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Can flowers affect land surface albedo and soil microclimates?
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Abstract

The phenology of vegetation, namely leaf-out and senescence, can influence the Earth’s climate over regional spatial scales and
long time periods (e.g., over 30 years or more), in addition to microclimates over local spatial scales and shorter time periods
(weeks to months). However, the effects of flowers on climate and microclimate are unknown. We investigate whether flowers
can influence light reflected by the land surface and soil microclimate in a subalpine meadow. We conducted a flower removal
experiment with a common sunflower species, Helianthella quinquenervis, for 3 years (2015, 2017, and 2019). The flower
removal treatment simulates the appearance of the meadow when Helianthella flowers earlier under climate change and loses its
flowers to frost (other plant structures are not damaged by frost). We test the hypotheses that a reduction in cover of yellow
flowers leads to a greener land surface, lower reflectance, warmer and drier soils, and increased plant water stress. Flower
removal plots are greener, reflect less light, exhibit up to 1.2 °C warmer soil temperatures during the warmest daylight hours,
and contain ca. 1% less soil moisture compared to controls. However, soils were warmer in only 2 of the 3 years, when flower
abundance was high. Helianthella water use efficiency did not differ between removal and control plots. Our study provides
evidence for a previously undocumented effect of flowers on soil microclimate, an effect that is likely mediated by climate
change and flowering phenology. Many anthropogenic environmental changes alter landscape albedo, all of which could be
mediated by flowers: climate change, plant invasions, and agriculture. This study highlights how further consideration of the
effects of flowers on land surface albedo could improve our understanding of the effects of vegetation on microclimate.

Keywords Biosphere-atmosphere interactions - Climate change - Frost - Phenology - Reflectance - Soil moisture - Soil
temperature

Introduction These climate-induced phenological shifts affect various levels

of biological organization, ranging from exposure of individuals

Climate change is affecting the timing of life history events in a
variety of organisms (Menzel et al. 2006; Parmesan 2007).
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to novel abiotic or biotic conditions that can affect survival and
reproduction (Franks et al. 2007; Inouye 2008; Boggs and
Inouye 2012; Stenson and Hammill 2014), to re-shuffling of
ecological communities and changes in ecosystem-level pro-
cesses (Sparks and Menzel 2002; Edwards and Richardson
2004; Linderholm 2006; Cleland et al. 2007; Richardson et al.
2010; CaraDonna et al. 2014). Just as climate affects phenology,
the phenology of vegetation can also feedback to affect climate
(Pefiuelas et al. 2009). The timing of plant green-up and senes-
cence affects carbon uptake, water exchange, and land surface
albedo (the proportion of incident solar radiation reflected by a
surface), all of which can affect local-scale microclimates (i.e.,
within a few meters up to 100 m, and over relatively short
timescales like weeks to months) (Richardson et al. 2013;
Bramer et al. 2018). Changes in microclimate in turn can feed-
back to affect the larger-scale climate system (i.e., hundreds of
kilometers or more and weather conditions averaged over sev-
eral years) (Richardson et al. 2013; IPCC 2014).
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Ourunderstanding of the effects of the phenology of vegetation
on microclimate (and also climate) is limited to leaf and stem
structures and therefore to leaf-out and senescence. For example,
the timing of leaf emergence and senescence in temperate decidu-
ous forests determines the amount of incoming solar radiation to
the forest floor, and therefore sensible heat flux (Wilson et al.
2000). Vegetated land surfaces vary in their albedo as a result of
plant cover (i.e., fractional photosynthetic cover of the ground
surface), the characteristics of the vegetation present (stems vs.
leaves, stem height, leaf orientation, and leaf color), and the type
of vegetation present (e.g., grass vs. forest) (Hollinger et al. 2010),
all of which can affect microclimate (e.g., De Frenne et al. 2019;
Zellweger et al. 2019). Reproductive structures like flowers may
also affect land surface albedo, especially because they appear
during times of high solar irradiation (spring—summer) and are
positioned above leaves. Yet reproductive structures have been
ignored in this context. Flowers can almost completely cover other
vegetative structures, depending on the species, and therefore in-
tercept incoming solar radiation before many leaves. At a land-
scape scale, flowers can blanket the landscape in both natural and
agricultural ecosystems, such as in flowering crops, super blooms
in desert ecosystems, and invasive plant blooms (Fig. 1a, b). Such
flowering events could affect land surface albedo, which in turn
could affect microclimates. However, the role of flowers in affect-
ing the albedo of vegetated land surfaces is unknown.

Here we investigate whether flowers can influence mead-
ow albedo and soil microclimate (soil temperature and soil

