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Abstract: Cumulative effects of landscape disturbance in forested source water regions can alter the
storage of fine sediment and associated phosphorus in riverbeds, shift nutrient dynamics and de-
grade water quality. Here, we examine longitudinal changes in major element chemistry and par-
ticulate phosphorus (PP) fractions of river-bed sediment in an oligotrophic river during environ-
mentally sensitive low flow conditions. Study sites along 50 km of the Crowsnest River were located
below tributary inflows from sub-watersheds and represent a gradient of increasing cumulative
sediment pressures across a range of land disturbance types (harvesting, wildfire, and municipal
wastewater discharges). Major elements (5i20, Al20s, Fe20s, MnO, CaO, MgO, Na20, K20, Ti20,
V205, P20s), loss on ignition (LOI), PP fractions (NH4CI-RP, BD-RP, NaOH-RP, HCI-RP and
NaOH(ss)-RP) and absolute particle size were evaluated for sediments collected in 2016 and 2017.
While total PP concentrations were similar across all sites, bioavailable PP fractions (BD-RP, NaOH-
RP) increased downstream with increased concentrations of Al20s and MnO and levels of landscape
disturbance. This study highlights the longitudinal water quality impacts of increasing landscape
disturbance on bioavailable PP in fine riverbed sediments and shows how the convergence of cli-
mate (wildfire) and anthropogenic (sewage effluent, harvesting, agriculture) drivers can produce
legacy effects on nutrients.

Keywords: Cumulative effects; fine sediment; particulate phosphorus; sediment geochemistry;
gravel-bed rivers; forest disturbance; wildfire; eutrophication; climate change

1. Introduction

The quantity, composition, storage, and remobilization of fine sediment and associ-
ated phosphorus (P) can be substantially altered in rivers flowing through forested re-
gions that experience increased levels of natural and anthropogenic landscape disturb-
ance, such as wildfire [1] and harvesting [2]. Remobilization of riverbed PP from previous
disturbances, or “legacy P” [3], is a critical source of potentially bioavailable P that can
promote the growth of nuisance algae including cyanobacteria [4], pose significant chal-
lenges to water treatment [5-7], and degrade the health of aquatic ecosystems for decades
[8,9]. Further, during biologically critical periods such as low flows [10,11] when sedi-
ment-water contact times are relatively high, riverbeds can act as sources or sinks of P
[12], and as a result, modify the abundance and diversity of benthic communities and
accelerate in-channel biological growth [13,14]. Despite the recognized role of particulate
P (PP) as a key driver of aquatic ecosystem change (e.g., eutrophication), there is a lack of
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understanding of how PP stored in riverbeds—and abiotically controlled by sediment ge-
ochemistry [15,16] —changes in response to landscape disturbances along the river con-
tinuum.

Riverbed and suspended PP contain fine inorganic solids (e.g., silts, clays), as well as
bacteria, algae, detritus, small zooplankton, and plant material. There are several opera-
tionally-defined forms of PP —their ecological significance is largely related to their bioa-
vailability [17]. Sequential chemical extractions are routinely used to characterize PP
forms [18]. One common sequential fractionation scheme [15,18] yields five PP forms that
include; (1) loosely sorbed P; (2) reductant soluble P; (3) reactive P sorbed to metal oxides;
(4) mineral-bound P (i.e., typically referred to simply as “apatite P” because of the envi-
ronmental abundance of P bound to calcium carbonates), and; (5) non-reactive organic P
(i.e., refractory P). The non-apatite inorganic P (NAIP) forms (sum of fractions 1 to 3) are
the most bioavailable components of PP because phosphate readily desorbs into the water
column from sediment particle surfaces [19], making it available for biotic uptake [12,20].
Apatite P (fraction 4) includes phosphate minerals that are considered to be geochemically
stable and biologically unavailable [18]; these frequently include calcium, magnesium,
and iron in sedimentary environments. Organic P (fraction 5) is potentially bioavailable
via hydrolysis, but over relatively short temporal scales refractory P is generally consid-
ered unavailable for primary productivity [16]. Thus, because the bioavailable PP forms
that comprise NAIP are typically found adsorbed to mineral surfaces in aquatic systems,
fine sediment geochemistry is a key abiotic driver of aquatic ecosystem change and must
be considered in any evaluation of landscape disturbance impacts on water quality, eu-
trophication, or habitat degradation [3,21,22].

