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ABSTRACT

This study examined the recovery of 
both physical and biotic characteristics 
of small (<0.1 m3 sec-1) headwater 
stream systems impacted by the Dude 
Fire, which occurred in central Arizo-
na, USA, in 1990.  Data collected prior 
to the fire from 1986 to1988 was com-
pared to similar data collected at vari-
ous points after the fire though 2011 in 
order to assess changes in the geomor-
phology and macroinvertebrate com-
munities over the 21-year time period.  
Additionally, several environmental 
parameters of the impacted streams 
were compared to neighboring un-
burned headwater streams in order to 
determine recovery status.  The study 
hypothesized that the headwater aquat-
ic ecosystems impacted by the Dude 
Fire have yet to recover to unburned 
reference conditions.  Results show 
that flooding, which occurred follow-
ing the fire, resulted in incision in ex-

RESUMEN

Este estudio examina la recuperación de las 
características físicas y bióticas de pequeños 
(<0,1 m3 sec-1) sistemas de cabeceras de arro-
yos impactados por el incendio Dude, ocurrido 
en el centro de Arizona, EEUU en 1990.  Los 
datos colectados previos al fuego entre 1986 y 
1988 fueron comparados con datos similares 
colectados en varios puntos después del incen-
dio hasta 2011, para determinar cambios en la 
geomorfología y comunidades de invertebra-
dos en este período de 21 años.  Adicional-
mente, algunos de los arroyos impactados fue-
ron comparados con sistemas de cabeceras de 
arroyos vecinos no impactados, para poder de-
terminar el estatus de recuperación.  Este estu-
dio sostenía la hipótesis que los sistemas acuá-
ticos de estas cabeceras de cuencas impactadas 
por el incendio Dude estaban lejos de recupe-
rarse en relación a los sistemas de referencia 
no impactados.  Los resultados muestran que 
las inundaciones, ocurridas luego del incendio, 
provocaron incisiones que excedieron los 0,5 
m en algunas transectas hechas en los cauces 
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cess of 0.5 m across some stream tran-
sects and is continuing to cause shifts 
in dominant substrate particle size.  
Macroinvertebrate richness, diversity, 
and abundance were altered from pre-
fire conditions up to a decade after the 
fire.  Streamside canopy cover across 
burned streams remained 28 % lower 
on average.  Lower concentrations of 
key stream nutrients, including nitrate 
(NO3

-) and phosphate (PO4
3-), within 

impacted streams are still evident.  In-
creases in summer stream temperatures 
due to the loss of streamside canopy 
cover continue to have an adverse af-
fect on salmonid habitat.  Thus, the 
process of recovery is closely tied to 
streamside vegetation and hydrologic 
disturbance patterns following the fire 
event, and will extend beyond the 21-
year time period of this study.  

de los arroyos, y que continúan causando cam-
bios en los estratos de las partículas dominan-
tes.  La riqueza, diversidad y abundancia de 
macro-invertebrados fue alterada desde las 
condiciones pre-fuego y hasta 10 años después 
de su ocurrencia.  El dosel de especies que se 
encuentran a la vera de los arroyos impactados 
por el fuego se redujo y permaneció un 28 % 
menos en promedio que en los lugares no im-
pactados.  Una menor concentración de nu-
trientes clave en los arroyos, incluidos nitratos 
(NO3

-) y fosfatos (PO4
3-), es todavía evidente.  

El incremento de la temperatura del agua en 
los arroyos durante el verano debido a la me-
nor cobertura del dosel de árboles ribereños 
todavía tiene un efecto adverso en el hábitat de 
los salmónidos.  Esto demuestra que el proce-
so de recuperación está ligado a la vegetación 
ribereña y a los patrones de disturbios que si-
guieron al evento de fuego, y que se extienden 
más allá de los 21 años que duró este estudio.
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INTRODUCTION

Decades of fire suppression during the 
twentieth century across the American West 
have led to accumulation of forest fuels (Ad-
ams 2013), resulting in larger and more de-
structive wildfires (Westerling et al. 2006).  
Human-induced warming of the atmosphere is 
contributing to this phenomenon (Huntington 
et al. 2009, Ball et al. 2010, Williams et al. 
2010, Kashian et al. 2013).  Severe fire events 
can have profound impacts on the physical and 
environmental function of aquatic systems 
(Dunham et al. 2007, Hall and Lombardozzi 
2008).  These include changes in geomorphol-
ogy, channel substrate, water temperature, and 
stream chemistry, among others (Minshall et 
al. 2001a, Isaak et al. 2010, Rhoades et al. 

2011).  The influence of alteration of physical 
habitat on the biotic function of a stream can 
last for decades (Minshall 2003, Arkle et al. 
2010). 

Recent population expansion and drought 
conditions within the American Southwest 
have put increasing pressure on important 
aquatic resources (Seager et al. 2007).  Often, 
headwater environments in the region are iso-
lated from downstream habitats.  In some in-
stances, stream flow is captured for municipal 
water supplies or diverted for irrigation pur-
poses, and in other instances, stream flow nat-
urally flows underground due to geologic con-
ditions.  These fragmented stream habitats of-
ten cannot be colonized by species from down-
stream sources after disturbance events, which 
may slow or even prevent natural recovery and 
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result in the loss of key habitat functions (Dun-
ham et al. 2003, Dunham et al. 2007). 