Fig. 1 Examples of flowers
covering the landscape. a An
agricultural field in the Jura
Mountains of Switzerland. b A
superbloom in Walker Canyon,
Lake Elsinore, California, USA. ¢
The study meadow in Gothic,
Colorado, USA, in a year in
which snowmelt was late; the
yellow flowers are Helianthella
quinquenervis. d A year in which
snowmelt was early, and all of the
Helianthella flower buds
developed early and were
damaged by frost due to cold
nighttime air temperatures (photo
credits a Steven Smith; b Jane
Ogilvie; ¢, d David W. Inouye)
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moisture, following Harte et al. 1995) in a subalpine ecosys-
tem. Although flowers may influence albedo in a variety of
contexts, we focus on phenology-mediated changes to the
vegetated land surface. When plants flower earlier in response
to climate change, flower abundance can be reduced through
frost damage to developing flowers (other plant structures are
unaffected by frost; Inouye 2000, 2008). In years with little-
to-no frost damage, meadows with the aspen sunflower,
Helianthella quinquenervis, appear mostly yellow because
of the abundant flowers of this plant species (Fig. 1c). In
contrast, in years with substantial frost damage to
H. quinquenervis flower buds, the same meadows appear
mostly green (Fig. 1d). Substantial frost damage occurs fre-
quently, with > 80% of H. quinquenervis flower stalks frosted
in 6 of 13 years at our study site (Iler et al. 2019). We specif-
ically ask: (1) Do meadow plots without flowers reflect less
light than meadow plots with flowers? (2) Is soil temperature
warmer in plots without flowers compared to plots with
flowers? (3) Is soil moisture lower and, therefore, plant water
stress higher in plots without flowers compared to plots with
flowers? We hypothesize that meadows without flowers will
have a lower albedo, and therefore enhanced absorbance of
incoming shortwave solar radiation and warmer and drier
soils, compared to meadows with flowers. Additionally, if
soils are drier, plant water stress might be higher in the ab-
sence of flowers.
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Materials and methods
Study site and species

This experiment was conducted at the Rocky Mountain
Biological Laboratory in Gothic, Colorado, USA (38°57.50
N, 106°59.30 W, 2,900 m above sea level), across 3 years:
2015,2017, and 2019. Helianthella quinquenervis (aspen sun-
flower), hereafter Helianthella, is an abundant and common
species in montane and subalpine meadows from ca. 2,700—
3,500 m a.s.l across western North America (Weber, 1952). It
is a long-lived plant that produces large, yellow flowerheads
(capitulae), typically during the month of July (mean
flowerhead diameter is 5.7 cm). Helianthella flowerheads
are positioned above the leaves of all of the plants in our study
plots, so that Helianthella flowers are the first plant object to
intercept incoming shortwave radiation. Below the
Helianthella flowers are multiple layers of leaves, and our
study meadow contains little bare ground in mid-summer
(Panel S1). Open flowers are present for 2 weeks to over 1
month at our study site, depending in part on the amount of
frost damage (Table S1). In high-elevation ecosystems such as
our study site, earlier flowering is associated with both warm-
er air temperatures and earlier spring snowmelt (Iler et al.
2017; Theobald et al. 2017). Earlier initiation of flowering in
response to these changing abiotic conditions can result in
exposure of plant reproductive structures to lower nighttime
air temperatures—despite warmer air temperatures on
average—which can result in frost damage to flower buds
and total reproductive failure in the case of Helianthella
(Inouye 2008; Iler et al. 2019). Although damage to small,
developing flower buds can be severe, resulting in no flower
production, other plant structures are usually not damaged by
frost in this subalpine plant community (Inouye 2000; AMI,
personal observation).

Experimental design

We conducted a Helianthella flower removal experiment to
simulate the appearance of the meadow when flower buds
experience frost damage in an early spring. Twenty 2 m x 2
m plots (10 control and 10 flower removal) were established
in 2015, and each of our plots was located at the center of a
larger, circular plot of the same treatment that was 14 m in
diameter. These larger plots were part of a different study that
also removed Helianthella flowers. In the flower removal
plots, flowers were removed from the total area of the larger
plots, which prevents any edge effects due to flower removal
in our 2 m X 2 m plots. To avoid disturbing the soil and
vegetated land surface within the focal 2 m x 2 m plots,
flowers were removed while standing along the plot edges,
so that no walking occurred within the plots. Plots were paired
based on spatial proximity, and plots in each pair were

randomly assigned to either control or Helianthella removal.
All flowerheads were removed below the receptacle when the
flowers were in the bud stage.

In 2015, 2017, and 2019, we measured flowering phenol-
ogy, soil temperature, and soil moisture (detailed methods are
below; 2016 was not included due to logistical constraints,
and all flowers were frost damaged in 2018). All open
flowerheads were counted in the control plots every week
during the experiment in all years (Table S1), to monitor
flowering phenology and to compare floral abundance across
years.

Reflectance measurements

Measures of reflectance varied across years and became more
targeted as we gathered evidence consistent with the hypoth-
esis that flower albedo affects soil microclimate: NDVI in
2015, reflectance of flowers and leaves in the lab in 2017,
and reflectance in the field in 2019. We conducted our mea-
surements of reflectance during peak flowering, so that we
would be able to document a difference between treatments
if one existed, and because of limited access to shared field
equipment used to measure reflectance.

On July 16, 2015, during peak Helianthella flowering
(Table S1), Normalized Difference Vegetation Index (higher
NDVI = greener) was measured with a SpectroSense2 light
meter that measures red and infrared incoming and reflected
light in the same bandwidths as MODIS satellite-sensing of
NDVI (Skye Instruments, Great Britain). The light meter was
positioned 2.4 m above the ground, which allowed for the
measurement of four 1-m diameter circular subareas in each
quadrant of each plot (total of 80 measurements).
Measurements were conducted under full sun conditions.
We used NDVI to quantify differences in canopy reflectance,
because of how commonly this index has been used in land
surface phenology studies.

