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Abstract: We studied the atmospheric and streamwater-quality responses to the 14 October 2023 annular solar
eclipse in 7 streams in the Jemez River basin of northern New Mexico, USA. Study sites ranged from 1*-order streams
to the 4™-order Jemez River. During the eclipse, across 7 weather stations, we recorded a mean decrease of 92% in-
solation, a 6.7°C decline in air temperature, a 16.2% increase in relative humidity, and a 1.2 m/s drop in mean wind
speed. During the eclipse, we observed distinct, small-magnitude, short-duration changes in the diel cycles of stream
temperatures (mean decline of 0.67°C across 7 streams), dissolved O, (decline of 0.22 mg/L in 5 streams showing
responses), and pH (decline of 0.06 in 6 streams showing responses). Streamwater turbidity and conductivity did
not show consistent responses during the eclipse. We suggest that decreased insolation directly reduced water tem-
perature and concomitantly curtailed stream periphyton photosynthesis, leading to reduced dissolved O, production
and increased dissolved CO, concentrations (lowering pH). Declines in dissolved O, and pH were greatest in 1*- and
2" order streams with high sun exposure, low gradients, and the widest arrays of aquatic vegetation (periphyton, fil-
amentous algae, aquatic macrophytes, and emergent vegetation). Streams with morning shade from topography or
tree-lined banks had responses that were smaller in magnitude. Stream basin area, discharge volume, and current ve-
locity were not related to the magnitude of stream responses. Although the abiotic and biotic streamwater-quality re-
sponses to the eclipse were clear and measurable, the small magnitudes of the changes were well within the realm of
diel variation and likely had minimal effect on the ecology of the stream ecosystem.
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Solar eclipses are relatively rare events, occurring some-
where on Earth 2.37 times per year, on average. Of these,
27% are total eclipses, 33% are annular eclipses, 35% are par-
tial eclipses, and 5% are hybrid eclipses (NASA 2016). Dur-
ing annular solar eclipses, the moon covers 91.7 to 99.9% of
the sun, compared with 100% during total eclipses (NASA
2016). Insolation reductions during an eclipse produce
short-term, near-land-surface atmospheric dynamics, in-
cluding air temperature reductions, relative humidity in-
creases, changes in atmospheric ozone, reductions in wind
speed, and changes in wind direction (Aplin et al. 2016, Clark
2016, Chernogor 2021, Nelli et al. 2021, Lazzts et al. 2022).

Ecological effects of solar eclipses include well-documented
changes in behavior of terrestrial animals, including verte-
brates and insects, as a result of reduced light levels simu-

lating a sunset/dusk period followed by a sunrise/dawn pe-
riod (Ritson et al. 2019, Hartstone-Rose et al. 2020). Similarly,
in aquatic ecosystems, eclipse events have been shown to
influence behaviors of plankton, invertebrates, and fish in
marine and lentic freshwater settings (Backus et al. 1965,
Skud 1967, Vecchione et al. 1986, Giroud and Balvay 1999,
Adhikari et al. 2018). Only a single study has examined
eclipse effects in a stream ecosystem (Suter and Williams
1977), and that study was limited to aquatic insect drift
and recorded no substantial eclipse-related changes.

The primary drivers of stream and riverine ecosystem
structure and functioning are solar inputs/thermal regimes,
flow dynamics, and nutrients (Bernhardt et al. 2018, 2022).
Stream primary productivity varies as a function of solar ir-
radiance, shading from riparian vegetation, substrate type,
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and disturbance regimes (Boston and Hill 1991, Hill et al.
2011, Heaston et al. 2018). Benthic periphyton, filamentous
algae, and aquatic vascular plants all contribute O, to the
streamwater column while taking up CO, during the photo-
synthetic process, and any environmental variable that af-
fects light transmission and attenuation into streams (e.g.,
diel light cycles, vegetation shading, stream turbidity) will al-
ter photosynthetic rates and influence streamwater quality
(Julian et al. 2008, Law 2011, Atkinson and Cooper 2016, Jia
etal. 2020, Kirk et al. 2021, Savoy et al. 2021, Savoy and Harvey
2021). Solar eclipses influence solar irradiance and, therefore,
should have quantifiable effects on streamwater quality via
potential temperature declines and changes in dissolved O,
and pH from reductions of instream photosynthesis.

