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      ABSTRACT.—Seaside daisy (Erigeron glaucus) is a plant native to fog-influenced coastal dune habitat in California. 
Seaside daisy is an important nectar plant to a variety of pollinators, especially butterflies, and is commonly used in 
coastal dune habitat restoration projects. In San Francisco, pollinator habitat restoration is critical for preserving species 
that would have otherwise been lost to urbanization. Advancing our basic understanding of how microclimate conditions 
(coastal fog in particular) impact the physiological function of the seaside daisy is an important first step to developing 
climate change–resilient habitat restoration plans. In semiarid Mediterranean ecosystems, coastal fog can augment plant 
water status in otherwise drought-stressed plants through fog drip to the soil, reduction of atmospheric stress, and/or 
leaf wetting that can result in foliar uptake of fog water. While there is a high degree of uncertainty as to how coastal fog 
frequency may be impacted by climate change, historical observations show a 33% decline in coastal fog along the 
Pacific Coast. As the climate continues to change, the potential reduction of this crucial water resource may negatively 
impact the plants within foggy environments. However, the importance of coastal fog in supporting the physiological 
function of seaside daisies has not yet been studied. We conducted a manipulative fog experiment to understand the rela-
tive importance of coastal fog and irrigation to the physiological function of seaside daisy plants. In a controlled cham-
ber, plants were exposed to the following treatment groups: (1) fog and irrigation, (2) fog only, (3) irrigation only, and (4) 
neither fog nor irrigation. We measured leaf-level photosynthesis rates and stomatal conductance using a portable pho-
tosynthesis system (Model Li-6800, LICOR Biosciences). We monitored microclimate conditions in each chamber as 
well as shallow soil moisture (5 cm) in a subset of the study plants. We found that photosynthesis rates increased when 
plants experienced simulated fog events, regardless of irrigation; irrigated plants increased by 26%, whereas non-
irrigated plants increased by 31%. We also found that soil moisture was a weak predictor of photosynthesis rates, sug-
gesting that heightened photosynthesis rates during fog events were not driven by fog drip to the soil in our study. Our 
results strongly suggest that fog matters to the function of this important nectar plant species and that the mechanism is 
likely foliar uptake of fog water. Our study informs how coastal fog events can increase the likelihood of survival for 
seaside daisies and therefore improve overall pollinator habitat quality. 
 
      RESUMEN.—La margarita costera (Erigeron glaucus) es una planta autóctona del hábitat de dunas costeras influenci-
ada por la niebla en California. Es una especie de planta nectarífera importante para diversos polinizadores, especial-
mente mariposas, además, es utilizada habitualmente en proyectos de restauración de hábitats de dunas costeras. En 
San Francisco, la restauración del hábitat de polinizadores es fundamental para preservar especies que, de otro modo, se 
habrían perdido a causa de la urbanización. Avanzar en la comprensión básica sobre cómo las condiciones microclimáti-
cas, en particular la niebla costera, afectan la función fisiológica de la margarita costera, es el primer paso importante 
para desarrollar planes de restauración de hábitats resistentes al cambio climático. En los ecosistemas mediterráneos 
semiáridos, la niebla costera puede aumentar el estado hídrico de las plantas, mediante el goteo de la niebla en el suelo, 
que de otro modo estarían sometidas a la sequía, reduciendo el estrés atmosférico, y/o la humectación de las hojas que 
puede dar lugar a la absorción foliar del agua de la niebla. Aunque existe una gran incertidumbre sobre cómo el cambio 
climático podría afectar la frecuencia de la niebla costera, las observaciones históricas muestran un descenso del 33% en 
la niebla costera a lo largo de la costa del Pacífico. A medida que el clima continúa cambiando, la posible reducción de 
este recurso hídrico crucial, podría afectar negativamente a las plantas dentro de los entornos con niebla. Sin embargo, 
aún no se ha estudiado la importancia de la niebla costera en el soporte de la función fisiológica de las margaritas 
costeras. Nosotros, realizamos un experimento de manipulación de la niebla para comprender la importancia relativa de 
la niebla costera y del riego en la función fisiológica de la margarita costera. En una cámara controlada, las plantas 
fueron expuestas a los siguientes grupos de tratamiento: (1) niebla y riego, (2) sólo niebla, (3) sólo riego, y (4) sin niebla y 
sin riego. Con un sistema de fotosíntesis portátil (Modelo Li-6800, LICOR Biosciences), medimós las tasas de fotosín-
tesis a nivel de hoja y la conductancia estomática. Monitoreamos las condiciones del microclima en cada cámara, y la 
humedad superficial del suelo (5 cm) en un subconjunto de las plantas de estudio. Encontramos que las tasas de fotosín-
tesis aumentaron cuando las plantas experimentaban eventos de niebla simulada, independientemente del riego: las 



