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ABSTRACT

Small coastal watersheds (< 10,000 km?) can play
a large role in forming biogeochemical linkages
between land and sea, yet the spatial heterogeneity
of small watershed ecosystems is poorly understood
due to sparse observations in many regions. In this
study, we examined the spatial heterogeneity of
water quality exported from diverse watersheds in
two rainforest fjordland complexes. Samples were
collected about monthly for a year from the outlets
of 56 watersheds spanning from high mountains to
low islands. Many (20) water quality properties
varied significantly across six previously established
watershed types defined by 12 easily computed
geospatial variables. For example, organic matter
concentrations ranged from very low in a Glacier-
ized Mountains watershed type (1.2 + 0.1 mg L™"
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DOC; 285+ 4.6pug L' DON) to very high
(151 +£1.0mg L™' DOC; 215.6 £20.4pug L'
DON) in a Rain Lowlands type. Along this gradient,
the dominant form of dissolved nitrogen switched
from inorganic to organic and the dominant form
of phosphorous switched from particulate to dis-
solved. Watershed type alone explained 67% of the
variance in the first principal component of water
quality (PCl) representing 20 water properties.
Although underlying causes were likely complex, a
great deal of spatial variation in water quality (for
example, 91% of PCl) was predicted by simple
measures of topography and climate (for example,
elevation and mean annual precipitation). The
physiographic structure of the coastal land mass
appears to enable a complex mosaic of watershed
ecosystems, which may affect meta-ecosystem
function at the coastal margin.

Key words: Watersheds; Watershed ecosystems;
Biogeochemistry; Landscape; Ecology; Meta-
ecosystems; Rainforest; Fjord; Carbon; Nutrients;
Glaciers.
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HiGHLIGHTS

e The quality of freshwater exports to the ocean
varied significantly across watersheds

e Spatial variation in water quality can be pre-
dicted by easily measured watershed character-
istics

e Spatial heterogeneity of riverine water quality
may have ecosystem effects at the fjordland scale

INTRODUCTION

Small coastal watersheds (< 10,000 km?) can play
a large role in the export of terrestrial materials to
the ocean (Lyons and others 2002; Milliman and
Syvitski 1992; McNicol and others 2023). However,
the spatial heterogeneity among small coastal
watershed ecosystems is significant and under-
studied in the scientific literature. This hinders our
ability to understand how and why freshwater
ecosystems and the land-ocean aquatic continuum
(Xenopoulos and others 2017) vary among drai-
nages. Measurements of riverine water qual-
ity—which we use as an umbrella term for physical
and biogeochemical measurements of aquatic
ecosystems—tend to be sparse and unevenly dis-
tributed across the diversity of small coastal
watersheds (for example, Milliman and Farnsworth
2011). Furthermore, many studies of small coastal
watersheds report only one or a few aspects of
riverine water quality, limiting our opportunities to
understand the watershed ecosystem (Bormann and
Likens 1967) as an integrator of within-catchment
complexity (Likens 2001).

The concept of a spatial mosaic has long been used
by landscape ecologists in their efforts to under-
stand the interactions of spatial heterogeneity and
ecosystem processes (Levin 1992; Pickett and
Cadenasso 1995; Turner 1989; Wiens 2002). Spatial
variation in riverine water quality can be used to
better understand the processes that control losses
from watershed ecosystems (for example, Borman
and Likens 1967; Stewart and others 2021).
Drawing from foundations in landscape ecology
and ecosystem science, the meta-ecosystem concept
describes ‘“a set of ecosystems connected by spatial
flows of energy, materials and organisms across
ecosystem boundaries.” (Loreau and others 2003 p.
674; Gounand and others 2018). These theoretical
concepts may be useful for understanding land-sea
linkages in regions characterized by abundant small
coastal watersheds. However, many regions lack
the spatially explicit modeling frameworks and the

well-distributed field data needed for theoretical
and applied studies of hydro-biogeochemistry over
large areas and multiple scales (Li and others 2021).

Hlustrating all of these problems, the extensive
fjordlands of the world (Bianchi and others 2020)
are often characterized by strong spatial gradients
from mountainous inlets to islands of compara-
tively low elevation. In coastal temperate rainforest
regions such as the Northeast Pacific Coastal Tem-
perate Rainforest (NPCTR) and Chilean Patagonia,
these fjordland complexes have very diverse
watershed characteristics ranging from glacierized
mountains to low-lying peatlands (Giesbrecht and
others 2022; Vargas and others 2011). However,
published observations of riverine water quality in
these settings are sparse and typically limited in
scope. For example, the sampling of fjord inputs
tends to focus on the largest watersheds while the
water quality of many smaller watersheds remains
undescribed. Furthermore, while dissolved organic
carbon has been studied intensively in a few
watersheds of the NPCTR {fjordlands (for example,
Fellman and others 2009; Oliver and others 2017)
and modeled over regional scales (Edwards and
others 2021; McNicol and others 2023), nitrogen,
phosphorous, iron, and other micronutrients re-
main understudied across this large and diverse
region (Bidlack and other 2021; but see examples
in Fellman and others 2021; Hood and Berner
2009; St. Pierre and others 2021). Watershed clas-
sification for hydro-biogeochemistry can be a use-
ful tool for mapping and modeling spatial
heterogeneity over such poorly sampled areas (Li
and others 2021; Ouellet Dallaire and others 2019;
Snelder and Biggs 2002; Wolock and others 2004).
One such classification has been validated for
streamflow regimes and dissolved organic carbon
(DOC) dynamics in this NPCTR region but has not
been validated with other aspects of water quality
(Giesbrecht and others 2022).

Across forested watersheds, topography, climate,
vegetation, soils, lithology, and management are
among the main spatial controls on riverine water
quality (for example, Bormann and Likens 1967;
Gibbs 1970; Mendoza-Lera and others 2021; Lin-
tern and others 2018; Tank and others 2012a). This
reflects the dependence of water quality on the
structure, composition, and processes of Earth’s
critical zone—the vertical zone from vegetation
canopy to permeable bedrock—including the
hydrologic flowpaths, reactivities, conductivities,
and residence times within that zone (Anderson
and others 2007; Chorover and others 2017;
Richter and Billings 2015). For example, watershed
relief is often found to be a major control on the
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biogeochemistry of freshwater ecosystems (for
example, Mulholland 2003; Sobek and others
2007), but not always (for example, Gaillardet and
others 1999). Watershed climate is also a control on
both catchment hydrology (for example, Curran
and Biles 2021) and stream biogeochemistry
(Aitkenhead-Peterson and others 2005; White and
others 1999). The relative cover of Alder (Alnus
spp.) in a watershed can be a major control on the
concentration of dissolved organic nitrogen (DON)
and thus (after mineralization) dissolved inorganic
nitrogen (DIN) in streams (Compton and others
2003; Steinberg and others 2011), potentially
reflecting logging legacies and forest seral stage
(Cairns and Lajtha 2005). More broadly, riverine
water quality is affected by a wide range of envi-
ronmental policies and management decisions (for
example, Sergeant and others 2022; Shah and
others 2022; Williamson and others 2008). How-
ever, forestry is particularly relevant in the central
to northern NPCTR given the prevalence of this
land use.

Glaciers also exert strong controls on riverine
water quality and quantity (Moore and others
2009) thereby creating ecosystem linkages from
icefields to ocean (O’Neel and others 2015).
Downstream water quality is affected by physical
grinding and chemical weathering processes
(Anderson 2007; Tranter and Wadham 2014),
seasonal melting of glacial ice and snow (Hood and
Berner 2009; O’'Neel and others 2015; Hodgkins
and other 1997), biologically active glacier ecosys-
tems (Hodson and others 2008; Ren and others
2019), and the absence of terrestrial vegetation and
soil organic matter (Hood and Berner 2009; Milner
and others 2017). As a result of glacial processes,
spatial gradients of increasing watershed glacier
cover are associated with predictable spatial gradi-
ents in many aspects of riverine water quality,
including organic matter, certain inorganic nutri-
ents, rock weathering products, temperature, and
turbidity (Brahney and others 2021; Fellman and
others 2014a, b; Hood and Berner 2009; Moore and
others 2009; Milner and others 2017). For instance,
particulate and soluble reactive phosphorous (SRP)
concentrations tend to increase with watershed
glacier cover. However, other glacier effects are less
consistent across studies. For example, DIN con-
centrations can either decrease (Hood and Berner
2009; Milner and others 2017) or increase with
glacier cover (Colombo and others 2019; Slemmons
and others 2013; Warner and others 2017),
depending on the region. Within the NPCTR re-
gion, numerous studies examine the effects of
glaciers on water quality in Southeast Alaska, yet

very little has been done to test these ideas in the
glacierized fjords of central and south-central Bri-
tish Columbia.

