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Development of a general
protocol for rapid response
research on water quality
disturbances and its application
for monitoring the largest wildfire
recorded in New Mexico, USA

Paige Tunby'*, Justin Nichols?, Asmita Kaphle?,
Aashish Sanjay Khandelwal!, David J. Van Horn? and
Ricardo Gonzalez-Pinzén'*

!Gerald May Department of Civil, Construction and Environmental Engineering, University of New
Mexico, Albuquerque, NM, United States, 2Department of Biology, University of New Mexico,
Albuquerque, NM, United States

Anthropogenic and natural disasters (e.g., wildfires, oil spills, mine spills, sewage
treatment facilities) cause water quality disturbances in fluvial networks. These
disturbances are highly unpredictable in space-time, with the potential to
propagate through multiple stream orders and impact human and environmental
health over days to years. Due to challenges in monitoring and studying these
events, we need methods to strategize the deployment of rapid response research
teams on demand. Rapid response research has the potential to close the gap
in available water quality data and process understanding through time-sensitive
data collection efforts. This manuscript presents a protocol that can guide
researchers in preparing for and researching water quality disturbance events.
We tested and refined the protocol by assessing the longitudinal propagation of
water quality disturbances from the 2022 Hermit's Peak—Calf Canyon, NM, USA,
the largest in the state’s recorded history. Our rapid response research allowed
us to collect high-resolution water quality data with semi-continuous sensors
and synoptic grab sampling. The data collected have been used for traditional
peer-reviewed publications and pragmatically to inform water utilities, restoration,
and outreach programs.
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1. Introduction

1.1. Water quality disturbances and longitudinal
propagation

Anthropogenic and natural disasters cause water quality disturbances, such as those
generated by wildfires, oil spills, mine spills, sewage treatment facilities, and other
point and non-point releases of toxic or hazardous materials (Owens et al., 1993; U.S.
Environmental Protection Agency, 2000; ASCE Foundation, 2017; Ball et al., 2021). The
impacts of these disturbances are most critical near the source but can propagate over many
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stream orders along fluvial networks, affecting agricultural,
industrial, and drinking water supplies (Table 1). The fate
and transport of dissolved and particulate substances that are
generated from disturbances are controlled by multiple physical
(i.e., advection, dispersion, mixing, deposition, resuspension,
and transient storage), biological (i.e., uptake, decay, and
production), and chemical processes (i.e., sorption, decay, and
production) (Workshop, 1990; Abbott et al., 2016; Knapp et al.,
2017; Drummond et al., 2018; Gonzélez-Pinzon et al., 2022).
The downstream effects of these water quality disturbances
are seen as elevated levels of pollution associated with, but not
limited to, nutrients, carbon, ash, sediments, metals, pathogens,
micropollutants, and liquid or non-aqueous phase liquid
substances (Lee et al., 2015; Robinne et al., 2018; Duval et al., 2020;
Peters and Zitomer, 2021).

Given the unpredictability of water quality disturbances,
their potential for propagation along fluvial networks, and their
impact on the environment and communities downstream, we
need quantitative, early alert frameworks to anticipate their
magnitude, timing, and extent. An ideal alert system would mimic
the promptness of weather forecasting, which has evolved over
many decades from isolated measurement with equipment and
rudimentary sensors on the ground to including near-ground
flux towers, long-range radar systems that detect regional weather
systems, weather balloons tracing changes from the ground to the
end of the stratosphere, and satellites that operate at planetary
scales (National Research Council, 2012; National Center for
Atmospheric Research, 2017; National Weather Service, 2022).
More importantly, all these networks of sensors are connected
through multi-scale spatial and temporal modeling systems that are
updated in near real-time and consider historical data (National
Research Council, 2012).

Unlike weather forecasting, water quality forecasting does
not exist yet. While some countries have made progress in
instrumenting streams, rivers, and lakes (Wagner et al., 2006; Jones
et al., 2017), most of the attention is given to quantifying water
quantity (i.e., discharge), and the information collected in the few
sites instrumented with water quality sensors is not connected
through computer models capable of processing that information
in near real-time (Pacific Northwest National Lab, 2022). As
such, we currently cannot forecast the effects of water quality
disturbances along fluvial networks, even when we depend on

Abbreviations: BAER, Burned Area Emergency Response; EPA, Environmental
Protection Agency; DOC, Dissolved Organic Carbon; HPCC, Hermit's Peak —
Calf Canyon; fDOM, fluorescent Dissolved Organic Matter; FNU, Formazin
Nephelometric Unit; GC, Gallinas at Downtown (City); GD, Gallinas near
Skating Pond Outlet (Dam); GEV, Gallinas EV Long; GFT, Gallinas Fire
Station at El Porvenir; GMZ, Gallinas near Montezuma (USGS Station);
GL, Gallinas near Lourdes; ICP-OES, Inductively Coupled Plasma Optical
Emission Spectroscopy; PSR, Pecos upstream of Santa Rosa Lake; NGO,
Non — Governmental Organization; POC, Points of Contact; PPE, Personal
Protective Equipment; ppm, Parts per million; RFU, Relative Fluorescence
Units; RRR, Rapid Response Research; RRRT, Rapid Response Research Team;
SWCG, Southwest Coordinating Group; TON, Total Oxidized Nitrogen; TSS,
Total Suspended Solids; UNM, University of New Mexico; USACE, US Army
Corps of Engineers; USGS, US Geological Survey.
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access to clean water resources for agriculture, industrial activities,
and drinking water supply. Therefore, when new disturbances
occur, it is unclear which downstream communities will be affected
and for how long.

1.2. Water quality disturbances from
wildfires

Wildfires predate humans and can occur naturally (Breshears
etal., 2005; Raffa et al., 2008; Allen et al., 2010; Williams et al., 2010;
Weed et al., 2013). However, anthropogenic activities have altered
natural fire regimes through changes to land cover and accelerated
warming of the atmosphere (Breshears et al., 2005; Raffa et al., 2008;
Allen et al., 2010; Williams et al., 2010; Weed et al., 2013). The
increase in livestock grazing, logging, human proximity to forested
areas, and fire suppression strategies have increased the severity,
extension, and damage caused by wildfires. The effects of land
cover changes are most significant in areas where the natural fire
regime used to be frequent but low intensity (Dennison et al., 2014;
Ball et al., 2021). Wildfire frequency is strongly associated with
variations in spring and summer temperatures in which warmer
temperatures lead to earlier spring snowmelt, longer dry seasons,
and drier vegetation, all of which can contribute to larger fires
(Westerling et al., 2006).