    The seaside daisy (Erigeron glaucus) is a 
perennial flowering shrub, native to the 
coastal bluffs and sand dunes of California 
and Oregon. It is commonly planted in polli-
nator gardens and restored habitats because 
it produces an abundance of bright purple 
and yellow composite flowers throughout 
most of the year (winter, spring, and summer), 
which support a wide variety of pollinators. 
The color and composition of its flowers tend 
to attract butterflies, in particular. In San 
Francisco, seaside daisy plants are a reliable 
nectar resource for many pollinators, includ-
ing the threatened Coastal Green Hairstreak 
(Callophrys viridis) butterfly (Nature in the 
City 2016). A local nonprofit organization, 
Nature in the City, established the Green 
Hairstreak Corridor, which is a network of 
11 stepping-stone habitats to improve con-
nectivity within the city. The Green Hair-
streak Corridor relies on the flowering of 
seaside daisies to support the Green Hair-
streak butterfly during flight season. While 
these plants receive very little irrigation from 
site stewards after the initial outplanting, sea-
side daisies continue to thrive and provide 
floral resources for the Green Hairstreaks and 
countless other pollinators. Since many of 
the Green Hairstreak Corridor restored habi-
tats are frequently inundated by dense coastal 
fog, it is reasonable to hypothesize that 
coastal fog events offset water stress to these 
plants and help maintain photosynthesis dur-
ing the summertime. Yet, the relative impor-
tance of fog and irrigation in supporting the 
physiological function of seaside daisy plants 
remains unclear. 
    From tropical montane forests to arid 
deserts, fog plays a crucial role in the func-
tioning of ecosystems around the world 
(Weathers et al. 2020). Fog supports plants 
in myriad ways, such as augmenting plant 
water availability (Dawson 1998, Vasey et al. 
2012, Baguskas et al. 2016a, 2016b, Fischer et 
al. 2016), buffering heat stress (Oliphant et al. 
2021), and transporting nutrients (Weathers 

et al. 2020). Studies have shown that fog 
becomes even more of a vital resource in areas 
where water is limited, such as in arid and 
semiarid ecosystems (Fischer et al. 2009, 
Weathers et al. 2020). There are 3 primary 
mechanisms by which fog can alleviate water 
stress: (1) lower temperatures and higher rela-
tive humidity reduce evapotranspiration rates 
(Burgess and Dawson 2004, Fischer et al. 
2009, Chung et al. 2017, Baguskas et al. 2021); 
(2) deposition of fog droplets on surfaces 
results in fog drip to the soil (Ewing et al. 
2009, Fischer et al. 2016, Baguskas et al. 
2016b); and (3) the leaves take up fog water 
directly (Burgess and Dawson 2004, Limm et 
al. 2009, Eller et al. 2013, Gotsch et al. 2014, 
Baguskas et al. 2016a). Fog drip is largely 
influenced by canopy structure (Ewing et al. 
2009, Vasey et al. 2012, Weathers et al. 2020). 
For example, Ewing et al. (2009) found that 
the water stress of California redwood trees 
was lower at the fog-inundated forest edge 
compared to the interior forest. Many plants 
in foggy areas also have the capacity to absorb 
water directly through their leaves; this ability 
is known as foliar uptake (Burgess and Daw-
son 2004, Limm et al. 2009). Limm et al. 
(2009) found that 80% of the plant species 
they studied in the redwood forest (i.e., 
canopy trees, shrubs, understory ferns, etc.) 
relied on foliar uptake to hydrate leaves. Vasey 
et al. (2012) studied dry-season water poten-
tial (Ψmin) along a coast-to-interior fog gradi-
ent in chaparral shrubs of Central California. 
Compared to interior chaparral regions, mar-
itime chaparral regions had less negative Ψmin 
(i.e., higher water status) and greater beta 
diversity of plants, which was attributed to 
greater water availability from the summer-
time marine layer (Vasey et al. 2012). The rela-
tively low canopy height of such regions likely 
increases fog drip to the soil, while providing 
sufficient leaf wetting to support foliar uptake 
(Vasey et al. 2012). 
    Fog frequently inundates the California 
coastline during the summertime months 
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plantas regadas aumentaron un 26%, mientras que las no regadas aumentaron un 31%. Además, la humedad del suelo 
fue un predictor débil de las tasas de fotosíntesis, lo que sugiere que el aumento de las tasas de fotosíntesis durante los 
eventos de niebla no fueron impulsados por el goteo de la niebla en el suelo en nuestro estudio. Nuestros resultados 
sugieren enfáticamente que la niebla es importante para la función de esta significativa especie de planta nectarífera, y 
que el mecanismo es probablemente la absorción foliar del agua de la niebla. Nuestro estudio informa cómo los eventos 
de niebla costera pueden aumentar la probabilidad de supervivencia de las margaritas costeras y, por lo tanto, mejorar la 
calidad general del hábitat de los polinizadores. 