In this study, we examined the spatial hetero-
geneity of small coastal watershed ecosystems
across two rainforest fjordland complexes of the
central NPCTR region in British Columbia, consid-
ering a broad range (22) of riverine water quality
properties. The watersheds varied dramatically in
terms of topography, climate, glacier cover, and
vegetation, while lithology was held comparatively
constant. We hypothesized that physiographic
complexity would generate significant spatial
heterogeneity of both watershed and water quality
characteristics. Furthermore, we hypothesized that
a small number of watershed types defined by
readily available geospatial data (Giesbrecht and
others 2022) would represent a meaningful
amount of the spatial variation in multiple aspects
of riverine water quality. Finally, we explored the
relative importance of specific climatic and topo-
graphic watershed characteristics for predicting
riverine water quality at the coastal margin.

METHODS
Study Area and Sampling Design

We studied 56 watersheds spanning diverse envi-
ronmental settings from high-mountain icefields to
low islands (Figure 1). Watershed size ranged
from < 1.5 km? to 5,782 km? (Homathko River),
yet in the regional and global context, all are con-
sidered “small”” coastal watersheds (< 10,000 km?
following Milliman and Syvitski, 1992). The study
watersheds were spatially distributed along two
fjordland transects on the south-central coast of
British Columbia, Canada (51°57° N to 50°07" N
and 128°09” W to 123°44” W). Located in the Per-
humid rainforest zone (Alaback 1996, Wolf and
others 1995) at the northern end of the study area,
the Rivers Inlet transect (n = 31 watersheds; Fig-
ure 1) spans from Calvert Island in the west to the
Wannock watershed at the head of Rivers Inlet. In
the Seasonal Rainforest zone (Alaback 1996; Wolf
and others 1995; Figure 1) at the southern end of
the study area, the Bute Inlet transect (n =25
watersheds) spans from Quadra Island in the
southwest to the Homathko watershed at the head
of Bute Inlet.

Both study transects are broadly similar in
lithology to the rest of the mainland coast of BC
and the Coast Mountains along the border of
Southeast Alaska and British Columbia (Figure S1).
This large geological region—known as the Coast
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Figure 1. Watersheds of the study area a and b, in the context of regional-scale spatial gradients of watershed diversity c.
Black boxes in c indicate the locations of the fjord-scale maps in the region. Black dots in a and b indicate the locations of
56 river outlets where we collected water quality measurements for this study. Watershed color indicates watershed type,
as defined in the legend for c. Fjord scale watershed types in a and b were predicted using random forest modeling in this
study, with a random forest out-of-bag (OOB) error rate of 9.27%. Note that the largest watersheds extend beyond the
inset panels in a and b. The regional map ¢ and the names of watershed types are from Giesbrecht and others (2022).

Plutonic Complex or Coast Mountains Batholith
(Rusmore and Woodsworth 1991; Cecil and others
2018)—is predominantly plutonic rock and some
metamorphic rock, with only small pockets of
sedimentary and volcanic rock (Table S1; Figure S1;
Garrity and Soller 2009; Hartmann and Moosdorf,

2012; Stowell, 2006). This contrasts with the rest of
the NPCTR, where sedimentary or volcanic rocks
are dominant (for example, Vancouver Island and
the island archipelago of Southeast Alaska). How-
ever, a few watersheds at the southern end of the
Bute Inlet transect are in the transition from the
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Coast Plutonic Complex to the volcanic rock of
Vancouver Island (Figure Sla) and were omitted
from most of our analyses (see below). Substantial
deposits of Quaternary sediment occur in valley
bottoms of the larger watersheds and some low-
elevation areas along the outer coast (Cui and
others 2017).

The study area has a rainforest climate with large
amounts of orographic precipitation produced as
moist Pacific air masses move onto the continent,
especially in fall and winter months (Demarchi
2011). However, a rainshadow occurs in the lee of
the Vancouver Island mountains, with the greatest
effect in the southwestern part of our study area
(the Discovery Islands) where precipitation is lower
and summers are warmer (Wang and others 2016).
The Coast Mountains in and around this study area
hold North America’s largest glaciers south of
Alaska (for example, Ha-Iltzuk Icefield and Ho-
mathko Icefield).

Terrestrial ecosystems of the study area are typ-
ical of coastal temperate rainforest (Alaback 1996)
yet vary dramatically across the study area. Pod-
zolic soils are widespread, with high organic matter
content and low pH (Sanborn and others 2011).
The hypermaritime outer coast (for example, Cal-
vert Island; Figure 1) is characterized by extensive
open wetlands and low productivity bog forests
(Banner and others 2005; Thompson and others
2016). Terrestrial productivity is much higher in
the Discovery Islands and at low elevations of the
mainland coast, while slow growing forests and
alpine meadows are found at higher elevations
(Meidinger and Pojar 1991; Pojar and others 1991).
The overall soil landscape mosaic thus has high soil
organic carbon stocks in the global context
(McNicol and others 2019). However, exposed
bedrock is common: in the alpine, in very steep
terrain, in recently deglaciated areas, and within
the lower elevation bog-forest mosaic of the outer
coast (Meidinger and Pojar 1991). Exposed sedi-
ment is common in recently deglaciated areas and
in alluvial systems downstream of glaciers.

Humans have used this area for millennia, yet
the watershed ecosystems of this study area are less
impacted by development than many watersheds
found further south in the NPCTR (Wolf and others
1995). Indigenous people have continuously
occupied this area for at least 13,000 years
(McLaren and others 2018), using and managing
resources from land to sea (for example, Dick and
others 2022; Hoffman and others 2017; Jackley and
others 2016; Reid and others 2022). At present,
some of the study watersheds include small rural
communities, but there are no urban areas. Old-

growth and mature forests are still dominant in
many areas, yet early- and mid-seral stages are
common, particularly in productive valley bottoms
(Benner and Lertzman 2022; Pearson 2010) and in
the south (Old Growth Technical Advisory Panel
2021a; b). Agricultural activities are limited and no
major polluting industries, mines, or hydro devel-
opment projects are located within the watersheds.
However, marine traffic passes nearby and regional
sources of emissions are found within the Salish
Sea airshed (Aherne and others 2010; Hember
2018).

Watershed Characterization
and Classification

This study takes advantage of a previous watershed
classification effort, which used four widely avail-
able (open access) datasets and 12 easily computed
watershed characteristics (Table 1) to define 12
types of small coastal watersheds with cluster
analysis (Giesbrecht and others 2022). These clus-
ters separated watersheds by characteristic water
source (glacial, snowmelt, rain), topography
(mountains, hills, lowland), climate and geographic
location within the NPCTR (north, central, south).
Watershed types were validated with riverine field
observations and found to represent a wide range
of contrasting streamflow regimes and DOC con-
centration and seasonality. In this previous effort,
Giesbrecht and others (2022) developed the
hypothesis that watershed classification for hydro-
biogeochemistry would be useful for characterizing
the spatial gradients of many other aspects of
riverine water quality.

For the present study, we assigned every sampled
watershed to one of the 12 types of coastal water-
shed defined in Giesbrecht and others (2022). This
assignment required a modeling step because 34 of
our 56 sampled watersheds were smaller than the
minimum size (20 km?) of well-delineated water-
sheds (DW) used in the regional-scale classification
(2022; Figure S2). We used a random forest (Brei-
man 2001) classifier (randomForest package v4.6.14;
Liaw and Wiener 2002) in R Statistical Software (R
Core Team 2020) to assign class membership to
newly delineated (< 20 km?) watersheds. The
predictor variables were the 12 watershed charac-
teristics (Table 1) originally used to define the re-
gional watershed types via cluster analysis
(Giesbrecht and others 2022). The response vari-
able was watershed type. The model was trained
using the n = 669 DW that appear in both the re-
gional dataset and the BC Freshwater Atlas dataset.
We used 500 trees and three randomly selected
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candidate variables at each split. Re-running the
analysis with 5,000 trees did not change the pre-
dicted watershed type for any of the 56 sampled
watersheds. The present analysis revised the pre-
vious regional watershed classification (Giesbrecht
and others 2022) by better resolving the locations
and extent of watersheds in the ~ 1 to 10 km? size
range (Figure 1; Figure S2), particularly those with
very low relief and extensive wetland cover (see
Supplemental Information, Text S1). Despite this,
we suspect that a small number of watersheds were
misclassified by the RF model (see Text S1) thereby
contributing some noise to our analysis of water
quality across types.