Habitat and biotic community structure in 
streams impacted by wildfire are often driven 
by the degree of impact of the fire and stream-
flow events that follow (Minshall et al. 2001b, 
Vieira et al. 2004).  Often, flooding events 
have the potential to influence the timing and 
volume of sediment yields within streams for 
decades following a wildfire event (Goode et 
al. 2012).  Due to the increasing severity of 
wildfires, the stabilization and recovery time 
of the physical habitat of a stream may also be 
increasing.  Studies have suggested that the re-
covery process may be curtailed completely if 
the fire return interval is shorter than the time 
required for recovery (Arkle et al. 2010).  

In addition to physical changes, wildfire 
events also remove both upland and stream-
side vegetation, directly influencing biotic 
communities within aquatic ecosystems (Min-
shall et al. 1995, Rhoades et al. 2011).  Shifts 
from allochthonous sources to autochthonous 
sources can result in changes in the entire biot-
ic community within a stream system (Min-
shall et al. 2001c).  Aquatic macroinvertebrate 
communities are used extensively in the envi-
ronmental assessment of stream systems 
(Rosenberg and Resh 1993).  Composition of 
macroinvertebrate communities often reflects 
changes in streamside vegetation due to fire 
(Tronstad et al. 2012).  They are commonly 
used to determine overall stream health and bi-
ologic productivity due to their relative lack of 
mobility and associated persistence in the sys-
tem for extended periods (Davis et al. 2001, 
Minshall et al. 2001b, Oliver et al. 2012).  

In general, macroinvertebrate communities 
are thought to recover to reference conditions 
within 10 to15 years following a fire event 
(Minshall 2003).  However, the recovery time 
may be increasing due to factors such as cli-
mate change (Minshall et al. 2001a, Vieira et 
al. 2004, Rugenski and Minshall 2014).  This 
suggests that our ability to accurately predict 
the recovery of aquatic communities following 

wildfire requires further study.  This is espe-
cially true in the southwestern US, where 
long-term studies to assess the duration of 
such effects are rare.  

The loss of streamside vegetation can also 
contribute to the alteration of thermal regimes 
after wildfire.  This in turn influences the re-
covery, distribution, abundance, growth, and 
persistence of aquatic species (Eaton and 
Scheller 1996).  Increases in stream tempera-
ture after wildfire can adversely affect dis-
solved oxygen levels within a stream and lead 
to a loss of habitat for cold-water species (Bur-
ton 2005).  Elevated temperatures can easily 
persist for decades after the initial fire event 
and are exacerbated when severe floods com-
pletely eliminate streamside vegetation (Min-
shall et al. 2001b).  Permanent habitat conver-
sion is possible if streamside vegetation does 
not reestablish (Amaranthus et al. 1989, McK-
enzie et al. 2004, Dunham et al. 2007).  En-
hanced by the influence of global warming 
(Intergovernmental Panel on Climate Change 
2014, Cook et al. 2015), the alteration of 
aquatic thermal regimes may be one of the 
most influential forces on aquatic ecosystem 
function following wildfire (Isaak et al. 2010). 

The objective of this study was to deter-
mine if several important biological and physi-
cal parameters impacted by the Dude Fire con-
tinue to differ from unburned, reference condi-
tions.  Macroinvertebrate data collected prior 
to the fire, from 1985 to 1988, were compared 
with samples collected following the fire, in 
2002 and 2011.  Changes in channel morphol-
ogy and channel bedload were also quantified 
to determine the influence of wildfire-induced 
hydrologic disturbances.  Environmental pa-
rameters including water chemistry, stream 
temperature, and streamside canopy cover, 
among others, were compared in order to eval-
uate the long-term recovery process.  

This study hypothesized that impacts to 
specific physical and biological parameters as 
a result of the Dude Fire have yet to recover 
when compared to reference conditions even 



Fire Ecology Volume 13, Issue 3, 2017
doi: 10.4996/fireecology.130306284

Leonard et al.: Fire and Floods
Page 65

after more than 20 years.  Assessing long-term 
impacts is important because the Dude Fire 
was the first of several much larger land-
scape-scale, high-severity wildfire events that 
have struck the region in the last 35 years.  
Understanding the process of long-term re-
covery from these events will help improve 
the management and overall health of these 
systems.  

METHODS

The study area was located in central Ari-
zona, USA, directly below the Mogollon Rim 
in the Tonto National Forest (Figure 1).  Ele-
vations ranged from 2350 m, where ponderosa 
pine (Pinus ponderosa Lawson and C. Law-
son) predominates, to 1450 m in the pine−juni-
per−oak (Pinus spp.–Juniperus spp.–Quercus 
spp.) zone.  Precipitation occurred primarily 

during the summer monsoons and in the win-
ter as rain and snow.  The average annual pre-
cipitation for the area was 635 mm.  Tempera-
ture ranges from −10 °C to 32 °C, with an aver-
age temperature of 14 °C (Medina and Royalty 
2002).  The geology of the study area was a 
complex lithology of sandstones in the higher 
elevations and on ridgetops, and Fort Apache 
limestone in lower elevations (Parker et al. 
2005).  According to the USDA Terrestrial 
Ecosystem Survey, the soils are classified as 
Udic Haplustalfs, fine, mixed, mesic, deep 
gravelly loams (United States Department of 
Agriculture 1989). 