In this study, we addressed the impact of the 14 October
2023 annular solar eclipse on a hierarchical series of mon-
tane streams in New Mexico, USA. Specifically, we explored
how streamwater-quality variables respond to decreased in-
solation during an annular solar eclipse, and we assessed if
those responses are mediated by stream physical conditions
such as discharge rates, current velocities, and basin area.
We evaluated stream responses under 2 potential scenarios:
1) stream responses would be dominated by abiotic, physical
processes; and 2) stream responses would be dominated by
biological and chemical processes. We predicted that if
stream responses were driven primarily by abiotic processes,
then 1) streamwater temperatures would drop with reduc-
tions in insolation, 2) dissolved O, would increase as a func-
tion of water temperature declines, and 3) pH would remain
unchanged in its normal diel cycle. In contrast, we predicted
that if stream responses to the eclipse were driven by biolog-
ical and chemical processes, then declines in light-driven
photosynthetic processes by aquatic algae and macrophytes
would result in 1) short-term decreases in streamwater dis-
solved O, concentrations and 2) concomitant increases in
dissolved CO, levels, shifting the chemical equilibrium of
dissolved CO, towards increased carbonic acid concentra-
tion and leading to lower pH levels. However, the potential
magnitude and duration of these changes under either sce-
nario were unknown.

METHODS

We utilized a network of existing weather stations in the
study region to document near-ground-level atmospheric
dynamics before, during, and after the annular solar eclipse
on 14 October 2023, and we expanded a network of long-
term streamwater-quality instruments to capture eclipse-
related dynamics over a range of 1°- to 4™-order streams. At
7 stream reaches, we collected data on streamwater tem-
perature, discharge, flow velocity, dissolved O,, pH, con-
ductivity, and turbidity. We assessed diel patterns of atmo-
spheric and streamwater-quality variables to determine
whether they deviated from normal during the eclipse pe-
riod. Finally, we fit linear and nonlinear models to evaluate
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whether streamwater-quality responses to the eclipse var-
ied with stream-basin size or flow variables.

Study site

The Jemez River drains the central and southwestern por-
tions of the Jemez Mountains in northern New Mexico, USA
(Fig. 1). The watershed includes the United States National
Park Service’s Valles Caldera National Preserve (VCNP)
and the United States Forest Service’s Santa Fe National For-
est (SENF). The terrain is characterized by volcanic forma-
tions created by a series of eruptions over the last 1.23 mil-
lion y (Goff 2009). VCNP comprises the upper watershed
with multiple 1°- and 2™%-order streams flowing through
the caldera wall to the southwest, creating the 3'Uorder up-
per Jemez River at the confluence of the East Fork Jemez
River and the Rio San Antonio (Figs 1, 2A—G). The 3" order
Rio Guadalupe and its tributaries drain the western slope
of the caldera and join the Jemez River near Cafion, New
Mexico, forming the 4™-order lower Jemez River. Vegeta-
tion in the Jemez Mountains consists of spruce-fir and
mixed-conifer forests at the highest elevations (3430 m),
grading downward through pine forests and pifion-juniper
woodlands. Open grasslands (valles) are interspersed among
the forested volcanic peaks.

In total, we deployed instruments in 7 streams, including
the two 1%-order streams, two 2" order streams, two 3"9-
order streams, and one 4™-order stream (Table 1). The 1%
and 2"%-order streams were part of an existing stream mon-
itoring network operating on VCNP since 2005. The 3™- and
4™_order stream sites were added for this study.

The two 1%-order streams were both in upland meadow
habitats but were different in several aspects. Indios Creek
was the smallest stream (Fig. 2A), with the lowest discharge
but with a higher gradient and twice the current velocity of
the 1%-order headwater stream of the Rio San Antonio
(Fig. 2B) in the Valle Toledo (Table 1; Goodman 2003, Nel-
son and Manickam 2007). In addition, the water sources of
Indios Creek were a series of higher-elevation montane can-
yon springs (with colder temperatures; diel range during our
study of 0.0-9.0°C), whereas the Rio San Antonio’s water
was derived from upwelling groundwater under Artesian
pressure (with higher temperatures; diel range of 8.5—
14.5°C) within the Valle Toledo (Liu et al. 2008). There were
comparable diel dissolved O, fluctuations in both streams
(~7-10 mg/L), but there was little change in pH in Indios
Creek (~7.5) compared with the Rio San Antonio (pH range
of 7.4-8.7). Finally, Indios Creek had a smaller stream width
and width-to-depth ratio than Rio San Antonio (Table 1),
which, coupled with a steeply incised channel and extensive
overhanging sedges (Carex spp.), shaded much of Indios
Creek from direct morning sunlight (Fig. 2A).

The two 2"-order streams, the Rio San Antonio at the
western boundary of VCNP (Fig. 2C) and the East Fork
Jemez River in the Valle Grande of VCNP (Fig. 2D), were
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Figure 1. Map of stream sampling locations in the Jemez River watershed, New Mexico, USA. Upper left inset: Location of Jemez
Mountains in New Mexico. Center: Study area with perennial stream sampling sites (blue boxes) and Remote Automatic Weather
Stations (yellow stars). See Table 1 for site information. Bottom right inset: Eclipse track (red band) across western North America
with location of Jemez Mountains (white star)—image courtesy of NASA. Photo above inset: Annular solar eclipse taken in Albu-
querque, New Mexico, 14 October 2023, 10:37 h (Mountain Daylight Savings Time)—photo by Fraser and Cathy Goff, with permis-
sion. NPS = National Park Service, USGS = United States Geological Survey.