The relationships between river discharge and both dissolved and suspended sedi-
ment-associated P have been investigated extensively to describe nutrient yields at the
watershed scale and identify key sources of P delivery to aquatic systems [23,24]. Much
of this work has focused on agricultural and urban watersheds during periods of high
river discharge [e.g.,23,25-27]. In contrast, evaluations of P stored in riverbed sediments
are relatively scant [12,28-31], especially in high quality, oligotrophic rivers that are par-
ticularly sensitive to the effects of nutrient enrichment and biotic uptake. A continental-
scale evaluation of P in thousands of waterbodies in the conterminous U.S. concluded that
dramatic reductions in the number of naturally oligotrophic streams and lakes have oc-
curred since the turn of the century and noted the associated potential for extensive eco-
system consequences [24]. In that work, it was speculated that climatOe change driven
extremes in precipitation and runoff may significantly exacerbate the impacts of anthro-
pogenic landscape disturbances on P delivery to, and fate within, these sensitive receiving
waters; the authors concluded that additional research focused on describing and under-
standing these trends is clearly warranted [24].

Gravel-bed rivers such as those found in glaciated forested regions of the Rocky
Mountains, are disproportionately important to regional biodiversity and to landscape-
scale ecological integrity because they concentrate diverse habitats, nutrient cycling,
productivity of biota, and species interactions [32]. Gravel-bed rivers draining the eastern
slopes of the Rocky Mountains are critical source water regions for the province of Alberta
[33,34]. However, natural and anthropogenic exacerbated landscape disturbance has de-
graded water quality in these river systems [6,35] and challenged water treatability [7].
Here, longitudinal changes in sediment geochemistry and the cumulative effects of in-
creasing landscape disturbance pressures (forest harvesting, wildfire, municipal
wastewater discharge, agriculture) on bioavailable PP forms (NH4CI-RP, BD-RP, NaOH-
RP) were evaluated in the gravel bed of the Crowsnest River in southwestern Alberta,
Canada, during environmentally sensitive, low flow conditions.

2. Materials and Methods
2.1. Study Area: Hydro-climatic setting
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The Crowsnest River drains an area of 679 km?on the eastern slopes of the Canadian
Rocky Mountains in southwestern Alberta (Figure 1a). The headwaters of this gravel-bed
river originate in upper montane snowmelt dominated regions and drain into Crowsnest
Lake (1357 m.a.s.l.). The river flows from the lake outflow eastward through the munici-
pality of Crowsnest Pass before entering the Oldman Reservoir (1113 m.a.s.1.), nearly per-
pendicular to a series of geologic formations [36] comprised of sedimentary lithological
complexes of dolomite, limestone, sandstone, siltstone, shale, and mudstones of marine
origin (Figure 1a). A complex array of pre-glacial, glacial, and recent alluvial deposits con-
sisting of thin colluvium, till blankets, and till veneers overlay these geologic formations
[37]. Soils in the watershed are classified as imperfectly drained Brunisols and Regosols
with weak horizon development [35]. Monthly precipitation from July to September
ranges from approximately 40 to 65 mm, and the average daily temperature ranges from
9.5 and 14.3°C [38].

Crowsnest Lake receives substantial groundwater inputs from sub-lacustrine
springs and Crowsnest Creek that drain the upper reaches of the watershed [39]. Dis-
charge in the uppermost reaches of the Crowsnest River originates as outflow from
Crowsnest Lake and discharge in reaches of the Crowsnest River downstream is aug-
mented by numerous tributary inflows that also receive substantial groundwater inputs
[39-41]. The headwater reaches of the Crowsnest River below Crowsnest Lake are oligo-
trophic (mean TP = 15 pgL! n= 169 from 2012 to 2021: U. Silins, unpublished data).

2.2 Study region: Land disturbance

Anthropogenic landscape disturbance in the Crowsnest River watershed reflects
over a century of regional settlement and natural resource extraction (mining, forestry).
Six small communities (Crowsnest, Coleman, Blairmore, Frank, Bellevue, and Hillcrest)
situated in the lower central valley span the study region from west to east. The Munici-
pality of Crowsnest Pass (population ~5,500) currently supports a diverse economy of
tourism, natural resource-based industries, transportation (railway), and service sectors.