In 2017, the reflectance of both ray florets and leaves was
measured in the lab using a spectroradiometer (ASD
HandHeld 2, Malvern Panalytical, UK), which measures the
amount of light reflected from a sample across the visible and
near-infrared spectra (325-1,075 nm). Ten leaf samples and
ten flower samples were collected from ten different plants
and immediately brought into the lab for measurements. One
individual was haphazardly chosen near each control plot, to
make sure we sampled individuals across the study site. Ray
florets were clipped at the base, arranged side by side without
overlap, and taped at the edges of the petals to a sheet of white
paper. Ray florets are the flowers along the outer margin of a
flowerhead that possess the large, visible flower petals.
Taping the petals was necessary to fill the sample chamber,
which contained only plant tissues. Flowers and leaves were
handled with forceps to avoid contaminating the samples.
Three measurements were taken for each sample, and mean
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reflectance was calculated for each wavelength for each sam-
ple. Reflectance values from leaves and flowers were com-
bined with estimations of percent cover of Helianthella
flowers to estimate plot-level reflectance in all 3 years (Fig.
S1).

In 2019, we measured reflectance in the field with a
hand-held spectrometer (Spectra Vista Corporation, model
HR1024i, 338.0-2,516.6 nm) during the week of peak
flowering (5—-6 August). Peak flowering was later than av-
erage in 2019 because spring snowmelt date was later than
average. Although reflectance is often measured repeatedly
across a growing season for use in parameterization of land
surface models, our goal was to determine whether reflec-
tance differed between plots at peak flowering. This is a
reasonable starting point for addressing the question of
whether flowers can affect reflectance. The spectrometer
was held ca. 1 m above the ground surface to take mea-
surements, for which the field of view is a circle with an
approximately 0.5-m diameter. Thus, we took 20 measure-
ments per plot (4 along each side and 4 in the plot center)
under full sun conditions. Reflectance is functionally equiv-
alent to albedo when measured under full sun conditions
near solar noon. Measurements were calibrated against a
white reference (Spectralon, 99% reflectance) approximately
every 30 min. Measurements were taken from 10 to 14:00
to minimize the effect of sun angle on reflectance. Due to
limited access to the field spectrometer and clouds, we
were unable to measure all plots within the ideal timeframe
of 10-14:00, and we were additionally unable to measure
all plots during peak flowering. This resulted in a reduced
dataset of 13 plots measured during ideal conditions (5
controls, 8 flower removals).

Abiotic environment

Soil temperature was measured with data loggers set to record
every 30 min (HOBO Pendant Temperature Loggers, HOBO,
Onset, USA), starting a few days before Helianthella began to
flower and ending after flowering had finished in each year.
Loggers were buried at a depth of 8 cm because much of
Helianthella root biomass is concentrated from the soil sur-
face down to this depth. There was also a HOBO data logger
in the study site measuring indirect sunlight every 15 min
(HOBO Pendant Temperature/Light Logger), which was used
to classify days as sunny or not sunny for analysis. This data
logger was mounted ca. 15 cm above the soil surface on the
underside of a north-facing, white piece of PVC plastic, at an
angle of approximately 45% from the ground surface.
Volumetric water content of the soil was measured weekly
using a soil moisture meter, except during the week of peak
flowering when soil moisture was measured twice. These soil
moisture measurements began before Helianthella began to
flower in each year, and concluded during the last week of
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flowering (Table S1). In 2015, soil moisture was measured at a
depth of 12 cm (HydroSense II Probe, Campbell Scientific,
Logan, UT, USA) until 30 July when a sample prong was
broken due to rocky soil conditions. Therefore, soil moisture
measurements were completed at a shallower depth (7.62 cm)
for the rest of the 2015 season and in 2017 and 2019
(FieldScout TDR 100 Meter, Spectrum Technologies, USA).
The plots were divided into four subplots, and soil moisture
was measured in the middle of each subplot on each sample
date.

Plant water stress

In 2015 and 2017, we collected one leaf each from two non-
flowering individuals and one leaf each from two flowering
individuals per plot (four leaves per plot) for analysis of leaf
carbon isotope ratios (A13C). Carbon isotope ratios are a
measurement of water use efficiency (WUE), or carbon assim-
ilated per unit of water transpired, and can therefore provide
information on the level of water stress of an individual plant
over the course of the growing season (Farquhar et al. 1989).
Lower values of A13C indicate higher WUE, which is a com-
mon plant response to water stress (Lambers et al. 1998).
Leaves were collected after flowering finished (leaves were
still green and healthy-looking), and leaves that showed signs
of herbivory or disease were avoided. Leaves were placed in
small paper envelopes and dried under ambient air tempera-
ture in the lab. The leaves were ground (using an MP Fast
Prep-24 homogenizer), weighed into 2-mg samples, and sent
to the Isotope Ratio Mass Spectrometry Laboratory at
Northwestern University for processing (Costech 4010
Elemental Analyzer; ThermoFisher Delta V plus Elemental
Analyzer).

Because plants may only experience water stress during
certain times of the season, we also took instantaneous mea-
sures of plant water stress during peak flowering in 2017 (19—
27 July). Leaf water pressure was measured using a pressure
chamber (PMS model 1505D, USA). Four leaves were sam-
pled from four different individuals per plot (two flowering,
two non-flowering plants). Leaves were cut off at the base of
the petiole and immediately inserted into the sample chamber
of the PMS instrument. The chamber was pressurized with a
portable N tank, and the amount of pressure needed to squeeze
water from the leaf was recorded (higher pressure readings
indicate higher levels of water stress at that moment in time).