both in open, sunny meadow habitats (i.e., valles) with sim-
ilar discharge, stream widths, gradients, and riffle-to-pool ra-
tios (Table 1; Simino 2002, Goodman 2003). Both streams
supported large amounts of periphyton, filamentous algae,
aquatic vascular plants (e.g., Elodea canadensis, Ranunculus
aquatilis), and emergent streambank sedges, associated with
high instream gross primary production (Summers et al.
2020) and rapid nutrient uptake rates (Van Horn et al.
2012). Both streams shared similar water-quality values

and diel cycles, except that the East Fork Jemez River had
a higher level of turbidity than the Rio San Antonio (Table 1).

The two 3™-order streams, the upper Jemez River
(Fig. 2E) and the Rio Guadalupe (Fig. 2F), were similar in
their topographic locations (bottoms of large canyons). They
both had tree-lined, shaded banks dominated by Rio Grande
cottonwood (Populus deltoides ssp. wislizeni) and willows
(Salix spp.), which, in mid-October, still retained their leaves.
These streams shared comparable stream widths, current
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Figure 2. Photos of perennial stream study sites in the Jemez River watershed, New Mexico, USA. Indios Creek: 1*-order stream
(A); Rio San Antonio, Valle Toledo: 1%*-order stream (B); Rio San Antonio West: 2"%-order stream (C); East Fork Jemez River, Valle
Grande: 2"%-order stream (D); Jemez River in Jemez Springs: 3'-order stream (E); Rio Guadalupe: 3" order stream (F); Jemez River
at United States Geological Survey Jemez gauge: 4™-order stream (G). Photos: National Park Service staff.

velocities, and riffle-to-pool ratios (Anderson et al. 2006,
Galindo 2010), along with similar water-quality values and
diel cycles (Table 1). However, the Jemez River had nearly
twice the discharge as the Rio Guadalupe, and the Rio Gua-
dalupe had a much steeper gradient upstream from the study
site than the Jemez River (Table 1).

The 4™-order stream, the Jemez River below the confluence
of the Rio Guadalupe and the upper Jemez River (Fig. 2G),
had the greatest discharge and the fastest current (Table 1).
The Jemez River also had the highest water temperature,
pH, and conductivity and the 2™*-highest turbidity. Like the
2 upstream sites, this reach supported tree-lined riparian zones
that shaded much of the stream during morning periods.

Meteorological data

VCNP and the Western Regional Climate Center, Desert
Research Institute, operate a network of Remote Automatic
Weather Stations (RAWS) across the Jemez Mountains
(Fig. 1). These stations record air temperature, relative hu-
midity, total solar radiation, precipitation, and wind speed
and direction every minute and report the data as 10-min in-
terval averages. For the period of the eclipse, we used data
from the 7 RAWS that were at similar elevations to the

stream monitoring locations (Table 1, Fig. 1): Valle Toledo,
Valle de los Posos, Hidden Valley, Valle Grande, Valle San
Antonio, Cebollita Springs, and Jemez Springs (see https://
wrcc.dri.edu/vallescaldera/).

Streamwater-quality data

The National Park Service conducts long-term monitor-
ing of streamwater quality and discharge on 1%- and 2™%-order
streams on VCNP (Fig. 1), and the United States Geologi-
cal Survey (USGS) operates a stream gauge on the 4"-
order Jemez River near Caion (Jemez, New Mexico gauge
#08324000). In anticipation of the annular solar eclipse,
we expanded the water-quality monitoring network to in-
clude 3" and 4™-order stream sites in the lower reaches
of the Jemez River basin.

To monitor streamwater quality during the eclipse, we
used YSI multiparameter water-quality sonde instruments
(model EXO®™, Yellow Springs Instruments, Yellow Springs,
Ohio) equipped with an EXO wiped conductivity and temper-
ature sensor (measurement resolutions of 0.001 pS/cm
[standardized to 25°C] and 0.001°C, respectively), an EXO
optical dissolved O, smart sensor (resolution of 0.01 mg/L),
an EXO unguarded pH smart sensor (resolution of 0.01 pH
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Table 1. Study site characteristics, locations, and elevations of perennial streams and RAWS sites in the Jemez River watershed, New
Mexico, USA. Stream and RAWS ID numbers refer to the map in Fig. 1. Data on discharge, current velocity, and water-quality vari-
ables were collected during the study period of 13 to 15 October 2023. Water-quality variables are reported as means over the 3-d pe-
riod. Aquatic plant types are P = periphyton, FA = filamentous algae, AVP = aquatic vascular plants, and EM = emergent macro-
phytes. USGS = United States Geological Survey.