(June–August), alleviating plant water stress 
and heat stress during an otherwise warm and 
dry period. Although there is a high degree of 
uncertainty as to how coastal fog frequency 
may be impacted by climate change, historical 
observations show a 33% decline in coastal fog 
along the Pacific Coast (Johnstone and Daw-
son 2010), and this pattern could possibly con-
tinue in the future (Torregrosa et al. 2014). 
The reduction of coastal fog could possibly 
threaten the survival of plants in coastal 
ecosystems (such as the seaside daisies in sand 
dunes of San Francisco) by reducing a water 
resource during the driest months of the year. 
Such changes would have negative impacts on 
habitat quality. Studies have shown that a 
decrease in plant water status from drought 
results in fewer floral resources, thus limiting 
floral attractiveness to pollinators and plant 
reproduction overall (Carroll et al. 2001, 
Burkle and Runyon 2016). Investigating how 
coastal fog potentially alleviates the water 
stress of seaside daisies (and therefore sup-
ports plant function) is an important first step 
to maintaining resilient pollinator habitats in a 
warmer, drier future. 
    Summertime coastal fog inundates the 
sand dune habitat where seaside daisies are 
found, and it is likely that the plants within 
this habitat rely heavily on coastal fog to sup-
port plant function. Plants in restored sand 
dune habitat are also irrigated episodically. In 
this study, we addressed this research ques-
tion: How do coastal fog events and irrigation 
impact the physiological function of seaside 
daisy plants, an important nectar source to 
many pollinators? We hypothesized that coastal 
fog would enhance the leaf-level physiologi -
cal function, namely photosynthesis rates, of 
seaside daisy plants, especially for those that 
do not experience regular irrigation. To test 
our hypothesis, we conducted a manipulative 
chamber experiment where we exposed sea-
side daisy plants to varied levels of fog and 
irrigation, and then we measured the physio-
logical responses of the daisies. 
 

METHODS 

Plant Care  

    We purchased 20 cultivated 1-gallon sea-
side daisy plants, of the Sebastian variety, from 
Literacy for Environmental Justice’s (LEJ) 
native plant nursery approximately one year 

prior to the start of our experiment. LEJ’s 
native plants are commonly used in local 
habitat restoration projects and are the same 
source of seaside daisy plants used for Nature 
in the City’s habitat restoration in the Green 
Hairstreak Corridor. We grew the seaside 
daisy plants inside the San Francisco State 
University greenhouses, where they were 
watered regularly and occasionally fed with 
Milorganite All Purpose Non-Burning fertil-
izer (NPK ratio = 6-4-0). Approximately one 
year after purchase, we transplanted the sea-
side daisies into 2-gallon pots using GreenAll 
Natural and Organic Potting Soil. Plants were 
then moved outdoors and given one feeding 
of fertilizer to help them re-establish. They 
were grown outside at the same location as 
our fog experiment for approximately 3 months 
before the start of our experiment and were 
given even and consistent watering. Before 
the start of the experiment, all plants experi-
enced a week-long dry-down period where 
they received no watering at all. 

Chamber Structure 

    Seaside daisy plants were placed inside of 
2 plastic chambers, a fog chamber and a con-
trol chamber (Fig. 1). Both chambers were out-
doors, elevated above the ground, and placed 
on a platform made of wooden planks and 
cinder blocks. Spacing between the wooden 
planks (about 2 inches) allowed for moderate 
airflow in and out of the chambers. Chambers 
were constructed with a PVC pipe frame 
(86 cm × 86 cm × 86 cm) and fitted plastic 
sheets covering all sides except for the bottom. 
Two holes were cut into the opposing side 
walls to allow air to flow through the cham-
ber. A semirigid aluminum duct attached an 
ultrasonic humidifier (Model MBH12, Main-
land Mart Corp.) to the fog chamber through 
one of the chamber’s side holes. The ultra-
sonic humidifier we used produces fog drop -
lets approximately 10 microns in diameter 
(Baguskas et al. 2016a). We installed a fan 
inside each chamber to ensure that wind speed 
was similar in both chambers. Onto the left 
inside wall of each chamber, 360° desk fans 
with 4 speeds were clipped pointing diago-
nally to promote mixing. The control cham-
ber fan was set to the maximum speed (i.e., 
speed 4). The fog chamber fan was set to a 
lower speed (i.e., speed 2) to offset the added 
wind speed from the fog machine. 
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Environmental Conditions 

    We installed an all-in-one micrometeoro-
logical sensor (ATMOS 41, Meter Group, 
Inc.) in the middle of each chamber to moni-
tor microclimate conditions during simulated 
fog events (Fig. 1). We monitored solar radia-
tion (W ⋅ m−2), precipitation (mm), wind 
speed (m ⋅ s−1), air temperature (°C), vapor 
pressure (kPa), and vapor pressure deficit 
(VPD, kPa). In addition, one leaf wetness sen-
sor (PHYTOS 31, Meter Group, Inc.) was in -
stalled in the fog chamber to monitor leaf 
wetness during fog events (Fig. 1). 
    Volumetric soil moisture probes (ECH20 
EC-5, Meter Group, Inc.) were inserted ver-
tically from the soil surface (about 5 cm 
depth) into 2 plants per treatment group to 
measure soil water content (m3 ⋅ m−3) (Fig. 1). 
This placement allowed us to detect any 
small changes in shallow soil moisture that 
might occur from fog drip. Microclimate and 
soil moisture observations were recorded every 
15 min. 