Digital vegetation and disturbance history datasets were used to generate a spatial
dataset of land cover and cumulative disturbances in the Crowsnest River watershed. The
data include sub-drainages corresponding to the six sampling locations used in this study
(Figure 1b). The land cover data was developed using broad, aggregated vegetation (for-
est, shrubland, grassland/meadow) and land cover (exposed bedrock, open water) classes
[42,43]. A summary of natural and anthropogenic land disturbances originating from the
two data sources provides a description of the spatial distribution of disturbances pres-
sures in the study area associated with potential for erosion and non-point source delivery
of sediment and associated metal oxides and P to streams. Land cover inventories for
burned and partially burned vegetation units describe the natural disturbance from the
2003 Lost Creek wildfire [44]. Land disturbance classes developed from anthropogenic
land disturbances (1950-2016) detail disturbance inventories for multiple land develop-
ment sectors [45]. Disturbance classes were aggregated for agricultural (rough- and tame-
pasture, cultivated lands), industrial (mining [coal, aggregate], forestry [conventional, sal-
vage harvest from the 2003 wildfire], petrochemical, railways, electrical transmission cor-
ridors, other industrial lands), municipal (residential, light industrial, recreational [golf
courses, ski hills, others], other municipal cleared lands) sectors, and regional roadways
(paved, unpaved, unimproved roadways and trails, and cleared rights-of-way [ROW]).
Land cover and aggregated natural and total (combined) anthropogenic disturbance foot-
prints in the Crowsnest watershed are shown in Figure 1b.

The results of the land cover and landscape disturbance (natural and anthropogenic)
analysis indicate that while considerable historic and current land disturbance pressures
are evident across the entire watershed, combined natural and anthropogenic disturbance
is notably greater in the lower reaches of the river (54-S6) compared to the upper sub-
watersheds (Table 1, Figure 1b). Combined natural and anthropogenic land disturbance
ranged from 8-34% across each of the six study sub-watersheds where the total combined
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disturbance footprint for the Crowsnest basin was 25% in 2016. Industrial development
represents the greatest proportional disturbance footprint in the upper portion of the wa-
tershed (S1-S3/54), while the combined disturbances from the 2003 wildfire, industrial,
municipal, and agriculture sectors comprised the generally greater disturbance footprint
evident in the lower half of the watershed (S4-S6, Table 1). While natural disturbance from
the 2003 Lost Creek wildfire included 4465 ha in sub-watersheds 54-56, 67% of the total
disturbance footprint in 54-56 is anthropogenic. Multiple storm sewer outfalls discharge
runoff and particulate matter into the Crowsnest River at sites S4, S5, and S6. A regional
wastewater treatment facility discharges effluent to the Crowsnest River after primary,
and some limited secondary wastewater treatment above S5.

Table 1. Historic anthropogenic and natural land disturbance footprint (to 2016) in Crowsnest River sub-drainage corresponding
with six downstream sampling locations (Figure 1a).

*cumulative disturbance footprint for each sampling location would include the sum of all upstream disturbances.

Sub-watershed S1 S2 S3 S4 S5 S6 Total Area %.Total of
disturbed
Area (ha) 10494.4 6172.6 3418.1 20394.2 6610.8 20776.1 67866.2
Anthropogenic disturbance
(ha)
Agriculture 11.0 6.2 — 733 — 1952.2 2042.7 12%
Industrial 1616.0 480.2 491.3 2594 4 219.9 992.6 6394.5 38%
Municipal 168.5 95.7 70.4 693.7 198.0 576.9 1803.1 11%
Roads (all sectors) 194.2 129.4 72.1 608.9 122.7 838.5 1965.7 12%
Other cleared lands 15 0.1 40.2 1.7 4.5 48.0 95.9 1%
Total anthropogenic 1991.2 711.6 674.0 3972.0 545.0 4408.1 12302.0 73%
Natural disturbance (ha)
Wildfire — — — 17234 1.1 2740.5 4465.0 27%
Total disturbance* (ha) 1991.2 711.6 674.0 5695.5 546.2 7148.5 16767.0 100%

% sub-watershed area 19% 12% 20% 28% 8% 34% 25%
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Figure 1. a) Hydrography, study sampling locations, and bedrock lithology [46], and b) sampling location sub-watersheds, land
cover, and historic natural-anthropogenic disturbance footprint (to 2016) [42-45] in the Crowsnest River basin. Digital provincial
boundaries were available from Statistics Canada [47].

2.3. Sample Collection

Sampling aimed to document changes in PP fractions resulting from four tributary
inflows and a municipal wastewater treatment plant (which consisted only of primary
treatment by sedimentation at the time of the investigation) that reflect increasing land-
scape disturbance pressures in the Crowsnest watershed (Figure 1a; Table 1). Composite
samples of surficial fine interstitial sediment (0-5 cm) were collected across a reach during
low flows (late July-August in 2016 and 2017) [48]. The total number of composite samples
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includes four from August 2016 (collected approximately one week apart); one from July
2017; and two from August 2017. Composite sediment samples were later sieved and ma-
terials <250 um were retained for geochemical analysis (resulting in n=7 per site). For PP
fractions, the four 2016 samples were combined and homogenized, while the composite
samples were analyzed for PP and geochemistry.