Our watershed classification required a dataset of
watershed boundaries and catchment characteris-
tics. To produce this dataset, we generated a
polygonal shapefile of coastal watersheds derived
from the BC Freshwater Atlas ‘‘assessment’”
watersheds (GeoBC 2009). We defined watersheds
according to their outlets to the ocean, which re-
quired amalgamation of all subcatchments to a
single polygon in GIS. Each watershed polygon was
then characterized by 12 watershed properties ex-
pected to control or predict river hydrology and
water quality (Table 1). See (Giesbrecht and others
2022) for detailed methods. For the present study,
we used the same procedures and the same data
(e.g., vegetation height from Simard and others,
2011), with three exceptions. First, we used a
higher resolution (25 m instead of ~ 90 m) digital
elevation model (TRIM; GeoBC 2014). Second, we
used an updated version of the Randolph Glacier
Inventory (v6.0 instead of v5.0; RGI Consortium
2017). Third, we used an updated version of Cli-
mateNA (v6.22 instead of v5.10) (Wang and others
2016; AdaptWest Project 2020).

In addition to the 12 variables used in prior
watershed classification, we measured several
other watershed characteristics that could affect
water quality and interpretation. To represent
potential geological effects, we quantified the per-
centage watershed cover of lithological classes
(Moosdorf and Hartmann 2015) and of Quaternary
sediments (Cui and others 2017). To represent land
cover and forest disturbance, we quantified the
percentage forest cover of four seral stages; early-
seral, mid-seral, mature forest, and old forest (Old
Growth Technical Advisory Panel 2021b). The
remainder of each watershed was considered non-
forest. We also computed the percentage cover of
waterbodies (lakes and rivers) in each watershed
(GeoBC 2008).

We estimated the cumulative extent and
approximate discharge of each watershed type be-

tween the northern and southern extent of our
field study (Figure 1). The area of each watershed
type was summed using ArcGIS (Esri 2020) for all
land between the Koeye watershed (Figure 1a) and
Bute Inlet (Figure 1b), including Vancouver Island,
the mainland, and all small islands in between.
Cumulative annual discharge from each watershed
type was then estimated by multiplying the average
of mean annual runoff (MAR; discharge per unit
area) reported in an earlier regional study (Gies-
brecht and others 2022) by the area of each
watershed type in this study area. For the three
largest watersheds, we used the MAR calculated
from local gauge data in Giesbrecht and others
(2022).

Stream Chemistry Data

Water samples were collected from the watershed
outlets roughly once every month for a year
(March 2018 to March 2019), for a total of 405
observation site-days after quality control. Most
watersheds were sampled eight to ten times. Each
transect was surveyed over two to three consecu-
tive days to sample under relatively similar weather
and flow conditions. The two transects were sur-
veyed as close together in time as feasible, but were
often more than a week apart, thus not always
capturing the same weather system.

From each water sample, we measured 22 as-
pects of riverine water quality, including DOC,
alkalinity, cations, organic and inorganic nutrients,
0'®0-H,0, 6°H-H,O, and handheld sensor (YSI
ProDSS) readings of temperature, specific conduc-
tance, pH, and turbidity. Water samples and sensor
readings were taken from the main flow, avoiding
eddies, shallow water, loose substrates, or woody
debris. Samples for dissolved constituents were
field filtered with a 0.45-pm Millipore® Millex-HP
hydrophilic polyethyl sulfonate (PES) syringe filter.
All samples were kept cool and dark during the
field work. Samples were then preserved by freez-
ing or acidification as appropriate, within 24 h of
field collection. The field and laboratory procedures
for this study follow those of St. Pierre and others
(2021) and Tank and others (2020). Laboratory
results below the detection limit were replaced by
Y the detection limit, following common conven-
tion (for example, EPA 2000). In addition to direct
measurements, we calculated several variables
from the analytical laboratory results: the total
concentration of DIN, DON, particulate nitrogen
(PN) dissolved organic phosphorous (DOP), and
particulate phosphorous (PP). PN was calculated by
subtracting total dissolved nitrogen (TDN) from
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total nitrogen (TN) and PP was calculated by sub-
tracting total dissolved phosphorous (TDP) from
total phosphorous (TP). Finally, we computed the
mass ratio of sodium to calcium ions (Na:Ca) as a
simple index of cation origin. High Na:Ca ratios can
be caused by high inputs of cyclic marine salts (via
precipitation) relative to cation inputs from rock
weathering (Gibbs 1970; Schlesinger 1997) and by
high inputs from silicate weathering relative to
carbonate weathering (Gaillardet and others 1999;
Tank and others 2012a).

Several quality control (QC) and data cleaning
procedures were implemented prior to the analysis,
using a combination of visual inspection and data-
based criteria. For visual inspection, tables and plots
of the water quality measurements were examined
while cross-referencing metadata from field notes
and laboratory notes. We omitted any suspiciously
high or low values that could be readily explained
by a procedural anomaly such as a cracked sample
vial. For data-based QC, outlier values of sensitive
species (DIN species, TN, and SRP) were identified
(mean + 4SD) and omitted unless supported by
independent measurements (for example, high DIN
supported by high TDN and high TN). Additional
quality control procedures were applied to calcu-
lated values to avoid use of illogical results. For
example, where DIN > TDN, the resulting nega-
tive DON value was replaced with % the detection
limit of TDN to indicate a small non-zero quantity.
We also omitted samples where specific conduc-
tance exceeded 200 uS cm™!, which are suspi-
ciously high for the geological conditions we
sampled. These samples also had high concentra-
tions of Na*, K*, C17/S04%", or Sr** (where avail-
able), likely due to tidal mixing of brackish water.
We identified seven such cases, representing five
site-dates.

We checked how well the sampling dates repre-
sented the distribution of flow conditions observed
at 12 representative streamflow gauges during the
study period. Although most of the study streams
are not gauged, we were able to identify between
one and three representative gauges for each
watershed type (Table S2). We considered all
streamflow gauges operated by the Water Survey of
Canada and the Hakai Institute as candidates.
Gauges were selected based on similarity of
watershed characteristics known to predict
streamflow regimes in this region (Giesbrecht and
others 2022) including watershed elevation, mean
annual precipitation, evaporation, and glacier
cover. Where available, we included gauges with
contrasting levels of lake cover or glacier cover in
the same watershed type and selected gauges from

across the area of interest for better geographic
representation. For example, we selected two RHN
gauges at the Kwakshua Watersheds Observa-
tory—one with and one without major lake ef-
fects—and one RHN gauge much further south on
Vancouver Island. After compiling discharge data
from the selected gauges using the tidyhydat pack-
age (Albers 2017) in R for Water Survey of Canada
stations and a published dataset from the Hakai
Institute (Korver and others 2022), we computed
daily specific discharge for each gauge and the
average daily specific discharge for each watershed
type. We then compared the distribution of sam-
pled flows with the distribution of all flows using
visual comparisons (hydrographs and boxplots) and
a two-sample Kolmogorov—Smirnov (K-S) test.

To evaluate the broad seasonality of stream
chemistry, we defined two seasons based on the
dominant sources of runoff to streams. A rain-driven
season typically occurs from October through April,
when streamflow events are dominated by rainfall
inputs at lower to middle elevations. This is the
high flow season in Rain type watersheds and the
low flow season in Glacierized watershed types,
where cold winter temperatures cause precipitation
to fall as snow (Giesbrecht and others 2022). A
meltwater season typically occurs from May through
September, when the Glacierized Mountain
watersheds tend to have high yields of meltwater
(snow and glacier-dominated streamflow). Precip-
itation reaches a minimum during this season,
resulting in low flows for rain-dominated water-
sheds.

The water quality dataset was handled in two
different ways to accommodate two different
objectives. In Phase 1, the full water quality dataset
(56 watersheds and n = 405 site-days) was used for
principal components analysis (PCA) analysis and a
heatmap because our primary goal was to describe
correlations among water quality variables over
both space and time. In Phase 2, where our goal
was to compare water quality across watersheds,
we used more restrictive watershed selection cri-
teria. Specifically, we controlled for major litho-
logical effects on stream chemistry (Hartmann and
others 2014; Jansen and others 2010; Milliman and
Farnsworth 2011) by considering only watersheds
dominated by the plutonic-metamorphic lithology
that characterizes the BC mainland coast (Fig-
ure S1). Three watersheds with > 50% combined
cover of sedimentary or volcanic lithology were
removed. The remaining watersheds all had more
than about 75% cover of plutonic and/or meta-
morphic rock (Table S1). In the Phase 2 dataset, we
also eliminated watersheds with fewer than three
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sampling dates to avoid a potentially biased esti-
mate of typical stream chemistry in a given
watershed. Eight watersheds were eliminated on
this basis leaving a total of 45 watersheds for the
Phase 2 analyses. Finally, in Phase 2 we used the
average biogeochemistry of all temporal observa-
tions in each watershed, except where our goal was
to characterize seasonality.

