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A B S T R A C T

Primary production during the growing season in the low-gradient meadow streams of the Valles Caldera in
northern New Mexico (USA) is dominated by submerged aquatic macrophytes. A catastrophic wildfire beginning
on June 28, 2011, the Las Conchas fire, burned 36% of the East Fork Jemez River catchment above an intensively
instrumented stream reach where water quality, hydrology, and aquatic ecology are being studied. Submerged
macrophyte biomass in the late summer of 2011 was reduced about 20% after a series of high turbidity spates
(> 1200 NTU) in late July through early September. Stable flows and deposition of fire-related nutrient-rich
sediments in the fall of 2011 led to maximum mean macrophyte biomass during the three-year period of study of
234 g ash free dry-mass (AFDM) m−2 in October of 2011. Peak mean biomass in 2012 was 228 g AFDM m−2 in
September, during a growing season with only minor hydrologic and water quality disruptions. A major regional
storm over multiple days in mid-September of 2013 produced the highest discharge during the three years of
study with turbidities reaching ∼400 NTU. Peak mean biomass in 2013 did not reach levels measured in 2011
and 2012. Elodea canadensis was more sensitive to biomass removal during these high flow conditions while
Ranunculus aquatilis added biomass following higher flow conditions in 2011 and 2013. Disturbance impacts on
submerged macrophytes from major wildfires can be both negative and positive depending upon species types,
stream hydrology, catchment geomorphology and water quality.

1. Introduction

Disturbance alters the structure and function of stream ecosystems,
and stream ecosystem responses to disturbance depend on the fre-
quency, magnitude, and duration of the various types of disturbances
that impact streams (Lake, 2000). Physical and chemical changes
wrought by these disturbances can have notable effects on biological
groups within streams. For instance, short-term pulse disturbances,
such as flash floods, have potential long-term effects on stream biota.
Floods have been shown to be a key influence on submerged aquatic
macrophytes in perennial rivers (Riis and Biggs, 2003), and altered
flows due to such disturbances can affect macrophytes in both positive
and negative ways. Macrophytes can both affect and be affected by flow
conditions to varying degrees depending on both the composition of the
macrophyte community and the velocity of the stream water during
floods (Wang et al., 2015). Floods and accompanying scour can reduce
standing submerged plant biomass in an initial pulse, but populations
have been shown to recover rapidly from remaining plant tissues
(Henry et al., 1996; Townsend et al., 2017).

Another pulse disturbance of potentially large magnitude that can
affect hydrophytes is flooding after catastrophic wildfire. Riparian
plants have been shown to both be impacted by fire as well as to alter
active fire behavior (Bixby et al., 2015), and wildfires can have both
positive and negative effects on wetland plant communities (Osborne
et al., 2013). Unlike riparian plants and emergent macrophytes, sub-
merged macrophytes are not directly affected by fire during the event.
Instead, they are affected indirectly, well after the active fire danger has
passed. This reaction occurs primarily via fire-influenced alterations in
physical and chemical stream parameters. These impacts include
changes in light regime, increases in water temperature due to de-
struction of riparian canopy cover, and altered water quality such as
increases in turbidity and inorganic nutrients and sags in dissolved
oxygen (DO) and pH (Earl and Blinn, 2003; Smith et al., 2011; Stephan
et al., 2012; Verkaik et al., 2013). These impacts generally occur when
precipitation events mobilize ash, charcoal, soil, and solutes (Gresswell,
1999; Verkaik et al., 2013) and transport these materials into stream
ecosystems with traceable effects far downstream from the footprint of
the fire (Dahm et al., 2015; Reale et al., 2015).

https://doi.org/10.1016/j.aquabot.2018.09.001
Received 25 August 2017; Received in revised form 4 September 2018; Accepted 5 September 2018

⁎ Corresponding author.
E-mail address: gin2001@unm.edu (V.F. Thompson).