The headwater streams studied emanate 
from the base of the Mogollon Rim.  This es-
carpment extends throughout central Arizona 
into western New Mexico.  It defines the 
southern edge of the Colorado Plateau and 
serves a major faunal and floristic boundary in 

Figure 1.  Map of five headwater streams locations included in the study in Tonto National Forest, Arizo-
na, USA.  Cross hatching denotes the area affected by the Dude Fire.  The burn severity map indicates that 
areas of highest severity occurred near the points of origin for the three impacted streams.
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the region.  A majority of Arizona’s perennial 
stream systems originate above or just below 
the escarpment.  Currently, Arizona receives 
approximately 21 % of its annual municipal 
water supply from these systems (http://www.
azwater.gov), with the rest being supplied 
through groundwater pumping or allotments to 
the Central Arizona Project from the Colorado 
River. 

The Dude Fire began on 25 June 1990, ig-
nited by a lightning strike from a summer 
storm.  Over a 6-day period, the fire consumed 
approximately 10 153 hectares, burning across 
several headwater stream drainages.  At the 
time, the Dude Fire was considered one of the 
most destructive wildfires in Arizona history.  
Post-fire estimates by the US Forest Service 
classified approximately 70 % of the area 
burned, including riparian zones, as either 
moderate or high severity (Ingram et al. 1991).  
A study conducted in 2005 on the upland areas 
burned by the fire concluded that conversion 
from a ponderosa pine−dominated system, to 
an oak−manzanita (Arctostphylos spp.)−domi-
nated system had occurred, due, in part, to the 
high severity of the fire (Leonard et al. 2015). 

Following the fire, seasonal monsoon 
storms produced localized flooding events 
across the burned area, resulting in ash and 
slurry flows into stream channels.  These sea-
sonal storms tend to be high−intensity, short-
duration events, and it is relatively common 
for post-fire debris−ash−slurry flows to occur 
as a result (Cannon et al. 2008).  Biological 
surveys following these flows concluded that 
nearly all fish and macroinvertebrate species 
had been extirpated from the impacted streams 
(Rinne 1996).  Subsequent data taken from a 
US Geological Survey stream gauge on the 
main stem of the East Verde River, which 
drains four of the five creeks in this study, in-
dicated that regional flooding events occurred 
in 1993 and 1995 (Fuller et al. 1996; Figure 
2).  These flows resulted in physical alteration 
of the stream channels within the burned area 
due to the previous loss of the upper soil hori-
zons and vegetative cover. 

Site Selection

The three first-order streams included in 
this studyDude Creek, Bonita Creek, and 
Ellison Creekwere severely impacted by the 
Dude Fire and flooding events that followed.  
Each burned watershed ranged in size from 
approximately 227 ha to 777 ha.  Two nearby 
unburned first-order streams, Horton Creek 
and Pine Creek, were used as reference 
streams because of their proximity and like-
ness in character to the impacted streams and 
measured 1029 ha and 1298 ha, respectively 
(Table 1).  All aquatic and terrestrial habitat 
surveys were within study sites comprised of a 
40 m stream reach based on the minimum 
length of stream segments that captured at 
least one riffle, run, and pool habitat (Medina 
and Royalty 2002).  Five transects were estab-
lished on each stream for a total of 25 transects 
across burned and reference streams.

Macroinvertebrates

Macroinvertebrate communities were char-
acterized using richness and abundance data 
derived from semi-quantitative and qualitative 
samples from these communities (Moulton et 
al. 2000).  Macroinvertebrate sampling meth-
odology was adopted from pre-fire sampling 
that collected samples within riffle habitats us-
ing a 0.09 m2  Surber sampling frame and hand 
scraping channel substrate materials within the 
stream with a stiff bristled brush (Rinne and 
Medina 1988).  Samples were taken at each of 
five sites per stream within riffle habitats of 
similar substrate, depth, and velocity.  Samples 
were preserved in 70 % ethanol.  The pre-fire 
samples were collected in the beginning of 
August in 1985, 1986, 1987, and 1988.  Post-
fire samples were collected in late June and 
early July of 2002 and 2011.  A maximum of 
600 individual macroinvertebrates from each 
sample were identified and enumerated down 
to the lowest possible taxonomic level and 
classified into Operational Taxonomic Units 
based on Cuffney et al. (2007).  Functional 
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Burned streams Unburned streams
Bonita Dude Ellison Horton Pine

Watershed size (ha) 227 487 777 1029 1298
Average summer flow rate (m3 sec-1) 0.031 0.030 0.002 0.091 0.050
Average slope (%) 4.44 3.56 5.09 3.29 3.24
Average conductivity (µS cm-1) 157.2 181.2 141.9 166.4 158.2
Average dissolved oxygen (%) 81.7 83.3 78.9 88.8 82.4
Average pH 8.8 8.7 8.6 8.8 8.3

Table 1.  Descriptive data for each stream in the study in 2011.  Point data collected from five sites within 
each stream was used to calculate an average.
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Figure 2.  Streamflow data from the East Verde River watershed over the duration of the study.  Large re-
gional flooding events occurred in the decade following the fire in 1991, 1993, and 1995.  Data courtesy of 
the US Geological Survey.

feeding groups were classified by the methods 
of Cummins and Merritt (2008). 

