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Abstract

Large-scale wildfires are becoming increasingly common in the wet forests of the

Pacific Northwest (USA), with predicted increases in fire prevalence under future cli-

mate scenarios. Wildfires can alter streamflow response to precipitation and mobilize

water quality constituents, which pose a risk to aquatic ecosystems and downstream

drinking water treatment. Research often focuses on the impacts of high-severity

wildfires, with stream biogeochemical responses to low- and mixed-severity fires

often understudied, particularly during seasonal shifts in hydrologic connectivity

between hillslopes and streams. We studied the impacts of the 2020 Holiday Farm

Fire at the HJ Andrews Experimental Forest where rare pre-fire stream discharge and

chemistry data allowed us to evaluate the influence of mixed-severity fire on stream

water quantity and quality. Our research design focused on two well-studied water-

sheds with low and low-moderate burn severity where we examined long-term data

(pre- and post-fire), and instantaneous grab samples collected during four rain events

occurring immediately following wildfire and a prolonged dry summer. We analysed

the impact of these rain events, which represent the transition from low-to-high

hydrologic connectivity of the subsurface to the stream, on stream discharge and

chemistry behaviour. Long-term data revealed total annual flows and mean flows

remained fairly consistent post-fire, while small increases in baseflow were observed

in the low-moderately burned watershed. Stream water concentrations of nitrate,

phosphate and sulfate significantly increased following fire, with variance in concen-

tration increasing with fire severity. Our end member mixing models suggested that

during rain events, the watershed with low-moderate severity fire had greater

streamflow inputs from soil water and groundwater during times of low connectivity

compared to the watershed with low severity fire. Finally, differences in fire severity

impacts on concentration-discharge relationships of biogenic solutes were most

expressed under low catchment connectivity conditions. Our study provides insights

into post-wildfire impacts to stream water quality, with the goal of informing future

research on stream chemistry responses to low, moderate and mixed severity

wildfire.
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1 | INTRODUCTION

Warmer temperatures, shifts in precipitation patterns, and increased

drought severity have contributed to recent increases in the occurrence

of large wildfires in the Pacific Northwest (PNW) of the United States

(Westerling, 2016; Reilly et al., 2022; Holden et al., 2018). Wildfire can

result in reduced ground cover and loss of overstory and riparian vege-

tation, which can lead to an influx of sediment, ash, and burned material

into waterways (Nyman et al., 2011) and pose a threat to aquatic eco-

system health (Bladon et al., 2014; Emelko et al., 2016; Niemeyer

et al., 2020). Rainfall following wildfire in forested catchments can addi-

tionally alter stream water quality through the rapid mobilization and

transport of burned material from hillslopes to streams (Murphy

et al., 2012). Wildfires alter the physical properties of the soil surface in

many ways that influence the hydrological response of burned catch-

ments to rain events such as increasing soil-water hydrophobicity, soil

sealing, surface crust formation, soil pore clogging, and changes in bulk

density (Agbeshie et al., 2022; Balfour et al., 2014; Doerr et al., 2000;

Larson-Nash et al., 2018; Nyman et al., 2014). These effects on soil

physical properties influence soil hydraulic properties like hydraulic

conductivity and sorptivity, which can reduce infiltration or shift runoff

generation pathways (Ebel & Moody, 2017). Such changes can increase

runoff response, potentially leading to elevated peak flows, low flows,

and annual discharge (Bart, 2016; Kinoshita et al., 2014; Lavabre

et al., 1993; Wine et al., 2018). Runoff response can be additionally

complicated by the spatial heterogeneity of wildfire impacts across a

landscape, particularly following mixed severity burns, which results in

highly localized impacts to soil hydrologic properties (McGuire

et al., 2021). In the PNW, rainfall following wildfire typically occurs

after prolonged dry summers that lead to an increased period of hydro-

logic connectivity in the fall, yet the interaction between these natural

shifts in connectivity and the physical and chemical changes of streams

following wildfire remain unclear.

Many studies have used end-member mixing analysis (EMMA) to

identify runoff contributions to streamflow (Birch et al., 2021;

Christophersen & Hooper, 1992; Hooper & Shoemaker, 1986; Kiewiet

et al., 2020; Sklash & Farvolden, 1979) and to assess connectivity of

uplands to streams (Bush et al., 2023; Tetzlaff et al., 2015; Uhlenbrook

et al., 2004). Because stream chemistry is the proportional mixture of

all actively contributing sources within a catchment, chemically quanti-

fying each source, or end-member, allows for quantification of hydro-

logic connectivity between sources within the catchment to the

stream. An additional technique for better understanding the relation-

ship between stream chemistry and hydrologic regime involves analys-

ing the relationships between stream chemical solute concentrations

and discharge during a given rain event (Godsey et al., 2009; Lloyd

et al., 2016). Stream solutes often exhibit a cyclical relationship

between concentration and discharge on the event scale, and

concentration-discharge (C-Q) relationships can reveal hydrochemical

processes and aid in inferring the origin and fate of materials trans-

ported (Bowes et al., 2015; Butturini et al., 2008; Evans &

Davies, 1998; Lawler et al., 2006). The direction or rotational pattern of

the C-Q hysteresis is indicative of increases or decreases in

concentration with discharge. Clockwise hysteresis occurs when

greater concentrations are measured on the rising limb of the hydro-

graph as a result of rapid flushing and exhaustion of material from

within or near channel sources (Bieroza & Heathwaite, 2015). In con-

trast, anticlockwise hysteresis is typically associated with delayed solute

delivery from the deeper subsurface sources and greater concentration

on the falling limb (Bieroza & Heathwaite, 2015; Gellis, 2013). How-

ever, antecedent moisture conditions may complicate our interpreta-

tion of hysteretic relationships by influencing the direction and

magnitude of hysteresis in solute transport (Ávila et al., 1992;

Bieroza & Heathwaite, 2015; Butturini et al., 2006; Guarch-Ribot &

Butturini, 2016).