Aquatic Botany 152 (2019) 36–42

Available online 06 September 2018
0304-3770/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03043770
https://www.elsevier.com/locate/aquabot
https://doi.org/10.1016/j.aquabot.2018.09.001
https://doi.org/10.1016/j.aquabot.2018.09.001
mailto:gin2001@unm.edu
https://doi.org/10.1016/j.aquabot.2018.09.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aquabot.2018.09.001&domain=pdf


The frequency, intensity, duration, and extent of forest fires are
increasing with climate change worldwide (Luo et al., 2013; Westerling,
2016). Large, intense forest fires have direct and indirect effects on
stream and river ecosystems, including increased flooding, erosion, and
altered hydrologic regimes. Monsoon-affected regions like the south-
western United States get high-intensity, short-duration rainfall from
thunderstorms in the summer months that can rapidly boost peak
stream flows; and peak flow pulses from burned catchments are
strongly accentuated immediately after wildfire (Reale et al., 2015). In
addition, high-intensity precipitation events greatly increase post-fire
sediment yields in burned catchments compared to unburned catch-
ments (Smith et al., 2011). Transported sediment increases the like-
lihood of damaging disturbance events to biotic communities in streams
during these events. Fire also creates physical changes in the soil that
allow for greater transport of both fire debris and burned soils through
overland flows during precipitation events. Ultimately, burn-scar ma-
terial is delivered into the stream channel and water column (Dahm
et al., 2015). Fire ash often contains elevated levels of particulate
carbon and nutrients that are bound to fine particles (Smith et al.,
2011). These particles are redistributed in the stream channel and can
create available nutrients for primary production as fires transform
organic nutrients to more biologically accessible forms (Certini, 2005).

Beginning in late June and extending into early August of 2011, the
Las Conchas fire burned ∼63,370 ha of forested uplands and meadow
lowlands in the Jemez Mountains in north-central New Mexico, USA
(United States Department of Agriculture (USDA), Forest Service,
2011). This was the largest fire in New Mexico recorded history and
included about 36% of the watershed of the East Fork Jemez River (East
Fork) where a major stream and groundwater research project was
ongoing. Fire impacts, including carbon-rich blackwater flow events,
were observed over hundreds of kilometers of the Rio Grande down-
stream of the fire scar and throughout many tributaries of the Jemez
River (Dahm et al., 2015; Reale et al., 2015). These blackwater and
other high turbidity events that originated from burn scars from the Las
Conchas fire were widespread; water quality impacts were documented
with data from before, during, and after the wildfire at the East Fork
study site (Sherson et al., 2015). The spring of 2011 was also the start of
our study on the biomass of the submerged aquatic plant community at
the site. The Las Conchas fire impacted much of the catchment during
the summer of 2011 and presented opportunities to study the role of
wildfire on submerged macrophyte biomass and to examine the effects
of disturbance on the macrophyte community as the burn scars re-
covered.

This event created a fortuitous combination of catastrophic wildfire,
monsoon flood events, a large rainfall event from dissipating tropical
storms with available data collected before, during, and after the fire.
After the major wildfire, we hypothesized that flood events would re-
duce standing submerged macrophyte biomass through elevated tur-
bidity and sediment loads from burn-scarred areas. We also hypothe-
sized that, after the fire-related flood events, deposition of nutrient-rich
ash and sediment in the stream channel would create a fertilization
effect that would increase the biomass of submerged macrophytes that
would accrue after disturbance events.

2. Materials and methods

2.1. Study site

The East Fork Jemez River originates in the Valle Grande, a large
grassland meadow located at approximately 2600 m elevation in the
largest of the valleys within the approximately 21 km wide circular
depression known as the Valles Caldera. This caldera has formed about
1.25 Ma years ago and is now part of the Valle Caldera National
Preserve in the Jemez Mountains of northern New Mexico, USA (Goff
et al., 2006). The Valle Grande is surrounded by multiple types of
coniferous forests (Muldavin and Tonne, 2003) that reach up to 3400 m

in elevation. The area is seasonally (October–March) snow-covered
during wet winters, and snowfall generally provides about half of the
approximately 475 mm mean annual precipitation. The other half of the
area’s precipitation usually arrives as thunderstorms with the North
American monsoon that typically extends from July to early September
(Bowen, 1996). The East Fork is a high-elevation, low-gradient, high-
light intensity, low dissolved nutrient, perennial headwater stream
ecosystem where submerged macrophytes proliferate between April
and October. The study site extends over approximately 300 m of a
meandering, third-order stream that lies inside a cattle and native un-
gulate grazing exclosure established in 2004 (Sherson et al., 2015).