Analysis

The years of the study were analyzed separately because of
different levels of flowering among years (Table S1) and dif-
ferences in abiotic conditions among years. The year 2015
was cooler and wetter on average compared to 2017 and
2019 [mean high air temperature during the month of
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flowering (July in 2015 and 2017, August in 2019) = 18.9 °C,
22.9 °C, 22.2 °C, respectively; total precipitation during the
month of flowering = 11.91 cm, 6.20 cm, and 2.51 cm, re-
spectively, from a weather station ca. 1 km and 40 m higher in
elevation from the study site)]. We compared the number of
flowers in control plots among the 3 years of the study (n =10
plots per year) using a generalized linear mixed effects model
(GLMM) with date as a random intercept term and a negative
binomial error distribution to account for overdispersion.
Weeks were only included that contained non-zero flower
counts. We then compared flower abundance among each pair
of years using the Tukey’s HSD procedure.

Mean NDVI was calculated for each plot and compared
between treatments using a t-test. Mean reflectance (across
the three measures for each leaf or flower sample) was com-
pared between flower petals and leaves using a t-test (n = 10
plants). We also examined the effect of wavelength on mean
reflectance using a linear model with reflectance as a contin-
uous response variable, plant tissue type (leaf vs. flower) as a
categorical predictor, and wavelength as a continuous predic-
tor, in addition to the interaction between wavelength and
tissue type.

To analyze field reflectance values from 2019, we first
calculated an average plot-level reflectance value for each
wavelength (across the 20 measurements per plot). We limit
the analysis to a maximum wavelength of 1,500 nm, because
90% of the energy in solar emission occurs between 300 and
1,500 nm (few photons arrive at wavelengths greater than
1,500 nm; Gueymard 2004). Based on the spectral data of
Helianthella leaves and flowers in the lab from 2017, the
effect of tissue type on reflectance seemed to depend on
whether measurements were in the visible or near-infrared
wavelengths. We therefore treated wavelength as a categorical
predictor with two levels: visible (338—740 nm) and near-
infrared (741-1,500 nm), and included an interaction between
treatment and wavelength category in our model. We used a
linear mixed effects model (LMM) with mean reflectance as a
continuous response, treatment and wavelength as categorical
predictors, the interaction between treatment and wavelength
category, and plot as a random intercept.

To analyze effects of flower removal on soil temperature,
we focused on sunny days during the Helianthella flowering
period. In 2015 and 2019, we defined sunny days as days with
mean lux > 20,000 between the hours of 10:00—14:00 (hours
of most intense and direct sunlight). In 2015, the flowering
period was defined as 531 July (Table S1), and there were 15
sunny days during the flowering period. In 2019, the
flowering period was defined as 31 July—14 August (when
most flowers were senescing), and there were 13 sunny days
during the flowering period. In 2017, the datalogger was in-
advertently more shielded from direct solar radiation, and we
defined sunny days as days with lux > mean lux (7,500) from
all the samples from 10:00-14:00. In 2017, the flowering

period was 15-28 July (there were flowers in all plots in 15
July), and there were 7 sunny days during the flowering peri-
od. Soil temperature data were then summarized in two ways:
(1) mean temperature across all hours of the day, for each plot
on each of the sunny days and (2) mean temperature across the
two warmest hours of the day (14:00-16:00), for each plot on
each of the sunny days, presumably when treatment effects
would be most pronounced. Soil temperature was a continu-
ous response variable in a LMM with treatment as a fixed
effect and date as a random intercept, to account for repeated
samples across days.

We also determined whether soil temperatures dif-
fered between treatments before the treatments were ap-
plied. In 2015, soil temperature recordings started on 27
June, and we began removing flower buds on 30 June,
so our pre-treatment soil temperature records span 27—
29 June (mean lux was > 30,000 on all three of these
days). In 2017, soil temperature recordings started on 30
June, and we began removing flower buds on 5 July, so
pre-treatment soil temperature records span 30 June—4
July (mean lux was 10,029 across these days, with the
lowest light day at 9,341 lux). In 2019, soil temperature
recordings started on 12 July and buds were removed
on 16-17 July, so pre-treatment soil temperature records
span 12—15 July (mean lux was > 28,000 on all four of
these days). Finally, we also analyze soil temperature
across all days during flowering, with the expectation
that treatment effects will be weaker when cloudy days
are included.

To compare soil moisture between treatments, we first cal-
culated average soil moisture (as volumetric water content: %
water) for each plot in each week of the study (soil moisture
was measured four times during flowering in 2015 and 2019
and five times during flowering in 2017). We used LMMs
with plot-level mean percent water content as a continuous
response, treatment as a categorical predictor, and week as a
random intercept term. We also examined whether soil mois-
ture differed between treatments in the week before flowers
were removed using a t-test with mean percent water as the
response and treatment as the predictor.

To analyze whether our measures of water stress, leaf water
pressure and A13C, differed between treatments, we used
LMMs. For each response, plot was a random intercept term
to account for multiple leaf samples per plot. We took leaf
water pressure measurements across several days, so for this
response we first confirmed that measurement date did not
affect leaf water pressure (results not shown).

All analyses were conducted in R v. 3.5.1 (R Core Team,
2018). We used the package ‘lme4’ (Bates ef al., 2015) to fit
mixed effects models and estimated p-values using the pack-
age ‘lmerTest’ (Kuznetsova et al., 2017). The ‘tidyverse’
package was used for data handling and figure making
(Wickham et al. 2019).