Our study occurred following the 2020 Holiday Farm Fire at HJ

Andrews (HJA) Experimental Forest in Oregon, United States. HJA is

located in a Mediterranean ecosystem, defined by highly seasonal pre-

cipitation with episodic, large amounts of rainfall during cool winters

followed by a warm, dry season in the summer (Bonada & Resh, 2013).

Such a transition between dry and wet periods greatly alters the hydro-

logic connectivity between the landscape and stream (Bernal

et al., 2013). As overall catchment moisture increases, contributing

areas become connected (Jencso et al., 2009; Nippgen et al., 2015;

Smith et al., 2013), increasing the proportion of the catchment that is

hydrologically connected to the stream (D'Odorico & Rigon, 2003;

Jencso et al., 2009; Nippgen et al., 2011, 2015; Smith et al., 2013).

Changes in hydrologic connectivity can be further exacerbated by dis-

turbances like wildfire (Ebel & Moody, 2017). Fortuitously, four rain

events with increasing precipitation totals occurred immediately follow-

ing the Holiday Farm Fire at the start of the transition from the dry

summer to wet winter season in 2020. We used a combination of

EMMA and C-Q hysteresis analysis to understand how low to moder-

ate burn severity impacted stream discharge, stream chemistry, and the

activation of hydrologic flow paths during this series of rain events that

increasingly enhanced catchment hydrologic connectivity. The HJA also

has an extensive database that enabled us to compare long-term pre-

fire stream chemistry to post-fire stream chemistry.

Here we examined the influence of antecedent moisture condi-

tions during the seasonal fall wet-up and during rain events to answer

the following research questions: (1) what is the impact of mixed

severity wildfire on streamflow and stream chemistry; (2) how do

increases in antecedent moisture conditions following rain events

impact stream chemistry; and (3) how might wildfire and increased

wetting influence flow paths and routing of water delivery to streams?

Our study provides a lens for evaluating post-fire shifts in hydrologic

flow paths and source water contributions to streams with implica-

tions for water quality delivery to downstream systems.

2 | MATERIALS AND METHODS

2.1 | Study area

Our study was conducted at the HJ Andrews Experimental Forest

(HJA; 44.23�N, 122.17�W), a 6400-ha forested catchment containing
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Lookout Creek in the Western Cascades, Oregon, USA (Figure 1). HJA

has been a long-term study site for ecological and forest management

research for more than 70 years. Elevation across the catchment

ranges between approximately 410 and 1630 m. The climate is char-

acterized as Mediterranean, with mild, wet winters, and warm, dry

summers. Mean annual air temperature is 8.5�C, ranging from 0.6�C in

December to 17.8�C in July. Mean annual precipitation ranges from

2200 mm to >3300 mm, with greater accumulation at upper eleva-

tions, and more than 80% of annual precipitation falling between

November and June (Jones & Perkins, 2010). The HJA spans the rain-

to-snow transition zone; snow rarely persists for more than a few

weeks at low elevation, but above 1000 m, seasonal snowpack can

persist through the winter or accumulate and melt several times

(Bierlmaler & McKee, 1989; Johnson et al., 2021; Jones &

Perkins, 2010). HJA contains multiple small experimental watersheds

that are gaged and routinely sampled. Three of the lower elevation

watersheds were impacted by the Holiday Farm Fire in 2020

(Figure 1; Watersheds 1, 2 and 9).

2.1.1 | The Holiday Farm Fire

The Holiday Farm Fire ignited the night of 7 September 2020, and

burned roughly 70 188 ha of the McKenzie River Watershed, making

it one of the largest forest fires in Oregon's history. Fire entered

HJA on September 12th at the south boundary of Watershed

9 (WS9), and gradually progressed northward into Watershed

1 (WS1), and Watershed 2 (WS2) (Figure 1). Soil burn severity was

higher across the full area of the Holiday Farm compared to that of

the HJA experimental watersheds, with a lower percentage of low

severity burn (24%) and a higher percentage of moderate and high

severity burn (62% and 9%, respectively) (Table 1) (USDA Forest

Service, 2020). While a greater proportion of WS1 burned at high

severity compared to WS9 (8% vs 0%), more of WS1 was unburned

compared to WS9 (48% vs 2%). Additionally, a greater proportion of

WS9 burned at low and moderate severity (98%) compared to WS1

F IGURE 1 Map of the location and burn severity of the Holiday
Farm Fire and impacted experimental watersheds within the HJ
Andrews Experimental Forest.

TABLE 1 Holiday Farm Fire burn metrics (a) including soil burn
severity (i) and basal area mortality (ii), and watershed characteristics
(b) for WS1 and WS9.

WS1 WS9

a) Holiday Farm Fire burn metrics

(i) Soil Burn Severity (%)

Unburned 48 2

Low severity 42 88

Moderate severity 1 10

High severity 8 0

(ii) Basal area

Unburned 70 36

Low severity (1%–25%) 9 18

Moderate severity (25%–75%) 12 33

High severity (>75%) 2 11

b) Watershed characteristics

Drainage area (ha) 96 8.5

Elevation range (m) 439–1027 426–731

Mean aspect (degrees) 286 211

Stand age (years) �50 �500

Pre-fire land-use history Logged, burned Undisturbed

Slope (%) 60 60
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(43%), and basal area mortality was higher at WS9 across all sever-

ities (Table 1) (Stratton, 2021).

