NaOH-RP (i.e., the
Reporoa sediments; mean of 330 mg P kg−1) had the larg-
est changes in the NaOH-RP fraction; however, there was
no consistent pre-treatment effect for all sediments
(Table 2). The fact that more of the sediments studied here
were relatively poor in NaOH-RP (i.e., the Tukituki sedi-
ments; mean of 22 mg P kg−1) may have weakened any
possible effects of pre-treatment on this fraction. Decreases
in this somewhat labile fraction with either freeze-drying
or air-drying have been reported, where the P may instead
appear in more labile fractions (Dieter et al. 2015) or po-
tentially become occluded by either particle aggregation
(Twinch 1987) or aging metal oxides (Schlichting and
Leinweber 2002; Hjorth 2004), thus appearing as more
recalcitrant P. While the fractionation scheme we
employed here does not partition between various metal
ox i d e -bound P f r a c t i on s ( e . g . , amo rphous Fe
oxy(hydr)oxides extracted first with bicarbonate-
dithionite (BD) followed by extraction of more crystalline
Fe and Al oxides with NaOH; Jan et al. 2015), it is con-
ceivable that oxidation and aging of metal oxides incurred
by either drying method would alter the speciation and
lability of metal oxide-bound P (Phillips and Lovley
1987). In fact, when studying air-drying effects on sedi-
ment P, Dieter et al. (2015) used a similar P fractionation
scheme to that of the current study but included a BD step:
Both NH4Cl-P and BD-P increased after the studied lake
sediments were air-dried, concomitant with a decrease in
NaOH-RP (reduced or redox-insensitive Fe and Al oxide-
bound P in this context) and NaOH-URP. Therefore, when
drying sediments from a strongly reduced environment
(many lakes, wetlands, and some streams; Reddy et al.
1999) or when using a more detailed P fractionation
scheme, pre-treatment effects may be magnified.

The sediments studied here were relatively low in alkaline-
extracted URP (overall mean of 12 mg P kg−1), as compared
to other New Zealand stream sediments (average NaOH-URP
ranging from 35 to 57 mg P kg−1; McDowell and Hill 2015).
Yet, there was a moderate decrease in NaOH-URP with
freeze-drying (θ̂ = − 3.4 mg P kg−1) and increase with air-

drying (θ̂ = 3.3 mg P kg−1; Table 2). Turner et al. (2007)
studied the effects of air-drying and freeze-drying on NaOH-
EDTA extracts for wetland soils and also had conflicting re-
sults: Between pre-treatments, there were sample-specific
changes in both total P recoveries and speciation (via 31P
nuclear magnetic resonance spectroscopy; e.g., changes in
proportions of phosphate and various organic P compounds).
It remains unclear what mechanisms are most important, as
potential drying effects include enhancing organic P recover-
ies in alkaline extracts by increasing organic P lability or by
disrupting organic matter as well as the potential to solubilize
some organic P (particularly during air-drying) so that it is
instead detected as part of the labile P fractions (Barbanti
et al. 1994; Cade-Menun et al. 2005; Turner et al. 2007;
Dieter et al. 2015).

The HCl-P fraction largely contains various Ca-P minerals
(e.g., apatite) and is typically stable (Wang et al. 2006), but
small amounts may be mobilized for lower pH at the micro-
scale (Golterman 2004). Both pre-treatments resulted in large
decreases in this fraction (− 40 and − 33 mg P kg−1 for freeze-
drying and air-drying, respectively; Table 2). Schlichting and
Leinweber (2002) reported similar findings for P fractionation
in a peat soil: Acid-extracted P was significantly reduced for
freeze-drying and air-drying pre-treatments, which the authors
attributed to decreased solubility of Ca-phosphates.

5 Conclusions

If EPC0 is to be a useful parameter for describing sediment P
interactions in streams, then methods should be as robust and
replicable as possible.While previous work has recommended
using solutions that match the stream chemistry, we further
recommend using fresh sediments for EPC0 measurements
whenever possible. However, in cases of logistical and han-
dling constraints, freeze-drying should be a preferred storage
method (with tacit acknowledgement of potential errors of
approximately 0.01 mg P L−1). In agreement with our hypoth-
esis, air-drying increased variability and uncertainty compared
to fresh (and freeze-dried) sediments and should be avoided in
the measurement of EPC0.

For P fractionation, we recommend that the pre-
treatment of samples should be uniform within a given
study and that, when comparing results to studies
employing differing pre-treatments, caution should be
used. In particular, we have shown that labile P fractions
(e.g., NH4Cl-P) are the most susceptible to changes with
drying, where air-drying had the most dramatic effect.
Given the changes in P fractions that can occur with any
drying method, we also share the past recommendations
that fresh sediment data should be the most representative
of in situ conditions and the favored pre-treatment.
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