Wildfires
infiltration,

impact hydrological processes by decreasing

evapotranspiration, and groundwater recharge
(Cerda, 1998; Neary et al., 2005), leading to long-term increases
in peak flows (Moody and Martin, 2001). Postfire storms
generate disturbances with elevated downstream particulate
and solute propagation and associated sags in dissolved oxygen
(Bixby et al, 2015). Additionally, moderate to high-severity
fires increase dissolved and total nutrients and metals entering
streams (Sherson et al., 2015; Rust et al., 2019), which affects
organisms and alters ecosystem diversity and processing in
affected fluvial networks (Gresswell, 1999; Minshall et al., 2001).
Ecosystem services associated with water supply for municipal,
agricultural, commercial, industrial, religious, educational, and
power generation demands are also impacted, as well as the
availability of clean soils to grow crops and habitat for animals
(Neary et al, 2005; Brauman et al, 2007; Smith et al, 2011;
Rust et al, 2019). The disturbances generated and ecosystem
services affected depend on the complex interactions of the fire
characteristics (intensity, severity, and frequency), suppression
techniques, subsequent meteorological and climatic conditions,
and physical characteristics of the burned watershed and those
downflow (slope and land cover, discharge, geomorphology)
(Bixby et al., 2015).

1.3. Monitoring water quality disturbances
from wildfires

To date, the study of wildfire disturbances in fluvial networks
has relied mainly on the coincidental availability of sensors
deployed for other research purposes (Dahm et al.,, 2015; Reale
et al, 2015) and, thus, tends to lack strategic planning and
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TABLE 1 Example of water quality disturbances propagation over many stream orders along fluvial networks.

Pollutants Source timescale

Origin

Farthest known
distance traveled

Communi
effects

Reference

pipeline broke and
spilled >1 million
gallons of oil into
Talmadge Creek

Ash, Sediment Las Conchas Wildfire The fire began on June ~152 km The city of Albuquerque, Bitner et al.,, 2011; Dahm

26th, 2011, and was fully NM, had to halt the use etal, 2015

contained by August 3rd. of the Rio Grande as

Mobilization of ash and their drinking water

sediment occurred supply for 3 months due

during the monsoon to large quantities of ash

season. and particulate.
Ash, Sediment Hermit’s Peak—Calf The fire started on April ~190 km The City of Las Vegas, This study

Canyon Wildfire 6th, 2022, and was fully NM, takes drinking

contained on August water from Gallinas

21st, 2022, after the Creek and is unable to

monsoon rains treat the water due to the

high levels of ash and
sediment.

Mine Wastewater Gold King Mine Spill The spill began on ~550 km Water use from the river U.S. Environmental
containing arsenic, lead, August 5th, 2015, and stopped. Farmers and Protection Agency, 2017,
and other heavy metals spilled 3 million gallons utilities shut down intake | 2023; The Associated

of wastewater into the valves from affected Press, 2022

tributary of the Animas rivers.

River
Hazardous materials, Norfolk Southern The derailment occurred ~12 km Impacts on people Jacobo, 2023
including vinyl chloride, Railroad Train on February 3rd, 2023, downstream are not
ethylene glycol Derailment and the resulting known yet, but fish died
monobutyl ether, chemicals entered the in contaminated rivers.
ethylhexyl acrylate, and Ohio River
isobutylene
Heavy Crude Oil Enbridge Pipeline The spill occurred on ~ 56 km The spill impacted McGowan and Song,
(Bitumen) Disaster July 25th, 2010, when a Marshall, Michigan, and 2017; Wesley and Dau,

homes and businesses

2017

had to be evacuated.
Approximately 150
families moved away
permanently.

execution (Ball et al., 2021). This status quo in monitoring water
quality disturbances pre- and postfire contrasts with other more
organized and strategic studies of terrestrial ecosystems within
burned areas. Numerous terrestrial studies have utilized rapid
response research teams (RRRTs from here on) before, during,
and after wildfire events (Ottmar and Sandberg, 2003; Hudak
et al, 2004; Robichaud et al., 2007) to generate data to inform
fire managers, local land managers, and emergency response teams
such as the Burned Area Emergency Response (BAER) teams
(Lentile et al., 2007). Those RRRTs address logistical and safety
challenges, build relationships with fire management organizations,
and communicate and disseminate data to managers and other
researchers. The utility of RRRTs for wildfire-related research
includes a better understanding of post-fire effects on vegetation
and soils and evaluating the effectiveness of fire management’s
actions and post-fire treatments. Those efforts have also generated
data to calibrate models informing spatiotemporal terrestrial
propagation of wildfires and improve tools used by fire managers
(Lentile et al., 2007).

The limited data collected on disturbance propagation post-
wildfire in aquatic systems has revealed impacts hundreds of
kilometers downstream of the burn scar (Dahm et al., 2015; Reale
et al,, 2015). For example, the longitudinal propagation of wildfire
disturbances from the Las Conchas Fire in New Mexico (USA)
doubled the extent of streams and rivers affected within the burned

Frontiersin Water

area (Ball et al., 2021). That wildfire burned 634 km? of forest in
the headwaters of the Jemez River, a tributary to the Rio Grande
(Dahm et al, 2015). A few weeks later, post-fire precipitation
events mobilized large quantities of contamination that polluted the
Rio Grande and forced the Albuquerque Water Treatment Plant,
located ~140 km downstream of the burned area, to cease water
intake from the river for 3 months (Bitner et al., 2011).

A new approach focused on preparation and readiness is
needed to move beyond the status quo of a notable absence of
downstream water quality monitoring efforts quantifying the
longitudinal propagation of wildfire disturbances relative to the
active research done in terrestrial ecosystems. The motivation
is clear: wildfires contribute to water quality impairment and
represent a significant threat to water security as they increase
nutrients, metals, sediments, noxious aquatic plants, and dissolved
solids, etc. Therefore, wildfire preparedness plans should include
local, state, federal and international funding for both terrestrial
and aquatic monitoring responses to reduce vulnerability
and promote resilience. Since wildfires are unpredictable and
grow quickly, new funding mechanisms are needed to equip
RRRTs proximal to wildfire-prone areas to respond on demand.
Additionally, RRRTs should be continuously funded so they are
ready to capture watershed responses and document longitudinal
behavior. For this, we must develop dynamic monitoring
approaches focused on longitudinal data collection to supplement
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stationary (i.e., Eulerian monitoring) and longer-term monitoring
programs. Clearly, dynamic monitoring should be the priority of
RRRTs, and these teams should be equipped with state-of-the-art
tools to document wildfire disturbance propagation.