2.1.2 | Experimental Watersheds 1 and 9

WS1 and WS9 are both lower-elevation experimental watersheds

within the HJA (Figure 1). Elevation is slightly higher at WS1, and both

watersheds have similarly steep slopes of roughly 60% (Table 1). The

geology of both watersheds is highly weathered Oligocene tuffs and

breccias that are prone to mass wasting. Soils are loamy, have high

infiltration capacity, and are well-drained in most locations

(Dyrness, 1969; Dyrness & Hawk, 1972; Rothacher, 1970). The largest

differences between watersheds are in their drainage area (96 ha for

WS1 and 8.5 ha for WS9), pre-fire forest age, and land-use history

(Table 1). The forest in WS1 is approximately 50 years old, as it was

100% clearcut between 1962 and 1966, and then burned following

logging in 1967. Pre-fire overstory vegetation consisted of planted

Douglas-fir (Pseudotsuga menziesii (Mirbel); Dyrness, 1973) with occa-

sional red alder (Alnus rubra Bong.), bigleaf maple (Acer macrophyllum

Pursh.), and western hemlock (Tsuga heterophylla) (Halpern &

Lutz, 2013). The understory consisted of vine maple (Acer circinatum

Pursh.), red huckleberry (Vaccinium parvifolium Sm.), and sword fern

(Polystichum munitum). WS9 was a designated as a reference water-

shed, leaving it relatively undisturbed with forest overstory age of

approximately 500 years. Pre-fire vegetation was dominated by old-

growth Douglas-fir with an understory of emergent Douglas-fir, west-

ern hemlock, Pacific yew (Taxus brevifolia), and bigleaf maple

(Hawk, 1978).

2.2 | Available data

The HJA has numerous long-term datasets including hydrometric and

biogeochemical data. We retrieved continuous stream discharge

(HF004; Johnson, Harpold, et al., 2023) and stream chemistry data

(CF002; Johnson & Fredriksen, 2019a) for WS1 and WS9 (Figure 1).

Discharge at the gage stations was calculated as an average of

5-minute intervals from stage height (HF004; Johnson et al., 2021). At

HJA, routine stream water samples are collected proportionally to

streamflow (Fredriksen, 1969). Samples are composited over 1-week

intervals at the gages, and three 1-week samples are composited in

the lab before analysis at Cooperative Chemical Analytical Laboratory

at Oregon State University (CCAL, Oregon State University, Corvallis,

OR). Data on concentrations and fluxes are provided as three-week

averages and are referred to as proportional samples from hereon

(Johnson & Fredriksen, 2019a). Rainfall totals and precipitation chem-

istry (CP002; Johnson & Fredriksen, 2019b) were retrieved from the

nearest weather station (PRIMET) (Figure 1). Precipitation totals for

each collection period were calculated over the same time intervals as

proportional stream chemistry (Johnson & Fredriksen, 2019a;

Johnson & Fredriksen, 2019b). Additional details on calculations of

stream discharge, sample collection and lab analyses for chemistry are

available in the metadata and summarized by Johnson et al. (2021).

2.3 | Event stream sample collection and analysis

After the September 2020 fire, instantaneous stream water samples

were collected during the first four rain events to quantify stream

chemistry. These events occurred in September, October, November

and December 2020, hereon referred to as event samples. Event sam-

ples were collected at 8-hour intervals using ISCO automatic samplers

(Teledyne ISCO, Lincoln, NE, USA) installed at WS1 and WS9 stream

gage stations. Sampling started before each rain event and continued

until streamflow was similar to pre-event levels. Unlike proportional

stream samples collected routinely at HJA, samples collected during

rain events represented an instantaneous measurement of stream

chemical concentrations. Each 400 mL sample was filtered through a

pre-ashed Whatman GF/F filter (pore size 0.7 μm), and frozen imme-

diately after filtering. All stream sample analyses were conducted by

CCAL, the same laboratory as the long-term water chemistry. Analyti-

cal methods and detection limits for all analyses are described on the

CCAL web page (https://ccal.oregonstate.edu/). Here we focus on

dissolved organic carbon (DOC), nitrate (NO3
�), magnesium (Mg2+),

calcium (Ca2+), sulfate (SO4
2�), chloride (Cl�), potassium (K+), and

phosphate (PO4
3�). Units for all analytes are measured in mg L�1

except for NO3
� (mg N/L), PO4

3� (mg P/L), DOC (mg C/L) and SO4
2�

(mg S/L) (CF007; Johnson, 2024). From hereon we present all analytes

in mg L�1 for simplicity.

2.4 | Analytical methods

2.4.1 | Hydrometric characterization

To characterize overall catchment wetness before and after the Holi-

day Farm Fire, we analysed precipitation totals for each year within

our data record (Table S1). Specifically, we compared mean annual

rainfall totals and mean fall rainfall totals recorded before (2003–

2019) and after (2021–2023) the Holiday Farm Fire. We defined the

fall season as September 1 through December 31 for each year of

record. We limited our study to this timeframe as it corresponded

with (1) roughly the onset and wet-up of the rainy season in PNW

wet forests, and (2) the timing of our four rain events occurring imme-

diately following the Holiday Farm Fire in 2020. To further character-

ize differences in catchment wetness and to identify potential drivers

of constituent mobilization from the landscape to the stream, we cal-

culated peak hourly rainfall intensities for each rain event (Murphy

et al., 2015). Precipitation data from PRIMET were used for both WS1

and WS9. We focused our analysis on fall and annual rainfall inputs to

the system given little snowpack develops at the lower elevation sites

at HJA (Bierlmaler & McKee, 1989; Johnson et al., 2021; Jones &

Perkins, 2010).
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To evaluate post-fire differences in streamflow, we examined

(1) total annual flows, (2) fall mean daily flows and (3) fall low flows

pre- and post-fire. Fall low flow discharge was calculated using the

5th percentile flow discharge (referred to as baseflow) recorded

between 1 September and 31 December of each year (Table S1). To

effectively compare stream response between WS1 and WS9, which

are different in drainage area, discharge values recorded at each

stream gage were divided by corresponding catchment area and

reported in mm hr�1. Streamflow response immediately following the

fire (September – December 2020) was only interpreted through

the lens of immediate post-fire shifts in infiltration dynamics, given

recharge dynamics for the majority of the year were under pre-fire

conditions and shifts in evapotranspiration loss due to vegetation

mortality would likely be minimal in this short period.