Statistical Analysis of Stream
Biogeochemistry Data

We used PCA to reduce the high dimensionality of
the water quality dataset into a smaller number of
synthetic (principal) components. PCA was com-
puted by a singular value decomposition of a cen-
tered and scaled data matrix using the prcomp()
function in R (stats package; R Core Team 2020).
We constructed a biplot of principal component
scores (points) and loadings (vectors) in the re-
duced feature space of the first two principal com-
ponents to visualize biogeochemical differences
and similarities among sites within and between
watershed types. We omitted turbidity from the
PCA because the large number of missing values
would have substantially reduced the sample size.

We used a combination of summary statistics and
statistical tests to evaluate biogeochemical differ-
ences across watershed types. Boxplots were used
to describe the distribution and median value of
stream observations in each watershed type and
across seasons. We used a one-way analysis of
variance (ANOVA) to determine if the watershed
types had statistically significant mean differences
in stream biogeochemistry.

We used random forest (RF) regression (Breiman
2001) via the randomForest package (v4.6.14; Liaw
and Weiner 2002) in R to estimate how much of
the observed spatial variation in stream biogeo-
chemistry could be explained by watershed type,
the 12 watershed properties used to define water-
shed types, lithology, forest cover, as well as all
these candidate variables combined. We generated
5,000 trees in each forest to ensure stable results
and randomly selected p/3 variables at each split,
where p is the number of candidate variables. The
RF analysis was done at the scale of individual
watersheds using the temporally averaged chem-
istry of each watershed. We also used RF to quan-
tify and rank the relative importance of the 12
watershed classification variables as well as several
measures of watershed lithology and forest cover
for predicting stream biogeochemistry at the
catchment scale. We used these RF results in
combination with our other findings to identify

two key predictor variables that appeared to ac-
count for a large fraction of the observed catchment
controls on stream biogeochemistry. To visualize
and quantify the strength of these controls, we
constructed generalized additive models (GAM)
with the Gaussian family of distributions using the
mgcv package in R (v1.8.31; Wood 2011, 2017).
Smoothing parameters were automatically selected
using the restricted maximum likelihood (REML)
method.

REsuLTs

The watershed classification analysis showed that
six watershed types dominated the two fjordland
transects (Figure 1). The 56 watersheds we sam-
pled for riverine water quality varied along a multi-
attribute environmental gradient (Table 1) from
Rain (R) to Glacierized (GMM) watershed types,
which reflected increasing elevation and size,
decreasing mean annual air temperature, increas-
ing snowfall and glacier cover, decreasing vegeta-
tion height, and decreasing proximity to the coastal
ocean (beyond fjord waters). Rain-fed watersheds
were diverse, with four different types across the
two transects. The three Rain types in the Rivers
Inlet area varied along a topographic gradient from
Rain Lowlands (RLN) to Rain Hills (RHN) to Rain
Mountains (RMC), with increasing slope (from
9.4 £ 2.1°to 23.2 + 6.0°) and decreasing extent of
flat areas (from 30.4 £ 11.0% to 4.4 +£3.5%
slope < 5°) across that gradient. The Rain Hills
type found on the Bute Inlet transect (RHC) had
much lower precipitation (2,041 £+ 408 mm) and
taller vegetation (29.8 £ 2.1 m) than the Rain Hills
type of the Rivers Inlet transect (RHN;
3,543 + 257 mm and 23.1 = 3.4 m), due to the
rainshadow of Vancouver Island. In fact, all
watersheds of the Bute Inlet transect had lower
precipitation than watersheds of the Rivers Inlet
transect with a similar elevation (Figure S3a). The
RHC watershed type also had a much higher pro-
portion of mid- and early-seral forest cover—and a
lower proportion of old forest cover—compared
other watershed types (Figure S4). Non-forest
cover was very high in the GMM (> 75%), SMC
(> 50%), and RHN (~ 50%) type watersheds
(Figure S4). Waterbody cover was higher in Rain
Hills and Lowlands than in the Mountain type
watersheds (data not shown).

Streamflow regimes differed across watershed
types (Figure 2) as expected from a prior regional-
scale analysis that included this study area but not
the KWO gauges (Giesbrecht and others 2022).
Spring freshet signals were pronounced in the
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Figure 2. Streamflow conditions during the study period and during sampling events, with each row representing a
different watershed type. Stream hydrographs are shown in blue with an overlay of sampled flows shown as black dots.
Boxplots compare the distribution of sampled flows and observed flows on a log-transformed scale. The log transformation
emphasizes the variation between low and moderate flows, which was well captured by the samples. An asterisk (*)
indicates where the two distributions were significantly different at the 0.05 level based on a two-sample Kolmogorov—
Smirnov test performed on untransformed flow values. Phase 1 dataset.
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GMM and SMC types. Meltwater freshet continued
through the summer months in the GMM type.
Rain types had sustained low flow periods (< 0.01
m’ s~ km™?) in summer and many short duration
high flow events (> 0.1 m®> s~' km™?) in fall and
winter. Sampling events were well distributed
across the hydrograph in each watershed type
(Figure 2). Although extremely high flows (> 0.5
m’ s~ ! km™?) were not captured, samples were
collected across all seasons and a wide range of flow
conditions (0.0005 m®* s™' km™? to 0.446 m’ s~
' km™2). The distribution of sampled flows was not
significantly different from the distribution of all
flows (p < 0.05) for any watershed type except the
Snow Mountains (SMC) type. In the SMC type, the
median flow of our sample (0.043 m’ s~ ' km™?)
was somewhat (0.010 m’s ' km™? or ~ 19%)
lower than the median flow of the study period
(0.053 m® s™' km™?) and we missed the extremes
(high and low).

Table 2. A Summary of the Proportion of
Variance Explained and Component Loadings of
the Original Descriptors for the First Three Principal
Components (PC) of Stream Biogeochemistry,
Based on an Analysis of 184 Samples Collected
(without missing values) From the n = 56 Sampled
Watersheds (Phase 1 dataset)

PC1 PC2 PC3

Proportion of variance 0.47 0.18 0.09
Cumulative proportion 0.47 0.65 0.74
DOC — 0.87 0.3 — 0.01
DON — 0.66 0.46 — 0.09
DIN 0.71 0.08 0.19
TP 0.48 0.18 - 0.78
DOP 0.30 0.20 - 0.77
SRP 0.42 0.56 — 0.2

Si02 0.91 0.28 0.1

EC 0.62 0.68 0.18
pH 0.86 0.00 0.03
Temp — 0.07 0.27 — 0.34
Fe - 0.73 0.28 — 0.36
Na — 0.08 0.91 0.20
Ca 0.85 0.27 0.06
Mg 0.36 0.86 0.10
K 0.77 0.12 - 0.15
Al —0.82 0.04 —0.28
Alk 0.92 0.10 0.14
018 - 0.75 0.49 0.17
H2 — 0.76 0.47 0.21

Na:Ca — 0.81 0.29 0.07

Water Quality Gradients Across Small
Coastal Watersheds

The first two principal components of a PCA of
freshwater data explained 65% of the total vari-
ance in the original 20 properties (Table 2, Fig-
ure 3). Increasing PC1 (47% of observed variance)
described decreasing concentrations of organic
matter associated variables (DOC, DON, Fe, and
AI’*; increasing pH) and increasing DIN concen-
trations. Increasing PC1 also described decreasing
Na:Ca, decreasing 6'®0-H,0 and 6°H-H,O, and
increasing concentrations of several variables
associated with chemical weathering of rocks (SiO,,
Alkalinity, Ca**, and K*). This component reflected
a high degree of statistically significant association
among subsets of the water quality variables
(Supplemental Text S2; Figure S5). Mean PCl
scores differed significantly (p < 0.001) across
watershed types (Table 3), with high scores in
Glacierized type watersheds and low scores in three
Rain type watersheds (RLN, RHN, RMC; Fig-
ure 3b). PC2 (18% of observed variance) primarily
described increasing concentrations of Na* and
Mg>* (Table 2). Mean PC2 scores also differed sig-
nificantly (p < 0.001) across watershed types (Ta-
ble 3), with high scores in the Rain Lowlands and
low scores in the Mountains types (Figure 3¢ and
Figure S6). The broad spatial patterns of riverine
water quality associated with PC1 were not sensi-
tive to the methodological choice to either include
all time points from all watersheds (as done in
Figure 3) or to examine the average biogeochem-
istry of watersheds with larger sample sizes (n > 3)
and more similar lithology (as done in Figure S6).