@ Springer



Int J Biometeorol

Results

Helianthella flower abundance varied significantly across
years, with an average of 95.7 + 23.6 flowers per plot during
peak flowering in 2015, 18.4 £ 7.9 flowers per plot in 2017,
and 87.5 +5.9 flowers per plotin 2019 (mean + 1 SE through-
out). There were more flowers in 2015 and 2019 compared to
2017 (2015 vs. 2017: z=—4.19, p < 0.001; 2017 vs. 2019: z =
1.52,p=<0.001;2015 vs. 2019: z=1.28, p = 0.41; TableS1).
In 2015 and 2019, Helianthella flower abundance was five
times higher, and flowers covered on average 5.7% and
5.2% of the area of the control plots during peak flowering,
respectively, compared to 1.1% in 2017.

On average across light wavelengths, ray petals reflect sig-
nificantly more light than leaves (flowers: 0.61 = 0.0047;
leaves: 0.29 +0.0020; 1= 61.5, p < 0.001). The effect of tissue
type depends on wavelength (Table 1; Fig. 2). In 2015, NDVI
was significantly higher (i.e., greener) in the removal plots
compared to the control plots, although the effect size was
small (control = 0.836 + 0.005, removal = 0.859 + 0.005; ¢ =
—3.25, p = 0.0045). Estimated plot-level albedo was signifi-
cantly lower in removal plots than in control plots in all years
of the study (2015: r=12.84, p < 0.0001; 2017: t=2.32,p =
0.045;2019: t=14.84, p < 0.0001; Fig. S1). Finally, there was
a significant interaction between wavelength and treatment for
reflectance measured in the field in 2019 (Table 1; Fig. 2).
Mean reflectance was higher in controls compared to

removals, but only in the near IR spectrum (Table 1; Fig. 2).
On average, plots with flowers (controls) were only 0.14%
more reflective than plots without flowers (removals) in the
visible spectrum, whereas plots with flowers were 1.3% more
reflective in the near IR spectrum. Across all wavelengths,
plots with flowers were on average 0.7% more reflective than
plots without flowers (22.1% in removals vs. 22.8% in
controls).

There was no difference in pre-treatment soil temperatures
between control and removal plots in any years of the exper-
iment (Table S2). On sunny days, soils were significantly
warmer in removal plots compared to controls during the
flowering period of Helianthella in both 2015 and 2019
(Table 1; Fig. 3). Soil temperature in the removal vs. the con-
trol plots was on average 0.24 °C warmer in 2015 and 0.72 °C
warmer in 2019, across all hours of the day (Fig. 3). During
the warmest 2 h of the day, soil temperature was on average
0.48 °C warmer in 2015 and 1.2 °C warmer in 2019 (Fig. 3).
Soils were significantly warmer in removal plots across a/l
days of the flowering period, but the effect size was slightly
smaller compared to sunny days (Table S2). In 2017, when
flower abundance was low, there was no effect of flower re-
moval on soil temperatures (Table 1, Fig. 3, Table S2).

Before Helianthella began to flower, there was no differ-
ence in soil moisture between control and removal plots in any
year of the experiment (2015: ¢ = 0.49, p = 0.63, control:
10.36%; removal: 10.08%; 2017: t=—0.11, p = 0.92, control:

Table 1 Reflectance of

H. quinquenervis flower petals vs. Response Year  Coefficients Estimate £ 1 SE  df t p-value
leaves in the lab (tissue type),
reflectance of meadow surface in Reflectance 2017  Intercept 0.46 = 0.0040 26.68 115.78 < 0.0001
flower removal vs. control plots in lab Tissue type —0.35+0.057 26.68 —62.64 < 0.0001
(treatment), and soil temperature Wavelength 032400038 15000 8566  <0.0001
in flower removal vs. control .
plots across all hours of the day Tissue type x wavelength ~ 0.088 + 0.0054 15,000 16.36 < 0.0001
(0:00-24:00) and across the Reflectance 2019  Intercept 36.58 £0.87 11.35 42.05 < 0.0001
warmest 2 h of the day (14:00- in field Treatment -1.23+1.11 1135 -L11 029
16:00). Coefficients are from Wavelength 3014024 813600 12689 <0.0001
linear mixed effects models, with
wavelength as a categorical Treatment x wavelength 1.09+0.30 8136.00 3.60 0.0003
predictor (visible vs. near IR) for Soil temperature 2015 Intercept 12.52+0.13 16.93 95.18 < 0.0001
reflectance. Sample ID is a (0:00-24:00) Treatment 0.24 +0.061 27000  3.96 <0.0001
random intercept term for lab
reflectance, plot is a random 2017  Intercept 15.84 £0.16 9.09 100.15 < 0.0001
intercept term for field Treatment -0.20+0.12 119.00 —1.64 0.11
reflectance, and date is a random 2019  Intercept 1524 +0.16 15.76 96.79 <0.0001
intercept term for soil temperature Treatment 07240095 24700  7.51 <0.0001
Soil temperature 2015 Intercept 16.10£0.20 20.37 79.46 < 0.0001
(14:00-16:00) Treatment 048 £0.15 270.00 3.30 0.0011
2017  Intercept 21.51+£0.39 9.56 55.64 < 0.0001
Treatment —0.40 £0.33 119.00 -1.22 0.23
2019  Intercept 20.39+£0.45 15.13 45.34 < 0.0001
Treatment 1.20+0.24 247.00 4.94 < 0.0001
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Fig. 2 Reflectance of
Helianthella quinquenervis
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4.79%, removal: 4.85%; 2019: t = 0.43, p = 0.68, control:
8.01%, removal: 7.88%). During the Helianthella flowering
period, soil moisture was lower in removal plots compared to
controls in all years of the study (on average 0.96% lower in
2015, 1.09% lower in 2017, and 0.77% lower in 2019;
Table 2; Fig. 4).