The East Fork was affected in 2011 by the Las Conchas fire, which
started on 26 June 2011 and was officially 100% contained on 3 August
2011. This wildfire burned over 63,000 ha of mixed coniferous forests,
high elevation grasslands, and montane meadows. Using severity ca-
tegories as defined by Parsons et al. (2010), the U.S. Forest Service’s
Burned Area Emergency Response (BAER) team for the Las Conchas fire
reported fire severity proportions of 20% high, 26% moderate, 39%
low, and 15% unburned areas (United States Department of Agriculture
(USDA), Forest Service, 2011). Thirty-six percent of the East Fork
catchment upstream of the study reach burned, an area encompassing
approximately 9700 ha near and within the Valles Caldera National
Preserve (Reale et al., 2015). Orem and Pelletier (2015) documented
the elevated overland flow, rill formation, erosion and deposition,
channel incision and avulsion, infilling of incised channels, and debris
flows within the Valles Caldera catchments after the Las Conchas
wildfire.

In September 2013, a very large precipitation event occurred within
the East Fork catchment and caused a large disturbance event. Two
dissipating tropical storms—one from the Pacific Ocean and one from
the Gulf of Mexico—were drawn northward through New Mexico and
into Colorado producing widespread flooding (Trenberth et al., 2015).
The precipitation gage closest to the study site within the East Fork’s
catchment captured 8.6 cm of rainfall on 12–13 September 2013, nearly
half (3.9 cm) falling in the first 24 h (Western Regional Climate Center
(WRCC), 2018). This unusually strong regional storm from dissipating
tropical storms resulted in a long-duration flood with a peak discharge
of ∼3.6 m3 s−1, up to two orders of magnitude higher than the average
baseline streamflow found in the East Fork.

2.2. Macrophyte identification and assessment

In 2011 and 2013, we identified and verified the taxa in the study
reach using vegetative and flowering parts from the herbarium collec-
tions at the Museum of Southwestern Biology at the University of New
Mexico, Albuquerque, NM, USA. Observations of initial emergence,
growth, and senescence were taken at approximately six-week intervals
starting in June 2011 and extending through the course of the 2011,
2012, and 2013 growing seasons (April-October) to evaluate the basic
phenology of the species present in the East Fork. General observations
were taken at each of six sampling locations along the 300 m study
reach for emergence, flowering, and senescence of each of the four
species present.

2.3. Biomass

To quantify the biomass for each species, we estimated the above-
ground biomass using a standard ash free dry-mass (AFDM) procedure
(Raschke and Rusanowski, 1984). Plant biomass estimates included six
sampling locations with three transects across the width of the stream
at each location. Three samples were taken from each transect across
the stream: one from the center and two from approximately 30 cm
inward from each bank. A total of 54 samples were taken on each
sampling date. Samples were collected approximately every six weeks
during each growing season to reduce possible cumulative impacts from
sampling. We constructed a sampling device for collecting all
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aboveground plant tissues in a known surface area in shallow flowing
waters that consisted of a circular metal tube 80 cm in height, 7 cm in
diameter with a sampling area of 40 cm2 and multiple ∼1 cm drainage
holes along the tube. The tube was pressed flat against the benthos, and
a sharpened metal cutting device was used to cut all aboveground
biomass within the tube at the stream bed. The cutting device covered
the bottom of the tube while the detached sample was raised to the
surface. Samples were preserved on ice and transported to the BioAnnex
Analytical Laboratories at the University of New Mexico for analysis.

In the lab, plant tissues were cleaned and manually separated by
taxon. Each separated sample was then sonicated in an ultrasonic bath
with deionized water for at least 10 min to remove epiphytic organisms.
After sonication, samples were dried at 60 °C for 48 h and weighed.
Samples were then incinerated at 500 °C for two hours and weighed
again to determine ash content and AFDM. The biomass estimates for
the four species along with the total biomass on each of the 12 sampling
dates were used to determine the proportion of biomass for each taxa.