Rio San Anto- East Fork Jemez  Rio San Jemez River Jemez River
Indios nio, Valle River, Valle Antonio, at Jemez Rio at USGS
Stream characteristic Creek® Toledo® Grande® West” Springs®  Guadalupe®  gauge?
Stream ID# 1 2 3 4 5 6 7
Stream order 1% 1% ond gnd 3rd 3rd 4th
Basin area (km?) 18 50 94 147 471 684 1217
Discharge (m3/s) 0.0065 0.0578 0.0708 0.0937 0.2568 0.1314 0.3794
Current velocity (m/s) 0.2743 0.1372 0.0914 0.2134 0.1676 0.1737 0.3597
Reach length (km)® 3.48 1.93 5.95 19.31 2.33 0.80 11.23
Rosgen channel type E5 E5 E6 E4 C2 A3 C3
Gradient (%) 1.80 0.05 0.05 0.30 1.60 6.10 1.00
Mean stream width (m) 091 2.08 4.48 4.05 6.48 8.54 5.80
Bankfull width:depth ratio 2:1 7:1 14:1 7:1 26:1 16:1 22:1
Riffle:pool (%) 71:29 95:05 94:06 97:03 88:12 81:19 90:10
Substrate: Riffle
Sand (%) 47.1 36.4 59.0 40.3 17.9 9.2 33.6
Gravel (%) 46.4 36.4 41.0 44.4 136 175 185
Cobble (%) 6.4 22.7 0.0 14.7 27.1 28.3 35.0
Boulder—bedrock (%) 0.1 4.5 0.0 0.6 41.4 45.0 12.9
Substrate: Pool
Sand (%) 53.3 85.7 67.0 76.5 43.1 11.7 43.5
Gravel (%) 40.6 10.0 33.0 21.0 10.8 18.3 159
Cobble (%) 5.9 4.3 0.0 2.0 19.2 28.3 29.6
Boulder—bedrock (%) 0.2 0.0 0.0 0.5 26.9 41.7 11.0
Aquatic plants P, FA P, FA, P, FA, P, FA, P, FA, AVP P, FA P, FA
AVP, EM AVP, EM AVP, EM
Water-quality variables
Temperature (°C) 3.4 10.8 5.0 6.4 10.4 7.9 11.2
Dissolved O, (mg/L) 93 8.2 9.2 85 8.7 9.3 85
O, saturation (%) 93.6 100.5 97.2 92.7 98.2 101.0 100.9
pH 7.5 7.8 7.7 7.8 8.0 8.5 8.7
Specific conductivity (uS/cm) 79.1 78.8 84.4 107.5 785.8 263.5 849.3
Turbidity (FNU) 7.0 1.1 20.1 5.0 3.8 2.3 8.4
Sonde location
Latitude (NADS83) 35.9638 35.9626 35.8470 35.9734 35.7793 35.7322 35.6621
Longitude (NAD83) —106.4902 —106.4906 —106.4920 —106.5969 —106.6885 —106.7592 —106.743
Elevation (m) 2615 2612 2589 2554 1910 1830 1714
RAWS location Valle Valle de los Hidden Valle San Valle Cebollita Jemez
Toledo Posos Valley Antonio Grande Springs Springs
RAWS ID# 1 2 3 4 5 6 7
Latitude (NADS83) 35.9739 35.9158 35.8408 35.9806 35.8583 35.8311 35.7797
Longitude (NAD83) —106.4647 —106.4228 —106.5006 —106.5708 —106.5211 —106.7208 —106.6890
Elevation (m) 2750 2738 2582 2598 2643 2496 1924

# Nelson and Manickam (2007)
> Goodman (2003)

¢ Simino (2002)

4 Galindo (2010)

¢ Anderson et al. (2006)

f Area above sonde location

€ Length of stream reach with sonde surveyed in the cited references
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units), and an EXO turbidity smart sensor (with wiper, res-
olution of 0.01 NFU). We secured sondes vertically to steel
T-posts in each stream’s thalweg, with sensors positioned
at depths of 15 to 30 cm. We calibrated sensors just prior
to deployment. We set the sondes to record measurements
every 5 min for 3 d, beginning at 00:00:00 Mountain Daylight
Time (MDT) on 13 October 2023 and running through
00:00:00 MDT on 16 October 2023. This 3-d time period
provided data for the day before the eclipse, the day of the
eclipse, and the day following the eclipse.

In selecting stream study sites, we chose locations that
were separated by distances of 9.5 to 51.9 km within the
Jemez River watershed to ensure independence of measure-
ments during the period of the eclipse. Based on measure-
ments of stream current at the sites (Table 1), the travel
times for water between sites ranged from 7.3 to 84.7 h.
Given that the eclipse period was predicted to last just under
3 h (NASA 2016), instrument records would have been inde-
pendent of neighboring upstream study sites.