Experimental Design 

    We exposed plants to varied levels of fog 
and irrigation, and then we measured leaf-
level physiological responses. Seaside daisy 
plants (N = 20) were randomly separated into 
the following 4 treatment groups (n = 5 plants 
per treatment group): fog and irrigation (Fog 
+ Irr), fog only (Fog), irrigation only (Irr), and 
control (Ctrl), which received neither fog nor 

irrigation (Table 1). This experiment was con-
ducted entirely outdoors. Seaside daisy plants 
were grown under ambient conditions and 
were only placed within plastic chambers dur-
ing morning treatment events. 
    Simulated fog treatments were adminis-
tered for 3 consecutive days per week for 6 
weeks between mid-February and March 2021. 
Simulated fog events began in the morning, 
just before sunrise, from 07:00 to 09:00. We 
chose 2 h in the morning because that time is 
typically when fog is prevalent. We limited 
our simulation to a 2-h duration because fog 
generated by the ultrasonic humidifier suffi-
ciently immersed plant canopies within that 
time. 
    Plastic covers were placed over the PVC 
frames 15 min prior to the official start time 
(06:45). This allowed fog to fully saturate the 
fog chamber by the start of the 2-h treatment 
events. Plastic covers were taken off immedi-
ately after each event (09:00) so that leaves 
had time to dry off before we measured leaf 
gas-exchange rates. Both chambers followed 
the same procedure, the only difference being 
that the control chamber did not experience 
fog. 
    All plants received some water to ensure 
plant survival for the duration of the experi-
ment. However, irrigated plants received more 
consistent water than the nonirrigated plants. 
Irrigated plants (Fog + Irr and Irr) each 
received 1 L of water on the night before the 
start of each treatment week. During heat 
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    Fig. 1. Diagram of chamber structure and instruments used in a controlled fog experiment.



waves, when soil dried rapidly, irrigated 
plants also received an additional 1 L of water 
at the end of the week to keep the soil moist. 
Nonirrigated plants (Fog and Ctrl) only 
received water when plants reached their 
wilting point. Even so, nonirrigated plants 
were only watered at the end of each treat-
ment week (i.e., soil moisture was at its lowest 
point during the experiment before plants 
were hydrated). 

Physiological Measurements 

    Following simulated fog events, plants 
were placed in the sun for approximately 1 h 
to allow leaves to fully dry off before we mea-
sured leaf physiology. To measure leaf gas-
exchange rates, we used a portable photo-
synthesis system (Model Li-6800, LI-COR 
Biosciences). Two leaves per plant were sam-
pled from all plants in the fog and control 
chambers between midmorning and early after-
noon (10:00–13:00), following the simulated 
fog events. Plant survey measurements were 
collected on sunny, warm days. We sampled 
plants on a total of 5 days during the study 
period. 
    All leaf gas-exchange measurements were 
taken with 2-cm2 aperture in the leaf cham-
ber. Each leaf sampled filled the entire aper-
ture area. Constant settings included pump 
flow (500 mmol ⋅ s−1), chamber pressure 
(ΔPcham = 0.1 kPa), carbon dioxide concen-
tration within the sample analyzer (CO2_s = 
400 mmol ⋅ m−1), fan speed (10,000 rpm), 
geometry (broad leaf), and oxygen (21%). 
    Due to fluctuating cloud patterns during 
measurement hours, we chose to control light 
levels in the leaf chamber. Prior to the ex -
periment, we constructed a series of light 
response curves from 4 different seaside daisy 
plants to find the light saturation point where 
maximum photosynthesis occurred (Supple-
mentary Material 1). While each plant varied 
slightly, maximum photosynthesis generally 
occurred around 1800 mmol ⋅ m−2s−1 (Sup-
plementary Material 1). Therefore, we adjusted 
fluorometer settings for light levels within the 

leaf chamber (Qin) to maintain 1800 mmol ⋅ 
m−2 s−1 for plant survey measurements. 
    Leaf temperature (Tleaf) and relative humid-
ity of the air within the leaf chamber (RHair) 
were allowed to vary based on ambient condi-
tions; Tleaf ranged from 18 to 21 °C and RHair 
ranged from 50% to 70%. 