Typical Riverine Water Quality of each
Watershed Type

In addition to differences in PC scores, we found
that 20 of the 22 water quality properties were
significantly different across watershed types (Ta-
ble 3). This included differences in chemistry
associated with dissolved organic matter, inorganic
nutrients, chemical rock weathering products, and
water related isotopes. Only temperature
(» = 0.157) and turbidity (p = 0.055) were not
significantly different across types, reflecting simi-
larities between specific types (for example, RHC
and RLN) and variability within types (for example,
RLN temperature). Despite this, mean temperature
clearly decreased and turbidity clearly increased
along the broader topo-climatic gradient from Rain
to Glacierized type watersheds (Table 3).
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Figure 3. Ordination biplot a showing the first two principal components of river biogeochemistry data (20 variables),
colored by watershed type. Each small point represents one of # = 184 samples collected (without missing values) from the
n = 56 sampled watersheds. Large points represent group mean coordinates. Watershed types are defined in Figure 1.
Boxplots in b and ¢ show the distribution of PC scores all 184 observations, grouped by watershed type. Phase 1 dataset.

Water quality properties that were associated
with organic matter were particularly variable over
the gradient of watershed types. DOC, DON, Fe,
and AI’* generally increased in concentration from
Glacierized Mountains type watersheds
(mean = standard error: 1.2 + 0.1 mg L~! pDOC,
30.4 + 4.6 pg L' DON, 67.3 +£20.3 ug L™' Fe,
77.7 £ 24.7 ug L~ AI’*) to Rain Lowlands type
watersheds (15.1 + 1.0 mg Lt DOC,
215.6 + 20.4 ug L' DON, 441.0 & 77.7 ug L™ ' Fe,
312.0 £ 13.9 ug L™' AI’*) (Table 3). Among the
Rain type watersheds on the Rivers Inlet transect,
these organic matter associated properties increased
(and pH decreased) along a topographic sequence
from Mountain, to Hill, to Lowland types.

Most of the nitrogen in these rivers occurred in
dissolved form (Figure 4a). Dissolved nitrogen was
predominantly organic (DON) in the Rain type
watersheds (Figure 4c), with mean DON between
two and seven times higher in the Rain watershed
types (828 +£95ug L' in RMC to
215.6 +£20.4 ug L™ in RLN) than the Snow
(28.5 + 4.6 ng L") and Glacierized (30.4 + 4.6 pg
L") types, broadly tracking the pattern of DOC
across watershed types (Table 3). Mean DIN and
the % DIN (of TDN) were highest in the GMM type
(85.2 £ 15.2 ug L' DIN) and generally increased

along the topographic gradient from Lowland
(11.9 + 2.2 ug L™ DIN) to Mountain watershed
types (Figure 4c; Table 3). The RHC watershed type
was an exception to this pattern, with the second
highest mean DIN (68.5 + 15.1 ug L™'), yet only
Hill-type relief (Table 3).

The majority of the phosphorous in these rivers
occurred in dissolved form, except that particulate
phosphorous was typically dominant in the GMM
type (Figure 4b; Table 3). The dissolved phospho-
rous was predominantly organic (DOP) in all
watershed types and this proportion did not vary
appreciably by watershed type (Figure 4d). Mean
SRP was low in all watershed types ( < 2.0 pgL™"),
reaching highest mean concentrations in the RHC
type (2.0 & 0.6 pg L™'; Table 3).

The seasonality of riverine water quality also
varied with watershed type (Figure 5). In the
Glacierized watershed type, median turbidity and
PP concentrations during the meltwater season
(May to September; 8.8 FNU and 15.5 ug L',
respectively) were four to five times higher than
during the rain-driven season (2.1 FNU and 3.0 pg
L', respectively) and at least five times higher
than any other watershed type (up to 1.2 FNU and
3.0 ug L', respectively) during the meltwater
season (Figure 5a, b). Median May to September
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Figure 4. Boxplots showing the proportion of N (a) and P (b) in particulate form and the proportion of dissolved N (c) and
P (d) in organic form, across watershed types. Phase 2 dataset.

water temperature decreased ~ 6 °C along the
gradient from Rain (~ 14—I11 °C), to Snow
(~ 10 °C), to Glacierized (~ 8 °C) watershed types,
with a corresponding decrease in the seasonal
range of temperatures from ~ 8 °C in the RHC type
to ~ 2 °C in the GMM type (Figure 5c). Season
had a comparatively subtle influence on specific
conductance (EC) in most watershed types (Fig-
ure 5d). In the GMM and SMC watershed types,
median EC was slightly (between ~ 7 and ~ 4 uS
cm ') lower in the meltwater season. In the RHC
watersheds by contrast, median EC was highest in
the May to September period at ~ 44 pS cm™ ',
near}y double the rain-driven season EC (~ 23 uS
cm” ).

Catchment Controls on Riverine Water
Quality

We evaluated the performance of several alterna-
tive water quality models as a means of inferring
the relative importance of different groups of pre-

dictors (Table 4). Based on random forest regres-
sion, watershed type explained much of the water
quality variation observed among watersheds (Ta-
ble 4). Watershed type alone explained 67% and
58% of the total variation in PC1 (which indicated
a gradient from concentrated organics to concen-
trated rock weathering products) and DOC,
respectively. Using the 12 classification variables as
predictors substantially increased the percentage of
total variance explained for all water quality-re-
lated response variables. This finding indicates that
some of the water quality variation between
watersheds of the same type was explained by the
characteristics of individual watersheds (for exam-
ple, maximum watershed elevation). Adding
watershed type, lithology, seral stage, non-forest
cover, and waterbody cover as additional predictors
did not meaningfully improve the model for any
response variable, except for a very small (2.3%)
increase in the variance explained for PC2. Despite
this, seral stage variables ranked as important pre-
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Figure 5. Boxplots showing turbidity a, PP concentrations b, temperature ¢, and EC d across watershed types and seasons.
The first (left) boxplot in each watershed type shows the meltwater (May to September) season and the second (right)
shows the rain (October to April) season. Phase 2 dataset, using individual sample days rather than watershed average
values

Table 4. Estimated Percentage of Water Quality Variance Explained by Random Forest Modeling Using
Alternative Sets of Watershed Characteristics as Predictor Variables

Response n Watershed type 12 metrics Lithology Seral stage All variables

RMSE VE (%) RMSE VE (%) RMSE VE (%) RMSE VE (%) RMSE VE (%)

PC1 41 1.9 66.6 1.2 86.8 3.1 12.3 2.7 30.9 1.2 87.2
PC2 41 1.6 34.8 1.3 58.1 1.8 12.1 1.8 20.4 1.2 60.4
DOC 45 3.0 58.1 1.9 83.9 4.0 23.8 3.8 32.9 1.9 83.4
Si0, 45 5324 23.2 467.9 40.7 589.8 5.7 516.3 27.7 482.9 36.8
Alk 45 4.3 30.8 3.6 51.2 4.8 11.7 4.1 37.0 3.7 47.1
Turbidity 32 8.5 - 24 6.8 35.7 7.7 16.6 8.6 — 4.5 6.8 35.5

The 12 metrics model used the watershed classification variables (for example, maximum elevation and mean annual temperature) as predictors. The lithology model used the
proportional cover of the nine lithologic classes as predictors. The seral stage model used the proportion of the forest area in the four seral stages as predictors. The all variables
model used non-forest cover and water body cover in addition to all variables included in earlier models: watershed type, 12 metrics, lithology, and seral stage. RMSE = root
mean squared error; VE = % variance explained. Phase 2 dataset.




1. J. W. Giesbrecht and others

(a) PC1 (87%)

(b) PC2 (60%)

(c) DOC (83%)

TD ‘ Slpe5 ‘ TD ‘

Poly_x (@) MAT (@) Poly_x Q@

Elev_max (@) Elev_max Q@ Elev_max Q@

PAS Q MatF 10) PAS Q@

Nonforest (@) PAS (@) Slpe5 Q@

MAT o WType Q Slpe_avg :

MidF 0] Eref @) MAT

WType O D (@) WType @)

Poly_y 9) Slpe_avg @) MidF 0)

Slpe_avg Q@ Poly_y 0] Nonforest @)

Eref (@) Poly_x O Poly_y 0)

VegHt_avg Q MAP 0) Eref (@)

MAP 0) Nonforest Q MAP (@)

PI (0} Glc_pret o Glc_pret o

Glc_prct Q@ PA 0) PA (@)

OldF (@) OldF (0] MT :

EarlyF (@) PY (@) VegHt_avg

Slpe5 o sC @) OldF O

SM @) VB © Witb_prct @)

MT (@) VegHt_avg @) PI o

MatF 0] MidF 0] MatF @)

PA @) MT @) EarlyF O

SS : PI o SC o

Vi Wtb_prct o SM o

VB Vi [0 VB o

PY Ss (@) PY :

SC EarlyF SS

Witb_prct P SM g VI P
T T T T T T T T T T T T T T T T
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 50

% increase MSE

(d) Si02 (37%)

% increase MSE

(e) Alkalinity (47%)

% increase MSE

(f) Turbidity (36%)