Atmospheric and streamwater-quality responses
to eclipse

We evaluated the data to determine if diel patterns of at-
mospheric and streamwater-quality variables deviated from
normal increases/decreases during the period of the eclipse
compared with the days prior to and after the eclipse. We
compared the data values during the eclipse with the mean
data values taken at the same time of day from the day before
and the day after the eclipse. We then determined the mag-
nitude of differences between the eclipse period and the
mean of the pre- and post-eclipse periods at the same time
periods. For meteorological data, the time of maximal devi-
ation was 10 to 20 min after annularity (i.e., RAWS samples
recorded at 10:50 and 11:00 h), whereas for stream data,
maximal deviation coincided with annularity (with the
10:40-h sonde samples).

Given observed declines in streamwater temperatures, we
calculated the expected (theoretical) changes in dissolved O,
that would have followed the observed temperature changes
during the eclipse. To do so we used the USGS program
DOTABLES (version 3.6; USGS 2011; https://water.usgs
.gov/water-resources/software/DOTABLES/) based on the
models of Benson and Krause (1980, 1984). Model inputs in-
cluded observed barometric pressure, streamwater temper-
ature, specific conductivity, and dissolved O,, which pro-
duced model outputs of potential maximum dissolved O,
content (mg/L). We ran the program for 1) the mean values
of pre- and post-eclipse days and 2) the eclipse period. We
then compared the difference in the predicted changes with
the observed changes recorded by the sondes to assess
whether purely physical/abiotic processes were dominating
stream responses to the eclipse or whether biotic/chemical
processes were important.
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Finally, we fit individual linear and nonlinear (exponen-
tial, logarithmic, hyperbolic, polynomial) regressions to test
for relationships between the magnitude of eclipse responses
of streamwater-quality variables (dependent variables) and
stream discharge, current velocity, and basin size (indepen-
dent variables) and used 2-tailed probabilities for determina-
tion of the strength of evidence for effects. We verified re-
gression assumptions with the Shapiro and Wilk (1965)
normality test for residuals, a runs test (Sokal and Rohlf
1969) for residual autocorrelation, and plots of fitted values
vs residuals for homoscedasticity. We conducted statistical
analyses with the software package Statistix 10 (Analytical
Software, Tallahassee, Florida).

RESULTS
Eclipse data

Weather conditions during the days leading up to the
eclipse and following the eclipse were cloudless and sunny
because of a sustained high-pressure system over New Mex-
ico. Barometric pressure increased only slightly (1100—
1200 pa) over the 3 d of the study. The annular solar eclipse
began over the study area on Saturday, 14 October 2023, at
09:13:14 MDT and ended at 12:08:59 MDT, lasting for
175.75 min. The annularity (maximum eclipse period) lasted
for 3.13 min (10:35:14-10:38:22 MDT). The path width of
the eclipse was 201 km. At maximum, the eclipse magnitude
was 0.946 on the study site for the 3.13-min duration of the
maximal eclipse period (see https://eclipse.gsfc.nasa.gov
/SEdecade/SEdecade2021.html).

Atmospheric data

Maximal changes in weather variables often occurred 10
to 20 min after the eclipse annularity (maximal reduction in
solar radiation). Maximal deviations in post-annularity val-
ues for temperature, humidity, and wind were recorded at
10:50 and 11:00 h. Based on the greatest deviation values av-
eraged over the 7 RAWS stations, the eclipse resulted in a
mean (£SE) reduction in solar radiation of 544 + 8.9 W/m?
(92.0 £ 0.1%), a decline in air temperatures of 6.7 + 0.9°C
(range of 4.0-9.1°C), and an increase in relative humidity
of 16.2 + 3.1% (range of 7.8-24.8%; Table 2). Mean wind
speed during the eclipse dropped 1.2 £ 0.3 m/s (59.1%),
and the maximum wind gust speed declined 2.2 + 0.5 m/s
(55.5%), but wind conditions continued during the eclipse
with a mean wind speed of 0.82 + 0.18 m/s and wind gusts
of 1.53 + 0.28 m/s. (See Fig. 3A-D for example results from
Valle San Antonio RAWS and Figs S1-S6A-D for the other
RAWS sites.)

Stream data

Prior to the eclipse, the study area had received no precip-
itation for 12 d, and all of the streams were at base flow. Dur-
ing the eclipse, the sonde instruments recorded distinct
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Table 2. Summary of changes in meteorological variables at Remote Automatic Weather Stations (RAWS) in the Jemez Mountains,
New Mexico, USA, during the 14 October 2023 annular solar eclipse. RAWS ID #s refer to the map in Fig. 1. Values are the differ-
ences between measurements of maximal deviations during the eclipse and the mean of the measurements collected at the same

times on the day before and the day after the eclipse.