2.4.2 | Comparison of pre- and post-fire
proportional stream chemistry

To compare differences in stream response between WS1 and WS9

following the Holiday Farm Fire, we limited our study years to those

where proportional stream chemistry data were available at both sites

(2003–2021) and fall months of each year (September–December).

Pre-fire stream chemistry sample sizes were much larger (n = 95/96

for WS1/WS9), than post-fire samples (n = 11/12 for WS1/WS9). To

determine if there were statistical differences between the pre- and

post-fire stream solutes, we bootstrapped the data 3000 times, sub-

sampling using a sample size of 10. The resultant distribution of Wil-

coxon rank sum tests p-values was compared, and differences were

evaluated for median p-values at alpha <0.1.

2.4.3 | Evaluating post-fire shifts in streamflow
contributions during rain events using principal
component analysis and end-member mixing analysis

To assess potential post-fire shifts in flow path activation during rain

events following the Holiday Farm Fire, stream chemistry collected

during rain events at WS1 and WS9 were used in principal component

analysis (PCA) and end-member mixing analysis (EMMA) following the

methods of Christophersen and Hooper (1992). Due to a lack of hill-

slope chemistry data specific to WS1 and WS9, we retrieved major

ion chemistry collected from soil lysimeters in Watershed 10 (WS10)

(HF024; McGuire, 2020) as a proxy for shallow preferential flow paths

from each watershed to the stream. WS10 is located within the lower

elevations of HJA and has similar geology, soils, and precipitation

inputs as WS1 and WS9. As a proxy for groundwater contributions to

streamflow, we retrieved major ion chemistry from a non-riparian well

in WS1 (well D7, CF011; Wondzell & Corson-Rikert, 2016). Data were

collected during baseflow conditions (Wondzell & Corson-Rikert,

2016). We used precipitation chemistry from PRIMET rainfall collec-

tor. EMMA was completed for the rain events in September and

October at both watersheds. Tracer selections and end-member mix-

ing scenarios were based on criteria adapted from Christophersen and

Hooper (1992). Tracers of Mg2+, Ca2+, Cl�, NO3
�, SO4

2� and K+

were included in PCA. Data were centered and scaled to achieve nor-

mal distribution and PCA was run using the R package PCAtools

(Blighe & Lun, 2022). To determine the relative proportions of

stream runoff derived from retained end-members, hydrograph sepa-

rations were completed for each rain event at each site. In some

cases, stream observations happened to lie outside the mixing

domain defined by the selected end-members, resulting in negative

fractions of relative contributions. In this case, negative fractions were

forced to zero and other contributions were assumed to be a

mixture of the remaining end-members only (Bush et al., 2023; Liu

et al., 2004).

2.4.4 | Characterizing rain event concentration-
discharge behaviour

While PCA and EMMA allowed us to estimate overall source contri-

butions to the stream across each individual rain event, we used C-Q

hysteresis analysis to compare differences in the timing of source

water contributions between WS1 and WS9. Concentration was

related to time series of discharge to visualize C-Q loops during indi-

vidual rain events occurring from September through December. C-Q

dynamics were evaluated for DOC, NO3
� and PO4

3� which represent

primarily shallow, biologically active (or biogenic) sources to stream-

flow, and Mg2+, K+, Ca2+ and SO4
2�, which represent primarily

bedrock-derived (or geogenic) sources (Herndon et al., 2015; Johnson

et al., 2024; Li et al., 2021; Murphy et al., 2018; Sullivan et al., 2019;

Zhi et al., 2019). We classified C-Q loops based on their clockwise or

anticlockwise relationship with discharge.

3 | RESULTS

3.1 | Hydrologic response following fire

Hydrograph response during the period of study reflected the timing

of Mediterranean rainfall and snow melt patterns at WS1 and WS9

(Figure S1). In many years, daily mean streamflow begins to increase

in late-September or October. During the post-fire years of record

(2021–2023) mean daily discharge values were within the range of

the daily mean and standard deviation values calculated for the pre-

fire years (2003–2019) (Figure 2, Table S1, Figure S1).

In the 16 years preceding the fire, mean annual precipitation total

was 2131 mm and mean fall precipitation total was 941 mm

(Table S1). Mean annual stream discharge totals were higher at WS1

than at WS9 (Table S1). Mean fall flows were lower and fall baseflows

were higher at WS1 (Table 2, Figure 2).

In the 3 years following the fire, mean annual precipitation totals,

mean fall precipitation totals, and annual stream discharge totals

decreased slightly compared to pre-fire years (Table S1). Mean fall

flows declined at WS1 and increased at WS9. Baseflows during

fall slightly increased at both watersheds, and this was more pro-

nounced at WS9 (Table 2, Figure 2).
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3.2 | Post-fire stream chemistry

Proportional stream constituent concentrations for our selected sol-

utes increased following the Holiday Farm Fire at both WS1 and

WS9, except for DOC (Figure 3). We observed the largest increases in

pre- and post-fire concentrations for NO3
�, PO4

3�, and SO4
2� at both

sites, in addition to K+ at WS9 (p < 0.1). Though not significant, we

observed post-fire increases in Mg2+, Ca2+ and Cl� concentrations at

both watersheds and K+ at WS1.

3.3 | Rain event response

Rainfall totals increased from 4 mm during the September rain event

to 229 mm in the December event (Table 3). Peak rainfall intensity

increased with each subsequent rain event until December. Rain

event durations increased through time with the exception of the

November event, which was the shortest event. Streamflow and

stream chemical responses to rain events of increasing magnitude dif-

fered between WS1 and WS9 (Figure 4, Figure 5, Table S2). Runoff

F IGURE 2 Fall rainfall totals (mm) for each year of study (a). Fall mean daily runoff (mm day�1) for each year of study (b). For each boxplot
the lower and upper hinges correspond to the first and third quartiles (the 25th and 75th percentiles). Upper and lower whiskers extend from the
hinge to the smallest and largest values no further than 1.5 times the interquartile range. Data beyond the end of the whiskers are considered
outliers. Fall baseflow (Q5 for September – December) runoff for each year of study (c). Error bars indicate measurement uncertainty for low
flows (+/� 0.043 for WS1 and +/� 0.086 for WS9) (HF004; Johnson et al., 2024).