2.4. Laboratory Analyses

Interstitial sediment (<250 um) was analyzed using standard methods. Absolute par-
ticle size distributions, median diameter (Dso) and specific surface area (SSA) were meas-
ured with a Malvern Mastersizer 2000 after sample pre-treatment with hydrogen peroxide
to remove organic material and chemical and ultrasonic dispersion. Major element com-
position (SiOz, Al20s, Fe203, MnO, CaO, MgO, Na:0, K0, TiOz, P20s, V205) was deter-
mined by X-ray fluorescence. Loss on ignition (LOI) was determined by combusting ~2g
of sediment at 450°C for four hours. The results were reported as percent dry weight [49].
Analytical accuracy was confirmed analyzing Canadian Reference Standards AGV-1,
MRG-1, NCM-N, GSP-1, and SY-3.

A sequential extraction scheme was used to fractionate PP into five operationally-
defined, reactive phosphorus (RP) fractions [15,18]. These were: (1) NH4«CI-RP (1.0 M
NH4CI-P extractable P) or loosely sorbed P; (2) BD-RP (0.11 M NaHCO3.Na25:04 extracta-
ble P) or reductant soluble P; (3) NaOH-RP (1.0 M NaOH extractable P) or reactive P
sorbed to metal oxides [50]; (4) HCI-RP, or apatite P, is the 0.5 M HCl extractable P fraction
bound phosphate minerals [51], and; (5) the refractory P fraction, or organic P, defined as
the hot 1.0 M NaOH (85°C) extractable fraction. Bioavailable PP is the sum of fractions 1
to 3. Total PP (TPP) is the sum of all five fractions.

2.5. Statistical Analyses

Inter-site differences in PP forms were evaluated using Kruskal-Wallis and post-hoc
pairwise Mann-Whitney rank sum tests with a Benjamini-Hochberg (BH) false discovery
rate correction for multiple comparisons.

Non-parametric Kendall’s tau correlation coefficients (n=24) were used to evaluate
the relationships between PP fractions, major element composition and absolute particle
size (D1, Dso, Do, SSA). Particle size and major element compositions were compared
across sites (n=7 per site) using Kruskal-Wallis and post-hoc pairwise Mann-Whitney
rank-sum tests using the BH false-discovery rate p-value adjustment. Likewise, Kruskal-
Wallis and post-hoc pairwise Mann-Whitney rank sum tests (with BH false discovery rate
adjustments) were used to evaluate inter-site differences in PP fractions (n=4 per site).

To evaluate the effect of increasing landscape disturbance pressures on PP fractions,
study sites were grouped into upstream (S2-3, n=8) and downstream sites (S4-6, n=12)
based on anthropogenic and natural land disturbance footprint data presented in Table 1.
While roads, cleared lands, municipal and industrial footprints were dominant at up-
stream sites (52-3), the additional disturbance pressures from wastewater effluent, agri-
culture, and wildfire at the downstream site (54-6) were notable (Table 1). Data from the
most upstream site (S1) were not included in this comparison because of the unexpected
presence of Didymosphenia geminata algal mats during the latter part of the study period.

Linear Discriminant Analysis (LDA) was used to examine spatial differences in the
major element composition of interstitial sediment across sites. Due to a relatively small
sample size, variables were tested for normality through visual inspection of quantile-
quantile plots and only variables that satisfies normality were then tested for multicollin-
earity (AL20s, Fe20s3, MnO, CaO, K20, TiO2, V20s). To satisfy normality, a logit function
was used to transform CaO and a variance inflation factor (VIF, 1/(1 — R?)) was used to
determine variables sufficiently distinct to avoid multicollinearity. The choice of a VIF
threshold is ambiguous [52]. However, it has been argued that multicollinearity is only
severe if VIF is > 10 [53]. Variables that were deemed sufficiently distinct (i.e., with VIFs <
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5 [Al203, MnO, CaO]), were used in the LDA. A confusion matrix for the LDA was calcu-
lated by removing a data point from each site and calculating the probability of correct
classification (not shown as all were classified correctly). All computations, analyses and
figures were generated in R version 4.0.3.

3. Results
3.1. Sediment characteristics

Fine sediment comprised 2 to 8% of the total sediment mass in the gravel-bed matrix
of the Crowsnest River. The Dso and the SSA of the fine sediment ranged from 41 to 70 um
and 0.44 to 0.63 g''m? respectively. The Dso and SSA were not significantly different among
sites (p=0.522 and 0.438, respectively).