The development of a generalized protocol is a first step
toward building effective RRRTs with an aquatic focus. This will
reduce the time required for preparation, securing site access, data
collection, sharing data, and modeling outcomes, and increase
the likelihood of capturing both first-flush and long-term data.
More importantly, the methods developed for RRRTs focused on
wildfires can be implemented in other monitoring efforts, such
as those required after spills. With this context in mind, the
goals of this manuscript are to develop a RRRT protocol with
detailed descriptions to guide teams conducting rapid response
research on aquatic ecosystems, and apply it to address the research
question how far downstream do wildfire disturbances propagate
in fluvial networks? We successfully applied and refined our
protocol by deploying a RRRT to monitor the Hermit’s Peak-
Calf Canyon Fire (HPCC) in Las Vegas, New Mexico (USA),
within 2 weeks after the fire began. The protocol is written to
guide researchers in conducting rapid response research (RRR) on
unknown disturbance events in fluvial networks. We explain the
three phases required for conducting RRR with our protocol and
detail the application of the protocol to the monitoring of water
quality disturbances along a 190 km fluvial network.

2. Methods: protocol for rapid
response research teams

We developed an easy-to-follow RRR protocol with flowcharts
guiding an RRRT planning to monitor disturbances propagating
through a fluvial network. To avoid ambiguities, we define an
RRRT as a team of human and material resources that responds
on-demand to a disturbance caused by a natural or anthropogenic
disaster to collect relevant data. Our protocol to guide that RRRT
is separated into three stages, i.e., (1) pre-incident preparedness,
(2) field deployment, and (3) data collection (Figure 1). The first
stage includes the tasks that must be completed before an incident
occurs. The planning and communication detailed in this stage are
crucial to adequately prepare to perform RRR when the timing
and location of the disaster are not yet well defined (Figure 2).
The second stage begins when an incident that fits the research
objective occurs and builds on the groundwork completed in the
first stage (Figure 3). The third phase occurs after the deployment of
instrumentation and continues until it is determined that sufficient
data have been collected. It includes the ongoing equipment
maintenance requirements and data acquisition and processing
(Figure 4).

2.1. Stage I. Pre-incident preparedness

The pre-incident preparedness stage of RRR requires the
definition of specific questions or goals delimiting the scope of
the research and the characteristics of commensurate events that
would trigger an RRRT response (Barroga and Matanguihan, 2022),
i.e., action criteria. While these definitions are initially constrained
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by the availability of funding for human and material resources
(Figures 1, 2), such economic resources may decrease or increase
during the rapid response and, thus, the scope of the research and
the types of events monitored may need to be adjusted accordingly
(Lentile et al., 2007).

Next, it is key to understand that when a disaster incident
occurs, the response network outside of the RRRT is complex and
involves local agencies (e.g., firefighters, police), civil organizations
(e.g., environmental non-governmental organizations or NGOs),
and extra-local federal management teams (e.g., the US Federal
Emergency Management Agency FEMA) that are focused on
saving lives and properties, instead of doing research (Nowell
et al., 2017). Therefore, RRRT should study previous responses to
similar incidents to anticipate external priorities, timelines, and
opportunities to find common interests.

Pre-incident interactions with other teams of the response
network are crucial as they allow for clearer communication
of ideas and coordination of plans at times of lower stress.
To increase efficiency, the RRRT should prepare an executive
summary describing the research scope, goals, and resources
available to discuss opportunities for RRR with the highest levels
of organizations expected to be part of the response network. The
main goals of these pre-incident interactions are to engage with
collaborators outside the RRRT to define the benefits of the work
done by the RRRT for the public, establish points of contact (POC)
for when an incident occurs, and determine the requirements for
site access and setup of sensors, necessary training, and personal
protective equipment (PPE) that may be required to perform
the research safely. Communicating far ahead of an incident
increases the likelihood of success and helps establish a continued
collaboration between incident managers and the RRRT (Lentile
et al.,, 2007).

Finally, in the pre-incident phase, RRRTs must acquire
permitting and authorizations to complete their work while
ensuring that the team does not delay vital emergency responses
from other teams. The type of research tasks conducted (e.g.,
deployment of sensors or grab sampling), as well as the
characteristics of the study area and the type of incident, will dictate
permits and the level of training needed.

2.2. Stage Il. Field deployment

This phase helps define the scope of the work once an incident
meets the action criteria and guides the RRRT in preparing and
deploying water quality sensors (Figures 1, 3).

2.2.1. Defining the scope of the work

The availability of funding, personnel, and equipment for
sampling and analyses constrain the scope of the work that can
be attained with a RRRT. After defining personnel availability
and satisfactorily completing required training, RRRTs need to
create an inventory of field gear, vehicles, in-situ, and laboratory
equipment available. Also, it is important to clearly understand the
analyses that can be outsourced to a third party or collaborator,
accounting for the costs and associated logistics of sample
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Stage I. Pre-Incident

Preparedness

FIGURE 1

Stage . Field
Deployment

Overview of the flowchart for the rapid response research team (RRRT) protocol.

Stage lll. Data

Collection

Initiate contact with
the incident response
teams for the area

of interest

Define the research
plan and acquire
funding

FIGURE 2

Are the incident

willing to
collaborate?

Flowchart phase 1 of rapid response research team (RRRT) protocol: pre-incident preparedness.

Establish a Point of
Contact and
determine the
permitting and
training requirements

response teams

Reevaluate the
event and/or area of
interest

Incident occurs that
meets the selection
criteria

Define the project
scope of work

Select the sampling
locations

Can research occur
at the selected
sampling location?

Prepare and deploy
the field equipment

Look for other events

FIGURE 3

Flowchart phase 2 of rapid response research team (RRRT) protocol: field deployment.

that meet the
selection criteria

collection, preservation, and timely delivery. The preparation of
logistics for RRR should include explicit considerations about travel
times to and from the site, the time required to complete fieldwork,
and time for data analysis and communication of significant results
to collaborators from the response network. These considerations
are particularly important for RRRTs with less than five people
available, as the upfront work required to get the project started can
become taxing and impact the safety of the team and the quality of
the information acquired.

To define the scope of the work and leverage historical
and continuous information, RRRTs must actively search,
find,
interest, such as hydrologic and meteorologic conditions.

and monitor contextual information of general
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Table 2 lists publicly available resources to monitor
conditions relevant to water disturbance research in
the United States. Similar resources may be available
in other countries and should be readily available to
RRRT personnel.

2.2.2. Selection of monitoring sites and
communication with points of contact

When selecting monitoring sites, it is crucial to balance
scientific needs with physical site constraints, communication
constraints, public engagement goals, partnership potential,
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Perform the sensor

Sensors maintenance

What type of data
collection is
occuring?

Share the data with
stakeholders

Perform the data

Water sampling e
analysis

FIGURE 4
Flowchart phase 3 of rapid response research team (RRRT) protocol: data collection.

TABLE 2 Example of publicly available resources in the United States for remotely characterizing incidents and locations of interest in rapid response
research.