A solar A mean air A relative A mean wind A maximum wind
radiation temperature humidity speed gust speed
RAWS station ID# (W/m?) (°C) (%) (m/s) (m/s)
Valle Toledo 1 —527 —4.6 7.8 -0.90 —-1.73
Valle de los Posos 2 —-571 —6.8 15.3 —-1.11 —1.86
Hidden Valley 3 —575 —8.6 23.7 —0.15 —0.54
Valle San Antonio 4 —534 —-9.1 22.5 —2.35 —-3.73
Valle Grande 5 —552 -89 24.8 —1.83 —3.60
Cebollita Springs 6 —523 —4.0 114 —1.10 —2.26
Jemez Springs 7 —527 —4.6 7.8 —0.90 —1.73

changes in the diel cycles of streamwater-quality variables
in the study streams (Table 3). At the time of eclipse an-
nularity (during the sonde sample for 10:35-10:40 h), stream
temperatures in all 7 stream sites cooled by a mean of 0.67 +
0.09°C (range of 0.46—1.05°C; Fig. 4A—G) and then resumed
warming with the waning of the eclipse. Unlike atmospheric
variables, streamwater-quality variables’ deviations did not
display a time lag after the maximum extent of the eclipse
but coincided with the time of annularity. Streamwater max-

imum diel temperatures did not recover completely on the
day of the eclipse, being on average 0.76°C cooler (Table 3),
but completely recovered on the following day (Fig. 4A—Q).
The other streamwater-quality parameters varied in their
responses to the eclipse. In 5 of the 7 streams, dissolved O,
declined by an average of 0.22 + 0.12 mg/L (range of 0.04—
0.62 mg/L), with similar declines in dissolved O, % satura-
tion (Fig. S7TA-G), but recovered later in the day (Fig. 4A—
G). The 2 streams that did not show a dissolved O, decline
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Figure 3. Valle San Antonio Remote Automatic Weather Station (RAWS) data during study period of annular solar eclipse (13—
15 Oct 2023) on Valles Caldera National Preserve, New Mexico, USA. The shaded rectangle indicates the period of eclipse. Total solar
radiation (A), air temperature (B), relative humidity (RH) (C), mean wind speed (D). (See Figs. S1-S6 for data from the other RAWS
study sites.) Data from https://wrcc.dri.edu/vallescaldera/.
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Table 3. Summary of changes in streamwater-quality variables in the Jemez River watershed, New Mexico, USA, during the 14 Octo-
ber 2023 annular solar eclipse. Stream ID #s refer to the map in Fig. 1. Values are the differences between measurements at the time
of annularity (maximal eclipse at 1040 h Mountain Daylight Time) and the mean of the measurements collected at the same time on
the day before and the day after the eclipse. USGS = United States Geological Survey.

Indios Rio San Antonio,

East Fork Jemez

Rio San Anto-

Jemez River at Rio

Jemez River at

Water-quality variable =~ Creek  Valle Toledo  River, Valle Grande nio, West Jemez Springs Guadalupe USGS gauge

Stream ID# 1 2 3 4 5 6 7

A water temperature —0.46 —0.66 —0.63 —0.90 —0.49 —1.05 —0.53
O

A maximum diel water —0.83 —0.44 —0.75 —1.22 —0.35 —0.92 —0.79
temperature (°C)

A range in water —0.84 —0.54 —091 —1.59 —0.27 —0.47 —0.62
temperature (°C)

A dissolved O, (mg/L) 0.01 —0.63 —0.26 —0.13 —0.04 —0.05 0.00

A pH —0.01 —0.22 —0.04 —0.06 —0.01 —0.04 0.00

were the Indios Creek (1*-order stream with the smallest
discharge; Fig. 4A) and the Jemez River at the USGS Jemez
gauge (4™-order stream with the largest discharge; Fig. 4G).
There was a mean decrease in pH of 0.06 + 0.04 (range of
0.01-0.22) in 6 of the 7 streams (all except the 4™ order
Jemez River at the USGS Jemez gauge, in which pH did
not respond), and these streams’ pH recovered to their nor-
mal dynamic pattern later in the day (Fig. 4G). Streamwater
turbidity (Fig. S8A—G) did not respond consistently to the
eclipse, and only 2 streams had small-magnitude increases

Indios Creek

Rio San Antonio - Valle Toledo

in conductivity (Rio San Antonio at Valle Toledo and the
Rio Guadalupe; Fig. S9B, F).

The predicted change in streamwater dissolved O,, given
the observed declines in temperature, indicated that
dissolved O, should have increased by an average of 0.18 +
0.04 mg/L (Table 4). However, dissolved O, actually de-
clined, leading to an overall effective change of —0.34 +
0.18 mg/L on average across all 7 stream sites (Table 4).

Linear and non-linear regression analyses of water-quality
variables (temperature, dissolved O,, and pH) and stream

East Fork Jemez River -
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Valle Grande
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Figure 4. Changes in streamwater quality for temperature, dissolved O,, and pH during the annular solar eclipse study period (13—
15 October 2023) in the Jemez Mountains, New Mexico, USA. The shaded rectangle indicates the period of eclipse. 1**-order streams
(A, B), 2™-order streams (C, D), 3-order streams (E, F), 4™-order stream (G). See Fig. 1 for stream locations. USGS = United States

Geological Survey.
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Table 4. Calculated site-specific increases in stream dissolved O, (DO) with observed stream temperature decreases at the stream
study sites in the Jemez River watershed, New Mexico, USA, during the 14 October 2023 annular solar eclipse. Stream ID #s refer to

the map in Fig. 1. USGS = United States Geological Survey.