Macroinvertebrate data were compared us-
ing analysis of richness, diversity, and even-
ness.  Comparisons of abundance data for key 
macroinvertebrate orders as well as functional 
feeding groups were also presented for 2011.  
It should be noted that the only reference 

stream measured in 2002 was Pine Creek.  We 
chose to include this data since the informa-
tion it provides is useful.  However, direct 
comparisons between this year and other 
years, (e.g., comparisons between 2002 refer-
ence and 2002 burned streams, or comparisons 
between 2002 reference and 1988 reference 
streams was avoided).  For this reason, it is 
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difficult to definitively say that trends seen in 
burned streams in 2002 differed from refer-
ence levels; we can only say how they differed 
from pre-fire levels.  The macroinvertebrate 
sampling conducted in 2011 was used to base 
final conclusions about community recovery. 

Geomorphology

Physical assessment was conducted on all 
three of the burned streams in addition to Pine 
Creek, a reference stream.  Establishment of 
geomorphology transects by the Rocky Moun-
tain Research Station and Tonto National For-
est began immediately after the fire on Dude 

Creek in July 1990 (Figure 3).  The transects 
were installed just prior to the arrival of the 
summer monsoon season, making them a mea-
sure of pre-fire conditions because the water-
shed had not received precipitation that would 
have generated any increased flow events.  All 
stream transects were examined for geomor-
phic structure using techniques established by 
the Rosgen Stream Classification Technique 
(Rosgen 1994).  Measurements included as-
sessing channel slope, bankfull discharge, bed-
load classification, and channel width-to-depth 
ratio.  Survey data were collected using an 
RL-HA Topcon rotary laser level (Topcon 
Corp., Tokyo, Japan) with an accuracy of ±25 

Debris pile

Channel incision

1990 survey 2002 survey

Figure 3.  The comparison of Transect 1 of Dude Creek beginning immediately after the fire in July 1990 
(left) to the same location in 2002 (right) demonstrates the incision of the stream channel and the accumu-
lation of woody debris following the fire.  The associated graph allows for the quantification of the change 
in area of the stream channel from 1990 (red) to 2002 (blue).
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cm at 50 m.  The cross-channel profile was de-
termined by measuring the vertical displace-
ment across the horizontal transect line.  Mea-
surements were taken starting at a reference 
point (0 m) and at 1 m intervals or at intervals 
that reflected the local topography.  A 
300-sample pebble count based on the meth-
ods developed by Bevenger and King (1995) 
was also conducted.

Water Sampling

Water temperature, specific conductance, 
pH, dissolved oxygen (DO), and percent satu-
ration of DO were measured using a YSI 556 
multiprobe (YSI Incorporated, Yellow Springs, 
Ohio, USA) at each of 5 sampling sites per 
stream during summer sampling periods.  Con-
tinuous water temperature measurements were 
taken every 60 minutes from 28 April to 30 
September, 2011, at each stream using HO-
BOTM Pro V2 dataloggers (Onset Computer 
Corp., Bourne, Massachusetts, USA), with the 
exception of Bonita Creek, where the datalog-
ger was lost.  Water depth and velocity were 
measured at each sampling location during 
summer sampling periods using a Rickly 
USGS top setting wading rod (Rickly Hydro-
logical Co., Inc., Columbus, Ohio, USA) and a 
Marsh-McBirney pressure sensor (Marsh-Mc-
Birney Inc., Frederick, Maryland, USA).

Water samples (60 ml) were collected 
during May 2011 and 2012 as well as Septem-
ber 2012.  Samples were taken in triplicate for 
water chemistry analysis at three sites per 
stream, for a total of nine samples per stream, 
using a grab-sample method.  Samples were 
placed on ice and transported to the lab where 
analyses were performed using ion chromatog-
raphy separation and conductivity detection.  
Samples were run on a Dionex® Ion Chroma-
tography system, with a GP40 gradient pump 
and an ED40 Electrochemical detector (Di-
onex Corp., Sunnyvale, California, USA).  
Cation analyses used a CS12A (4 mm × 250 
mm) column with 20 mM methanesulfonic 
acid eluent to determine the concentration of 

lithium (Li+), sodium (Na+), ammonium 
(NH4+), potassium (K+), magnesium (Mg2+), 
and calcium (Ca2+) ions (Dionex 2001).  Anion 
analyses used an IonPac AS4A-SC (4 mm × 
250 mm) column with 1.8 mM Na2CO3 per 1.7 
mM NaHCO3 eluent to determine the concen-
tration of fluoride (F-), chloride (Cl-), bromide 
(Br-), nitrate (NO3

-), phosphate (PO4
3-), and 

sulfate (SO4
2-) ions.  Methods were adapted 

from Pfaff (1993).  

Benthic Algae Sampling

Periphyton, sediment, and detritus were 
collected at the river margin, thalweg, and in-
terstitial spaces of cobble in triplicate from 
each of five sites on each stream during the 
summer of 2011.  Samples were taken using a 
sediment corer or grab sample (a single mea-
surement taken at a specific location) and 
placed in petri dishes.  Samples were kept on 
ice during transport to the lab for analyses.  
Periphyton and algal samples were analyzed 
for chlorophyll a using cold methanol ex-
traction and measured fluorometerically 
(Welschmeyer 1994).  Chlorophyll a concen-
trations (g cm-2) were used as a proxy for algal 
biomass in each multi-species sample 
(Welschmeyer 1994).