TABLE 2 Mean streamflow metrics for fall flow and fall baseflow at WS1 and WS9. Mean values are calculated for each metric during pre-
fire (2003–2019) and post-fire years (2021–2023). Standard deviations are given in parentheses. Fall and annual precipitation and streamflow
totals for each year are given in Table S1.

Site Variable Units Pre-fire Post-fire

WS1 Mean fall flow mm day�1 2.58 (6.01) 2.45 (5.54)

Mean fall baseflow mm day�1 0.05 (0.02) 0.08 (0.02)

WS9 Mean fall flow mm day�1 2.86 (6.11) 3.28 (6.49)

Mean fall baseflow mm day�1 0.04 (0.03) 0.14 (0.05)
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response was greater at WS9 for all but the December event

(Figure 4). Concentrations of all solutes except for K+ at both sites

and PO4
3� at WS1 increased from the September to October events

and decreased from October to November and November to

December events (Figure 5, Table S2). We observed the largest

increase in NO3
� during the October rain event at both sites, with

NO3
� values increasing from 0.03 mg L�1 to 0.19 mg L�1 at WS1 and

from 0.01 mg L�1 to 0.17 mg L�1 at WS9. At WS1, PO4
3� mean

values remained relatively constant throughout all rain events

(Table S2). Concentrations of K+ were similar during September and

October rain events and declined during the November and

December rain events at both sites (Figure 5, Table S2).

F IGURE 3 Pre- and post-fire comparisons of fall runoff (mm hr�1) (a) and fall proportional stream chemistry for: Dissolved organic carbon (b),
nitrate (c), magnesium (d), calcium (e), sulfate (f ), chloride (g), potassium (h) and phosphate (i). WS1: Pre-fire n = 95, post-fire n = 12. WS9: Pre-
fire n = 96, post-fire n = 11. For each boxplot the lower and upper hinges correspond to the first and third quartiles (the 25th and 75th
percentiles). Upper and lower whiskers extend from the hinge to the smallest and largest values no further than 1.5 times the interquartile range.
Data beyond the end of the whiskers are considered outliers. Asterisks indicate significance level results of bootstrapped Wilcoxon Rank Sum

Test, where * indicates p < 0.1. Note units for: NO3
� (mg N/L), PO4

3� (mg P/L), DOC (mg C/L) and SO4
2� (mg S/L) as stated in the methods.

TABLE 3 Rainfall total (mm), peak
rainfall intensity (mm hr �1), and rainfall
duration (rounded to the nearest hour)
measured for rain events between
September and December 2020.

September October November December

Total (mm) 4 115 145 229

Peak intensity (mm hr�1) 0.3 9.1 12.2 6.6

Duration (hours) 145 169 88 305
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3.3.1 | Principal component analysis and
end-member mixing analysis

PCA was performed for the stream water geochemical dataset associ-

ated with each rain event at WS1 and WS9 (Figure 6). Both scenarios

required three end-member mixing. The percent variance explained

by the first two principal components (PC1 and PC2) for WS1 was

84% and 76% for WS9. When projected into principal component

space, stream samples exhibited distinct clustering corresponding to

each rain event. End-members of soil water, groundwater, and rainwa-

ter chemistry approximately triangulate the stream sample clusters,

with September and October rain event samples clustering between

the rainfall and soil water end-members, and November and

December rain event samples clustering between rainfall and ground-

water end-members at both sites.

Relative contributions of each end-member shifted with rain

events of increasing magnitude and hydrologic connectivity, and dif-

fered between WS1 and WS9 (Figure 6, Table S3). WS1 exhibited rel-

atively consistent contributions to streamflow across rain events: with

the exception of the October event, all storms had highest contribu-

tions from rain, followed by groundwater and soil water. Streamflow

contributions were more dynamic across rain events at WS9 com-

pared to WS1, particularly with respect to soil water contributions,

which decreased with each rain event (Figure 6d). At both sites, rela-

tive contributions of rainfall to streamflow were highest during the

November and December rain events.

F IGURE 5 Post-fire runoff (mm hr�1) (a) and event stream chemistry samples for: Dissolved organic carbon (b), nitrate (c), magnesium (d),
calcium (e), sulfate (f), chloride (g), potassium (h) and phosphate (i) collected from each site. For each boxplot the lower and upper hinges
correspond to the first and third quartiles (the 25th and 75th percentiles). Upper and lower whiskers extend from the hinge to the smallest and
largest values no further than 1.5 times the interquartile range. Data beyond the end of the whiskers are considered outliers. Note units for NO3

�

(mg N/L), PO4
3� (mg P/L), DOC (mg C/L) and SO4

2� (mg S/L) as stated in the methods.
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3.3.2 | Concentration-discharge response

C-Q behaviours differed between WS1 and WS9 for biogenic sol-

utes during the initial rain events (September and October) that had

the lowest rainfall totals, but generally exhibited similar behaviours

during the late fall higher rainfall total events (November and

December) (Figure 7, Figure S3, Figure 8). In WS1, biogenic solutes

exhibited clockwise C-Q behaviour across all events with the excep-

tion of PO4
3� during the December event (Figure 8, Figure S2). In

WS9, biogenic C-Q behaviour was more variable during the

September and October events (Figure 8, Figure S2). In September,

DOC C-Q was clockwise during the first pulse of the hydrograph,

then anticlockwise during the second pulse of the hydrograph, while

NO3
� was anticlockwise, and PO4

3� was clockwise (Figures 7 and 8,

Figure S3). During the October rain event, DOC was anticlockwise,

NO3
� was clockwise, and PO4

3� was clockwise/ anticlockwise. Dur-

ing the November and December events, DOC was anticlockwise/

clockwise, while NO3
� and PO4

3� were clockwise. Geogenic solutes

exhibited more similar behaviour across rain events and between

sites compared to biogenic solutes with the exception of Ca2+ and

Mg2+ during the October event, and Cl� during the December rain

event (Figure 8, Figure S3).