Name of water research Main functionalities

tool

Inciweb - Incident Information System Primary source of publicly available information on ongoing wildfire incidents. There is an incident overview and other
background information, announcements, closures and evacuations, news related to the incident, photos and videos, and

current maps of the wildfire burn perimeter and evacuations.

NOAA Office of Response and
Restoration

Source of recent oil, chemical, and hazardous material spills, including location, cause, and potential hazard information.

National Integrated Drought
Information System

Provides current drought conditions and the seasonal (3-month) drought outlook for the Continental United States
(CONUS), Alaska, Hawaii, and Puerto Rico.

Model My Watershed Delineation of watersheds from a point defined on a map by hydrologic unit code, user-defined area, or imported shape
area. Provides estimates of stream length by stream order, classifies land use/cover, soil type, terrain, point sources, the
estimated number of animals, average precipitation and temperature for the area, and the available water quality data in
the streams within the watershed.

MesoWest Provides current and archived weather observations in the U.S. that government agencies, private firms, and education

institutions manage.

National Weather Service This site includes forecasted precipitation, stream gage data and extent of flooding, weather alerts, and radar.

EPA Waters Geoviewer Visualization of the longitudinal flow path upstream or downstream of a point of interest in a river network. The
boundaries of the flow paths can be defined by using a maximum distance or a maximum flow time. This resource can
also search for external data along streams and rivers, including United States Geological Survey (USGS) stream gages and

water monitoring stations.

USGS WaterQualityWatch Visualization of water quality data in specific locations. This information can supplement or verify data collected by the
RRRT using their sensors. Real-time water parameters, including temperature, specific conductivity, pH, dissolved
oxygen, turbidity, nitrate, discharge, chlorophyll, and water-quality surrogates, may be available. These are calculated
using ordinary least squares regression models to get real-time values for suspended sediment, total nitrogen, and total

phosphorus.

USGS StreamStats Allows basin delineation from a selected point and estimates peak flow and bank-full statistics. Provides layers such as

GeoJSON, ShapeFile, and KML of hydrologic unit codes and gaging stations.

USGS Nation Water Information
System

This USGS application provides historical and real-time surface water, groundwater, springs, and atmospheric data.

and safety concerns (Jones et al, 2017). Sampling locations
should be easily and safely serviceable and always accessible
but also protected from vandalism. RRRT should prioritize
co-locating new equipment with existing instrumentation,
such as streamflow gaging stations, meteorologic stations, and
water quality sensors, to better contextualize data and augment
ongoing, longer-term monitoring efforts. Site selection is an
iterative process that must consider the available equipment
and the number of personnel needed for operation and
maintenance. Due to the dynamic and uncertain expansion
of some disturbances (e.g., wildfires), it is also important to define
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alternative monitoring sites in case some areas become inaccessible
or inoperable.

Once potential monitoring sites are chosen, RRRTs must reach
out to relevant points of contact (POC) to get approval to access
restricted or private areas and to inform them about the location
of monitoring sites outside the incident’s perimeter. POC typically
want to know what sensors will be deployed, the deployment
timeline, what water quality parameters will be monitored, and
how frequently the sensing equipment is maintained, or the data
downloaded. This information allows POC forming part of the
incident response network to leverage resources across teams and
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give private landowner POC the understanding to stay motivated
to support the efforts of a RRRT.

2.2.3. Field deployment of equipment and grab
sampling

After gaining approval for site access inside and outside
the perimeter of the incident, the RRRT can prepare for field
deployment of sensors. The materials needed can be divided into
sensor equipment and power source, and tools and parts needed
for site installation and protection.

The sensor equipment and power tools typically used by
RRRT focused on aquatic ecosystems include water quality sensors,
dataloggers, telemetry transmission devices, field computers to
control sensors and download data, autosamplers, and power
sources. If water quality sensors are being deployed for durations
longer than a few days, then it is recommended that the RRRT
install sensors that incorporate anti-biofouling devices such as a
wiper or an air pump. RRRT must carefully consider whether
sensors will be powered by external sources, such as rechargeable
batteries and solar panels, or if they will be internally powered
with replaceable batteries. Instructions to estimate rechargeable
battery configurations and solar panel calculations can be found
in Jones et al. (2017). When sensors are internally powered, RRRT
must follow user manual guidelines and the readouts from the
sensors to estimate battery replacement needs (Wagner et al., 20065
Jones et al., 2017). Before sensor deployment, sensors must be
calibrated using at least two known standards covering the range of
expected environmental conditions (Wagner et al., 2006), and the
telemetry-based data transmission and reception must be tested.
Also, due to gradual deterioration or sudden damage to sensors,
it is recommended that the RRRT secures additional sensors
and modular components, when available, to minimize sensor
downtime if repairs are needed. If there are not additional parts
available, RRRTs need to increase equipment protection strategies,
such as the use of engineered barriers (i.e., metal cages), and the
frequency of site visits to maintain monitoring sites and quickly
correct any deterioration of equipment.

The tools and parts needed for site installation and protection
include rebar, angle iron, cables, clamps, steel sensor casings, power
drills (hammer and regular), three-piece stainless steel expansion
bolts, and padlocks. For example, when flooding and significant
debris flows are expected, drilling into cliff faces or boulders to
attach a steel cage to securely house sensors is often necessary. It is
also important to consider possible sensor damage due to wildlife or
vandalism by securing sensors in casings with locking mechanisms.
Lastly, the RRRT should also consider the flow regime of a potential
monitoring site and place the sensor in a spot that will not become
buried with sediment over time and at a depth in which it will not
be above the water column during low flows.

When grab sampling is used to compare in-situ sensor
readings with laboratory equipment or to augment the number
of species monitored (e.g., metals, isotopes), the materials needed
are determined by the specific solutes of interest. Grab sampling
methods include isokinetic, depth-integrating, and non-isokinetic
(dip, discrete, and pump) sampling (U. S. Geological Survey,
2006). The selection of such methods depends on the physical
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site characteristics and conditions, the equipment available and
preservation needed for specific analyses, and the safety of the
field personnel (U. S. Geological Survey, 2006). To help reduce
costs associated with the purchase and maintenance of semi-
continuous sondes and long-term grab sampling, technologies
like The Integrator (Gonzilez-Pinzén et al, 2019) and lower
cost sensors could be used to generate comparable data at more
affordable costs. Table 3 presents key references to methods used
in grab sampling and standard analyses.