2.4. Continuous hydrology and water quality measurements

Stream discharge (Q) estimates for the East Fork were obtained from
a streamflow station located < 1 km downstream from the sampling
reach. The station consisted of a pressure transducer (HOBO 30-Foot
Depth Water Level Data Logger; Onset Computer Corporation, Bourne,
MA, USA) in the bottom of a stilling well that collected data at 10- to
30-minute intervals to determine water levels; these levels were then
corrected for barometric pressure and temperature and used to estimate
Q. Dissolved oxygen (DO), pH, turbidity, specific conductivity, and
temperature measurements were collected at 15-min intervals within
the exclosure using a Yellow Springs Instruments (YSI) 6920 multi-
parameter sonde (YSI Inc., Yellow Springs, OH, USA). Discharge, DO,
turbidity, and temperature data were compiled and validated using
Aquarius Workstation 3.3 (Aquatic Informatics, Vancouver, British
Columbia, Canada). Further details on the methods used to collect
continuous discharge and water quality data at the study site are found
in Sherson et al. (2015) and Reale et al. (2015). The DO data were used
to calculate the daily DO amplitude (mg L−1). Minimum DO con-
centrations before sunrise were subtracted from maximum DO con-
centrations in the late afternoon to give a daily amplitude of DO during
the growing season.

2.5. Statistical methods

Statistical tests were run in R (RStudio Team, 2015) and SAS (ver-
sion 9.4, SAS Institute, Cary, NC). Generalized Linear Models (GLMs)
were constructed to investigate the influence of various factors, in-
cluding disturbance type and turbidity, on aboveground biomass values
collected on each sampling date. While descriptive statistics are pre-
sented in tables and figures as untransformed biomass (measured in g
AFDM m−2) for ease of interpretation, this variable was log trans-
formed prior to analysis to improve normality. Log transformed bio-
mass was used as the dependent variable in linear models whereas peak
flow and turbidity (see definitions below) were used as continuous in-
dependent variables; disturbance type (defined below), season (early or
late), habitat (riffle or pool), and species were used as fixed, categorical
variables. Where possible without overspecifying the model, two-way
interaction terms between independent variables were added to the
model (see Table 2 for details).

Peak flow was defined as the peak streamflow measured in the time
between the last and current biomass collection date. Turbidity was
defined as the number of hours between the last and current biomass
collection where turbidity values exceeded 500 NTUs. Habitats were
defined as either pools or riffle/runs based on field observations.
Seasons were defined as early (April–July) and late (August-October) to

approximate a halfway point in a typical growing season in the area.
Disturbance type was a categorical variable that differentiated between
phases where the system was unaffected by disturbances, directly af-
fected by the disturbances, and in initial recovery from the preceding
disturbance event (e.g. Undisturbed, Disturbed, and Recovering). These
groupings were then sub-categorized into the lower stream discharge
disturbance events in 2011 that mobilized fire ash into the East Fork
and the larger magnitude discharge regional storm associated event in
2013 (Fig. 1). These sub-categories were Fire Disturbance, Post-Fire
Recovery, Storm Disturbance and Post-Storm Recovery. The sampling
dates classified as Undisturbed were June and July 2011, all sampling
dates in 2012, and April and June of 2013. Fire Disturbance is the
sampling date in September 2011, while the associated sampling date
for Post-Fire Recovery was in October 2011. Storm Disturbance asso-
ciated sampling was August 2013, and Post-Storm Recovery is October
2013.

3. Results

3.1. Identification and phenology

Submerged macrophyte taxa present were Elodea canadensis
(Michx.), Ranunculus aquatilis (L.), Potamogeton richardsonii (Benn.)
Rydb., and Stuckenia pectinata (L.) Boerner. All species are native to the
United States; furthermore, the USDA PLANTS database lists all but R.
aquatilis as native to New Mexico (United States Department of
Agriculture (USDA) and National Resources Conservation Service
(NRCS), 2016). Elodea canadensis and R. aquatilis were the dominant
species present, while P. richardsonii and S. pectinata were minor con-
stituents. Elodea was the overall dominant species of the biomass
gathered over 12 sampling dates. Aboveground biomass was observed
to increase in April/May, while senescence generally occurred in Sep-
tember/October.