Statistical Analysis 

    We calculated the average physiological 
response (photosynthesis rates and stomatal 
conductance) of both leaves per plant. We then 
calculated the average physiological response 
of all plants per treatment group (n = 5 per 
treatment group). We tested for a normal 
distribution in the data using the Shapiro–
Wilk test and found that the data were nor-
mally distributed. An analysis of variance 
(ANOVA) was performed to test for differ-
ences in physiological responses between treat -
ment groups. If the ANOVA was significant 
(P < 0.05), we performed a post hoc Tukey 
HSD (honest statistical difference) test to 
identify the treatment groups that differed 
significantly from one another. We tested for 
an interaction between fog and irrigation 
treatments with respect to photosynthesis. 
Statistical analyses were performed using 
‘aov’ and ‘Tukey HSD’ statistical packages in 
RStudio version 1.0.143. 
    Micrometeorological observations were re -
corded every 15 min from each sensor and 
then aggregated by averaging over the 2 h of 
each chamber experiment. We then calcu-
lated the average conditions in the fog and 
control chambers, pooling all 6 sampling 
days. We calculated the average volumetric 
soil moisture (5 cm) of both plants per treat-
ment group. An ANOVA and a post hoc Tukey 
HSD test were performed to identify signifi-
cant differences between treatment groups 
for both micrometeorological and soil mois-
ture observations. 
    We also performed a least-squares regres-
sion analysis to test for the correlation between 
leaf-level photosynthesis and environmental 
factors (ambient temperature, VPD, and soil 
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    TABLE 1. Fog and irrigation treatment groups used in a controlled fog experiment (n = 5 plants per treatment group, 
N = 20 plants total).  
Treatment groups                                        Fog                                                                                        No fog  
Irrigation                                                      Fog + Irrigation (Fog + Irr)                                               Irrigation only (Irr) 
No irrigation                                                Fog only (Fog)                                                                       Control (Ctrl)  



moisture) within each treatment group. 
Explanatory factors were not autocorrelated. 
This statistical analysis was performed using 
the ‘lm’ statistical package in RStudio version 
1.0.143. 
 

RESULTS 

    In both the irrigated and nonirrigated 
groups, plants that received fog had higher 
average maximum photosynthetic rates (Amax) 
than plants that did not receive fog (irrigated: 
Amax(Fog+Irr) = 13.08 +– 3.01 mmol ⋅ m−2s−1, 
Amax(Irr) = 10.39 +– 3.01 mmol ⋅ m−2s−1; non-
irrigated: Amax(Fog) = 12.11 +– 2.63 mmol ⋅ m−2s−1, 
Amax(Ctrl) = 9.24 +– 2.21 mmol ⋅ m−2s−1) (Table 2, 
Fig. 2). For plants that received fog, this in -
crease in Amax was greater in nonirrigated plants 

than in irrigated plants, where nonirrigated 
plants increased by 31% (ΔAmax(Fog) − (Ctrl) = 
2.87 mmol ⋅ m−2s−1), and irrigated plants 
increased by 26% (ΔAmax (Fog + Irr) − (Irr) = 
2.69 mmol ⋅ m−2s−1). In other words, fog 
became more important when soil moisture was 
low. Differences in Amax between treatment 
groups were significant (P < 0.05), with the 
exception of Fog + Irr versus Fog (P = 0.523), 
Irr versus Ctrl (P = 0.454), and Fog versus Irr 
(P = 0.100) (Table 3). This lack of difference 
suggests that plants within the same chamber 
functioned similarly, despite differences in soil 
moisture. There were no signi ficant interactions 
between fog and irrigation treatments that influ-
enced plant function (Fig. 3). 
    Similarly, plants that received fog had 
higher average stomatal conductance (gs), 
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    Fig. 2. Box plots of maximum photosynthesis rate (mmol ⋅ m−2s−1 ) by treatment group (Control [Ctrl], fog only [Fog], 
irrigation only [Irr], and fog and irrigation [Fog + Irr]) following 2-h simulated morning fog events. Heavy black lines 
within boxes represent averages; box edges represent 25th and 75th percentiles; whiskers represent minimums and 
maximums; and circles represent outliers. Letters above the box plots represent significant differences between treat-
ment groups (a = 0.05); results from the Tukey HSD test are shown in Table 3.

    TABLE 2. Average photosynthesis, stomatal conductance, soil moisture, vapor pressure deficit, and ambient temperature 
by treatment group. Means are given with standard deviations.  
                                                                               Stomatal                      Soil                 Vapor pressure             Ambient  
                                        Photosynthesis           conductance               moisture                    deficit                 temperature 
Treatment groups          (mmol ⋅ m−2s−1)        (mol ⋅ m−2s−1)            (m3 ⋅ m−3)                     (kPa)                          (°C)  
Fog + Irrigation               13.08 –+ 3.01              0.15 –+ 0.15              0.25 –+ 0.04              0.15 –+ 0.14              8.64 –+ 1.85 
Fog only                            12.11 –+ 2.63              0.13 –+ 0.13                 0.07 –+ 0.02              0.15 –+ 0.14              8.64 –+ 1.85 
Irrigation only                  10.39 –+ 3.01              0.11 –+ 0.11              0.25 –+ 0.02              0.26 –+ 0.19              7.45 –+ 0.72 
Control                               9.24 –+ 2.21              0.09 –+ 0.09              0.05 –+ 0.02              0.26 –+ 0.19              7.45 –+ 0.72  