2.2.4. Personnel protection, safety, and final
checks

RRRT must guarantee easy access to personal protective
equipment (PPE) including life jackets, radios, and first aid kits.
The protection offered to RRRT personnel includes careful training
on rope access, fall hazard, drowning mitigation, etc., as well
as careful consideration of travel times, weather forecasts, field
activities, proper rest before and after extended fieldwork, and
housing accommodations in case of multi-day events. In work
involving the release of hazardous chemicals, RRRTs must prevent
acute and chronic exposures that may cause human health impacts.
Additional concerns related to disturbances from natural disasters
include persistent risk of flooding and impacts to infrastructure that
may make access to monitoring sites unsafe. RRRT should choose
vehicles that can transport all field equipment and personnel and
access the most remote field sites, and those vehicles should go
through a proper inspection before field use. Contingencies must
be made for unplanned situations that can increase the work’s
complexity and may lead to an increase in the time needed for
travel and fieldwork. Examples include rapidly changing weather
conditions or rapid changes in the incident that would delay or
modify the locations of installations due to issues regarding access
to a site or safety concerns.

The final step before deployment is to finalize and run safety
checks. RRRT must confirm that all personnel know how to
complete the research goals and respond to emergencies including
flooding, shifts in fire conditions, lightning, etc. The RRRT
leadership sub-team must confirm that all participating researchers
have completed the necessary field training and need to oversee the
completion of the objectives for each sampling site per the field
deployment and sampling protocol.

2.3. Stage lll. Data collection

After deploying water quality sensors, the final stage of
RRR involves continued sensor maintenance, collection of water
quality samples, and performing data quality control and analysis.
The frequency of sensor maintenance varies as a function
of the hydrologic and environmental conditions where the
sensors are deployed. Previously developed general protocols for
the operation and maintenance of a continuous water quality
monitoring network are available (Wagner et al, 2006; Jones
et al., 2017). Briefly, sensor maintenance includes conducting a
site inspection, removing the sensor from the monitoring location,
cleaning sensors, checking calibration, checking power supply, and
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TABLE 3 References for key water sampling and analysis methods.

Sampling and analysis method Agency

Collecting water-quality samples by grab sampling

U.S. Geologic Survey (USGS)

10.3389/frwa.2023.1223338

Reference

USGS, 2000

Approved Clean Water Act test methods: inorganic
non-metals

Environmental Protection Agency (US EPA)

U.S. Environmental Protection Agency,
1972a

Approved Clean Water Act test methods: metals

Environmental Protection Agency (US EPA)

U.S. Environmental Protection Agency,
1972b

Approved Clean Water Act methods: organic compounds

Environmental Protection Agency (US EPA)

U.S. Environmental Protection Agency,
1972c¢

returning the instrument to the monitoring location (Figures 1, 4).
If routine lab calibration is needed for the sensor, it is recommended
to have additional sensors to rotate between lab calibration and field
deployment to limit downtimes and missing data.

During maintenance trips, it is also recommended to download
the data stored on the data logger from each deployed water
quality sensor. If telemetry is unavailable, data download becomes
the main delay between data collection and analysis, creating lags
equal to or longer than the period between site visits. When
telemetry is available, data can be viewed and processed without
delays, decreasing the need for frequent site visits. However, sonde
maintenance and calibration trips must be regularly scheduled to
generate high-quality data (Wagner et al., 2006).

The benefits of acquiring data through RRR extend beyond the
scientific community. For example, if telemetry is available, RRR
can provide near real-time data to direct the work of stakeholders
seeking to mitigate or restore environmental conditions. Also,
RRR can generate data used by drinking water, irrigation, and
wastewater managers to reduce the impact of aquatic disturbances
to infrastructure, humans, crops, and animals (Lentile et al,
2007). Tt is essential to share preliminary data with those in the
extended response network, clarifying that data have not been
fully processed and will later be used in scientific products. RRRTs
need to understand that the relationships built between researchers,
collaborators, and stakeholders are invaluable for completing RRR
in the ongoing event and future ones. Promptly providing the data
to the collaborators can illustrate the immediate and practical value
of RRR and increase the likelihood of future collaborations (Lentile
etal, 2007). RRR is typically financed through public funding and,
by definition, the data belong to tax-payer communities; therefore,
timely sharing of data with others affected by a disaster is not only
ethical but can improve the safety and health of those affected by
anthropogenic and natural disasters when most needed.

3. Results: monitoring of the Hermit's
Peak-Calf Canyon fire

In this section, we describe the application of the RRRT
protocol presented above to the monitoring of the Hermit’s Peak-
Calf Canyon (HPCC) wildfire, to date, the largest and most
destructive wildfire recorded in New Mexico’s history.

The HPCC wildfire began on April 6, 2022, after the Las
Dispensas prescribed burn on the Santa Fe National Forest crossed
the project boundary and became out of control due to high
winds in the region. The Calf Canyon Fire was declared a wildfire

Frontiersin Water

on April 19, 2022, after a pile burn holdover from a prescribed
burn in January 2022 that had remained dormant through three
winter snow events reemerged. The Hermit’s Peak and Calf Canyon
wildfires continued to be separate fires until they merged on April
23,2022 (United States et al., 2000), and burned 1,382 km? through
August 21, 2022.

The HPCC wildfire grew quickly due to fire-favorable weather
conditions. During the first week, the wildfire was held below
33 km? and was almost fully contained. However, strong winds
caused the wildfires to merge and quickly spread past the previous
containment, and a month after the fire began, it was over 600 km?
and only 20% contained. The fire grew to over 1,200 km? at the
two-month mark and was finally 70% contained around June 15,
With the arrival of the seasonal monsoon weather, the fire slowed,
and containment increased. The fire was fully contained on August
21st, almost 5 months after the wildfire started (New Mexico Forest
and Watershed Restoration Institute, 2022).

3.1. Stage I. Pre-incident preparedness

Our RRRT was created in late 2021 through funding from
the US National Science Foundation and the New Mexico Water
Resources Research Institute. The scope of our work was driven by
the research question How far downstream do wildfire disturbances
propagate in fluvial networks? In prior years, the members of our
team had gained relevant field experience monitoring water quality
dynamics with sensors and tracking those changes along fluvial
networks (Dahm et al., 2015; Reale et al., 2015; Mortensen et al.,
2016; Bicknell et al., 2020; Gootman et al., 2020; Regier et al., 2020;
Nichols et al., 2022). This expertise, and the demand for a better
understanding of wildfire impacts to water quality in the drought-
stricken American Southwest, motivated us to apply our expertise
to do RRR focused on wildfire disturbances. While most of the
activities we completed in the pre-incident preparedness phase
resulted in the creation of the sections above, in this section, we
provide specific details about our response to the HPCC wildfire.