The study site’s elevation (∼2600 m) created climatic conditions
that resemble higher latitude temperate regions with cold winters and
warm summers, and all species present showed a typical seasonally-
driven phenology like phenologies observed in temperate regions.
Phenology, therefore, was consistent with the phenology of E. cana-
densis that has been described at more northerly latitudes (Nichols and
Shaw, 1986; Spicer and Catling, 1988). Initial new growth and emer-
gence began in April/May for all species followed by rapid growth with
plant density increasing steadily through late summer. Clear species
dominance was observed by July of each year with E. canadensis or R.
aquatilis the dominant species in any given sampling location. Visible
senescence started in late September/early October for all species. Peak
biomass for all species occurred in August/September in 2012 and 2013
and in October in 2011. Flowering was observed only once in E. ca-
nadensis in July 2012, while flowering was observed in R. aquatilis in

Fig. 1. Calculated means of biomass data in g AFDM m−2 for Elodea canadensis
(ELO), Ranunculus aquatilis (RAN), Potamogeton richardsonii (POT), and
Stuckenia pectinata (STU). Variables are designated based on the timing and
type of disturbance that occurred and are broken into three major time periods:
undisturbed, affected by the disturbance, and immediate recovery.
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July 2011 and June 2013. Flowering was never observed in P. ri-
chardsonii or S. pectinata during the study. Reduced amounts of biomass
of E. canadensis were observed to overwinter, but aboveground over-
wintering tissue was not noted for any other taxa.

3.2. Biomass

Total mean biomass estimates ranged from 42.4 g AFDM m−2 to
234.1 g AFDM m−2 (Table 1). Elodea canadensis accounted for an
average of 54% of the total biomass collected over all sampling dates,
and R. aquatilis accounted for 28%. Peak mean biomass over the three
years of sampling measured in October 2011 reached 234.1 g AFDM
m−2 (Table 1). The species with upright growth forms (E. canadensis, S.
pectinata, and P. richardsonii) lost more biomass than R. aquatilis during
the high-turbidity spates in late July to early September of 2011. While
the magnitude of gain varied, all four species had large biomass gains
between September and October of 2011 averaging 205%.

We were interested in variation in mean biomass among the dis-
turbance categories to test the hypotheses. However, to evaluate effects
of disturbance effectively, we also considered other major drivers of
biomass including species, season, and habitat type (Table 2). Differ-
ences in biomass were substantial, as indicated above, and these dif-
ferences were statistically significant (Table 2). Mean biomass was
marginally higher in pool (46.4 ± 5.6 g AFDM m−2, means ± SE)
than in riffle/run habitats (17.9 ± 2.2 g AFDM m−2; Table 2,
p = 0.096), driven by differences in species preferences. Significantly
more Elodea biomass was found in pools (178.0 ± 16.9 g AFDM m−2)
than riffles/runs (10.5 ± 2.8 g AFDM m−2). This outcome is in con-
trast to the other three taxa where means were much higher in riffles/
runs (45.8 ± 7.5, 5.3 ± 1.4, and 9.9 ± 2.0 g AFDM m−2) versus
pools (4.1 ± 3.0, 0.23 ± 0.17, and 1.0 ± 0.76 g AFDM m−2) for
Ranunculus, Potamogeton and Stuckenia, respectively. The species by
habitat interaction effect on mean biomass was highly significant (p
= < 0.0001, Table 2). Mean biomass was slightly higher in the late
season (40.6 ± 5.2 g AFDM m−2) than early season (23.7 ± 3.3 g
AFDM m−2; Table 2, p = .056).

Mean biomass increased for the four macrophyte taxa in the initial
recovery period after the multiple fire-associated flood events in late
July to early September of 2011 that brought fire-associated ash into
the river and produced very high turbidity (Fig. 2). Biomass recovery
was different among taxa after the large storm-associated flood event in
2013; only Ranunculus increased biomass over its pre-disturbance level
after this event, while the other three taxa did not (Fig. 1). Both the
main effect of disturbance type and the species by disturbance type
effects on biomass were statistically significant (Table 2). Despite the
differing effects of disturbance types on biomass (Fig. 1), no pairwise
comparisons among disturbance type groupings (e.g., Undisturbed vs
Flood Disturbance, Post-Fire Recovery vs Post-Flood Recovery, etc.)
using Tukeys Studentized Range tests showed statistically significant
effects on biomass (P-values all > 0.05). The lack of significant pairwiseTa
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Generalized linear model to explain variation in biomass of aquatic macro-
phytes among species, seasons, habitats and disturbances types. For the overall
model, N = 835, F 31,835 = 23.31, P < 0.001 and R2 = 0.46. Results in the
table are based on Type III sums of squares.