regardless of irrigation (irrigated: gs Fog + Irr 
= 0.15 +– 0.15 mol ⋅ m−2s−1, gs Irr = 0.11 +– 
0.11 mol ⋅ m−2s−1; nonirrigated: gs Fog = 0.13 
+–  0.13 mol ⋅ m−2s−1, gs Crtl = 0.9 +–  0.09 
mol ⋅ m−2s−1) (Table 2, Fig. 4). Differences in 
gs were significant, with the exception of Fog 
+ Irr versus Fog (P = 0.523), Irr versus Ctrl 
(P = 0.529), and Fog versus Irr (P = 0.225) 
(Table 3). 
    Average soil moisture (SM) was similarly 
high between the irrigated plants (SMFog + Irr 
= 0.25 +–  0.04 m3 ⋅ m−3; SMIrr = 0.25 +–  
0.02 m3 ⋅ m−3) and similarly low between non-
irrigated plants (SMFog = 0.07 +–  0.02 m3 ⋅ 
m−3; SMCtrl = 0.05 +– 0.02 m3 ⋅ m−3) (Table 2, 
Fig. 5). Soil moisture differed significantly 
between plant groups, with the exception of 

Fog + Irr versus Irr (P = 0.99) and Fog ver-
sus Ctrl groups (P = 0.202) (Table 3). 
    Mean ambient temperature was 1.2 °C 
warmer in the fog chamber (8.6 °C) than in the 
control chamber (7.5 °C), and this difference 
was statistically significant (Table 2, Fig. 6). 
This increase was unlike natural conditions, 
where fog would typically result in cooler 
ambient temperatures. Therefore, this tem-
perature increase may have resulted from 
other factors such as heating from the fog 
machine or a latent heat flux from condensa-
tion. Mean VPD in the fog chamber (0.15 kPa) 
was 53% lower than in the control chamber 
(0.26 kPa), indicating that the air was drier in 
the control chamber (Table 2), and this differ-
ence was significant (P = 0.004). Treatment, 

GOMES AND BAGUSKAS  ♦  COASTAL FOG ENHANCES PHOTOSYNTHESIS OF DAISY 543

    TABLE 3. ANOVA and Tukey HSD test results comparing the actual difference (Δ) and significance value (P) of photo-
synthesis, stomatal conductance, soil moisture, and ambient temperature between treatment groups.  
                                         Photosynthesis             Stomatal conductance             Soil moisture                      Ambient  
                                        (mmol ⋅ m−2s−1)                  (mol ⋅ m−2s−1)                     (m3 ⋅ m−3)                  temperature (°C)                                     _________________       ___________________       ________________         ________________ 
Treatment groups           Δ                    P                   Δ                    P                  Δ                  P                    Δ                  P  
Fog vs. Ctrl                    2.87          0.000***            0.05          0.006**           0.01          0.202                  1.19         0.018** 
Fog+Irr vs. Ctrl            3.84          0.000***            0.06          0.000***         0.20          0.000***            1.19         0.018** 
Irr vs. Ctrl                      1.15          0.454                  0.02          0.529               0.20          0.000***         −2.66         1.000 
Fog+Irr vs. Fog             0.97          0.523                  0.02          0.523               0.18          0.000***            0.00         1.000 
Irr vs. Fog                   −1.72          0.100               −0.03          0.225               0.18          0.000***         −1.19         0.018** 
Irr vs. Fog+Irr           −2.69          0.003**           −0.04          0.009**           0.00          0.999               −1.19         0.018**  
     *P < 0.05 
  ** P < 0.01 
*** P < 0.001

    Fig. 3. Norm of reaction plot between fog and irrigation treatments with respect to photosynthesis (mmol ⋅ m−2s−1 ).

Fog No fog



temperature, and soil moisture were highly 
significant explanatory factors and ex plained 
30% of the variation in photosynthesis (R2 = 

0.303). VPD was moderately significant but 
likely also influenced photosynthesis and stom-
atal conductance. 
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    Fig. 4. Box plots of stomatal conductance (mol ⋅ m−2s−1 ) by treatment group (Control [Ctrl], fog only [Fog], irrigation 
only [Irr], and fog and irrigation [Fog + Irr]) following 2-h simulated morning fog events. Heavy black lines within boxes 
represent averages; box edges represent 25th and 75th percentiles; whiskers represent minimums and maximums; and 
circles represent outliers. Letters above box plots represent significant differences between treatment groups (a = 
0.05); results from the Tukey HSD test are shown in Table 3.
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    Fig. 5. Box plots of soil moisture (m3 ⋅ m−3) by treatment group (Control [Ctrl], fog only [Fog], irrigation only [Irr], 
and fog and irrigation [Fog + Irr]), measured as combined averages during 2-h simulated fog events. Heavy black lines 
within boxes represent averages; box edges represent 25th and 75th percentiles; whiskers represent minimums and 
maximums; and circles represent outliers. Letters above box plots represent significant differences between treatment 
groups (a = 0.05); results from the Tukey HSD test are shown in Table 3.