Eref @ WMigF @ Poly x P
MidF (@) Eref Q MAT Q
MAT O MAP © ™ o
PAS @) Elev_max (@) Elev_max (@]
MAP @) PAS (@) Glc_prct Q
Elev_max 8 TD o WType (@)
Poly_y MAT @) Vi ©
D 0 Slpe_avg @) Eref @)
WType Q WType @) PY (@)
OldF @) Poly_y : SM (@)
SM (@) Poly_x VegHt_avg @)
Poly_x 0} MatF @) Nonforest (@)
Slpe_avg o Slpe5 (@) SS o
Glc_pret Q@ SM o PAS 0)
MatF @ VB © PI 0)
VegHt_avg (@) PY @) Wib_prct 0]
Slpe5 @) Glc_prct © MAP @)
PI (@) PI Q SC O
PY O sC (@) Slpe_avg ©
VB 0] OldF (@) MidF :
Wib_prct (0] Vi 8 OldF
sC 0] VegHt_avg VB 0]
Vi (@] PA (0] MT ©
PA @] SS @] EarlyF Q@
Nonforest (@) MT O MatF ®
Q Witb_prct O PA ©
MT (@) Nonforest (@] Slpe5 ©)
EarlyF EarlyF Poly_y P
T T T 11 1T 1T 17T 1T T T T T T T
-5 0 5 10 20 -5 5 15 25 -5 0 5 10 15

% increase MSE

% increase MSE

% increase MSE

Figure 6. Random forest variable importance plots for prediction of six water quality response variables from the suite of
all candidate predictor variables. Predictor variables include watershed type (WType), the 12 metrics used to define
watershed type (Table 1), all nine lithology variables (Table S1), and all five forest cover variables: early-seral forest
(EarlyF), mid-seral (MidF), mature forest (MatF), old forest (OldF), and non-forest (Nonforest). Sample sizes were 41 for
PCI1 and PC2, 45 for DOC, SiO,, and alkalinity, and 32 for turbidity. Phase 2 dataset.

dictors for some of the water quality variables
(Figure 6) indicating potential confounding of for-
estry disturbance with other watershed character-
istics such as latitude and precipitation (Figure S3).
Of these 12 characteristics that defined the water-
shed types, the three most important predictors for

PC1 and DOC were TD (continentality; see Table 1
for variable definitions), Poly_x (~ longitude), and
Elev_max (relief) (Figure 6a, c). No combination of
watershed characteristics explained more than
51% of the spatial variation in SiO,, alkalinity, or
turbidity with random forest models (Table 4).
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Figure 7. Spatial controls on mean streamflow biogeochemistry of individual watersheds. This figure shows the bi-variate
scatterplots (first and second columns) and a nonlinear smoothing function (GAM) (third column) used to visualize how
watershed elevation and precipitation interact to predict PC1 and three representative chemistry variables. Watersheds are
color coded by type as per Figure 1. The GAM models based on the interaction of elevation and MAP had adjusted R?
values of 0.91 for PC1 (p < 0.001, n = 41), 0.87 for DOC (p < 0.001, n = 45), 0.53 for SiO, (p < 0.001, n = 45), and 0.75
for turbidity (» < 0.001, n = 32). Phase 2 dataset.
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Comparison of watershed types suggested that
topography and climate were important and
potentially interacting controls on riverine water
quality. To better visualize these potential inter-
acting effects at the watershed scale of analysis, we
specified a simple two-variable interaction model
with mean annual precipitation (MAP) and a rep-
resentative topographic variable (Figure 7). We
selected maximum elevation (relief) as the repre-
sentative topographic variable because it was the
best topographic predictor of PC1 and an important
predictor of PC2, DOC, SiO,, alkalinity, and tur-
bidity (Figure 6). Most (91%) of the variation in
PC1 was explained by the interaction of relief and
precipitation (R* = 0.91, p < 0.001; Figure 7c).
PC1 scores were lowest in low-elevation water-
sheds with high precipitation and increased with
increasing elevation or decreasing precipitation.
DOC showed the opposite pattern, peaking in wet,
low-elevation watersheds and declining exponen-
tially with elevation and with decreasing MAP
(R* = 0.87, p < 0.001; Figure 71).

In contrast with DOC, SiO, concentrations were
high in both drier, low relief watersheds and in
high-relief watersheds, with very low concentra-
tions in the wet, lowland watersheds (Figure 7i).
However, only about half of the variation in SiO,
was explained by the interaction of relief and pre-
cipitation (R* = 0.53, p < 0.001) indicating that
some important controlling mechanism was not
represented by this model. Turbidity was well ex-
plained by this model (R*=0.75, p < 0.001),
which predicted an abrupt increase from moderate-
to high-relief watersheds.

The strong predictive link between maximum
watershed elevation and riverine water quality
likely reflected the effects of multiple controlling
factors. Maximum watershed elevation was corre-
lated with increasing watershed slope (r = 0.7),
precipitation as snow (r = 0.9), continentality
(r =0.7), glacier cover (r=0.7), and watershed
area (r = 0.6) as well as decreasing mean annual
temperature (r = —1) and vegetation height (r = -
0.7) (Figure S3). In fact, continentality (TD) was
the most important predictor of PC1 (Figure 6).
Watershed glacier cover was largely absent from
watersheds below 2,000 m and then rose rapidly
above this elevation, leading to a nonlinear asso-
ciation with watershed elevation (Figure S3c).
Furthermore, while the low-elevation watersheds
were almost exclusively acid plutonic bedrock, the
high-elevation watersheds had more diverse
lithologies with only ~ 50-75% acid plutonic
bedrock (Table S1) and some sedimentary rock
cover (Figure S3d). Forest seral stages showed no

correlation with maximum watershed elevation
but mid-seral (r =-0.5) and old forest (r = 0.5)
cover were both moderately correlated with MAP
(Figure S3).

Magnitude of Freshwater Export
by Watershed Type

We estimated the extent and discharge of each
watershed type between the northern and south-
ern extent of our field study as a means of
describing the magnitude of riverine exports from
each type (Table S3). The 18 glacierized watersheds
(of 1,989 in total) represented 50% of the total
drainage area and contributed ~ 44% of total
freshwater discharge, reflecting their large average
size (1,168 km?). Despite very small average size (6
km?), Rain type watersheds contributed a third
(33%) of discharge, because they were numerous
(1,705 watersheds) and had high specific discharge
on average. Rain Mountain type watersheds (RMC)
accounted for 26% of discharge and only 15% of
the drainage area, reflecting a very high specific
discharge. A much smaller number of Snow type
watersheds (266) contributed the remaining 23%
of cumulative discharge.

DiscussioN

Spatial Heterogeneity of Small Coastal
Watershed Ecosystems

Meso-scale mapping and classification of small
coastal watersheds revealed a high degree of spatial
heterogeneity in watershed characteristics. The two
fjordland systems we studied spanned from some of
the most glacierized coastal watersheds in BC, to
the most wetland-dominated watershed type in the
NPCTR, to a drier type of watershed found as far
south as Oregon (Giesbrecht and others 2022).
These findings show how the physiographic com-
plexity of a coastal margin can translate to intense
spatial gradients of watershed-scale topography,
climate, glaciers, and terrestrial ecosystems. As a
consequence, a substantial range of the watershed
diversity previously described at a regional scale in
the NPCTR was represented in just two fjordland
complexes.

Riverine water quality also varied dramatically
over short distances in association with spatial
variation in watershed characteristics (Figure 8).
For example, the range of watershed-averaged
DOC concentrations observed across the < 2° lat-
itude in this study (0.87 to 16.69 mg L") repre-
sented nearly the full range of the DOC
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Figure 8. Integrative conceptual summary of watershed controls on riverine water quality across six watershed types in
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concentration observations from watershed outlets
across the > 20° latitude of the entire NPCTR re-
gion (0.57 to 12.49 mg L™'; Giesbrecht and others
2022). The case of DON further illustrates the wide
range of organic matter concentrations over a rel-
atively short distance. The RLN and RHN type
watersheds had much higher DON
(215.6 = 20.4 ug L' and 135.8 £21.0 ug L',
respectively) than typical of small unpolluted
streams of the temperate region (56 to 61 pg L™%;
Meybeck 1982) or very small (< 1 km?) temperate
forested watersheds of Chile and Argentina (8 to
135 pg L™'; Perakis and Hedin 2007). However,
even the RLN and RHN type watersheds in our
study had much lower DON than typical of con-
taminated rivers globally (416 to 1490 pgL™%;
Meybeck 1982), reflecting the absence of major
agricultural land use or point source pollution in
this study area. In contrast with the RLN and RHN
types, rivers draining the Snow and Glacierized
Mountain type watersheds in our study had very
low DON (28.5 + 4.6 ug L™ t0 30.4 + 4.6 pg L™ ")
compared to typical forested watersheds around the
world (Meybeck 1982; Perakis and Hedin 2007).
Over the relatively small geographic range of our
study, we also observed a switch from predomi-
nantly organic forms of dissolved nitrogen in Rain
type watersheds—which is typical of unpolluted
temperate rainforest streams (Perakis and Hedin
2002)—to predominantly inorganic forms in Snow
and Glacierized type watersheds. Furthermore, we
observed a switch from predominantly particulate
forms of phosphorous in the Glacierized Mountain

watershed type to predominantly dissolved organic
forms in all other watershed types, presumably
reflecting a shift from physical to biological process
controls on phosphorous budgets as glacier cover
decreases (Filippelli and others 2006; Moore and
others 2009; Milner and others 2007).