F IGURE 6 Two-dimensional principal component analysis (PCA) results for each rain event (circles) occurring at WS1 (a) and WS9 (b), and
relative contributions of rain (squares), groundwater (triangles) and soil water (stars) to streamflow during each rain event at WS1 (c) and WS9
(d) calculated in end-member mixing analysis (EMMA).
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4 | DISCUSSION

Understanding hydrological and biogeochemical responses to wildfire

is often hindered by the lack of pre-fire data. Following the 2020 Holi-

day Farm Fire in Oregon, we evaluated a rare trove of pre- and post-

fire water chemistry and hydrologic data and conducted rain event

sampling in two watersheds that experienced low and low-moderate

burn severity within the HJ Andrews (HJA) Experimental Forest.

Although the watersheds had only a small proportion of high severity

burn, we observed significant increases in fall post-fire concentrations

of NO3
�, PO4

3� and SO4
2� compared to pre-fire, but did not see sig-

nificant changes in DOC or other analytes. However, hydrologic dif-

ferences do not explain post-fire increases in stream chemistry, as fall

mean streamflow, annual total streamflow, and annual precipitation

totals were similar in pre-fire and post-fire years. Event sampling

revealed that the greatest increases in concentrations occurred during

the first two rain events following the fire, despite having low rainfall

totals. Using EMMA and C-Q analysis of rain event samples, we draw

attention to likely shifts in hydrologic flow paths and resulting

changes in stream water chemistry with increasing hydrologic

connectivity during fall wet-up between watersheds with differing

burn severity.

4.1 | Fire increased some streamflow metrics and
altered stream water chemistry, but response varied
likely due to differences in fire severity

Post-fire baseflows were higher at the more severely burned water-

shed (Figure 2), but stream water chemistry response was similar

between watersheds (Figure 3). Increased streamflow immediately fol-

lowing wildfire is well documented in prior studies, which have shown

the greatest increases in hydrologic impacts during the first several

years post-fire (Ebel & Mirus, 2014; Niemeyer et al., 2020; Noske

et al., 2016; Vieira et al., 2016). Burn severity and percent area burned

have been positively correlated with increased annual flows, peak

flows, and low flows (Feikema et al., 2013; Hallema et al., 2017;

Kinoshita et al., 2014; Saxe et al., 2018; Wampler et al., 2023). The

elevated fall baseflows (low flows) combined with the lack of increase

in annual or fall flows in WS9 may signal that low-moderate burn

F IGURE 7 Concentration-discharge (C-Q) hysteresis loops for calcium, dissolved organic carbon, and sulfate collected during September
through December 2020 rain events in WS1 (filled circles) and WS9 (open triangles). C-Q plots for additional solutes are given in Figure S3.
Summary classifications for C-Q behaviour can be found in Figure 8.
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severity had slightly greater hydrologic effect than the low severity

burn, but only during the lowest of low flows. While these lowest

flows would not propagate to have a meaningful impact on mean fall

or total annual streamflow within the timeframe of our study,

increases in baseflow can have both negative (e.g., habitat loss) and

positive (e.g., short term increases in water yield) implications for eco-

system health and water sustainability.

Similar to other post-fire studies, we observed increases in post-

fire stream chemistry for the majority of biogenic and geogenic solute

concentrations of proportional samples (Figure 3). While we interpret

proportional samples through the lens of differing constituent concen-

trations, samples may also be interpreted in terms of flux because

they were collected compositionally, and therefore represent exports

from each watershed (Johnson & Fredriksen, 2019a). Increases in

stream solute concentrations post-fire have been linked to the export

of pyrogenic materials from hillslopes to streams in fire impacted sys-

tems (Myers-Pigg et al., 2017; Roebuck Jr. et al., 2018; Wagner

et al., 2015), which are additionally mobilized by precipitation inputs

to the system (Bellè et al., 2021; Masiello & Berhe, 2020; Moody &

Martin, 2001). Post-fire stream concentrations of biogenically derived

constituents like nitrogen are complex and are largely impacted by

altered soil moisture, hydrologic flowpaths, soil temperature, and soil

microbial populations following wildfire (Koyama et al., 2010, 2012;

Meixner et al., 2006). However, nitrogen and phosphorous have gen-

erally been shown to increase in streams post-fire (Chanasyk

et al., 2003; Rhoades et al., 2019; Rust et al., 2018; Sherson

et al., 2015; Smith et al., 2011). In the absence of fire, biogenically

derived constituents have been shown to increase during the first rain

events after a summer dry period or drought (Hood et al., 2006;

Mosley, 2015), and this may play a role in the heightened concentra-

tions of biogenic solutes during the September and October rain

events (Figure 5). Prior studies show that cations generally follow

nutrient trends, increasing post-fire as a function of burned area and

burn severity (Bitner et al., 2001; Rust et al., 2018; Smith et al., 2011)

and a t HJA we measured post-fire increases in Ca2+, Mg2+ and K+.

Variability in cation concentrations that we observed between water-

sheds could be attributed to differential subsurface flow paths associ-

ated with soil hydrophobicity and decreased infiltration or related to

more moderate burn severity in WS9 relative to WS1. Stream SO4
2�

and Cl� increased in both watersheds, consistent with the studies

synthesized in Paul et al. (2022). Elevated SO4
2� concentrations have

also been observed in temperate environments due to increased deliv-

ery of ash to streams following the burning of organic matter (Bêche

et al., 2005).