Independent variable df Type III sums of squares f-value P value

Species 3 2153.1 25.63 < 0.0001
Season 1 844.9 30.17 < 0.0001
Habitat 1 77.7 2.77 0.096
Disturbance Type 4 872.6 7.79 < 0.0001
Species*Season 3 212.6 2.53 0.056
Species*Habitat 3 10286.9 122.43 < 0.0001
Species*Disturbance Type 12 670.3 1.99 0.022
Habitat*Disturbance Type 4 230.8 2.06 0.084
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effects of disturbance type on biomass is likely due to the strong in-
teraction effect of disturbance type and species.

3.3. Hydrology and water quality parameters

During the study period, median and mean discharge were 0.07 and
0.11 m3s−1, respectively. The hydrograph exhibited stable baseflow
conditions during most of the study period. The periods of stability
were interrupted by occasional increased flows from surface/near-sur-
face runoff from monsoonal thunderstorm events within the catchment
or from larger regional storm systems (Fig. 2A). When precipitation
from monsoonal thunderstorms fell within the East Fork catchment,
increased discharge was measured in late July through early September
of 2011 and in August of 2013 (Fig. 2A). These spates mobilized ash,
charcoal, and sediment within the burn scar areas as seen in the high
turbidity values. Discharge measured for the East Fork during the
2012 growing season showed generally stable flows that were weakly
influenced by monsoonal events except for one event in July of 2012,
unlike the multiple distinct monsoonal flow peaks in 2011 and 2013
(Fig. 2A). The largest magnitude discharge peak with an extended
period of high flow during the study period was observed in September
of 2013. Two dissipating tropical storms—one from the Pacific Ocean
and one from the Gulf of Mexico—were drawn northward through New
Mexico and into Colorado producing widespread flooding (Trenberth
et al., 2015) and a large extended flow event in the East Fork that
peaked at an estimated 3.6 m3s−1 on 13 September 2013.

Turbidity values ranged from 0 to over 1200 NTU during the study.
A reported value of 1200 NTU is the maximum detectable value for the
instrument, and values of 1200 NTU are conservative estimates of ac-
tual turbidity. Turbidities above 1200 NTU were caused by ash, char-
coal, and sediment transport from burn-scar areas to the East Fork
(Dahm et al., 2015; Reale et al., 2015; Reale, 2018). There were
three > 1200 NTU turbidity events in late August and early September
of 2011, one event in late July of 2012, and one event in late July of
2013. Events with turbidities ranging from ∼100 to ∼400 NTU also
occurred multiple times in 2011 and 2013, commonly co-occurring
with major (> 3 m3s−1) and smaller (> 0.5 m3s−1 and < 1.0 m3s-1)
flood events. The longer-term, much higher discharge magnitude flood
event in September of 2013 produced turbidities up to ∼400 NTU.

DO during the growing season at the East Fork showed strong
diurnal fluctuations and large daily amplitudes (Fig. 2C,D). Strong DO
diurnal variability, driven by daily solar cycles combined with a pro-
ductive biotic community, was observed in DO concentrations both pre-
and post-fire during baseflow conditions (Reale et al., 2015). Daily DO
amplitudes were as high as 16.2 mg L−1 during the growing season
from 2011 to 2013 (Fig. 2D). DO sags and decreased daily amplitudes
occurred when burn-scar materials from the Las Conchas wildfire were
routed through the study site. These sags were generally linked to
monsoonal thunderstorms with daily DO amplitudes often < 3 mg L−1.
This DO signal dampening ranged in duration from a single day to
several weeks during the high flow event of September 2013 (Fig. 2D).

Water temperatures also showed strong diurnal fluctuations
throughout the growing season due to strong day to night changes in air
temperature. Water temperatures consistently were above 10 °C be-
ginning in early to mid-May. Nighttime water temperatures consistently
dipped below 10 °C in early to mid-October, and daytime temperatures
stayed above 10 °C until late October, covering most of the growing
season (Fig. 2E). Ice and snow covered the East Fork from approxi-
mately November/December to March/April, paralleling the phenolo-
gical patterns of the aquatic macrophytes.