3.2 Total and fractional composition of particulate phosphorus

Concentrations of TPP stored in the gravel bed matrix of the Crowsnest River ranged
from 469.9 to 734.1 ug g'. Mean TPP concentrations across the study sites ranged from
601.7 ug g' at S1 to 708.6 pg g'at S2. TPP concentrations were significantly different
between sites (p=0.029). Of the three bioavailable PP forms (i.e., fractions 1 to 3),
concentrations of NH4CI-RP (i.e., fraction 1) were below the detection limit (10 pg g) and
therefore not reported herein. Notably, with the exception of S1, the average observed
concentration of the remaining bioavailable PP forms (i.e., BD-RP and NaOH-RP; fractions
2 and 3, respectively) slightly increased from upstream sites (52-3) to downstream sites
(54-6) (Figure 2); however, these differences (expressed as either individual fractions or
cumulatively as NAIP) were not staistically significant between sample sites. HCI-RP (i.e.,
apatite P; fraction 4) typically accounted for >60% of TPP for all study sites. Concentrations
of HCI-RP at S1 were significantly different from those observed at all other study sites
(p=0.04 for all sites). The concentrations of HCI-RP forms at S2 were also significantly
different from those observed at all other study sites (p=0.04 for all sites). Concentrations
of refractory-P were not significant between study sites.
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Figure 2. Distribution of particulate phosphorus (PP) forms in fine sediments stored in the gravel
bed of the Crowsnest River in 2016 and 2017 (n=4 per site). Error bars represent plus and minus
one standard deviation from the average (height of the bar).

3.3. Sediment geochemistry and relationship to particulate P forms

Major element composition of fine sediment in the riverbed was notably consistent
over the two-year study period (Figure 3). As shown in Figures 3A to 3C, the upper
reaches of the river (S1 to S3) had lower concentrations of Fe:0s;, Al20s, and MnO
compared to downstream sites (54 to S6) —these differences were statistically significant
(p values for all of the comparisons of metal oxide concentrations at the various sites are
provided in Tables S1-S3). Another key observation is that S1, located immediately below
the outflow of the groundwater-fed Crowsnest Lake, had the highest concentrations of
CaO and MgO, and LOI (Figures 3D to 3F). While differences in the concentrations of
some of these major elements between sites 52 to S6 were statistically significant, these
concentrations were substantially more similar and much lower than those observed at

S1.
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Figure 3. A: A1203, B: Fe203, C: MnO, D: CaO, E: MgO, and F: LOI composition (percent by mass)
of interstitial fine sediment stored in the gravel bed of the Crowsnest River in 2016 and 2017 (n=7
per site). The lowercase letters denote statistically significant differences (0<0.05). Horizontal lines
indicate the median, boxes indicate lower/upper quartiles, error bars indicate 1.5 times the inter-
quartile range or the minimum/maximum value observed, whichever is smaller.

Spatial differences in the major element composition of interstitial sediment across
sites was examined with LDA. The first two functions from the LDA show that Al2Os,
MnO and CaO accounted for 98.95% of their variance (Table 2, Figure 4A), with
differences in CaO primarily driving site separation (Figure 4 and 3). However some sites
were not as readily differentiated by LDA, such as 52 and S3; and 54 and S5. Further, CaO
was the key driver in separating S4 and S5 from S6 in the LDA, as comparable metal oxides
were observed in between S4 to S6 (Figure 3 and 4B).

Table 2. Linear Discriminant Analysis of study sites discriminated according to major element
composition of stored riverbed sediment.
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Figure 4. A: Linear Discriminant Analysis (LDA) of sampling sites based on centered and scaled (to have equal weighting of

variables) geochemical composition (Al203, MnO, CaO) of stored riverbed sediment, and B: Boxplots of geochemical variables used

in LDA across site combinations (S1, Upstream, Downstream). Horizontal lines indicate the median, boxes indicate lower/upper

quartiles. Error bars indicate 1.5 times the inter-quartile range or the minimum/maximum value observed, whichever is smaller.

Biologically available fractions of PP were positively correlated with metal-oxides
(AL2Os and MnO). The difference in MgO was significant; it was higher for upstream sites
(S1 to S3, p<0.05) and negatively correlated with NaOH-RP (p< 0.05). HCI-RP and
refractory-P fractions were only correlated, positively and negatively, respectively, with

SiO:2 (Table 4).
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Table 4. Kendall’s tau correlation coefficients between PP fractions and major elements (n=24).