Decreases in DOC are less commonly observed post-fire. In a

synthesis of post-fire stream responses, Paul et al. (2022) found only

26% of studies observed decreases in DOC and these were generally

associated with high fire temperatures (≥450�C). Lower post-fire

DOC concentrations following high severity fires have been reported

by other studies (Rodríguez-Cardona et al., 2020; Roebuck Jr

et al., 2022; Santos et al., 2019). One explanation for lower DOC

could be the loss and transformation of surface soils to charred mate-

rials following wildfire, leaving a less soluble store of organic carbon

available for export to streams post-fire (Bostick et al., 2021; Hohner

et al., 2016; Santín et al., 2016). However, some studies have found

increases in DOC following low severity fires (Santos et al., 2019).

Overall, fire processes are complex and highly spatially and temporally

variable depending on fire severity, time since fire, and the location of

fire relative to the stream (Rust et al., 2019). Thus, further study

would be warranted to compare and quantify stream DOC concentra-

tions in relation to availability of DOC in surface soils, specifically fol-

lowing low-to-moderate and mixed severity wildfires.

F IGURE 8 Summary of concentration-
discharge (C-Q) hysteretic behaviour of
primarily biogenic (DOC, nitrate, phosphate)
and primarily geogenic (magnesium,
potassium, calcium, sulfate, chloride)
constituents for each rain event in each
watershed. Clockwise behaviour is
indicated by blue boxes, anticlockwise by
orange boxes. In instances where different

C-Q behaviour was observed between
rainfall pulses within an event, solutes that
initially exhibited anticlockwise behaviour
are shown in dark orange and those that
were initially clockwise are shown in dark
blue. C-Q plots for solutes are given in
Figure 7 and Figure S3.
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4.2 | Rainfall magnitude resulted in increased
streamflow but a variable response in stream
chemistry

In Mediterranean climates, the first rain event frequently results in

high stream concentrations of solutes (Hood et al., 2006; Tague

et al., 2008). In the wet forests of the PNW, precipitation inputs after

a dry period shift streamflow source from deeper groundwater to

shallow subsurface flow pathways, resulting in flushing of solutes

to streams (Hood et al., 2006; Tague et al., 2008). Post-fire at HJA,

multiple solute concentrations were notably higher during the

September and October events compared to the November and

December events, despite having relatively low rainfall totals and peak

rainfall intensities (Figure 5, Table 3). Solute flushing has been mea-

sured in other systems where rainfall inputs increase hydrologic con-

nectivity from various source areas following a prolonged dry period,

similar to the dry summers we observe at the HJ Andrews (Burns

et al., 2016; Johnson et al., 2023; Rademacher et al., 2005). However,

wildfires can disrupt flow paths through the destruction of the surface

and shallow subsurface organic layers, inhibiting infiltration and lead-

ing to elevated surface runoff in streams immediately following fire

(Cerdà & Robichaud, 2009). Interestingly, during the later fall events

in November and December, concentrations of primarily geogenically

derived solutes (Ca2+, Mg2+, K+ and SO4
2�) declined, which suggests

that the diluting effects from increased hydrologic connectivity out-

weighed the impacts of fire on solute concentrations. Though we

measured the highest rainfall intensity during the November event,

stream chemistry response was relatively dampened compared to that

during the September and October events (Figure 5). Therefore,

regardless of rainfall intensity, in times of high catchment moisture

and hydrologic connectivity, rainfall entering the system would have

reduced contact with soil water and groundwater and would be more

chemically similar to rainfall. These findings are supported by work at

HJA where high transit times of precipitation to streams were mea-

sured (McGuire & McDonnell, 2010; Segura, 2021). Differences in

streamflow sources indicate shifts in flow path activation and

connection to the stream with increased wetting as suggested by

end-member mixing analysis and concentration-discharge dynamics.

4.3 | Flow paths differed with increasing rainfall
magnitude and between watersheds with differing
burn severity

Our EMMA and C-Q hysteresis evaluation identified distinct differ-

ences in post-fire rain event responses between WS1 and WS9

(Figures 6–8, Figure S2). Prior studies have shown that wildfire can

alter runoff processes, causing shifts in subsurface flow, and impacting

the quantity and quality of water delivered from uplands to streams

(Ebel et al., 2012; Moody & Ebel, 2012). We noted stark contrast in

streamflow contributions from groundwater and soil water between

study watersheds, with soil water contributing proportionally more to

streamflow at WS9 compared to WS1. This could be due to the rapid

mobilization and transport of solutes from the soil surface and shallow

subsurface resulting from reduced canopy cover and increased hydro-

phobicity of the soil immediately following the Holiday Farm Fire,

which was more pronounced at WS9. Additionally, we observed a

more dynamic response to rainfall inputs at WS9, with the proportion

of streamflow exhibiting a higher degree of variability among end-

members and across each rain event.

Prior studies in unburned watersheds have observed that during

rain events, biogenic solutes often exhibit clockwise C-Q behaviour

and attributed this to mobilization or flushing of instream or riparian

solutes on the rising limb of the hydrograph (Hood et al., 2006;

McGlynn & McDonnell, 2003). Yet, our C-Q analysis showed differ-

ences in responses between WS1 and WS9, particularly for biogenic

solutes. Although clockwise hysteresis behaviour was observed con-

sistently in WS1 for DOC, NO3
� and PO4

3�, WS9 did not display

consistent hysteretic behaviour across any of the rain events for

DOC, and only during late fall events for NO3
�, and PO4

3�. This

inconsistency in biogenic C-Q responses between catchments could

be related to geologic influences on shallow flow paths and wet-up

behaviour, and disturbances within the shallow subsurface and ripar-

ian zone following the Holiday Farm Fire. Burning may have disrupted

near-stream processes or altered the degree of heterogeneity in bio-

genic sources (Bodí et al., 2014; Murphy et al., 2018; Roebuck Jr

et al., 2022) resulting in differing hysteretic behaviour. In contrast to

biogenic solutes, geogenic solutes generally exhibited the same C-Q

behaviours in WS1 and WS9, implying the deeper subsurface flow

paths were similar or not largely altered following fire. The higher con-

centrations of Mg2+, K+ and Ca2+ in WS9 could be related to rates of

wet up of the soil profile and subsequent impacts to hydrologic flow

paths or that the burning of organic matter released these ions (Bêche

et al., 2005).