The investment of research funding toward readiness allowed
us to establish relationships with relevant teams in areas where
wildfires were likely due to prolonged drought conditions, as
reported by the National Integrated Drought Information System
(Table 1). The highest-level contact we established before the HPCC
wildfire was with the Southwest Coordinating Group (SWCG),
whose mission is to enhance interagency fire management
activities’ safety, efficiency, and effectiveness. The SWCG comprises
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federal and state land management agencies coordinating and
supporting fire response and incident activities in New Mexico,
Arizona, and west parts of Texas and Oklahoma (Southwest
Coordinating Group, 2022). Initial emails were followed by
video conference calls to discuss our research motivation and
the sensor deployment details. The SWCG encouraged us to
contact other institutions and key personnel, including teams
from the University of Arizona with long experience performing
wildfire research, individual forest managers who knew the local
requirements for conducting wildfire-related research, and Burned
Area Emergency Response (BAER) teams, which prescribe and
implement emergency treatments on federal lands to protect life
and property and prevent the degradation of natural resources (U.S.
Forest Service, 2022).

A key benefit of holding early conversations in the pre-incident
phase was an increased understanding of the logistics, and PPE
needed to perform research on wildfire disturbances. For example,
to do wildfire research inside burned perimeters, RRRTs need to
obtain an incident qualification card, commonly referred to as the
red card. This qualification requires specific training, experience,
and physical fitness standards to work in wildland fire areas
(National Park Service, 2018). However, obtaining certifications
may be unnecessary if the research is focused on monitoring
outside of the burned area. Regarding PPE, we learned that to access
restricted areas, individuals would require flame-resistant clothing,
proper footwear, hard hats, leather gloves, safety glasses, and fire
shelters (Minnesota DNR, 2022).

Given the uncertainties associated with the timing and
locations before the HPCC occurred, our efforts to search and
apply for permits for sensor deployment on federal or state
land during the pre-incident preparedness phase were difficult to
constrain. However, our RRRT contacted the New Mexico State
Lands Department and filed a natural resources authorization,
understanding that it would be updated when the site locations
were known. We also discussed permitting with individual forest
watershed managers in Arizona and New Mexico. We learned that
acquiring permits for sensor deployment requires a description
of the water quality sensor setup, an estimated timeline of the
deployment, and a report of any environmental disturbance that
could occur from sensor installation. We also learned that private
owners are key actors in gaining site access; thus, identifying how
the data gathered by RRR can benefit private interests is essential.

3.2. Stage Il. Field deployment

The HPCC wildfire primarily impacted four perennial streams,
i.e., Gallinas Creek, Sapello River, Mora River, and the headwaters
of the Pecos River (Figure 5). When the fire unfolded, we focused
our RRR on Gallinas Creek, the water source for 13,000 people
in the City of Las Vegas, New Mexico (City of Las Vegas Utility
Service Department, 2020). Gallinas Creek drains a watershed with
primarily shrub-scrub vegetation and evergreen forests (Stroud
Water Research Center, 2017), and eventually flows into the Pecos
River and Santa Rosa Lake, a flood and sediment control reservoir
built and managed by the US Army Corps of Engineers. Gallinas
Creek had US Geological Survey (USGS) stream gage data available
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in two locations before the fire, one upstream of the intake for
the water treatment facility and one downstream of the city. In
response to the HPCC wildfire, the US Army Corps of Engineers
instrumented Gallinas Creek with protecting infrastructure to
control erosion, and the USGS added new sensor sites to track water
quality parameters and stage levels.

After identifying the Gallinas Creek—Pecos River—Santa Rosa
Lake as our fluvial network of interest, our RRRT routinely checked
Inciweb to gather up-to-date information on the HPCC wildfire
and established communication with personnel from the US Forest
Service, the State Lands Department, the Soil and Watershed
Program Manager, and the BAER Coordinator soon after the
wildfire began. From these conversations, we started contact with
the New Mexico Forest and Watershed Restoration Institute, which
led to a collaboration with our RRRT, the Hermit’s Peak Watershed
Alliance, and New Mexico Highlands University in Las Vegas. This
local collaboration was invaluable for accessing optimal sites for
sensor deployment along Gallinas Creek, including access to private
and city property for sensor deployment and maintenance.

Before key roads were closed, we used data from multiple
open-source databases in Table 2 to guide our field reconnaissance
trips. The primary source of preliminary site information was
Inciweb due to the frequency with which it was updated with
site conditions, area evacuations, and current fire behavior.
Frequently checking those resources allowed planning our field
visits while staying appraised of existing and potential safety
issues. In our response, we used Google Earth Pro (Google Earth
Pro, 2022) to generate map files and import EPA WATERS data
(U.S. Environmental Protection Agency, 2022). The WATERS
Feature Layers had surface water features, EPA Linked Data, and
information on USGS stream gages. The locations of available
stream gages were valuable to co-locate our water quality sensors.
We determined the possible disturbance propagation flow paths
using the Upstream/Downstream Search Service on EPA WATERS,
which had a similar function to the WATERS GeoViewer and
allows for visualization of propagation paths for a hypothetical drop
of water falling on a watershed. We also used MesoWest to obtain
current weather information for the area of interest. We combined
gage and weather station locations into a preliminary map with
existing infrastructure using ArcMap. After collecting all publicly
available online data on road and site access, land ownership,
infrastructure, and water control structures, our RRRT deployed to
the field to assess possible sensor locations.

We next contacted the City of Las Vegas to discuss placing
water quality sensors along Gallinas Creek in areas the city owns.
This was strategic because it would allow the city to augment
their monitoring of water quality changes upstream of the water
treatment plant intake and allow us to co-locate our sensors next to
the USGS Gallinas near Montezuma gage (site number 08380500).
For redundancy, given the importance of monitoring water quality
upstream of the water intake, we also installed a monitoring
station ~6.5km upstream of the USGS Gallinas near Montezuma
on city property. Downstream from the City of Las Vegas, we
installed a third monitoring station next to the USGS Gallinas at
Lourdes (site number 08382000). These three monitoring stations
and two other stations installed previously by the University of
New Mexico (UNM) in collaboration with the US Army Corps of
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FIGURE 5
Locations for EXO 2 sondes and synoptic grab sampling sites along the Gallinas Creek-Pecos River-Santa Rosa Lake fluvial network. Distances are
calculated from the headwaters of Gallinas Creek (0 Km).
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Engineers (USACE) in the Pecos River, upstream and downstream
of Santa Rosa Lake, created a water quality monitoring network
to monitor the longitudinal propagation of wildfire disturbances
along ~190km of the Gallinas Creek—Pecos River—Santa Rosa
Lake fluvial network, within a month from the start of the HPCC
wildfire (Figure 6). Our RRRT installed the three new monitoring
sites on April 18 and 25, 2022, i.e., 3 weeks after the HPCC wildfire
began, while the UNM-USACE sites were deployed in late 2020.

