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Supplementary Information
The following document provides additional details regarding sample collection, precipitation, and discharge measurements as well as a review of past reports of fire severity and post-fire water quality studies (Supplementary Methods). It also documents published datasets used in the analyses (Supplementary Table 1). To supplement the methods in the main manuscript, we present details regarding wet meadow coverage in the monsoonal watersheds (Supplementary Table 2) and document all structures of the multivariate autoregressive state-space (MARSS) models (Supplementary Table 3). We also provide examples of observation error covariance matrices (Supplementary Tables 4 & 5), a covariate effect matrix (Supplementary Table 6), and process error covariance matrices (Supplementary Tables 7—9). In addition, we include figures of monthly precipitation observed at all study sites (Supplementary Figure 1), time series of measured specific conductance and nutrient concentrations (Supplementary Figures 2—5), and model results using a binary fire covariate in place of percent of the watershed burned (Supplementary Figure 6).

Supplementary Methods. In Santa Barbara, CA (USA), data from a total of four watersheds were assembled from published datasets courtesy of the Santa Barbara Coastal Long Term Ecological Research (SBC LTER) program (https://sbclter.msi.ucsb.edu/data/catalog/). From 2002 to 2018, water samples for stream chemistry were collected weekly during the rainy season (November - April) and every two weeks during the dry season (May - October). During storms, samples were collected hourly during the rising limb of the hydrograph and decreasing to every few hours as flow subsided. Specific conductance was measured on unfiltered samples using a conductance bridge, and all readings were corrected to 25℃. Dissolved ammonium (NH4+), nitrate (NO3–),  and phosphate (PO43–) concentrations were measured using 1.0 µm filtered samples on a Lachat Automated Ion Analyzer (Hach Company, Loveland, CO, USA) with limits of detection of 0.3 µmol L-1, 0.5 µmol L-1, and 0.3 µmol L-1, respectively. In Mediterranean streams, 43% of NH4+ observations, 87% of NO3–, and 82% of PO43– were greater than the analytical detection limits, and sample concentrations measured below the limit of detection were replaced with a value half the limit of detection. For additional information regarding sample collection, storage, or analyses, please refer to published SBC LTER protocols (LTER and Melack 2020). Precipitation data collected by the SBC LTER was measured on an hourly basis using a tipping bucket rain gauge and data logger to log tipping events (LTER and Melack 2019a, 2022). At sites monitored by Santa Barbara County, precipitation data is measured using a system of automated rain gauges (LTER and Melack 2019b, 2019c). Discharge data collected by the SBC LTER was collected using Solinst Model 3001 LT Leveloggers and used rating curves developed with measured stream cross-sections, roughness estimates, and the U.S. Army Corps of Engineers’ Hydrologic Engineering Center’s River Analysis System model (LTER and Melack 2019d, 2019e, 2019f, 2019g). At sites monitored by the USGS, discharge data were accessed using the dataRetrieval R package (De Cicco et al. 2021).

In Mediterranean streams, where discharge data was available, we derived monthly time series of volume-weighted nutrient concentrations. We converted nutrient concentrations to volume-weighted means to more accurately reflect mean solute concentration during each monthly interval given variation in discharge. Storm-specific volume-weighted means were first reported by Aguilera et al. (2018a). We combined storm-specific, volume-weighted means with non-storm measures of mean monthly measured concentration () and non-storm monthly discharge () to estimate monthly volume-weighted mean () concentrations of each solute (Williams et al. 1997):

					(Equation S1)

We combined storm and non-storm data to calculate monthly volume-weighted mean NH4+, NO3–, and PO43–concentrations (approximately 56% of records were during periods of baseflow and 44% during stormflow periods). 