4. Discussion

Catastrophic wildfire is increasing in intensity, frequency, duration,
and extent (Westerling, 2016), and the impacts of these wildfires on
aquatic resources is of much interest. Recent review articles on the
effects of wildfires on streams and rivers have discussed how wildfire
affects sediment transport, nutrient dynamics, riparian zones, aquatic
invertebrate communities, and fish communities (Smith et al., 2011;
Verkaik et al., 2013; Bixby et al., 2015). Primary producer composition
and biomass are other components of stream ecosystems that have not
been as well studied with regards to disturbance from wildfires. This
study examines the submerged aquatic macrophyte community in a
meadow stream impacted by a large and intense wildfire in 2011. Re-
search began on the macrophyte community in the spring before the
catastrophic wildfire and continued for three summers after this major
disturbance.

4.1. Initial macrophyte responses to wildfire (2011)

Macrophyte sampling began in early June of 2011 before the onset
of the Las Conchas fire in late June and included a second sample in
mid-July of 2011 during the fire but before the onset of monsoonal
precipitation that affected streamflow in the East Fork. The monsoons
began in late July of 2011 with multiple flow events from late July
through early September (Fig. 2A). The loss of plant biomass stemming
from these spates in late July through early September reduced total
and mean biomass in September 2011 (Table 1), supporting the hy-
pothesis that fire-linked flood events would cause a notable reduction in
macrophyte biomass (Fig. 1). Mean biomass in September 2011 was
lower than in June 2011, resetting biomass present to early season le-
vels and making the rapid recovery of biomass in October 2011 even

Fig. 2. (A) Stream discharge (m3 s−1), (B) turbidity (NTU) (C) dissolved oxygen
(mg L−1), (D) daily amplitude of dissolved oxygen (mg L−1) and (E) stream
temperature (oC) measured in 15-minute increments during much of the
growing season (May to November) at the East Fork for 2011-2013.
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more notable (Table 1, Fig. 1). Post-fire flood events also resulted in
significantly larger stream discharge responses in the East Fork than
pre-fire responses (Reale et al., 2015; Sherson et al., 2015), and these
pulses carried sediment, ash, and charcoal from the burn scars that
repeatedly increased turbidity to the maximum measurement capability
of our turbidity sensor (Fig. 2B). TThese pulses also decreased DO
concentrations (Fig. 2C) and DO daily amplitudes (Fig. 2D). Sherson
et al. (2015) also measured increases in turbidity, specific conductance,
nitrogen (as N-NO3

−), and phosphorus (as P-PO4
3-) and dips in pH and

DO in the East Fork during post-fire monsoon events when compared to
pre-fire flow events. The response of the aquatic macrophyte commu-
nity was lost biomass from these spates associated with the summer
monsoon in 2011 after the Las Conchas wildfire.

After the cessation of the summer monsoons in early September of
2011 and a period of low flows and low turbidity, notable increases in
biomass for all macrophyte taxa were found in mid-October of 2011
(Table 1; Fig. 1). Macrophytes can increase the rate of accumulation of
fine sediments that can then be used as a nutrient source (Lacoul and
Freedman, 2006). Erosion of fire-altered soils containing enriched
ammonium (N-NH4

+), nitrate (N-NO3
−), and orthophosphate P-PO4

3-

(Certini, 2005) increases stream water concentrations of these nutrients
(Earl and Blinn, 2003; Stephan et al., 2012; Verkaik et al., 2013). As a
byproduct of the Las Conchas fire, large amounts of nutrient-rich se-
diments and ash were deposited into the East Fork (Orem and Pelletier,
2015), a normally low dissolved nutrient system (Van Horn et al., 2012;
Sherson et al., 2015). We observed post-fire sediment depositions in
many of the pools along the study reach. Nutrient-rich ash and soil
particles from the Las Conchas burn scars were detected in episodic
high turbidity measurements (Fig. 2B) and likely deposited into the
pools, becoming a nutrient source for rooted submerged macrophytes as
they retrieve much of their nutrients from the sediment (Carignan and
Kalff, 1980) and sediment composition potentially affects plant growth
(Franklin et al., 2008). This nutrient-rich material settled around the
plants, creating a fertilization effect that yielded increased macrophyte
biomass (Fig. 1), including the highest biomass measures recorded
during the study period.