4.4 | Future directions and constraints for
understanding wildfire impacts to streamflow

Current understanding of stream chemistry response to fire primarily

come from studies of high severity fires (e.g., Mast & Clow, 2008;

Murphy & Writer, 2011; Rhoades et al., 2019) in landscapes that did

not have pre-fire data (e.g., Murphy et al., 2012; Rust et al., 2018;

Santos et al., 2019). Additionally, although stream nutrient dynamics

have been studied following fire, less is known about the long-term

impacts of wildfire on other stream solutes, and particularly so for low

and moderate severity fires (Bixby et al., 2015). Our study leveraged a

rare long-term pre-fire dataset paired with rapid-response post-fire

rain event sampling with the goal of better understanding the role of

hydrologic connectivity in post-fire water quality. Results of our study

highlight future needs for wildfire research, particularly following

low and low-to-moderate severity wildfire.

Prior wildfire research has identified the need to understand

long-term dynamics, particularly for streamflow and nutrient delivery
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to streams (Murphy et al., 2018; Roebuck Jr et al., 2022). Several stud-

ies have found immediate increases in streamflow followed by

declines 10+ years after wildfire (Murphy et al., 2018; Niemeyer

et al., 2020). Our data set extends through 2023, only 3 years follow-

ing the Holiday Farm Fire, highlighting the need for continued moni-

toring specifically in WS1 and WS9. Fortunately, continued

streamflow measurements and stream water chemistry are planned at

HJA. In addition, targeted post-fire monitoring including long-term

vegetation plots and sediment traps will contribute to increased

understanding of catchment scale post-fire impacts, both within the

context of the Holiday Farm Fire and the mixed severity Lookout Fire

that burned 68% of HJA in 2023.

There are additional datasets that we suggest would improve

understanding of the legacy of low-moderate severity wildfire at HJA.

For example, collecting and analysing water isotopes (Birch

et al., 2021; Segura et al., 2019), radon (Johnson et al., 2024;

Smerdon & Gardner, 2022), or age tracers (e.g., CFCs or SF6; Warix

et al., 2023) in conjunction with stream chemistry would allow for

comparison of water age and chemistry across flow paths to support

inferences in rates and timing of hydrologic connectivity to the

stream. Additionally, post-fire soil sampling and soil extractions would

allow for both a more accurate characterization of post-fire soil chem-

istry, and composition which would allow us to disentangle physical

and chemical inferences from shallow subsurface flow paths from hill-

slopes to streams. Lastly, the use of LiDAR imaging to quantify land-

scape scale vegetation recovery would allow future wildfire

researchers to better understand long-term shifts in land-cover, par-

ticularly following low-moderate severity fire where less is known.

Although the HJA databases provided extensive information pre-

fire, we acknowledge that our findings in this study are constrained by

the available data. First, the long-term chemistry data extends across

the pre- and post-fire years, and this proportional sampling was

designed to quantify multiweek averages and seasonal to annual

fluxes, but not instantaneous concentrations. We did not have consis-

tent high frequency event-based samples from the pre-fire period for

these watersheds. Another challenge stemmed from the limited hill-

slope chemistry available for PCA and EMMA. While we were able to

select soil water and groundwater chemistry data collected during the

fall wet-up in pre-fire years, we did not have on site representation of

these end-member data post-fire. Although groundwater data were

collected from WS1, the lack of groundwater data available specific to

WS9 was evident in the apparent missing end-member in our PCA

analysis (Figure 6). However, end-member chemistry data used in our

study are representative of generally similar soils and geologies

between watersheds, and are applied broadly to make inferences

about relative shifts in flow paths following fire. Finally, while slopes,

soils, and underlying geology are similar between the two burned

watersheds, forest age, land-use history, and drainage area differ

greatly (Table 1). Such factors are likely to influence runoff efficiency

and the hydrologic flow paths from the landscape to the stream (Birch

et al., 2021; Bush et al., 2020; Zema et al., 2021) but given that we

did not have additional measurements (e.g., pre- and post-fire canopy

interception) these factors cannot be normalized.

5 | CONCLUSIONS

In our study, we explored immediate stream chemistry responses to

mixed severity forest fires and built on long-term pre-fire data. Specif-

ically, our results indicate notable differences in stream chemical

responses in watersheds with differing burn severity during rain

events immediately following the September 2020 Holiday Farm Fire,

and as rain events contributed to increasingly more saturated condi-

tions through December. Solute concentrations, concentration-

discharge behaviour, and end-member mixing analysis revealed

altered hydrologic and biogeochemical dynamics between pre- and

post-fire, with a greater difference observed in the low-moderately

burned watershed. Total annual flows and mean flows remained fairly

consistent post-fire, while the lowest fall baseflows showed small

increases in the low-moderately burned watershed. Stream water

concentrations of nitrate, phosphate and sulfate significantly

increased following fire. During post-fire rain events, streamflow con-

tributions and C-Q behaviour of biogenic solute concentrations were

more dynamic at the low-moderate severity burned watershed. Dif-

ferences in stream chemical response were especially pronounced

during the September and October rain events when hydrologic con-

nectivity was lowest. We suggest these increases were related to

greater streamflow inputs from soil water and groundwater in the

low-moderately burned watershed compared to the low severity

burned watershed. Our findings highlight the value of prioritizing

stream and watershed sampling to disentangle differences in timing of

source contributions to post-fire streamflow and stream chemistry.

This will be of particular interest following the Lookout Fire, a mixed

severity fire that burned 68% of HJA during late Summer 2023. Such

findings are critical to predicting responses to mixed severity fires

across the Pacific Northwest and the western United States especially

where forested watersheds provide drinking water for downstream

communities.
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