Canopy Closure

Canopy closure estimates were obtained 
using a Spherical Densiometer, Model CTM 
(Forest Densiometers, Bartlesville, Oklahoma, 
USA).  Estimates were taken from each stream 
(n = 3) at the center of the channel along each 
geomorphology transect during the summer of 
2011, after all riparian vegetation had leafed 
out.  The canopy closure observations were 
made using the methodology based on Strick-
ler (1959).

Analysis

In order to standardize variation in legacy 
macroinvertebrate datasets, abundance was 
standardized to percent abundance by sum-
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ming the total count of individuals in each 
unique taxa per sample, and dividing it by the 
total count of individuals for that treatment 
year.  Macroinvertebrate analyses were quan-
tified with Standard Least Squares ANOVA 
using JMPTM Pro 10 software (SAS Institute 
Inc., Cary, North Carolina, USA).  Data were 
quantified into Recognizable Taxonomic Units 
(Oliver and Beattie 1996) for richness and 
Shannon’s diversity (H′).  Percent abundance 
was quantified for the orders Coleoptera, Dip-
tera, Ephemeroptera, Plecoptera, Trichoptera, 
and the Ephemeroptera, Plecoptera, and 
Trichoptera group.  We also quantified percent 
abundance for the functional feeding groups 
of filterers, gatherers, scrapers, shredders, and 
predators. 

The assumptions for ANOVA were tested 
with the Shapiro-Wilks test for normality, and 
Levene’s test for equal variance.  No data 
transformations were required.  The factors in 
the richness, Shannon’s diversity (H′), and 
Pielou’s evenness (J′) models were burned for 
the fire effect and pre or post for the pre-fire 
versus post-fire effect.  There were no interac-
tion effects removed from the models.  Figures 
are presented by year, but the analyses were 
performed on the factors of burned and pre or 
post.  All error bars are standard errors.  The 
comparison in the post-fire (2011) analyses for 
richness, Shannon’s diversity (H′), Pielou’s 
evenness (J′), functional feeding groups, and 
orders models was between the burned and 
reference streams for the fire effect.  All error 
bars are standard errors. 

A Generalized Linear Mixed Model was 
used to analyze summer stream temperature.  
The predictors include stream and a quadratic 
effect for sequential day.  A repeated measures 
temporal correlation structure was incorporat-
ed into the model using a first-order autore-
gressive structure.  Treatment-level compari-
sons between streams were adjusted using 
Tukey’s method (Kramer 1956).  Degrees of 
freedom were adjusted using the Ken-
ward-Roger method (Kenward and Roger 

1997).  All analyses were conducted using 
SAS PROC GLIMMIX in Version 9.4 of the 
SAS System for Windows.  (SAS Institute 
Inc.)

The software program WinXSPRO was 
used to analyze and compare all geomorphic 
cross-sections in the study (Hardy et al. 2005), 
and produces estimates of cross-sectional 
change in area (Figure 3).  

RESULTS

Geomorphology

From 1990 to 1992, comparison of chang-
es in area of the three transects established on 
Dude Creek averaged 0.07 m2, ranging from 
4.3 m2 to −4.4 m2, suggesting both net loss and 
retention of sediment.  In 1996, additional 
transects were established on Bonita Creek 
and the existing transects on Dude and Ellison 
creeks were re-surveyed.  From 1992 to 1996, 
all transects showed some degree of sediment 
loss.  Transects on Dude Creek were incised 
by an average of −5.7 m2, ranging from −11.2 
m2 to −0.8 m2, while the transect on Ellison 
Creek incised −2.7 m2. 

In 2001, geomorphology sampling was ex-
panded further to include new transects on 
Pine Creek, an unburned reference creek.  Pre-
vious transects were re-surveyed on Dude, Bo-
nita, and Ellison creeks.  Results from the 
1996 to 2001 period show an overall loss of 
sediment across all transects.  Dude Creek in-
cised an average of −7.9 m2, ranging from 23 
m2 to 0 m2; while transects on Ellison Creek 
were incised an average of −0.5 m2, ranging 
from −2 m2 to 0.6 m2; and transects on Bonita 
Creek incised and average of −0.5 m2, ranging 
from −1.7 m2 to −0.1 m2. 

Finally, in 2011, transects across all 
streams were re-surveyed and compared to 
2001 surveys.  From 2001 to 2011, all streams 
showed general stability.  Transects on Dude 
Creek aggraded 0.4 m2 on average, ranging 
from −2.8 m2 to 3.2 m2; Ellison Creek aggrad-
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ed 2.4 m2 on average, ranging from 0.1 m2 to 
6.5 m2; Bonita Creek aggraded 0.03 m2 on av-
erage, ranging from −1.4 m2 to 0.8 m2; and 
Pine Creek aggraded 1.3 m2 on average, rang-
ing from −0.2 m2 to 4.2 m2 (Figure 4).

Dominant particle size changed from 2001 
to 2014 in Dude Creek from silt to boulder or 
bedrock and, in Ellison Creek, from cobble to 
silt, indicating instability and change in the 
makeup of the bedload.  Individual compari-
sons of substrate habitat show that Dude Creek 
had the highest occurrence of bedrock of any 
of the burned streams in the study.  Converse-
ly, the dominant particle size did not change in 
Bonita or Pine creeks, an indication of stability 

in the bedload over this period (Table 2).  
Along with the geomorphology surveys, the 
pebble count results demonstrate that the alter-
ations in channel morphology and the destabi-
lization of channel bedload conditions oc-
curred the most within Dude and Ellison 
creeks following the fire. 