4.2. Macrophyte responses in years two and three after wildfire (2012 and
2013)

Macrophyte biomass in June of 2012 was less than in June of 2011
for all four taxa and for total biomass (Table 1). Lower biomass per-
sisted in late July, and low flow persisted throughout the growing
season (Fig. 2A). One small flow event in late July was accompanied by
very high turbidity (> 1200 NTU), but the growing season was char-
acterized by a weak monsoon and baseflow conditions. We suggest that
the large amount of sediment that was deposited in the study reach and
filled in most of the pools acted to reduce early season growth of the
submerged aquatic macrophyte community and increased growth in the
late summer months. Peak mean biomass was measured in September
2012 and was close to the overall peak biomass measured in October
2011 (227.6 g AFDM m−2 versus 234.1 g AFDM m−2; Table 1). This
result suggests a fertilization effect from the deposited sediment,
especially when contrasted to the 2013 peak mean biomass that was the
lowest peak biomass of the three seasons (Table 1). Sampling in October
of 2012 showed a decrease in total biomass and in all four taxa from
September as macrophyte senescence was apparent.

The hydrology of 2013 in the East Fork included an active monsoon
season and the major flood event in mid-September (Fig. 2A). While
other flood events during the study period lasted only one to two days
and receded quickly, elevated discharge persisted for approximately
two weeks in September of 2013 during a major regional storm event
(Trenberth et al., 2015). After the 2013 storm-related flood event, all
taxa except Ranunculus notably decreased in total and mean biomass,
including some to the point of temporary extirpation (Table 1, Fig. 1).
Drag and stress forces can have drastically different effects on aquatic

organisms depending on the plant’s placement in the water column and
relative distance to the benthos (Koehl, 1984). Because E. canadensis, S.
pectinata, and P. richardsonii grow upright and are higher in the water
column, these populations are more likely to break and be damaged
from increases in discharge, discharge-associated increases in velocity,
and higher concentrations of particulate matter that moved through the
system. In contrast, the more prostrate R. aquatilis stays firmly attached
to the benthos at multiple points along the stem, reducing possible
mechanical damage during the post-fire spates and large flood events.
The extended September 2013 flood event also affected functional
components of the stream for about three weeks as indicated by DO
concentrations and daily DO amplitudes (Fig. 2C,D). Diurnal DO am-
plitudes were reduced, suggesting lower in-stream primary production
(Fig. 2C). In addition, DO amplitudes did not recover post-flood in the
way diurnal DO concentrations did after shorter duration spates
(Fig. 2D), again suggesting reduced rates of instream primary produc-
tion. Modeling of instream gross primary production (GPP) using
measured DO values in the East Fork from 2008 to 2016 (Reale, 2018)
suggested that nutrient enrichment from fire-linked deposits ceased
after the 2013 growing season in the East Fork as daily GPP rates moved
back to typical pre-fire rates after higher values in the growing seasons
of 2012 and 2013.

5. Conclusions

This study was originally intended to assess the composition, phe-
nology, and standing biomass of submerged macrophytes in a high
elevation caldera meadow stream where aquatic plants were thought to
be a major driver of aquatic primary production. Shortly after begin-
ning the study in 2011, a large catastrophic wildfire burned 36% of the
stream catchment, presenting an opportunity to investigate the effects
of fire on submerged macrophytes. We hypothesized that this high-in-
tensity wildfire would reduce aquatic plant biomass when summer
monsoonal thunderstorms would deliver both burn-scar materials and
higher instream flows. Biomass reduction was measured in early fall of
2011 immediately after the wildfire and a series of spates produced by
summer thunderstorms. However, biomass strongly rebounded in mid-
October of 2011 after the deposition of burn scar materials in the study
reach, and macrophyte biomass reached the highest levels measured
during the three years of this study. We hypothesized that this strong
late season growth response was a fertilization response to nutrient-rich
ash and sediment delivery to the stream ecosystem the first few months
after the fire. The largest storm during the three years of study occurred
in September of 2013, and the high flows reduced macrophyte biomass;
post-flood measurements, however, did not show substantial short-term
biomass accrual, unlike in October 2011. This study shows that wild-
fires can impact submerged macrophyte biomass both positively and
negatively well after the wildfire is over, and responses depend on the
interactions of multiple factors including aquatic plant biomass and
taxa, stream hydrology, catchment geomorphology, and water quality.
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