Flower removal had no significant effect on A13C in either
year of the experiment (Table 2; Fig. 5), and there was no

significant effect of flower removal on leaf water pressure
(Table 2).

Discussion

Here we show that the floral displays of a subalpine sunflower
species, H. quinquenervis, can cover sufficient land surface
area to affect reflectance. Although not previously considered
in relationships between vegetation and microclimate, flowers

Wavelength (nm)

may affect surface reflectance, so that meadows without
flowers reflect less light and increase absorbance of incoming
shortwave solar radiation, thereby warming soils, compared to
meadows with flowers. Consistent with this hypothesis, we
find warmer soils in the flower removal treatment in the 2
years with high floral abundance (2015 and 2019). In these
2 years, soils were up to 1.2 °C warmer during the warmest
part of the day at a soil depth of 8 cm, in plots in which flowers
were removed compared to controls. These results provide
evidence for a newly documented effect of vegetation on soil
microclimates, via flowers. Helianthella flower abundance
varies across years, and flowers can be absent in some years
due to earlier snowmelt and flower bud formation prior to the
last spring frost (Inouye, 2008). Thus, the effect of flowers on
local microclimate that we present here could be mediated by
phenological responses to climate change. Our results suggest
that when developing Helianthella flowers are frosted as a
result of climate change-induced earlier flowering, the albedo
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Fig. 3 Each data point represents
mean daily soil temperature
across all hours of the day (top
panels) or across the warmest 2 h
of the day (bottom panels) in each
study plot. Data points for mean
soil temperatures are jittered
across the x-axis for visualization.
Large dots are means across all
plots, and error bars are 95%
confidence intervals. Only sunny
days during the flowering period
of Helianthella are included here,
but results are consistent when
temperatures across all days dur-
ing the flowering period are in-
cluded (Table S2). Asterisks in-
dicate significant differences (p <
0.005) between treatments

(Table 1). The range of soil tem-
peratures across the y-axis are
consistent for each response vari-
able (5 °C range on top panels;
10.5 °C range on bottom panels),
but the values differ because 2017
and 2019 were warmer than 2015

of the meadow is reduced, leading to warmer soils, and also
perhaps to drier soils, but the cause of soil drying in our study

is less clear.

Table 2 Effects of

H. quinquenervis flower removal
on soil moisture (measured as
volumetric water content) and
plant water stress, measured as an
integrated measure across the
flowering season: A13C (water
use efficiency) and as an
instantaneous measure: leaf water
pressure (Iwp). Results for soil
moisture are from linear mixed
models with week as a random
intercept term. Results for water
stress are from linear mixed
models with plot as a random
intercept term
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2015

15.0 A

14.0

13.0

(24 hours)
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11.0 A

mean soil temperature (°C)

10.0 A

control
® removal
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20.0 A

17.5 1
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mean soil temperature (°C)
(warmest 2 hours)

12.5 1

treatment

2017 2019
18 18
17 17 X
16 16 ¢
15 15
14 14
13 13
27 27
24 - 24 - *
21 1 21 1 ¢
18 18
treatment treatment

Large differences in the reflectance of plant structures mea-
sured in the laboratory translate to fairly small but significant

differences in the field, and only in the near-IR spectrum. We
expected smaller differences in the field because flowers only

Response Year Coefficient Estimate df t p-value
+1se (estimated)
Soil moisture 2015 Intercept 18.57£2.40 3.07 7.74 0.0041
Treatment —0.96 + 0.52 75.00 —-1.86 0.066
2017 Intercept 12.60 £0.91 5.39 13.77 < 0.0001
Treatment -1.09+0.35 95.00 -3.07 0.0028
2019 Intercept 13.04 +£2.09 3.04 6.25 0.0079
Treatment —0.77 £ 0.35 75.00 -2.21 0.030
A13C 2015 Intercept —28.58 +0.12 20.00 —230.81 < 0.0001
Treatment 0.06 +£0.18 20.00 0.33 0.75
A13C 2017 Intercept —27.93 +£0.13 20.00 -219.10 < 0.0001
Treatment -0.11+£0.18 20.00 —-0.60 0.55
lwp 2017 Intercept 14.99 £ 1.07 20.00 13.98 <0.0001
Treatment 2.13+1.52 20.00 1.40 0.18
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Fig. 4 Soil moisture, measured as volumetric water content, in control
and flower removal plots for each sample date during the flowering
period of Helianthella. Colored dots are plot-level means for each week,
and error bars are 95% confidence intervals. Asterisks denote significant
treatment effects at p < 0.05, and black dot at p < 0.075 (see Table 2 for