In Valles Caldera, NM (USA), data from three watersheds were assembled from long term datasets courtesy of the Valles Caldera National Preserve. The East Fork Jemez River (EFJ) and Rio San Antonio West (RSAW) are low-gradient, high-sinuosity, open-canopy channels within the Caldera, and they merge downstream of the Valles Caldera to form the Jemez River. Redondo Creek (RED) is a higher-gradient stream with forested canopy and is a tributary to the Rio San Antonio (downstream of RSAW). From 2005 to 2015, approximately monthly grab samples were collected at two sites (RED, RSAW), and sondes were deployed to measure specific conductance at all three sites (2005-2020 at EFJ, 2005-2018 at RED, 2018-2020 at RSAW). High-frequency measurements were collected with multiparameter sondes that have been upgraded over time, and include: ﻿Yellow Springs Instruments (YSI) 6920 (YSI/Xylem, Yellow Springs, Ohio), YSI EXO 1 and EXO 3, and In-Situ 9500 troll (In-Situ, Fort Collins, Colorado). Stream chemistry datasets are in the process of being made publicly available at https://irma.nps.gov/aqwebportal. For sites that had grab sample data available before the fire (Redondo Creek and Rio San Antonio West), pre-fire grab sample data were combined with post-fire sonde data. Sonde data alone were compiled for the remaining site (East Fork Jemez River). The conductance data were then filtered to remove unrealistic values (< 25 µS cm-1) resulting in a removal of 9% of measurements and outliers greater than four standard deviation values from the site mean resulting in a removal of 0.2% of measurements. For periods during which only sonde data were available (at 15-minute resolution), weekly sonde measurements were selected for midday on Monday of each week to mimic a reasonable time at which grab samples might also be collected. We chose to subsample the sonde data measurements by randomly sampling one observation per week, rather than averaging all high-resolution measurements, to be analogous to the grab samples in the rest of the dataset. Then, grab sample and selected weekly sonde conductance data were averaged by month to match the timestep at which data was assembled for the Mediterranean streams in Santa Barbara.

To determine predominant vegetation cover types included in Table 1 of the main manuscript, we used existing sources that had delineated vegetation in the Mediterranean and monsoonal watersheds included in our analysis. For the Mediterranean streams, we referenced Table 1 in Aguilera and Melack (2018b) that presents vegetation characteristics for each of the watersheds that are part of the Santa Barbara Coastal Long Term Ecological Research program. For the monsoonal streams, we referenced Figure 2 in Muldavin et al. (2006) which assembled vegetation cover for the Valles Caldera National Preserve. Within each watershed, we report the three most common vegetation covers by area.

To determine the distance between sampling sites and fire perimeters included in Table 1 of the main manuscript, sampling sites, NHDplus stream networks, catchment boundaries, and fire polygons were mapped using the ggplot2 and ggspatial packages (Wickham 2016, Dunnington 2023). We determined the closest point along the stream network to each sampling point using the geosphere package (Hijmans 2022). Then, these corrected sampling points were examined in reference to the fire polygons. If a point fell within the fire perimeter polygon, that distance was assigned a value of 0. If a point fell outside of the fire perimeter polygon, we calculated the hydrologic distance from the corrected sampling points to the fire polygons. In order to do so, we determined where the stream network intersected the fire polygons in each watershed using the sf package (Pebesma 2018). For all intersection points, we then calculated the hydrologic distance from the corrected sampling points to the fire polygon intersection points using the riverdist package (Tyers 2024).

As noted in the main text, we chose to use percent of the watershed burned rather than fire severity due to the bias towards classifying fires as higher severity in arid regions (Gale and Carey 2022). Here, we provide additional information regarding previously reported measures of fire severity for monsoonal watersheds included in this study—

The Thompson Ridge Fire, which burned 94% of the Redondo Creek (RED) watershed, had varied fire severity; according to Sánchez et al. (2023), fire severity consisted of a mix of 11% unburned, 34% low severity, 38% moderate severity, and 16% high severity burned area on average across three different watersheds. Two fires burned the Rio San Antonio West (RSAW) and East Fork Jemez (EFJ) watersheds. The Thompson Ridge Fire, which burned approximately 8% of the RSAW watershed and 22% of the EFJ watershed, consisted of a mosaic of burn severities (Sánchez et al. 2023), as described above. The Las Conchas Fire, which burned approximately 43% of the RSAW watershed and 37% of the EFJ watershed, consisted of a mix of 15% unburned, 39% low severity, 25% moderate severity, and 20% high severity burned area (Dahm et al. 2015).