    Leaf wetness in the fog chamber ranged 
from 439 to 467 mV with a dry baseline of 
435 mV, indicating that the simulated fog 
events successfully wet the leaves of seaside 
daisy plants (Supplementary Material 2). This 
information is supplemented by visual obser-
vations noting that the leaves of plants within 
the fog chamber appeared wet after fog 
events. In contrast, the leaves of plants within 
the control chamber appeared dry (Supple-
mentary Material 2). 
 

DISCUSSION 

    Our results show that simulated fog events 
had a positive effect on leaf-level physiologi-
cal function (Amax and gs) (Figs. 2, 4). Photo-
synthetic rates of plants in the fog treatment 
groups were consistently higher than those 
for plants that did not receive fog, regardless 
of soil water content (Table 2, Fig. 2). This 
increase was greater in nonirrigated plants, 
which supports our hypothesis that fog would 
enhance physiological function, especially 
when plants did not receive irrigation. These 
results suggest that fog is a crucial water 
resource during periods of low soil moisture, 
such as during the prolonged summertime 
drought conditions in California. Our inter-

pretation of these results is consistent with 
other studies that found that plant function is 
ameliorated during fog events during other-
wise dry conditions (Burgess and Dawson 
2004, Fischer et al. 2009, Vasey et al. 2012, 
Eller et al. 2013, Baguskas et al. 2016a, 2016b). 
Fischer et al. (2009) conducted a several-year 
analysis of Bishop pine trees and found that 
fog drip and cloud shading reduced annual 
drought stress by 56%. Our study strongly 
suggests that seaside daisies are efficient at 
utilizing coastal fog water to support photo-
synthesis, and this result likely also translates 
to the importance of coastal fog to the long-
term survival of this species. 
    We found that the positive effect of fog 
treatments on plant physiology were partially 
driven by differences in microclimate condi-
tions between the fog and control chambers, 
such as warmer temperatures and lower VPD 
in the fog chamber (Table 2, Fig. 6). These 
results are consistent with Berry et al. (2016), 
in which VPD explained the majority of varia-
tion in daytime plant water use in a tropical 
montane cloud forest. Soil moisture also con-
tributed to explaining variation in photosyn-
thesis (Fig. 5). Similar to Baguskas et al. (2016a), 
we found slightly warmer ambient tempera-
tures in the fog chamber compared to the 
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    Fig. 6. Box plots of ambient temperature (°C) by treatment group (Control [Ctrl], fog only [Fog], irrigation only [Irr], 
and fog and irrigation [Fog + Irr]), measured as combined averages during 2-h simulated fog events. Heavy black lines 
within boxes represent averages; box edges represent 25th and 75th percentiles; whiskers represent minimums and 
maximums; and circles represent outliers. Letters above box plots represent significant differences between treatment 
groups (a = 0.05); results from the Tukey HSD test are shown in Table 3.



control chamber. Even so, the difference in 
ambient temperature between chambers was 
small (1.2 °C) and likely did not contribute 
largely to variation in plant physiology. Rather, 
the dominant effects of fog were likely more 
strongly driven by plant water availability, which 
has a longer-lasting impact on photosynthesis, 
as we also see in Baguskas et al. (2016a). 
    We were surprised to find that fog-only 
plants had higher photosynthetic rates than 
irrigation-only plants (Table 2, Fig. 2), despite 
low soil moisture in the fog-only group (Table 
2, Fig. 5). We hypothesize that the mechanism 
underlying this pattern is foliar uptake of fog 
water, which improves the water status of 
leaves and thereby improved photosynthetic 
rates. Gotsch et al. (2014) found that foliar 
wetting occurred 34% of the time in a tropical 
montane cloud forest and led to a 9% recov-
ery of water transpired during the dry season. 
Simonin et al. (2009) found that leaf wetting 
supported photosynthesis of California coast 
redwood trees, which significantly decoupled 
the soil-plant continuum. Similarly, Baguskas 
et al. (2016a) found that, although plants 
which received both fog drip and fog immer-
sion had the highest photosynthesis rates, leaf 
wetting alone was sufficient in supporting 
photosynthesis of Bishop pine saplings. In 
addition, we found that fog-treated plants had 
slightly higher soil moisture than no-fog plants 
(Table 2, Fig. 5), which we hypothesize could 
be the result of fog drip increasing shallow 
soil moisture. There were no significant dif-
ferences in soil moisture between irrigated 
plants (fog and irrigation versus irrigation only, 
P = 0.999), nor between nonirrigated plants 
(fog only versus control, P = 0.202), suggest-
ing that fog drip likely did not contribute to 
the variation in plant function that we ob -
served in this study (Table 3, Fig. 5). Although 
we did observe slightly higher soil moisture 
in fog-treated plants, the actual differences in 
soil moisture were negligible (ΔSM(Fog + Irr) 
− (Irr) = 0.0002 m3 ⋅ m−3; ΔSM(Fog) − (Ctrl) = 
0.0134 m3 ⋅ m−3) and within the instrument’s 
accuracy limits (+–0.03 m3 ⋅ m−3). It is impor-
tant to note that our study exposed plants to 
simulated fog for brief 2-h events; however, in 
their natural environment, plants would be 
exposed to much longer and more frequent 
fog events. While fog drip does not appear to 
be a strong driver of photosynthesis in our 