cover an estimated 5—6% of the area of our plots (in years with
little to no frost damage). The larger difference in meadow-
scale reflectance in the near-IR wavelengths could be ex-
plained by differences in reflectance between Helianthella
flower vs. leaf tissue (Fig. 2). In the lab, flowers exhibit con-
sistently higher reflectance values than leaves in the near-IR
spectrum. In contrast, in the 400-500-nm range of the visible
spectrum, some flower samples are even less reflective than
leaves. However, the difference in reflectance between
flowers and leaves is most pronounced between 550 and 700
nm, and it is unclear why this does not translate to meadow-
scale reflectance over the same wavelengths. It could be that
much of the light in those wavelengths is absorbed or trans-
mitted in the field. Many other aspects of vegetation affect
albedo besides color, such as scattering of incoming short-
wave solar radiation by the leaf canopy, leaf and stem area
index, solar elevation, and mass per unit area of plant tissue
(Sellers 1985; Dorman and Sellers 1989; Bonan 1997,
Hollinger et al. 2010). These other properties of vegetation
also likely explain why the estimated difference in reflectance
between plots with flowers vs. plots without flowers is higher

July July

25 2 7 14
July Aug Aug Aug

17 19 24
July July July

statistical results). Soil moisture measurements are not directly compara-
ble between years because the probe length of the soil moisture meter
differed between years (12 cm in 2015 vs. 7.62 cm in 2017 and 2019; see
Methods)

than the measured value (estimated 1.7% vs. measured 0.7%
more reflective with flowers; Fig. 2, S1). For example,
Helianthella flowers face roughly east throughout the day,
as opposed to being heliotropic like other sunflower species
(AMLI, personal observation), and we did not account for this
in our simple, isotropic estimation of reflectance. The average
reflectance measurements from our study are consistent with
values reported for grasslands in Hollinger et al. (2010).
Although seemingly small in magnitude, the difference in
measured reflectance between treatments at peak flowering is
associated with warmer soils, as predicted. We expect to see
the largest effects of flower removal on soil microclimates
when flower abundance is high, because there are more sun-
flowers present to reflect sunlight. Indeed, mean daily soil
temperatures were only warmer in removal plots in 2015
and 2019, when flower abundance was approximately five
times higher than that in 2017. The effect of flower removal
on soil temperatures is detectable across days with various
levels of sunlight and across all hours of the day, and the
warming effect is slightly larger when (i) only sunny days
are considered and (ii) the warmest 2 h of the day are

@) ®) 5
=264 & control 2015 | —26 2017 2017
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-27 4 -27 4 |
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@ 2 454
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Fig. 5 Two measures of plant water stress, a A13C and b leaf water
pressure, in control and flower removal plots. Small dots are for single
plants in each treatment (n = 4 plants per plot; n = 10 plots per treatment).

Large dots are plot-level means, and error bars are 95% confidence inter-
vals. Points are jittered across the x-axis for ease of visualization. Flower
removal did not significantly affect plant water stress
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considered compared to all hours of the day (Table S2, Fig. 3).
These results provide support for the interpretation that a re-
duction in surface albedo causes the increase in soil tempera-
tures. That being said, we also emphasize that warming effects
are smaller when all days are included in analyses, whether
sunny or not. Soil warming is nonetheless still detectable
across the flowering season. Furthermore, soil warming oc-
curs at a depth of 8 cm below the soil surface, and we expect
that the effect would be larger near the soil surface. Finally, it
is also possible that longwave radiation (3—100 wm) could
have affected soil temperature, via flowers, depending on
whether flowers affect the amount of longwave radiation com-
ing in during the day relative to the amount of longwave
radiation going out at night. This is an important aspect for
future studies to consider.

Soil warming is more pronounced in 2019 than in 2015,
despite similar flower abundance between these 2 years. It is
unclear why the warming effect was more pronounced in
2019, but there was a higher proportion of sunny days during
Helianthella flowering in 2019 than in 2015 (2015: 15/25 =
60% days; 2019: 13/16 = 81.3% days). It could be that the
shorter flowering duration with a higher proportion of sunny
days allowed heat to accumulate in the soils more so in 2019
than in 2015. Additionally, 2015 was 4.7 times wetter than
2019 (11.91 cm vs. 2.51 cm of rainfall, respectively), and in
moist soils a lower albedo is expected to first dry the soil
before soil temperature starts to warm, due to the Bowen ratio
(the ratio of sensible to latent energy flux) (Harte et al. 1995).
Thus, the wetter soils 0of 2015 could have moderated the rise in
soil temperature.

Soil moisture was drier by ca. 1% in flower removal plots
across all years of the study, even though soil temperature
only differed between treatments in 2 of the 3 years. This
result suggests that soil moisture is responding to flower re-
moval independently from changes in soil temperature. It is
possible that either changes in evapotranspiration or realloca-
tion of resources to growth may have caused the decrease in
soil moisture, but these hypotheses require further study.
Evapotranspiration could have increased in the flower remov-
al plots in response to reduced albedo, which could reduce soil
moisture in the absence of a change in soil temperature (i.e.,
latent heat). We did not measure evapotranspiration in this
study, but 2017 was the warmest year of the study; mean
max air temperature was 4 °C warmer than 2015 and 0.7 °C
warmer than 2019, on average, thereby creating a higher evap-
orative demand, which could potentially explain why we de-
tect drier soils in removal plots even with fewer flowers in
2017. It is also expected that Helianthella plants will allocate
more resources to growth in flower removal plots in the ab-
sence of the opportunity to reproduce (Obeso 2002; Iler et al.
2019). At the same time, our experimental flower removal
probably induced a response to herbivory, which typically
reduces photosynthesis and plant growth via the release of
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secondary compounds (reviewed in Nabity et al. 2008).
Therefore, it seems unlikely that plants would transpire more
in the flower removal plots due to increased photosynthesis
and vegetative growth. Instead, reproductive structures are
likely a source of water loss for these plants (Galen et al.
1999), because of respiration by floral structures, which is
especially pronounced during seed filling (Conor and Hall
1997). Water loss through flowers should bias our study
against finding lower soil moisture in flower removal plots.