Macroinvertebrates. 

Following the fire, species richness and 
Shannon’s diversity increased, on average, 
from pre-fire conditions to the post-fire condi-
tions (richness: F1,30 , P = 0.002; Shannon’s di-
versity: F1,30 , P = 0.001; respectively; Figure 
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Figure 4.  Changes in cross-channel area across the three burned streams within the study and Pine Creek, 
a reference stream.  Total range of data is denoted by error bars and n denotes the number of transects that 
were compared for each time period.  Regional flooding events occurred across the study in the decade 
following the fire in 1991, 1993, and 1995. 

Stream 2001 dominant particle size (mm) 2014 dominant particle size (mm) Condition
Pine 64 to 95—cobble 128 to 191—cobble Reference
Dude 0.5 to 0.9—silt >10 000—boulder or bedrock Burned
Bonita 128 to 191—cobble 128 to 191—cobble Burned
Ellison 64 to 95—cobble 0.5 to 0.9—silt Burned

Table 2.  Pebble count data comparison between 2001 and 2014 for each burned stream in the study and 
Pine Creek, a reference. 
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5).  More specifically, by 2002, the burned 
streams showed significant increases for rich-
ness: F1,13 , P = 0.02; percent mean abundance: 
F1,13 , P = 0.001; Shannon’s diversity: F1,13 , P 
= 0.01; and evenness: F1,13 , P = 0.03 (Figure 6) 
when compared to pre-burn data.  We did not 
compare or make conclusions about differenc-
es between burned and reference streams with-
in 2002 specifically due to the fact that only 
one reference stream was sampled.  However, 

we did include the data for that reference 
stream (Pine Creek) to give some context.  By 
2011, analysis of richness, abundance, diversi-
ty (H′), and evenness (J′) showed no differenc-
es between burned and reference streams (P = 
0.52, 0.65, 0.57, and 0.60, respectively; F1,13 ; 
Figure 7).  Comparison of individual orders in 
2011 showed that mean percent abundances 
were not different between burned and refer-
ence streams (Figure 8; all P > 0.05).  Similar-
ly, there were no differences in functional 
feeding group mean percent abundances be-
tween burned and reference streams in 2011 
(Figure 9; all P > 0.05).

Canopy Closure and Temperature. 

Canopy closure for streams within the fire 
perimeter was lower when compared to refer-
ence conditions (Table 3; P = 0.0007).  Aver-
age canopy closure for burned streams was 
62.6 %, ranging from 54.3 % to 73.7 %, com-
pared to reference streams, which averaged 
87.1 %, ranging from 81.9 % to 91.9 %, an av-
erage reduction of 28.1 %.  Due to reduced 
canopy cover and high occurrence of bedrock 
within the channel, Dude Creek was, on aver-
age, >2 °C warmer during the 2011 summer 
period.  During one of the hottest days of 
2011, the water temperature peaked at 26.9C 
in Dude Creek, while reference streams of 
Pine and Horton creeks were 19.5 °C and 
19.0 °C, respectively (Figure 10).

Stream Chemistry and Benthic Algae

Concentrations of chloride (P = 0.04), ni-
trate (P = 0.04), orthophosphate (P = 0.05), 
sulfate (P = 0.04), potassium (P = 0.01), and 
magnesium (P = 0.01) were all lower in 
burned streams compared to reference streams 
(Table 3).  Comparison of benthic algae in 
2011 from multiple sources, including those 
from gravel, rock, silt, wood, and periphyton, 
did not show a difference in chlorophyll a be-
tween burned and references streams (Table 3: 
P = 0.53).
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DISCUSSION

The results of this study suggest that 
burned streams continue to have lower nutri-
ent concentrations, less canopy closure, and, in 
the case of Dude Creek, higher water tempera-
tures than reference streams after 21 years of 
recovery.  The recovery of stream systems im-
pacted by wildfire is closely related to the sta-
bility of the stream channel (Arkel et al. 2010, 
Goode et al. 2012) and recovery of the terres-
trial habitat (Minshall et al. 1989, Minshall et 
al. 2001b, Mihuc and Minshall 2005, Vieira et 
al. 2011).  Within a naturally balanced stream 
channel, an equilibrium between erosion and 
deposition exists that forms and maintains the 

stream channel (Leopold 1994).  Disruption of 
this balance by vegetation-altering wildfire can 
change the timing and input of sediment into 
stream channels, causing detrimental effects 
on fish and aquatic macroinvertebrates (Goode 
et al. 2012).  

The geomorphology survey results demon-
strate that an overall loss of sediment and 
channel incision occurred in the years follow-
ing the fire, particularly within Dude Creek.  
The survey efforts captured an interesting 
timeline of events following fire.  Beginning 
with the period from 1990 to 1992, transects 
on Dude Creek both aggraded and degraded at 
a fairly high rate.  This suggests that large 
amounts of bedload had been displaced by a 
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flooding event in 1991 and were beginning to 
make their way down the stream channel.  
Then, in 1993 and again in 1995, major flood-
ing events occurred within the region.  These 
severe flooding events were most likely mag-
nified by the effects of the fire, namely loss of 
vegetative cover, and they further destabilized 
the stream channels leading to significant sedi-
ment loss, which greatly changed the physical 
stream environment.