Our RRRT monitoring sites were instrumented with YSI
EXO2 sondes housed in steel casings attached to boulders
(Figures 5, 7). All new EXO2 sonde installations measured water
temperature (°C), specific conductivity (uS/cm), dissolved oxygen
(ppm), turbidity (Formazin Nephelometric Unit, FNU), fluorescent
dissolved organic matter (also commonly known as fDOM)
(relative fluorescence units, RFU), and pH at 15-min intervals.
The sondes were sampling at 15-min, generating approximately
980,000 water quality measurements during our study. We placed
the sondes in straight reaches without tributaries, anthropogenic
point sources, or diversions immediately upstream, and 12 cm to
25cm above the stream bed to ensure their submergence during
low flows. The monitoring sites operated by the UNM-USACE
measured the same parameters, except fDOM. The sondes deployed
in the Gallinas and Montezuma sites also measured chlorophyll-a
(ppb). All sensors were calibrated following instructions from the
manufacturer before deployment and were serviced every two-to-
three weeks.

3.3. Stage lll. Data collection

We downloaded sensor data every two-to-three weeks during
routine sensor maintenance. Data collected from the sensors were
processed for quality assurance and quality control using Aquarius
Timeseries 21.1 (Aquarius Timeseries 21.1, 2023). Erroneous
outliers were eliminated using a moving average filter targeting
points deviating more than 20% from a two-hour moving window.
We corrected sensor drift and biofouling by comparing pre-and
post-cleaning and calibration values, and applied a linear correction
from the date of the previous maintenance (Wagner et al., 2006).
Periods when the data or field notes indicated that the sensor was
buried or out of the water column (e.g., when specific conductivity
values suddenly drop to zero) were removed from the data. Lastly,
a final visual inspection of the data was performed to validate their
quality, e.g., sudden changes in a given water quality parameter
in isolation from changes in flow conditions and changes in other
parameters were flagged as outliers (Wagner et al., 2006; Jones et al.,
2017).

We defined periods with distinct flow conditions to organize
and analyze our data. The pre-monsoon period spans from the
beginning of our monitoring through June 27th, 2022, and is
characterized by low precipitation and high winds in New Mexico.
The monsoon period features significant precipitation increases
and spans between June 27th, 2022, and September 12th, 2022. The
post-monsoon has intermediate precipitation levels and spans from
September 12th, 2022, through mid-December. Our data show that
at monitoring sites upstream of Santa Rosa Lake (Figure 5) (i.e.,
GFT, GMZ, GL, and PSR), there was an increase in discharge,
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stage, fDOM, and turbidity during the monsoon period compared
to the pre-monsoon period (Figure 8). Also, specific conductivity
decreased at those sites during the monsoon period. During the
post-monsoon period, there was a decrease in discharge, fDOM,
and turbidity from monsoon values, but they remained higher than
what was observed during the pre-monsoon period. Unlike sites
upstream of Santa Rosa Lake, the PBS monitoring site did not
experience an increase in discharge, stage, or turbidity during the
monsoon and post-monsoon periods, while specific conductivity
remained stable across the three periods. Due to fDOM and
turbidity being common surrogates of dissolved organic matter and
total suspended solids (TSS) (Saraceno et al., 2009), our preliminary
results indicate an increase in dissolved organic carbon (DOC)
and TSS fluxes during the monsoon period at all monitoring sites
upstream of Santa Rosa Lake, while these changes to water quality
were not observed at the monitoring site downstream of the lake.

We collected synoptic grab samples from 16 sites along the
Gallinas Creek—Pecos River—Santa Rosa Lake fluvial network,
primarily during trips for performing sensor maintenance, but also
after some of the initial storms post-fire (Figure 5). Synoptic grab
sampling started on April 26, 2022, and is ongoing. There has
been a total of 262 grab samples collected and analyzed before
the publication of this work, i.e., 47, 143, and 72 during pre-
monsoon, monsoon, and post-monsoon periods. Grab samples
were filtered at the sites using nylon filters of 0.45 um pore size
to remove particulate matter and attached microorganisms and
stored in 20 mL plastic bottles. Samples were stored in a field cooler
and freeze at —18°C upon return to the laboratory. Grab samples
were thawed before analysis for nitrate (NO3 ), nitrite (NO ), total
oxidized nitrogen (TON), ammonium (NHI), sulfate (SO?;), and
phosphate (PO?{) concentrations using a Thermo Fisher Scientific
Gallery Discrete Analyzer (Figure 9). Grab samples are also being
analyzed for selected metal species, including Pb, Al, Cr, Mn, Zn, Se,
Sr, Ca, and Mg using inductively coupled plasma optical emission
spectroscopy (ICP-OES). Before metal analyses, grab samples were
acidified with trace metal grade nitric acid (1%) for dissolution and
stabilization of the analytes of interest in the samples. The data from
metal concentrations and a deep analysis of the sensor and nutrient
data, including extensive statistical analysis, will be the focus of
future publications.

The results from our synoptic grab sampling showed patterns
(Figure 9). At most sites, ammonium, TON, and phosphate were
lower during pre-monsoon season, higher during the monsoon
season, and at intermediate levels during the post-monsoon
season. The elevated concentrations of these nutrients during the
monsoon are likely due to the propagation of nutrient-rich, wildfire
disturbances from the burned area. At Gallinas near the Skating
Pond outlet site (GD), the concentration of ammonium in the
pre-monsoon period was the highest of all values recorded. This
may be due to reduced turbulence and mixing near the dam,
which decreased the volatilization of ammonia and may have
caused accumulation. The concentration of TON was generally
higher during the monsoon period, except at Gallinas Creek near
the City of Las Vegas (GC), where higher concentrations were
observed before the monsoon. This could be due to various
anthropogenic sources of contamination, such as seepage from
fertilized agricultural lands, municipal wastes, dumps, septic
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Example of site installation to monitor the propagation of aquatic disturbances from the Hermit's Peak-Calf Canyon wildfire.

Gallinas Fire Station at El Porvenir

tanks, private sewage disposal systems, etc. Sulfate concentrations
followed a similar trend as other nutrients in the sites close to
the burned perimeter (GEV, GFT, and GMZ). However, this trend
shifted further downstream, where sulfate concentrations were
higher during the pre-monsoon period, likely due to anthropogenic
sources of contamination, which were later diluted with higher
flows during the monsoon and post-monsoon periods.

4. Discussion

Natural and anthropogenic aquatic disturbances are ubiquitous
and frequent (Table 1). Given the uncertainties associated with
where and when they will occur, researchers and stakeholders are
typically unprepared to start monitoring them soon after their onset
(Cutter and Ji, 1997; Dennison et al., 2014). We have developed a
protocol to help prepare rapid response research teams (RRRTSs)
to move beyond this status quo. Using this protocol, RRRTs
can prepare to collect vital information on short- to long-term
effects of aquatic disturbances to objectively inform mitigation and
restoration efforts. Even though our case study focuses on the
monitoring of a wildfire disturbance, the same protocol can be used

Frontiersin Water

to monitor any other aquatic disturbance, as it has been written
with descriptions that can be easily tailored to address individual
research questions and goals. Our protocol was informed by the
work of the University of Idaho and the U.S. Forest Service, which
compiled the difficulties and recommendations from researchers
who researched wildland fires (Lentile et al., 2007). While the
manuscript by Lentile et al. guided the initial stages of our work,
we built on their work to develop a protocol for RRR on aquatic
disturbances in fluvial networks.