Overall, we do not find evidence that drier soils translate
into increased water stress in Helianthella. Water stress in our
focal species is only one of several ecological consequences of
warmer and drier soils (Field et al. 1992). Warmer soils are
associated with reduced plant and insect diversity and changes
in community composition (Robinson et al. 2018). Warmer
soils can also lead to increased soil respiration, faster rates of
soil carbon decomposition, and lower storage capacity of car-
bon in soils (Teramoto et al. 2016; Romero-Olivares et al.
2017; Noh et al. 2017). Warmer soils tend to result in in-
creases in primary production, although decreases are also
observed (Rustad et al. 2001). Reductions in soil moisture
have the opposite effect of soil warming, leading to decreases
in soil respiration; soil drying may therefore constrain re-
sponses of soil respiration to warmer soil temperatures in
some ecosystems (Liu et al. 2009; Falloon et al. 2011;
Suseela et al. 2011). Soil warming of a comparable magnitude
to our study (0.7-1.1 °C) in the Arctic has been shown to lead
to earlier senescence (Livensperger et al. 2019). Therefore,
warmer soils could potentially lead to earlier senescence for
Helianthella and other plant species in our study, especially
because soil warming occurs during the second community-
level peak in flower abundance (CaraDonna et al. 2014), after
which plants transition to senescence. Whether the magnitude
of soil warming and drying that we find here (ca. 0.5-1.2 °C
warmer and 1% drier) affects these other ecological relation-
ships and processes requires much further study, but the
warming we observe falls within the low range of warming
effects from soil warming experiments (Romero-Olivares
et al. 2017). That being said, vegetation has been shown to
have larger effects on soil microclimate than what we show
here. For example, the presence of herbaceous plants can de-
crease soil moisture by 7-10% compared to soils without veg-
etation or to soils with dormant plants (Eviner 2004; Liancort
etal. 2012). Plant cover can also reduce soil temperature by up
to 4 °C (Gornall et al. 2011). Any flower-mediated effects on
microclimate should be more ephemeral than effects from
leaves, because flowers tend to be present for fewer days
and cover less surface area than leaves.

This study was motivated by previous research and obser-
vations showing that earlier snowmelt can lead to earlier
flowering, increased frost damage to developing flower buds,
reduced flower abundance, and altered appearance of the
meadow (Inouye, 2008; Iler et al., 2019; Fig. 1). There are
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many additional scenarios in which flowers are likely to affect
land surface albedo. Flowers could alter land surface albedo as
plant species naturally come into and out of bloom across a
growing season. The effects of flower albedo should be
greatest for species that are widespread and have flowers that
cover a large amount of surface area, for example by produc-
ing many, small flowers or large flowers. Therefore, the
flowers of many invasive plant species and crops are good
candidates for further research on the question of whether
flowers affect land surface albedo (e.g., rapeseed, or
Brassica napus, and cultivated sunflowers, or Helianthus
annuus). Additionally, Helianthella is not the only species at
our study site with frost-sensitive flower buds or flowers
(Inouye 2008; CaraDonna and Bain 2016), and spring-
blooming fruit trees are especially prone to widespread frost
damage, a risk that is predicted to increase as the climate
changes (Labe et al. 2017). Frost damage in these other spe-
cies could potentially affect land surface albedo, especially in
cultivated fruit trees that produce abundant, white flowers of-
ten in large, continuous patches (e.g., apple, cherry, and al-
mond orchards). Ultimately, whether alterations in flower al-
bedo affect microclimate in other study systems should de-
pend on the length of flowering time, the density and spatial
extent of the bloom, and the color and other optical properties
of flowers relative to the surrounding land surface before,
during, and after flowering.

Conclusions

It is perhaps unsurprising that the effects of flowers on land
surface albedo have been previously unstudied. The most ob-
vious effect of vegetation on the land surface is green-up and
senescence; it makes sense to focus on this aspect of vegeta-
tion when modeling the Earth’s land surface because of trade-
offs between computational efficiency and ecological com-
plexity. Yet, a future research direction motivated by our re-
sults is to quantify the effect of flowers on remotely sensed
land surface albedo (e.g., through satellite-generated images),
and to quantify potential feedbacks of these changes in micro-
climate on climate. Recent developments in remote-sensing
technology should allow for the flowers of many plant species
to be correctly identified with machine-learning algorithms
(Davis et al. 2020; Vanbrabant et al. 2020). Data should al-
ready be available to examine the effects of flowers on surface
albedo at larger spatial scales than those considered in our
study. Although it is possible that something else related to
flower removal could cause the change in soil microclimates
in this local-scale study, the results support the interpretation
that reduced albedo in the absence of Helianthella flowers
leads to warmer, and perhaps drier, soils. Humans have the
potential to alter the albedo of the landscape and therefore the
Earth’s microclimate and climate via multiple environmental

changes, all of which could be mediated by flowers: climate
change, the spread of invasive plants, and agriculture.
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