study, it is likely still an important water 
resource for naturally occurring seaside daisy 
plants. 
    Restored sand dune habitats in the Green 
Hairstreak Corridor each vary in levels of fog 
inundation and site stewardship, and most 
plants do not receive frequent irrigation. 
Based on the results from our study, maximiz-
ing fog exposure is a low-cost, natural solution 
to improve water availability, plant growth, 
and overall survival of seaside daisies. From a 
management perspective, focusing restoration 
efforts on western-facing, windward habitats 
in San Francisco, where fog inundation is 
greater than on inland or leeward sites, will 
likely improve the probability of seaside daisy 
survival. Installing fog collectors at restored 
sites may also help to alleviate water stress 
during drought periods. Fog harvesting for 
irrigation has been demonstrated to be a suc-
cessful approach, such as in a reforestation 
effort where seedling survival was greater 
with fog water inputs (Estrela et al. 2009). 
Leveraging local topographic variation to 
harvest fog could be achieved by placing 
other efficient fog-harvesting plants such as 
coastal sagebrush at the top slopes of restored 
habitats. This would allow gravity-fed irriga-
tion from fog drip to be directed downslope 
to other plants to support plant function. 
Increasing fog drip will likely improve sur-
vival of important plants, which will improve 
habitat quality and help support coastal 
Green Hairstreak butterflies, as well as other 
pollinator communities. 
    In their natural environment, seaside daisies 
likely benefit from both foliar uptake and fog 
drip as they are exposed to longer, more fre-
quent fog events. However, the results from 
this experiment are significant because they 
highlight the role of leaf wetting alone in sup-
porting plant function. The results from this 
study show that seaside daisies are well 
adapted to their foggy environments and rely 
on both foliar uptake and fog drip to support 
photosynthesis when soil moisture is limited. 
To the best of our knowledge, there have been 
no other studies that have explored leaf-level 
physiology of seaside daisy plants. Our find-
ings provide a better understanding of the 
relationships between coastal fog and this 
important nectar resource, with greater impli-
cations for effective habitat restoration. 

546 WESTERN NORTH AMERICAN NATURALIST (2022), VOL. 82 NO. 3, PAGES 537–548



CONCLUSION 

    We demonstrate that coastal fog can 
enhance the physiological function of seaside 
daisy plants. We found that physiological 
function increased when plants were exposed 
to simulated fog events, and that this increase 
was greater in nonirrigated plants. As the 
climate changes and we see longer, more fre-
quent drought periods, seaside daisies will 
likely rely more heavily on coastal fog to sup-
port photosynthesis. However, past studies 
have shown a historical decline in coastal fog 
along the Pacific coast, and this trend may 
be more extreme in urbanized areas where 
fog frequency is lower than in nonurbanized 
areas (Williams et al. 2015). Climate change 
and the reduction of fog will likely hinder 
the survival of naturally occurring seaside 
daisies, and such threats to plant survival 
could also have further implications for other 
species that depend on those plants. Studies 
have shown that limited water availability 
also results in fewer floral resources available 
to pollinators, influencing the plant–pollinator 
interactions on which entire ecosystems de -
pend (Carroll et al. 2001, Burkle and Runyon 
2016). In habitats that have already been 
destroyed or fragmented from urbanization, 
the reduction of fog poses an even greater 
threat to sensitive species that rely on sea -
side daisies, such as the Coastal Green Hair-
streak butterfly. In order to protect these 
species, it is imperative that we understand 
how changes to environmental conditions 
may affect plant health. The results from our 
study strongly suggest that coastal fog be 
included in habitat restoration decisions 
within the Green Hairstreak Corridor and 
coastal, fog-influenced pollinator habitat more 
broadly. Designing habitats in a way that 
increases water availability (e.g., installing 
fog collectors and encouraging gravity-fed 
irrigation) will likely increase the chances 
of survival for seaside daisy plants and 
therefore improve overall habitat quality for 
the pollinators that rely on this valuable 
resource. 
 

SUPPLEMENTARY MATERIAL 

    Two online-only supplementary files accom-
pany this article (https://scholarsarchive.byu 
.edu/wnan/vol82/iss3/9). 

SUPPLEMENTARY MATERIAL 1. Light response 
curves from 4 different seaside daisy plants, used 
to find the light saturation point where maximum 
photosynthesis occurred. 

SUPPLEMENTARY MATERIAL 2. Average leaf wet-
ness (mV) during simulated fog events within the 
fog chamber. Threshold values ≥435 mV indicate 
a wet leaf. Reference photos illustrate the differ-
ences between wet and dry leaves. 
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