These stream chemistry data have been included in additional studies in Mediterranean and monsoonal watersheds (Dahm et al. 2015; Reale et al. 2015; Sherson et al. 2015; Aguilera and Melack 2018a, 2018b; Goodridge et al. 2018; Sánchez et al. 2023). Here, we detail how our analysis approach differs from and builds upon previous findings— 

In the Mediterranean watersheds, studies of annual and storm fluxes (Aguilera and Melack 2018a) and storm event concentration-discharge relationships (Aguilera and Melack 2018b) provide descriptive information of post-fire stream solute fluxes but do not explicitly include fire characteristics as part of their modeling frameworks, in contrast to our study. One study in this region did focus on the effect of the Tea and Jesusita fires on the Rattlesnake Creek (RS02) watershed and found in-stream nitrogen concentrations returned to pre-fire concentrations approximately 17 months after the first fire (Goodridge et al. 2018). However, the Goodridge et al. (2018) analysis differed from ours in several ways: (1) their data included only storm events, whereas our data include baseflow samples as part of our monthly mean observations, (2) they assume an immediate effect of fire, whereas we investigate multiple durations of fire effects (up to 5 years post-fire), (3) the effects of fire and precipitation are intertwined in their calculation of the change in post-fire stream N export (i.e., wfe term), whereas our model structure accounts for the independent effects of fire and precipitation as well as their interaction, and (4) their analysis examined all N species together in a single watershed while we parsed the effects on separate N species in multiple watersheds, which may have different relationships to fire.

In the monsoonal watersheds, studies have focused on shorter post-fire time periods (2 months, Dahm et al. 2015; 4 months, Sherson et al. 2015), single watersheds (Reale et al. 2015), or upper regions of the Valles Caldera catchments (i.e., first order streams, Sánchez et al. 2023) which do not consider interactions with meadows in the valleys. None have considered the effects of multiple fires; Dahm et al. (2015), Reale et al. (2015), and Sherson et al. (2015) focused solely on the Las Conchas fire (2011) while Sánchez et al. (2023) focused on the Thompson Ridge fire (2013). Furthermore, the effects of fire and precipitation are only considered qualitatively in interpretation of results (Dahm et al. 2015; Sherson et al. 2015) or the effects are intertwined, similar to Goodridge et al. (2018), using a dimensionless metric of pre- to post-fire change in solute concentration (i.e., KS tests, Reale et al. 2015;  term, Sánchez et al. 2023). In contrast, our analysis quantifies the separate effects of fire and precipitation as well as their interaction. Our analysis compares watersheds within and across regions within the same statistical framework to facilitate their direct comparison.
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Supplementary Table 1 Dependent and covariate data availability used in analyses. Sites identified as in Fig. 1.

	
	
	
	Data Sources

	Site
	Solutes Available
	Time Span
	Chemistry
	Precipitation
	Discharge

	AB00
	Sp. conductance, NH4+, NO3–, PO43–
	2002-2018
	LTER and Melack, 2020
	LTER and Melack, 2019b
	LTER and Melack, 2019d

	GV01
	Sp. conductance, NH4+, NO3–, PO43–
	2002-2018
	LTER and Melack, 2020
	LTER and Melack, 2022
	LTER and Melack, 2019e

	HO00
	Sp. conductance, NH4+, NO3–, PO43–
	2002-2018
	LTER and Melack, 2020
	LTER and Melack, 2019a
	LTER and Melack, 2019f

	RS02
	Sp. conductance, NH4+, NO3–, PO43–
	2002-2018
	LTER and Melack, 2020
	LTER and Melack, 2019c
	LTER and Melack, 2019g

	EFJ
	Sp. conductance
	2005-2021
	Valles Caldera National Preserve1
	Western Regional Climate Center, 2021
	NA

	RED
	Sp. conductance
	2005-2021
	Valles Caldera National Preserve1
	Western Regional Climate Center, 2021
	NA

	RSAW
	Sp. conductance
	2005-2021
	Valles Caldera National Preserve1
	Western Regional Climate Center, 2021
	NA


1As noted in the main manuscript, data was provided by L. Crossey, C. McGibbon, and M. Albonico but is in the process of being made publicly available by the National Parks Service at https://irma.nps.gov/aqwebportal.