BD-RP NaOH-RP HCI-RP Refractory-P
SiOs 0.55** -0.42¢
AlLOs 0.44*
FexOs
MnO 0.37 0.35
MgO -0.38
CaO
NaO
KO 0.41*
TiO;, 0.38
P2Os 0.41%
V205
LOI

Statistical significance levels: unmarked p < 0.1, * p <0.05, ** p <0.01

3.2. Downstream changes in particulate P

To examine the potential cumulative effects of increasing landscape disturbance on PP
form in the Crowsnest River, the study sites were categorized as “upstream” and “down-
stream” according to longitudinal changes in sediment geochemistry (Figure 3) and in-
creasing landscape pressures (Table 1). Upstream sites (S2-3) have impacts primarily from
industrial, municipal, land clearing and linear (road) pressures while downstream sites
(54-6) have additional landscape disturbance pressures from agriculture, municipal pres-
sures, wastewater effluent and wildfire. TPP concentrations between upstream (S2, S3) and
downstream (54, S5, S6) sites were not statistically significant. However, PP forms between
upstream and downstream sites were significant (Figure 5). Notably, differences in the
bioavailable fractions (NaOH-RP and BD-RP) were significant; both were higher at down-
stream sites (p=0.098 and <0.01, respectively), whereas the HCI-RP fraction was higher at
the upstream sites (p<0.01).
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Figure 5. Concentrations of PP fractions of fine sediment stored in gravel beds at upstream (S2, S3; n=8) and downstream (S4, S5,
S6; n=12) sites. The p-values from the Wilcoxon signed rank test are provided. Horizontal lines indicate the median, boxes indicate
lower/upper quartiles, error bars indicate 1.5 times the inter-quartile range or the minimum/maximum value observed, whichever

is smaller.

4. Discussion
4.1. Particulate P fractions, landscape disturbance and geochemical controls

Phosphorus is a critical nutrient that limits productivity in many temperate freshwa-
ter aquatic environments [54]. It is widely acknowledged that increased contributions of
P from anthropogenic sources (i.e., agricultural, industrial, and municipal wastewater)
have resulted in the eutrophication of freshwater environments globally [55]. Although
their cause is not well understood, recent widespread, continental-scale increases in TP
that have been observed in oligotrophic rivers draining relatively underdeveloped forest
environments are alarming because of the associated potential for extensive ecosystem
consequences, including increased incidence of algal blooms, altered aquatic habitats [24],
and concerns for the provision of safe drinking water [6,7]. One possible explanation for
these observations is increased atmospheric deposition of P originating from a variety of
sources such as the erosion of soils by wind, emissions from forest fires, and combustion
of fossil fuels [56-58]. While recent evidence suggests that increased lotic TP concentra-
tions can result from atmospheric deposition [59-61], the extent to which increases in ei-
ther dry or wet deposition of TP in forested environments will lead to elevated stream TP
concentrations is unknown. Climate change driven extremes in precipitation and high
magnitude runoff events can also substantially increase delivery of PP to receiving
streams [24]; these impacts can be significantly compounded when these events occur on
wildfire-impacted landscapes [6]. In such cases, the delivery of fine sediment to high qual-
ity streams in forested regions has the potential to serve as an internal source of nutrients
to the water column through the release of P from sediment during environmentally sen-
sitive conditions of low flow [8,12].

Anthropogenic and climate change-exacerbated landscape disturbance pressures
have influenced the source and export of sediment-associated P in the Crowsnest River
watershed. Previous studies in this watershed have demonstrated that wildfire can: (1) al-
ter the form and mobility of sediment-associated P in aquatic systems, and; (2) produce
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large basin scale P export legacy effects that persist for decades [5-7,35]. Critically, previ-
ously reported estimates of suspended sediment TPP concentrations in the Crowsnest
River did not include PP forms stored in the riverbed. Although the increase in average
TPP concentrations at the downstream locations was not statistically significant, more de-
tailed comparison between the upstream (S2-3) and downstream (S4-6) study sites none-
theless demonstrated significant differences in both bioavailable PP fractions (BD-RP and
NaOH-RP) present. The downstream increases in bioavailable PP forms observed at the
lower sites (S4-6) are related to the cumulative impacts of tributary inflows that deliver P-
enriched solids because they are impacted by wildfire (54), municipal wastewater dis-
charges (S5), and agricultural runoff (56). Accordingly, the present investigation demon-
strates the longitudinal impacts of increasing landscape disturbance pressures on riverbed
bioavailable PP forms and illustrates how the convergence of anthropogenic (i.e., munic-
ipal wastewater discharges, roads, agriculture, stormwater) and climate-exacerbated
(wildfire) landscape disturbances converge to alter P bioavailability by producing nutri-
ent-rich riverbed sediment legacies that increase eutrophication potential in oligotrophic
river systems.