A subsequent flooding event in 1998 ap-
pears to have also impacted Dude Creek with 
further sediment loss but only had minimal ef-
fects on Ellison and Bonita creeks.  From 2001 
to 2011, even though several regional flooding 
events occurred during this period, transects 
surveyed appeared to have become more sta-
ble.  This suggests that most of the significant 
losses of sediment from the headwater por-
tions of these streams appear to have occurred 
within the first decade after the fire. 

While it appears that the rate of incision 
slowed by 2001 within the impacted streams 
in this study, it does not mean that losses in 
sediment from the streams have been recov-
ered, nor does it mean that the sediment cur-
rently in the channel has become stable.  It 
simply indicates that the accumulation of sedi-
ment is nearing a point of equilibrium to the 
amount of sediment lost within these systems.  
Physical stream channel structure such as bank 
formation and streamside vegetation (e.g., 
sedges, rushes, bryophytes), which are both in-
dicators of sediment stability, continue to be 
absent in places and will most likely take de-
cades to recover fully.  In addition, the results 
of the pebble count data suggest that the domi-
nant particle sizes within Dude and Ellison 
creeks continued to shift over the period from 
2001 to 2011 and supports the view that the 
bedloads within these two streams remain in 
flux.

The physical degradation that occurred fol-
lowing fire contributed to the alteration of the 
community structure of macroinvertebrates 
within the burned streams.  Sampling conduct-
ed immediately after the fire indicated that 

Figure 9.  Mean percent abundance for functional 
feeding groups within burned and references 
streams in 2011.  Error bars represent standard er-
rors of the mean.   α = 0.05. 
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Burned 
mean

Unburned 
mean Burned SE

Unburned 
SE F ratio P-value

Chloride (mg L-1) 0.49 0.82 0.12 0.10 4.75 0.04
Nitrate (mg L-1) 0.08 0.16 0.03 0.02 4.94 0.04
O-Phosphate (mg L-1) 0.08 0.12 0.01 0.01 4.71 0.05
Sulfate (mg L-1) 1.68 5.37 1.59 1.30 4.91 0.04
Sodium (mg L-1) 1.77 2.00 0.14 0.11 1.70 0.20
Potassium (mg L-1) 1.33 1.85 0.15 0.12 7.13 0.01
Magnesium (mg L-1) 17.61 27.55 2.88 2.35 7.13 0.01
Calcium (mg L-1) 130.59 116.37 6.22 5.10 3.14 0.09
Chlorophyll a (µg L-1) 446.48 517.55 86.21 70.39 0.41 0.53
Canopy cover (%) 62.56 87.07 3.61 2.94 20.94 0.0007
Flow (m3 sec-1) 0.41 2.15 0.32 0.26 17.77 0.0003

Table 3.  ANOVA results for stream nutrients and environmental variables taken in 2011 and 2012.  Bold 
values indicate significance at α = 0.05

macroinvertebrates were virtually wiped out 
(Rinne 1996).  However, by 2002, overall spe-
cies richness and diversity both increased post 
fire compared to pre-fire levels.  These results 
are most likely due to the stabilization of in-
stream habitat following flooding events as 
well as increases in resources that support 
aquatic species such as algae growth resulting 
from an increase in sunlight reaching the 
stream channel.  

By 2011, measures of richness, abundance, 
diversity, and Pielou’s evenness in burned 
streams were not different from reference 
streams, suggesting that the macroinvertebrate 
communities appear to have returned to refer-
ence conditions.  While many biotic and abiot-
ic factors contribute to the variability in mac-
roinvertebrate communities from year to year, 
Vieira et al. (2004) also noted an increase in 
species richness several years following the 
impacts of wildfire and subsequent flooding 
events following the Dome Fire in New Mexi-
co.  They similarly concluded that the recov-
ery of species richness is closely tied to the 
pattern of hydrologic disturbance following 
fire, noting that the increase in richness to 
above pre-fire conditions only occurred after 
the risk of flash flooding events abated.

Following the fire, levels of stream nutri-
ents and discharge most likely increased due to 
the removal of vegetation and the increased in-
put of ash into the stream channel (Minshall et 
al. 1997).  However, 21 years later, stream nu-
trients and discharge levels were lower than 
reference levels.  In some cases, discharge and 
nutrient levels fall back to below pre-distur-
bance levels (Likens et al. 1970).  The mecha-
nisms for this process involve many factors, 
but one of the most important is related to al-
teration of the riparian and upland vegetation 
condition. 

In 2011, the riparian canopy closure across 
burned streams averaged just over 28 % less 
than on reference streams.  The reduction in ri-
parian woody species cover directly reduces 
the amount of organic leaf litter inputs into the 
channel, decreasing a key source of stream nu-
trients.  It also increases the amount of solar 
radiation hitting the stream channel, increasing 
stream temperatures and accelerating the loss 
of water in the stream channel to evaporation 
(Figure 11).

Additionally, the loss of much of the or-
ganic soil layer and the conversion from a 
pine−oak to an oak−manzanita vegetation type 
across much of the upland habitat could be 
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further impacting the input of nutrients and 
movement of water from the uplands into the 
stream channels (Leonard et al. 2015).  The re-
growth of upland vegetation species in the 21 
years following the fire increases the uptake of 
available nutrients within the soil and decreas-
es the input into the stream channel (Likens et 
al. 1970).  The loss of the organic soil layer 
reduces the transfer of soil nutrients into the 
stream channel and could also be altering the 
level of base flow discharge in the burned 
streams, particularly during the summer 
months when temperatures and evapotranspi-
ration are at their highest (Hicks et al. 1991). 