The previously defined watershed types (Gies-
brecht and others 2022) captured a meaningful
amount of spatial variation in many aspects of
riverine water quality (Figure 8). As such, water-
shed classification in the NPCTR can be used to
distinguish not only streamflow regimes and DOC
dynamics (Giesbrecht and others 2022) but also
broad aspects of riverine water quality (for exam-
ple, DON, Fe, and pH). Specifically, the multi-
variable water quality description we developed for
each watershed type (Table 3) offers a first
approximation of the average riverine water qual-
ity in unsampled areas with similar watershed
characteristics. However, catchment-specific
watershed characteristics can be used for improved
prediction in unsampled watersheds (Table 4; Fig-
ure 7). In particular, maximum watershed eleva-
tion appears to serve as a surrogate measure of
multiple spatial controls on riverine water quality,
particularly after accounting for the interaction
with regional climatic gradients such as the rain-
shadow effect of Vancouver Island. Our findings
suggest that easily calculated topo-climatic water-
shed characteristics are useful for predicting water
quality in unsampled watersheds of rainforest
fjordlands (Supplemental Information, Text S3).
More accurate predictive modeling would require
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accounting for temporal controls (for example,
seasons, storms, and snowmelt) and additional
spatial controls (for example, lithology and forest
cover), particularly for certain response variables
such as turbidity, alkalinity, and SiO,.

Spatial Controls on Water Quality
Patterns in the Rainforest

Our study was designed to sample the extant range
of watershed characteristics in our study area ra-
ther than isolate individual controlling factors, yet
we discuss some potential spatial controls under-
lying the patterns we observed. The associations
between water quality and watershed characteris-
tics in this study are consistent with the hypothesis
that climate and topography are the dominant
controls on many aspects of riverine water quality
at the coastal margin of these rainforest fjordlands
(Figure 8). For example, watersheds with low-to-
moderate relief and a very rainy climate (RHN,
RLN) had high concentrations of DOM-associated
solutes (DOC, DON, Fe, and AI’*) and low con-
centrations of inorganic nutrients (DIN, SiO,, SRP).
This extremely DOM-dominated water quality re-
gime is probably a function of a wet hypermaritime
climate (Giesbrecht and others 2022; Perakis and
Hedin 2007), organic matter accumulation on
gently sloping lowland topography (Oliver and
others 2017; McNicol and others 2019), shallow
flowpaths through organic-rich wetlands and hill-
slopes (D’Amore and others 2015; Fitzgerald and
others 2003; Fellman and others 2009; Gibson and
others 2000), and relatively passive transport of
DOM through small watersheds (Raymond and
others 2016). Conversely, denitrification in wet-
land soils (Schlesinger 1997) could partly explain
the low stream DIN concentrations in these
watersheds. These watershed types also had the
highest 6'®0-H,0 and 6°H-H,O, likely reflecting
very close proximity to the ocean and the relatively
limited amount of precipitation that can occur be-
fore air masses from the Pacific ocean encounter
these watersheds (Drever 1982).

At the other topo-climatic extreme, our Glacier-
ized Mountains watershed type had many—but not
all—of the water quality characteristics found in
glacierized watersheds of the NPCTR in Southeast
Alaska (Fellman and others 2014a, b; Hood and
Berner 2009; Milner and others 2017). For exam-
ple, compared to other watershed types, the GMM
type had water quality signatures indicative of
more rapid erosion and weathering of bedrock,
slower production of DOM, dilution of DOM, and
thermal buffering by elevation, snow, and ice

(Figure 8). Our water quality samples were col-
lected far downstream of the glaciers themselves
and likely reflected both the direct and indirect
influence of glaciers and other correlated water-
shed characteristics such as elevation, slope, and
non-forest cover. Deeper flowpaths on steep slopes
and in valley bottom alluvium likely also con-
tributed to the low concentrations of DOM and
higher concentrations of rock weathering products
(Covino and others 2007; Laudon and Sponseller
2018). In contrast with studies in Southeast Alaska
(Hood and Berner 2009; Milner and others 2017),
further south in the NPCTR we found that
glacierized watersheds had elevated riverine DIN
similar to findings in Europe (for example, Co-
lombo and others 2019) and the US Rocky
Mountains (for example, Slemmons and others
2013; Ren and others 2019). The sources of ele-
vated DIN in glacier runoff remain unclear but
likely include combinations of rock weathering and
atmospheric deposition (Slemmons and others
2017), the latter of which increases down the
NPCTR coast from Southeast Alaska through BC
(Hember 2018). Nitrogen fixation in recently de-
glaciated areas (Milner and others 2007) and the
forested portion of the lower watershed may have
also played a role in shaping riverine water quality
at the coastal outlet in our study area.

This study suggests that a rainshadow climate can
have a major effect on the spatial pattern of riverine
water quality within a rainforest region, independent
of watershed topography, highlighting a largely
unexplored physiographic control on aquatic bio-
geochemistry at the land-sea margin. Specifically,
watersheds in the rainshadow of Vancouver Island
(RHC type) had notably different water quality
compared to topographically similar watersheds
(RHN type) outside the rainshadow: lower concen-
trations of DOMe-associated solutes, higher DIN,
lower DON % of TDN, higher SiO,, and higher pH
and buffering due to more concentrated products of
chemical rock weathering. The distinct water quality
regime observed in these drier and warmer condi-
tions (for example, precipitation minus evapora-
tion ~ 1,431 mminRHCvs. ~ 3,033 mmin RHN) is
expected to be promoted by less soil organic matter
accumulation at the surface and more DOM adsorp-
tion on mineral particles (McDowell and Wood 1984;
Perakis and Hedin 2007); more rapid transformation
of organic nitrogen to mobile DIN (Agren and
Andersson 2012; Castellano and others 2012); en-
hanced chemical weathering rates (Drever 1982);
and deeper flowpaths, through mineral soil horizons
and fractured bedrock (Anderson and Dietrich 2001;
Emili and Price 2013; Riebe and others 2016). How-
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ever, the rainshadow watersheds also had higher
proportions of early- and mid-seral forest cover
(Figure S4) indicating potential for confounding
forestry effects (Shah and others 2022; Pike and
others 2010) and Alder cover with climatic effects.
For example, greater relative cover of younger seral
stages in previously logged watersheds of Oregon has
been associated with higher stream nitrate concen-
trations and a lower DON % of TDN, potentially due
to Alder (Cairns and Lajtha 2005).

In addition to climate and topography, and some
associated watershed characteristics, a number of
other factors could contribute to the spatial pattern of
riverine water quality here and in other rainforest
fjordlands. These include watershed size (for exam-
ple, Laudon and Sponseller 2018), precipitation in-
puts of marine salts (Aherne and others 2010; Drever,
1982), and watershed geology (Jansen and others
2010; Li and others 2021). For example, carbonate
rocks are highly soluble and contribute to elevated
dissolved solutes in rivers (Milliman and Farnsworth
2011; Tank and others 2012a), probably including
our Glacierized watershed type which had the most
mixed-sedimentary bedrock (Table S1). Weathering
of nitrogen-bearing rock is an historically underap-
preciated source of nitrogen to streams, particularly
from rocks of sedimentary origin (Holloway and
Dahlgren 2002) and mountainous areas (Houlton
and others 2018). The age and composition of plu-
tonic rock also varies geographically across our study
area, becoming more felsic to the east (for example,
Cecil and others 2018). Anadromous salmon are a
potential source of marine derived nitrogen to
streams (Hood and Berner 2009; Moore and others
2007; Sugai and Burrell 1984).

Several aspects of forestry can impact water
quality, such as increased nitrate concentrations
after harvesting or fertilizer applications (Shah and
others 2022; Pike and others 2010). New research is
needed to isolate the potential effects of commercial
logging from climatic factors in this study area. More
broadly, we have limited understanding of forestry
effects across the diverse watersheds, logging histo-
ries, natural disturbance regimes, silvicultural prac-
tices, and evolving management paradigms of this
area. Our study underscores the importance of
controlling for meso-scale topo-climatic gradients
when evaluating forestry effects on water quality.