Supplementary Table 2 Approximate open meadow area in each watershed of the monsoonal streams in 2011 before the Las Conchas fire ignition date. 

	
	Total watershed area (km2)
	Open meadow area (km2)
	Percent open meadow (%)

	EFJ
	25.6
	2.5
	9.8

	RED
	96.0
	36.5
	38.0

	RSAW
	147.0
	34.2
	23.3






Supplementary Table 3 Table describing all formulations of models run (n = 54). Most parsimonious models, as determined by Akaike Information Criteria (AICc), are denoted with an asterisk.

	
	Process error covariance structure
	Immediate effect window
	1-year effect window
	2-year effect window
	3-year effect window
	4-year effect window
	5-year effect window

	Specific conductance
	Across all 7 sites
	X
	X
	X
	X
	X
	X

	
	By region*
	X
	X
	X
	X
	X
	X

	
	No covariance
	X
	X
	X
	X
	X
	X

	NH4+
	Across all 4 sites*
	X
	X
	X
	X
	X
	X

	
	No covariance
	X
	X
	X
	X
	X
	X

	NO3–
	Across all 4 sites*
	X
	X
	X
	X
	X
	X

	
	No covariance
	X
	X
	X
	X
	X
	X

	PO43-
	Across all 4 sites*
	X
	X
	X
	X
	X
	X

	
	No covariance
	X
	X
	X
	X
	X
	X




Supplementary Table 4 Example observation error covariance matrix () for model structure including all seven sites with observation variance values () constrained by region. Zero values indicate no covariance was estimated. Sites identified as in Fig. 1.

	
	AB00
	GV01
	HO00
	RS02
	EFJ
	RED
	RSAW

	AB00
	
	0
	0
	0
	0
	0
	0

	GV01
	0
	
	0
	0
	0
	0
	0

	HO00
	0
	0
	
	0
	0
	0
	0

	RS02
	0
	0
	0
	
	0
	0
	0

	EFJ
	0
	0
	0
	0
	
	0
	0

	RED
	0
	0
	0
	0
	0
	
	0

	RSAW
	0
	0
	0
	0
	0
	0
	


Supplementary Table 5 Example observation error covariance matrix () for model structure including only Mediterranean streams with observation variance values () constrained by region. Zero values indicate no covariance was estimated. Sites identified as in Fig. 1.

	
	AB00
	GV01
	HO00
	RS02

	AB00
	
	0
	0
	0

	GV01
	0
	
	0
	0

	HO00
	0
	0
	
	0

	RS02
	0
	0
	0
	




Supplementary Table 6 Example effect matrix () for model structure including only Mediterranean streams examining the effects of precipitation (), fire (), and their interaction (). Zero values indicate no effect was estimated. Sites identified as in Fig. 1.

	
	AB00
	GV01
	HO00
	RS02
	AB00
	GV01
	HO00
	RS02
	AB00
	GV01
	HO00
	RS02

	AB00
	
	0
	0
	0
	
	0
	0
	0
	
	0
	0
	0

	GV01
	0
	
	0
	0
	0
	
	0
	0
	0
	
	0
	0

	HO00
	0
	0
	
	0
	0
	0
	
	0
	0
	0
	
	0

	RS02
	0
	0
	0
	
	0
	0
	0
	
	0
	0
	0
	




Supplementary Table 7 Example process error covariance matrix () for “stream-specific” model structure, with seven separate process variance values (). Zero values indicate no covariance was estimated. Site abbreviations are the same as in Supplementary Table 1.