Previously, the propagation of post-fire water quality
disturbances has been largely captured by sensors already deployed
for other research projects (Dahm et al, 2015; Sherson et al,
2015). In response to this gap, we developed a protocol describing
a simple, standardized, and flexible approach to monitoring
highly dynamic and unpredictable events. This protocol was
successfully validated in the study of the propagation of wildfire
disturbances that resulted from the HPCC wildfire, the largest fire
ever recorded in New Mexico. Using this protocol, our RRRT was
able to start collecting data within 2 weeks after the wildfire began
and 2 months before the first precipitation-runoft event from the
monsoon season began mobilizing materials from burned areas
into fluvial networks. Although discussing the intricacies of the
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datasets collected is not the focus of this paper, we presented some
key results from our unique dataset, hoping to inspire the next
generation of RRRT efforts.

We
communication with organizations involved in incident response

cannot overemphasize the importance of early
before the start of the fire season. The most significant investment
of our time came from meetings with the groups and individuals
engaged in wildfire response and later impacted by the HPCC
wildfire. We met with the U.S. Forest Service before the fire
season and connected with the New Mexico Forest and Watershed
Restoration Institute, the Hermit’s Peak Watershed Alliance, New
Mexico Highlands University, and the City of Las Vegas after
the fire started. The local connections allowed us access to ideal
monitoring locations, including private land, to deploy our sensors.
Although communication with federal agencies was initially crucial
for planning our research and contacting other organizations,
our sensors were mainly deployed in collaboration with local
and private groups. Deploying our sensors on private land likely
decreased the time needed for deployment compared to if it were
to occur on federal lands due to not needing additional permitting
and equipment.

A second crucial lesson was that monitoring the longitudinal
propagation of aquatic disturbances becomes simpler in proportion
to the distance away (i.e., downstream) from the source of the
disturbance and over time. For example, while accessing the
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burned perimeter required red card training and the use of highly
specialized and expensive PPE, outside of the burned perimeter
our hydrologic monitoring was largely “business as usual”, with
the caveat of facing higher than normal discharges post-fire and
having to protect and maintain sensors more actively. While this
may not be true for all incidents, especially those involving highly
hazardous chemicals, we want to convey this point because even if
RRRT were not officially formed or fully trained, hydrologists could
still monitor incidents from a safe distance away from the source
with basic preparation. For example, we have been monitoring
the HPCC since 2 weeks after it began and for a year now, and
believe that the information collected 2 months after its onset (i.e.,
about when the rainy season began), 30-190 km away from the
burned area is extremely valuable and much more informative than
collecting no data due to the lack of RRRT readiness.

Our experience on the HPCC wildfire demonstrated that even
when dealing with seemingly controlled situations, e.g., when the
fire seemed to be contained earlier in the response, there is still
potential for incidents to evolve rapidly. For example, the two
most upstream sensors we deployed in Gallinas Creek were initially
outside the fire perimeter. A few weeks after, the significant increase
in the wind and a shift in direction caused our sensors to be
enclosed in the burn perimeter. This led to delays in accessing our
sensors as well as fear of damage to equipment due to fire exposure;
luckily, the water column protected them. In this context, we
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learned that RRRT should remain flexible, have backup equipment,
and plan for multiple contingencies in these highly dynamic
situations that are common near the source of disturbances.

Although performing RRR can provide invaluable data that
have the potential to significantly improve our response to
disturbance events to protect human and environmental health,
this type of research is challenged by funding acquisition due to the
unknown location and timing of the events, both of which conflict
with the traditional evaluation of research projects. However, our
successful experience doing RRR on the longitudinal propagation
of disturbances after the largest wildfire recorded in New Mexico
can help change that barrier by proving the cost-effectiveness of
investing in preparedness, not only to support scientific efforts
but also to support immediate decision making that is relevant
to local communities. In our view, this change can continue to
be fostered with the availability of RRRT protocols that can be
readily used to reference proven methods while acquiring funding
and help guide RRRT to “hit the ground running”. While the
HPCC wildfire was the first time our RRRT protocol was tested,
our extensive fieldwork experience supports the notion that it
can be generally applied to monitor multiple aquatic disturbances.
However, RRR will benefit from evaluating our protocol on other
incidents and the corresponding improvement of its robustness
based on new experiences.

5. Conclusions

The rapid response research protocol developed and validated
here can help guide monitoring aquatic disturbances in fluvial
networks soon after they occur. We used a framework with
comprehensive and easy-to-follow flowcharts and descriptions
considering three key phases: pre-incident preparedness, field
deployment, and data collection. This work is the first attempt
to address three key recommendations for incorporating wildfires
into the spatiotemporal analysis of water impairment along fluvial
networks (Ball et al., 2021), i.e.,:

1. Invest funding in preparation and readiness—the timely funding
made available to our RRRT by the National Science Foundation
before the historic 2022 fire season allowed us to spend time on
RRR preparedness for the purposeful capture of “first-flush” and
long-term fluvial network responses to wildfires.

. Increased focus on capturing longitudinal behaviors—our
protocol allowed us to capture the longitudinal propagation of
wildfire disturbances over ~190km. The data were collected
by deploying multiple high-frequency sensors and using
longitudinal grab sampling during sensor maintenance and large
rainfall-runoff events.

. Incorporating  high-frequency data in environmental

monitoring—we deployed YSI EXO sensors soon after the

wildfire began to monitor multiple water quality parameters
every 15min to monitor the propagation of highly dynamic
disturbances over 190 km.

Our protocol and its successful validation advance the field
of wildfire science and rapid response research by proposing a
standardized framework that researchers can use to respond to and
gather data from disturbances to ecosystems, which can be used
to advance scientific and engineering mitigation and restoration
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efforts to protect communities and the environment. Besides
contributing advances to science and engineering, our work has
contributed to broader impacts to local communities. For example,
we were able to inform stakeholders about water quality dynamics
before and after the disturbances from the fire reached the water
intake facility of the City of Las Vegas, New Mexico. We also
trained undergraduate and graduate students who live near the
affected areas and supported using relevant environmental data in
classes instructed in schools that were very close to being burned,
i.e., where the motivation for and appreciation of scientific efforts
became very clear. The proposed methodology has allowed for
the planning and execution of rapid response research in the
study of wildfire disturbance propagation in fluvial networks. Still,
our methodology can be applied to monitor other disasters with
minimal adaptations.
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