The organic soil layer serves to regulate 
base flow conditions by temporarily storing in-
filtrating rainwater, which is then slowly re-
leased into headwater stream systems (Hewlett 
1961).  Without the organic soil layer, precipi-
tation that falls within the watershed quickly 
enters the channel during runoff events and 
moves downstream (DeBano et al. 1998, 
Neary and Leonard 2015).  As a result, base 
flow rates of streams following land-
scape-scale disturbance events can decrease 
(Neary et al. 2005).  If this holds true for the 
Dude Fire, it could be true of other much larg-
er fires in the region, such as the Rodeo-Che-
diski Fire, Cerro Grande Fire, Wallow Fire, 
etc.  Further research is need to determine 
whether base flow rates and nutrient inputs 
into headwater streams region-wide have been 
diminished after these large, high-severity 
wildfire events and what their long-term influ-
ence on stream productivity might be.

Finally, we found that the combination of 
the decrease in canopy closure and presence of 
exposed bedrock substrate within Dude Creek 
was contributing to increased water tempera-
tures.  Prior to the fire, all the streams in this 
study were considered habitats for salmonid 
fishes.  Based on this fact, native Gila trout 
(Oncorhynchus gilae Miller, 1950) was rein-
troduced into Dude Creek following the fire 
under the Gila Trout Recovery Plan (Pittenger 
2002), with the assumption that the stream 
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Figure 10.  Change in Ellison Creek over time.  In 
1988 (pre fire), the channel was covered by a dense 
riparian canopy and the channel was defined by 
gradual streambanks.  Flooding after the fire creat-
ed erosion resulting in steep streambanks (left side 
of picture) and the loss of riparian canopy in-
creased sunlight exposure within the channel.  By 
2011, the riparian canopy had yet to recover.
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would still provide suitable habitat for salmo-
nids.  Stocking occurred from the late 1990s to 
early 2000s.  Unfortunately, these efforts ulti-
mately proved unsuccessful (Kline and Carter 
2011), most likely due to a shift to higher wa-
ter temperatures following the fire. 

As with other closely related salmonid 
species, stream temperatures in excess of 
20 °C are considered unfavorable during vari-
ous stages of the Gila trout’s life cycle (Alcorn 
1976, Lee and Rinne 1980).  A decade later, 
stream temperatures in Dude Creek continued 
to average in excess of 20 °C over several 
weeks during the summer of 2011 and reached 
nearly 27 °C on the warmest day of the year.  
This supports the concept that alteration of 
thermal regimes within stream channels fol-
lowing wildfire events can be a driving force 

in the distribution, abundance, growth, and 
persistence of aquatic species (Isaak et al. 
2010).

CONCLUSIONS 

The loss of vegetation and post-fire flood-
ing events following the high-severity Dude 
Fire resulted in long-lasting changes in chan-
nel condition of impacted streams.  Measures 
of macroinvertebrate community health, in-
cluding species richness and diversity, were 
altered up to a decade following the fire, and 
impacts of environmental variables such as 
stream temperature and chemistry continued 
to differ from reference conditions over two 
decades later.  These results suggest that the 
influence of high-severity wildfire on headwa-

Figure 11.  Average daily stream temperatures during the summer of 2011 across burned streams (Dude 
and Ellison) and reference streams (Pine and Horton).  Bonita Creek was excluded due to equipment 
failure.
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ter streams is long lasting.  The changes in bi-
otic and physical conditions have made these 
unique ecosystems even more vulnerable to el-
evated temperatures in an era of climatic un-
certainty.  It will require further regrowth of 
the upland and riparian vegetation, as well as 
the continued stabilization of stream sediment, 
for impacted streams to the fully recover 
(Huxel and McCann 1998, Mihuc and Min-
shall 2005, Goode et al. 2012)a process that 
could take several more decades.

Previous studies have established the posi-
tive connection between periods of drought 
and active fire seasons in the Southwest (West-
erling and Swetnam 2003).  The influence of 
climate change in the Southwest is predicted 
to be significant (Cook et al. 2015), with more 
extreme occurrences of El Niño and La Niña 
weather patterns likely (Intergovernmental 
Panel on Climate Change 2014), leading to in-
tense drought conditions contrasted with spo-
radic, high-intensity winter precipitation 
events.  Combined with the accumulation of 

fuels across the landscape due to suppression 
of wildfire in the last century, these factors 
suggest that there could be an increase in large, 
high-severity wildfires followed by large 
flooding events.  Thus, the Southwest may ex-
pect more significant ecosystem disturbances 
like those observed in this study. 

The findings of this study agree with the 
results of other studies, which suggest that the 
threats posed to headwater stream systems by 
severe wildfire events are considerable (Min-
shall et al. 1989, Goode et al. 2012).  Reduc-
tion in both upland and riparian fuels through 
the use of prescribed fire and other methods, in 
order to lessen the likelihood of a high-severi-
ty wildfire occurring, has been shown to have 
minimal, short-term impacts on biotic function 
(Beche et al. 2005, Stephan et al. 2012).  Ef-
forts to manage the levels of fuel loading 
across the landscape with the ultimate goal of 
avoiding future catastrophic wildfire events 
are strongly supported by this study. 
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