	
	AB00
	GV01
	HO00
	RS02
	EFJ
	RED
	RSAW

	AB00
	
	0
	0
	0
	0
	0
	0

	GV01
	0
	
	0
	0
	0
	0
	0

	HO00
	0
	0
	
	0
	0
	0
	0

	RS02
	0
	0
	0
	
	0
	0
	0

	EFJ
	0
	0
	0
	0
	
	0
	0

	RED
	0
	0
	0
	0
	0
	
	0

	RSAW
	0
	0
	0
	0
	0
	0
	


Supplementary Table 8 Example process error covariance matrix () for “region-specific” model structure, with seven separate process variance values () and covariance parameters () constrained by region. Zero values indicate no covariance was estimated. Site abbreviations are the same as in Supplementary Table 1.

	
	AB00
	GV01
	HO00
	RS02
	EFJ
	RED
	RSAW

	AB00
	
	
	
	
	0
	0
	0

	GV01
	
	
	
	
	0
	0
	0

	HO00
	
	
	
	
	0
	0
	0

	RS02
	
	
	
	
	0
	0
	0

	EFJ
	0
	0
	0
	0
	
	
	

	RED
	0
	0
	0
	0
	
	
	

	RSAW
	0
	0
	0
	0
	
	
	




Supplementary Table 9 Example process error covariance matrix () for “general” model structure, with seven separate process variance values () and covariance parameters () allowed to covary across all streams. Site abbreviations are the same as in Supplementary Table 1.

	
	AB00
	GV01
	HO00
	RS02
	EFJ
	RED
	RSAW

	AB00
	
	
	
	
	
	
	

	GV01
	
	
	
	
	
	
	

	HO00
	
	
	
	
	
	
	

	RS02
	
	
	
	
	
	
	

	EFJ
	
	
	
	
	
	
	

	RED
	
	
	
	
	
	
	

	RSAW
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Supplementary Fig. 1 Mean cumulative monthly precipitation (mm) in Mediterranean (blue) and monsoonal streams (green). Error bars denote monthly standard deviation values.
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Supplementary Fig. 2 Monthly specific conductance measurements before (lightly shaded) and after (opaque) fires in Mediterranean (blue points) and monsoonal streams (green points). Sites identified as in Fig. 1. Note difference in regional scales for specific conductance, and missing points denote time periods during which samples were not collected either due to sampling stoppages or stream drying.
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Supplementary Fig. 3 Volume-weighted mean monthly concentrations of ammonium (NH4+) in Mediterranean streams. Sites identified as in Fig. 1. Pre-fire samples are denoted by lightly-shaded points, whereas post-fire samples are denoted by opaque symbols. Note log-scale for concentration.
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Supplementary Fig. 4 Volume-weighted mean monthly concentrations of nitrate (NO3–) in Mediterranean streams. Sites identified as in Fig. 1. Pre-fire samples are denoted by lightly-shaded points, whereas post-fire samples are denoted by opaque symbols. Note log-scale for concentration.
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Supplementary Fig. 5 Volume-weighted mean monthly concentrations of phosphate (PO43–) in Mediterranean streams. Sites identified as in Fig. 1. Pre-fire samples are denoted by lightly-shaded points, whereas post-fire samples are denoted by opaque symbols. Note log-scale for concentration.



[image: A graph of different types of objects

Description automatically generated with medium confidence]

Supplementary Fig. 6 Multi-year standardized effects of precipitation (Ppt), fire (Fire), and their interaction (Ppt x Fire) on standardized, log-transformed monthly observations of specific conductance in aridland streams. Unlike in the main manuscript, the fire covariate presented in this figure is a binary variable, with 0 for unburned and 1 for burned. Sites identified as in Fig. 1. Weak effects (95% confidence intervals (CI) that do not overlap zero) are filled in gray, and strong positive and negative effects (99% CI that do not overlap zero) are filled in black. Error bars depict 99% CI.
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