Consequences of Spatial Heterogeneity
in Water Quality

The large spatial heterogeneity of riverine water
quality reported in this study likely has diverse
local scale consequences for freshwater ecosystems

and the land-ocean aquatic continuum (Xeno-
poulos and others 2017). Our findings suggest
watershed classification can be used as a tool to
conceptualize this heterogeneity in the form of a
spatial mosaic of watershed ecosystems, as we have
demonstrated for rainforest fjordlands in the
NPCTR region (Figure 8; Figure 1). From a land-
scape ecology perspective, the water quality regime
of rain-fed watersheds is distributed across a large
number of small spatial units within the mosaic
(Table S3). At the other extreme, the water quality
regime of glacierized watersheds is found in a small
number of large spatial units. The distribution of
snow-type watersheds is intermediate between
these two extremes.

Within the fjordland mosaic, streams of the
Northern Rain Hills and Rain Lowlands—and to a
lesser degree the Central Rain Mountains—are
quite acidic, poorly buffered, warm, high in ter-
restrial DOM-associated solutes, and low in inor-
ganic nutrients. Such a distinct water quality
regime should affect freshwater community struc-
ture (Milner and others 2017; Petrin and others
2007) and nearshore ecosystem processes. Con-
centrated DOM-associated solutes provide an en-
ergy source that can be used by heterotrophs (St.
Pierre and others 2020) and organic nitrogen that
can be remineralized and used by primary pro-
ducers. As a result, we expect that river plumes
emanating from these watersheds function as het-
erotrophic (biogeochemical) hotspots (McClain and
others 2003)—particularly during periods of high
runoff (Oliver and others 2017; St. Pierre and
others 2020); that is, these are activated ecosystem
control points (Berhhardt and others 2017). On the
other hand, the runoff from these watershed types
is known to dilute the concentrations of inorganic
nutrients directly used by primary producers (St.
Pierre and others 2021). Our meso-scale analysis
suggests that Rain type watersheds were an
important cumulative source of water (33% of
discharge) and must represent a large cumulative
flux of organic matter associated materials (DOC,
DON, Fe, and AI’").

In contrast with the Rain type watersheds, the
larger Glacierized Mountain watersheds had the
coolest and most turbid waters in the summer
meltwater season (Figure 8). These physical aspects
of runoff from glacierized watersheds affect multi-
ple trophic levels in freshwater and nearshore
ecosystems (for example, Bellmore and others
2022; Bianchi and others 2020; Milner and others
2017; Slemmons and others 2013). High particle
loads make glacierized fjords such as Bute Inlet
(Hage and others 2022) global hotspots for carbon
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burial in bottom sediments (Smith and others
2015). The GMM type had the most buffered car-
bonate system, but would still contribute to the
freshwater reductions in marine buffering capacity
(Hare and others 2020) and the ecological impact of
ocean acidification (Evans and others 2014; Tank
and others 2012b). Nutrients in the runoff from
glacierized mountains also influence ecosystems
across the land to ocean aquatic continuum, but
the effect of nutrients on marine productivity is
uncertain and spatially variable, potentially
depending on river turbidity, flow, temperature,
and water column stratification (Bianchi and oth-
ers 2020; Cuevas and others 2019; Hopwood and
others 2020; Vargas and others 2011). Despite low
concentrations of DOC and DON, glacial runoff
here (St. Pierre and others 2022) and elsewhere
(Arimitsu and others 2018; Vargas and others
2011) is thought to subsidize marine foodwebs due
to high volume influxes of dilute but labile organic
matter (Hood and others 2009).

Glacierized Mountain type watersheds probably
dominate the overall land-ocean signature in these
fjords due to their large cumulative area (50% of
total) and discharge (44% of total), yet their
importance is expected to vary across the larger
fijordland complexes (for example, Pickard 1961)
and over time. With rapid climate change, rates of
glacier mass loss in this area are increasing dra-
matically and expected to peak in the coming
decades before falling below current levels before
the end of this century (Rounce and others 2023;
Menounos, pers. comm.). Glacial influences on
rivers and fjords of the NPCTR could be predicted to
follow a similar long term trend (see Hood and
Berner 2009; Bidlack and others 2021; Pitman and
others 2020). However, the trajectory of water
quality change may be complicated by other factors
including the persistent physiographic setting,
changing precipitation regimes (Wang and others
2016), changes in species composition (for exam-
ple, Milner and others 2007), very long geomorphic
and ecological lags (Anderson 2007; Church and
Slaymaker 1989), and infrequent extreme events
such as glacial lake outburst floods (Geertsema and
others 2022).

Meso-scale Functions of Watershed
Diversity?

The presence of such diversity in watershed ecosys-
tems along the coastal margin supports the use of
landscape ecology theory to better understand how
land-sea linkages are expressed in meso-scale spatial
units (for example, a fjord, an archipelago, or a

fjordland complex). Consistent with the meta-
ecosystem concept (Loreau and others 2003; Gou-
nand and others 2018), coastal watershed ecosys-
tems and nearshore ecosystems are indeed
connected by multiple types of spatial flows in both
upstream and downstream directions (for example,
Aufdenkampe and others 2011; Harding and Rey-
nolds 2014; Harding and others 2015; Moore and
others 2007; Xenopoulos and others 2017). The
fjordland complex between Rivers Inlet and Calvert
Island, specifically, has been described as an infe-
grated land—ocean meta-ecosystem due to the contribu-
tions of watershed, nearshore-macrophyte, and
marine phytoplankton sources to the pool of par-
ticulate organic carbon found in the ocean surface
waters (St. Pierre and others 2022 p. 2).

New research is needed to determine how the
mosaic of interconnected watershed ecosystems
and nearshore ecosystems in a given area deter-
mines meso-scale ecosystem functions and how
those functions can be modeled. For example,
higher diversity of watershed types can confer
meso-scale resilience (for example, to salmon
populations) due to habitat diversity (Hilborn and
others 2003) and environmental asynchrony
(Moore and others 2015). Nearshore nutrient sto-
ichiometry and turbidity must depend on the
mixing of diverse watershed sources from sur-
rounding areas. Ocean acidification and oxygen
depletion exemplify processes that can depend on
both coastal ocean conditions and the flow of
freshwater, organic matter, and rock weathering
products from watersheds (Aufdenkampe and
others 2011; Jackson and others 2021; Waldsbusser
and others 2014). Watershed classification for hydro-
biogeochemistry (Giesbrecht and others 2022), if
coupled with coastal ocean modeling, offers a
conceptual framework and geospatial tool for fu-
ture studies to evaluate hypotheses about inte-
grated land—-ocean meta-ecosystems.

CONCLUSION

We conclude that watershed characterization and
classification are useful tools for understanding
complex spatial gradients and interacting catch-
ment controls on multiple aspects of water quality
in rainforest fjordlands. This approach suggested
that the physiographic complexity of fjordland re-
gions generates strong spatial gradients in water-
shed climate, topography, hydrology, and
ecosystems. Most fjord studies focus on the few
comparatively large (often glacierized) watersheds
that tend to dominate discharge. However, this
study described very different watershed ecosystem
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characteristics in the many smaller catchments
found across the broader fjordland complex. Where
physiographic controls prevail, we would also ex-
pect to find diverse mosaics of watershed ecosys-
tems in the extensive fjordland-island complexes
around the world (Bianchi and others 2020). Steep
spatial gradients in riverine water quality have
potential implications for biological diversity and
ecosystem processes at multiple scales in both
freshwater and coastal ocean settings. Future re-
search might ask how the biogeochemical and
ecological processes of contrasting fjords depend on
the mosaic of contributing watershed types. Such
land-sea linkages are also expected to be influ-
enced by oceanographic processes (for example,
currents and mixing) operating at multiple scales.
Small (< 10,000 km?) coastal mountain water-
sheds have been recognized for their dispropor-
tionate contributions to land-to-sea fluxes at global
(Milliman and Syvitski, 1992; Lyons and others
2002) and regional scales (Gofii and others 2013;
McNicol and others 2023). This study showed that
small coastal watersheds can be highly diverse in
terms of watershed characteristics and riverine
water quality, even at meso-scales within the same
climatic, physiographic, and geological region (that
is, the Northeast Pacific Coastal Temperate Rain-
forest and the Coast Plutonic Complex). More work
is needed at regional and global scales to under-
stand the effects of many diverse small watersheds
on the coastal ocean in comparison to the effects of
few large watersheds (for example, the Fraser River
in this region). Extending the small coastal water-
sheds concept to better account for spatial hetero-
geneity may lead to improved predictive and
conceptual models of coastal margin function.
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