Site  Observed A streamwater

Theoretical A Observed A Difference in A DO (mg/L)

Stream study site ID# temperature (°C) DO (mg/L) DO (mg/L) attributed to biological processes
Indios Creek 1 —0.46 0.17 0.01 —0.16
Rio San Antonio (Toledo) 2 —0.66 0.15 -0.63 —0.78
East Fork Jemez River, Valle 3 —0.62 0.20 —0.26 —0.47
Grande
Rio San Antonio (West) 4 —0.90 0.24 —0.13 —0.37
Jemez River in Jemez Springs 5 —0.49 0.12 —0.04 —0.17
Rio Guadalupe 6 —1.05 0.26 —0.04 —0.31
Jemez River at USGS Jemez 7 —0.53 0.12 0.00 —0.12

gauge

discharge, current velocity, and watershed basin area did not
identify any meaningful relationships (r* values of 0.002—
0.389 [n = 7], p-values ranged from 0.13—0.92).

DISCUSSION

The annular solar eclipse in the Jemez Mountains pro-
duced substantial reductions (92%) in solar radiation, which
led to near-ground-level decreases in air temperature and
wind speeds and increases in relative humidity (Figs 3A—
G, S1-S6A-G). Our recorded values for atmospheric
changes during the eclipse were comparable with previous
studies. Aplin et al. (2016) reviewed ~120 previous reports
on eclipse effects on near-ground weather conditions and
found consistent reductions in air temperature (with a max-
imum decline of ~7°C). Our RAWS sites recorded an aver-
age decline of 6.7°C. Recent reports on relative humidity
changes indicate increases of 3 to 19% during an eclipse
(Brinley Buckley et al. 2018, Lazzus et al. 2022 and references
therein), and we found an increase in relative humidity of
16%. Wind speed reductions during eclipses of ~1 to 2 m/s
have been reported (Lazzds et al. 2022 and references therein),
and, accordingly, our study sites had a reduction in wind
speed of 1.2 m/s. As with previous studies, we observed a
time lag of 10 to 20 min past the time of annularity until re-
cording maximum deviations in atmospheric temperature
and humidity. Aplin et al. (2016 and references therein) re-
viewed eclipse studies reporting 6- to 30-min time lags for
temperature, as well as a 28-min mean time lag for humidity.
The authors suggested that the thermal inertia of the Earth’s
surface layer, in concert with solar irradiance levels during
the latter part of the eclipse (4™ contact period), may be re-
sponsible for the time lags.

As recorded by the sondes, the eclipse produced distinct,
small-magnitude, short-term reductions in streamwater tem-
perature in all of the streams, as well as small, short-term
reductions in dissolved O, and pH in most of the streams
(Fig. 4A—G). We interpret the lower streamwater temperatures

as consistent with the decrease in insolation, with water tem-
perature directly influenced by reduced infrared radiation.
This observation supports the role of abiotic, physical pro-
cesses driving the streamwater temperature response to
the eclipse. However, we predicted that if abiotic processes
were the sole process, then dissolved O, would increase with
a lower water temperature and pH would be unaffected. In-
stead, we observed a decrease in dissolved O, and pH. We
interpret these changes to be a result of decreased photosyn-
thetic activity by stream algae/periphyton and macrophytes,
which would have curtailed dissolved O, production and
dissolved CO, uptake. With a 92% reduction in insolation,
photosynthesis would have been nearly terminated, greatly re-
ducing dissolved O, production and restricting the uptake of
CO,. The resulting increase in dissolved CO, from ongoing
ecosystem respiration would have favored the equilibrium con-
centration of carbonic acid (H,O + CO, = HCO;~ + H™),
thereby decreasing pH. The observed declines in dissolved
O, were large enough to overcome the predicted abiotic in-
creases in dissolved O, with decreasing water temperatures
(Table 4), supporting the conclusion that biotic/chemical
processes were the main drivers of the streams’ dissolved
O, and pH responses to the eclipse.