In absence of intensive analytical investment and cost, the cumulative effects of mul-
tiple disturbance pressures in a watershed preclude evaluation of specific landscape dis-
turbance effects on longitudinal changes in the geochemical composition of bed sediment.
Despite such limitation, the Crowsnest River sediment geochemical data suggest that the
effects of the 2003 Lost Creek wildfire are still evident in the gravel-bed matrix 12- and 13-
years post-fire. Wildfire effects on soil and sediment chemistry can vary considerably due
to factors such as vegetation type, landscape conditions (e.g., soil moisture), and wildfire
characteristics (e.g., severity) [62]. Wildfire ash can include a range of elements (e.g., Ca,
Mg, K, Si, P, Na, and S) and metals (e.g., Al, Fe, Mn, and Zn) [63-65]. The relative propor-
tion of these materials in ash will either increase or decrease depending on the tempera-
ture of combustion and degree of volatilization [66]. Because Mn volatilizes at tempera-
tures exceeding ~1,962 °C it typically remains in ash; it can complex with organic matter
at temperatures >400 °C [67]. Notably elevated concentrations of Mn have previously been
reported in soils, post-fire runoff, and stream sediment [62,67-71]. In the present study,
Mn concentrations in fine bed sediment below the outflow of the wildfire-impacted Lyons
Creek (S4) were significantly higher than at any of the other sites and remained signifi-
cantly elevated at downstream sites, relative to those upstream (Figure 3C). Moreover, the
bioavailable P fractions (NaOH-RP and BD-RP) were highly correlated with Mn (Table 4),
as would be expected because of the known preferential adsorption of bioavailable P
forms on sediment surfaces containing metal (including Mn) oxyhydroxides [16]. This ob-
servation is further consistent with elevated levels of bioavailable PP in sediments sus-
pended in the Crowsnest River, which persisted for at least seven years after the Lost
Creek wildfire [6]. Here, we suggest that the primary source of elevated Mn levels at 54 is
from sediment and pyrogenic materials mobilized in the Lyons Creek watershed and sub-
sequently transported to the Crowsnest River. To our knowledge, this is the first study to
demonstrate the legacy effect of wildfire-associated increases in bioavailable PP forms
(BD-RP and NaOH-RP) in riverbed sediments—they persisted for over a decade after
wildfire and have been shown to serve as an internal source of bioavailable P that pro-
motes downstream primary productivity [8] and potential eutrophication risk in aquatic
environments. Bed sediments play an especially critical role in regulating nutrient dynam-
ics in sediment-rich rivers such as the Crowsnest [7,35] where wildfire-induced biostabi-
lization increases the shear stress that must be overcome to mobilize fine sediment, but
also results in substantial increases in erosion depth, thereby releasing more suspended
sediment and associated P to the water column at higher flow conditions [72].

Despite the effects of multiple landscape disturbance pressures on sediment erosion
and delivery to streams within each contributing sub-watershed of the Crowsnest River,
downstream patterns of major element composition remained remarkably consistent over
the two-year study period (Figure 3). The study commenced with a hypothesis that PP
levels would progressively increase downstream with increasing cumulative effects from
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landscape disturbances. While the investigation generally supports this hypothesis for bi-
oavailable PP, this conclusion first required consideration of the unexpected biological ac-
tivity at the upstream study site (S1). The occurrence of a Didymosphenia geminata, a fresh-
water diatom that can form thick mats and alter benthic habitat and community structure
[73-75], at S1 was a critical consideration that could have been easily overlooked in absence
of detailed site/disturbance characterization. D. geminata is typically associated with oligo-
trophic stable environments, often lake or dam fed, where conditions include high pH and
low P concentrations [73-75] — similar to S1, a stable lake-fed, high pH and low P oligo-
trophic environment [76]. These diatoms can efficiently modify their hydrodynamic envi-
ronment increasing the friction at the D. geminata surface and increasing turbulence above
the mats [77]; this could lead to deposition of sediments onto the mats and increasing water
column-mat solute exchange. There is still debate about the role of D. geminata’s effect on
nutrient availability and there are various factors that likely confounded the analysis of PP
forms because of the impossibility of separating sediment and D. geminata mat solids prior
to analysis. In the specific case of our study, high concentrations of the bioavailable forms
of PP at the most upstream site occurred where there is difficulty separating not only the
physical sediment and diatoms, but the microscale and mesoscale biofilm effects from
macroscale landscape impacts.