We found no distinguishable patterns of eclipse re-
sponses in streamwater temperature, dissolved O,, or pH
across the range of stream orders (including basin size, dis-
charge, and current velocity), although the 2 streams with
the smallest temperature changes and without changes in
dissolved O, and pH were the smallest stream (Indios
Creek) and the largest river (Jemez River at the USGS Jemez
gauge). The 1%-order Indios Creek is characterized by an
incised channel and overhanging sedges that provided con-
siderable shade from the morning sun across the stream’s
surface (Fig. 2A), which presumably lessened the net effect
of reduced insolation; however, the reduction in photosyn-
thesis activity by the Indios Creek periphyton community
was sufficiently large that it cancelled out the theoretical
increase in dissolved O, from lower water temperatures
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(Table 4), resulting in a no-change sonde record. In con-
trast, the 4™-order Jemez River (Fig. 2G) had such a large
water volume (discharge and current velocity), high turbid-
ity, and shaded, tree-lined riparian banks that the decreased
insolation constituted a very small change in energy input
relative to the volume of water in the river, thereby potentially
masking any discernible response by streamwater-quality
variables. However, as with Indios Creek, the presumed
lower periphyton photosynthesis within this reach compen-
sated for any temperature-induced increase in dissolved O,
producing a no-change sonde record.

We observed the largest stream responses to the eclipse
in the 2 Rio San Antonio sites and East Fork Jemez River site.
These reaches had the greatest array of aquatic plants (pe-
riphyton, filamentous algae, aquatic vascular plants, and
emergent macrophytes), as well as the lowest gradient, slowest
current (Table 1), and greatest solar exposure (Fig. 2B-D).
Although their streamwater temperatures declined by a sim-
ilar magnitude as the other streams, these reaches had the
greatest decreases in dissolved O, and pH (Table 3), indicat-
ing that photosynthesis had a greater effect than abiotic dy-
namics on streamwater chemistry (Table 4). The higher-order
streams (Rio Guadalupe and the Jemez River sites), which
supported a smaller array of aquatic algae and vascular
plants and which had shady, tree-lined banks (Fig. 2E-G),
had smaller magnitude declines in dissolved O, and pH
(Table 3) but still exceeded the predicted temperature-
related increase in dissolved O, (Table 4). The higher photo-
synthetic response of the shallow, slow-moving, unshaded
streams compared with the tree-shaded riverine reaches is
consistent with studies comparing ecosystem primary pro-
duction across a range of streams and rivers (Julian et al.
2008, Kirk et al. 2021, Savoy and Harvey 2021, Bernhardt
et al. 2022).

We were unable to find any published reports of eclipse
effects on streamwater quality, but a small number of studies
have addressed eclipse effects on lentic aquatic ecosystems.
These studies found similar water-quality responses, with
declines in water temperature, dissolved O,, and pH. During
the 1980 total eclipse over the Nagarjunasagar Reservoir, In-
dia, Pathak and Sugunan (1980) found a 4°C drop in air tem-
perature and a 1.5°C drop in water temperature. In addition,
dissolved O, declined 0.72 mg/L, pH declined by 0.2 units,
and bicarbonate increased from 90.24 to 98.88 mg/L; how-
ever, no substantial response by plankton to decreased sun-
light was observed (Pathak and Sugunan 1980). Adhikari
etal. (2018) observed changes in water quality during a total
eclipse in an oxbow lake in India and found lower dissolved
O, (decrease of 0.4 mg/L), increased community respiration,
and a lower range of pH values during the eclipse. Water
temperature did not respond to the eclipse, but plankton
densities increased near the surface during the maximal
darkness of the eclipse. Vecchione et al. (1986) observed in-
creases in chlorophyll z in a shallow Louisiana, USA, estuary
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during an eclipse and proposed that microflagellates had
migrated upwards in the water column during the reduced
light period. Similarly, Giroud and Balvay (1999) recorded
increased upward movement of zooplankton during the
1999 eclipse over Lake Geneva, Switzerland. Comparable
eclipse responses for vertical migratory behavior of oceanic
plankton (including bioluminescence behavior) were reported
by Backus et al. (1965) and Skud (1967).

The ecological impact of the solar annular eclipse in our
study was likely minimal because the entire period of
change was very short (<3 h), and the changes in stream
temperatures, dissolved O,, and pH were of small magni-
tude (Table 3, Fig. 4A—G). The reductions in temperature
during the early part of the day appeared to have delayed
stream warming and reduced the maximum temperature
for the day by 0.76°C (Table 3, Fig. 4A—G) compared with
the day before, but stream temperatures recovered the
following day. Dissolved O, and pH appeared to have recov-
ered almost immediately, with values returning to pre- and
post-eclipse-day levels later the same day (Fig. 4A—G). The
magnitude of these changes in water-quality values were
equivalent to similar temporal diel changes during dusk
and dawn. Similarly, the eclipse effects we observed were
comparable with those of a storm cloud during a summer
monsoon in VCNP. For example, solar radiation values
at our RAWS sites typically decline by ~80% during thun-
derstorms, compared with the eclipse reduction of 92%
(Fig. 3A; data from https://wrcc.dri.edu/). Hence, although
the annular solar eclipse resulted in distinct, observable ef-
fects on streamwater quality, the small magnitudes of these
effects were within normal diel fluctuations in the study
streams. Future solar eclipse events will undoubtedly pro-
vide comparable opportunities to examine streamwater-
quality responses in lotic environments across other ecosys-
tems, during varying times of day, and in different seasons.
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