4.2. Implications for nutrient storage and drinking water source protection

Landscape disturbance effects on the source and transport of PP fractions in rivers
have been widely reported [15,28,78]. However, disentangling environmental changes af-
fected by cumulative watershed impacts and their influence on processes driving the gen-
eration and transport of water and sediment is extremely difficult due to the heterogene-
ous nature of landscapes, hydro-climatic variability, and the convergence of natural and
anthropogenic disturbance impacts that occur at a range of spatial and temporal scales.
Knowledge of the downstream variability and distribution of PP forms in riverbed sedi-
ment and its relationship to water quality is necessary from a management perspective,
particularly when the levels and bioavailability of PP represent a potential risk to drinking
water treatability and public health by promoting the proliferation of cyanobacteria that
may produce toxins of health concern or unpleasant tastes and odors, and challenge drink-
ing water treatment processes in downstream environments such as lakes and reservoirs
[6,7,11,12].

Despite the substantial challenge of elucidating sediment sources due to cumulative
watershed impacts, the present study provides critical information regarding the relative
amount and spatial variability of bioavailable PP forms present in the Crowsnest River
and documents downstream changes in PP resulting from natural and anthropogenic
landscape disturbance in this critical forested source water region of Alberta, Canada. In
particular, the present study points to the need to develop and implement more strategic
sampling programs to characterize downstream variability in sediment chemistry and its
relationship to surface water quality because single point sampling can either over or un-
derestimate threats to water quality depending upon when and where samples are col-
lected. This two-year study highlights the considerable spatial (6-55%) and temporal (4-
37%) variability in TPP in the Crowsnest River. The bioavailable forms varied temporally
(within sites) between 13 and 265% and spatially (between sites) between 40 and 180%.
This variability is due to heterogeneity in river substrate and morphology, the differential
effects of multiple landscape disturbance types on the nature of sediments from tributary
inflows and the presence of freshwater diatom (D. geminata) mats that trap fine sediment.
Compared to upstream sites (S2-S3, legacy and recent harvesting), bioavailable PP con-
centrations increased downstream at sites that received tributary inflows from burned
watersheds (54, S6) and sewage effluent (55 and S6) highlighting the role land-use can
play in creating “hotspots” for nutrient release in rivers [79].

Interstitial fine sediment in gravel-bed rivers represents a significant, long-term
source of bioavailable P, but the process of fine sediment entrapment and its influence on
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P mobility requires further investigation [80]. The degree to which nutrient hotspots are
related to the entrapment of fine sediment from variable sediment sources and its long-
term implications for downstream water quality represents a key challenge for watershed
managers. A major challenge associated with cumulative effects assessment is properly
distinguishing the relative contribution and short and long-term effects of sediment orig-
inating from multiple disturbance types and sediment source areas. Geochemical tracing
approaches have begun to show promise as an important tool for watershed management.
While post wildfire land disturbance effects on downstream transport of suspended fine
sediment were identified at a large basin scale six to seven years after a wildfire using a
fingerprinting approach [81], the methodology applied, choice of tracers employed and
the physico-chemical basis for source discrimination require careful consideration and
further refinement [82].

5. Conclusions

Continental-scale increases in TP that have been recently observed in oligotrophic
rivers draining relatively underdeveloped forest environments are alarming because of
the associated potential for extensive ecosystem consequences, including increased
incidence of algal blooms, altered aquatic habitats, and concerns for the provision of safe
drinking water. The present study suggests anthropogenic (i.e., harvesting, and municipal
wastewater discharges) and climate-exacerbated (e.g., wildfires) landscape disturbances
are likely converging to alter P bioavailability in an oligotrophic river already.
Specifically, bioavailable PP stored in gravel riverbeds at increasing downstream
concentrations represents a critical in-channel source of nutrient delivery to the water
column and a potentially significant threat to downstream water quality and drinking
water treatability. Atmospheric deposition, extremes in precipitation and high magnitude
runoff events are amongst the most plausible causes of increasing TP in oligotrophic
rivers, but additional research is clearly warranted. Climate change-exacerbated drivers
of the initial delivery of P to receiving waters — as seen in the present investigation —
underscored that the longevity and cascading ecological impacts of these increases, which
must also be better understood, especially for the preservation or remediation of
oligotrophic and mesotrophic systems. This requires consideration of the potential for: (1)
in-channel storage of fine sediment, and; (2) ongoing delivery of bioavailable P to the
water column from that sediment, especially in systems that are rich in fine grained
surficial/interstitial deposits and where gravel bed rivers predominate. Future work
should also consider the role of biofilms in trapping and transforming P and other
nutrients in gravel bed rivers, and scaling those processes to larger scales.
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