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Abstract

Fog water deposition is thought to influence the ecological function of many coastal
ecosystems, including coast redwood forests. We examined cation and anion inputs from fog
and rain, as well as the fate of these inputs, within a Sonoma County, California, coast
redwood forest to elucidate the availability of these ions and some of the biotic and abiotic
processes that may influence their relative abundance. At this site, the patterns of water and
chemical inputs via fog and rain and their movement through the soil-plant ecosystem differed
between the summer fog and winter rain seasons. Most (98 percent) of the annual water and
more than three quarters of the total ionic load was delivered to the forest during the rain
season. Soil water patterns followed those of throughfall. Water for plant use was most
available in the rain season; however, after large fog events (fog season) plant-available soil
water was also present at the forest edge. Differences between soil water and throughfall
chemistry were a function of the mobility of each ion, whether or not an ion was a soil
weathering product, and the likely biological demand for the ion. The impact of redwoods as
fog catchers, transformers, and redistributors of both water and nutrients may extend all the
way into the soil profile: in our plots, organic-rich soil horizons were thicker at the forest edge
than in the forest interior. Our data show that, although total fog water inputs were small
compared to inputs from rain, fog carried a large proportion of the total aqueous ionic
inputs—inputs that, presumably, continued to be biologically available until their loss during
the rain season. Cross-seasonal, functional coupling of aboveground (canopy) and
belowground (soil) processes are likely to be prevalent in this redwood and other foginundated forests.
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Introduction
Fog water deposition is thought to influence the ecological function—from plant
physiology (Burgess and Dawson 2004, Limm et al. 2009, Simonin et al. 2009,
Williams et al. 2008) to ecosystem function (Ewing et al. 2009, Weathers et al.
2000)—of many coastal forests, including coast redwood forests. Within California,
redwoods inhabit a narrow strip of land from approximately 42 to 35.8 degrees N
latitude and a zone fewer than 40 km from the ocean, a region known for its summer
fog and winter rain (Noss 2000). Research on soil water and understory plants
(Dawson 1998, Limm and Dawson 2010, Limm et al. 2009) and trees (Ambrose et al.
2009, Burgess and Dawson 2004, Ewing et al. 2009, Ingraham and Matthews 1995,
1

Bates College. (hewing@bates.edu).
Cary Institute of Ecosystem Studies. (weathersk@caryinstitute.org; lindseya@caryinstitute.org).
3
Boston University. (ptempler@bu.edu).
4
University of California, Berkeley. (tdawson@berkeley.edu; bradbury@nature.berkeley.edu;
mkfstone@nature.berkeley.edu)
5
University of Connecticut. (vanessa.boukili@huskymail.uconn.edu).
2

265

GENERAL TECHNICAL REPORT PSW-GTR-238

Limm et al. 2009, Simonin et al. 2009) has shown that fog water is taken up directly
into plant leaves within fog-enshrouded coastal California forests.
Much less is known about the influence of fog on biogeochemical processes,
especially in regard to the influence of fog chemistry on ecological function.
Nutrients and chemicals are consistently more concentrated in fog than rain (Collett
et al. 2002, Weathers et al. 1986, Weathers et al. 1988, Weathers et al. 2000),
suggesting that fog could be an important vector of nutrients and pollutants even
when it contributes a relatively small fraction of the total water input (Azevedo and
Morgan 1974, Ewing et al. 2009, Weathers 1999, Weathers and Likens 1997,
Weathers et al. 1988, Weathers et al. 2000). In the redwood forests of California
where fog drip is high in the summer, fog brings a fifth (21 percent) of the total
nitrogen delivered via atmospheric deposition and below-canopy drip to the forest
floor even though it delivers as little as six percent of the water to the same location
(Ewing, et al. 2009). Fog in California, like other coastal and inland regions, can
carry substantial amounts of calcium, magnesium, potassium, and sodium (Ca+2,
Mg+2, K+, and Na+; for example, Weathers et al. 1986), and it has been proposed that
these elements might influence nutrient cycling, soil fertility, and understory plant
growth (Azevedo and Morgan 1974, Weathers 1999, Weathers et al. 1986) by
enhancing the availability of essential major or minor nutrients. However, no studies
have examined delivery of these nutrients to redwood forests via fog and rain within
the same forest nor their abundance in soil water.
We examined fog and rain inputs, as well as the fate of these inputs, within a
Sonoma County, California, coast redwood stand to elucidate the potential role of fog
in the cycling of major mineral cations and anions. Our objectives were (1) to
elucidate the importance of fog as a vector for the delivery of major mineral cations
and anions to a redwood forest, and (2) to trace the movement of these ions through
soil water to better understand the interplay between inputs, transformations, and
translocations within the atmosphere-plant-soil water system.

Methods
Our research was conducted at a coast redwood forest site in Occidental, Sonoma
County, California (see Ewing, et al. 2009 for a more complete description). About
96 percent of the annual precipitation falls between October and May (hereafter rain
season); the warm summer season (hereafter fog season) is a time of little rain.
Intensive measurements of fog, bulk precipitation, throughfall (TF), and soil
water were made at the Sonoma site from 2003 to 2007 (see Ewing et al. 2009 for
full details). Briefly, TF collectors were arrayed from the forest edge to interior in a
five-band stratified random design. Two additional (bulk) collectors were placed in
open grassy areas outside the forest to the southwest of the forest stand. Fog water
was collected outside the forest using a passive fog collector with a plastic mesh
collection surface (after Azevedo and Morgan 1974). Soil water was collected using
two tension lysimeters (TL; Soil Moisture 1900 series), installed at a depth of 12 cm
and set to -50 kPa, and two zero-tension lysimeters (ZTL; PVC trough installed in a
soil pit face draining into a collection bottle) at a depth of 70 cm in each of the five
bands inside the forest and the clearing. Soil profile descriptions were done in each
band in the forest as well as in the field outside the forest at the time of lysimeter
installation.
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Aqueous TF, bulk, fog, and soil water samples were collected every week during
the fog season and every two weeks during the rain season between July 2003 and
April 2006. Sampling handling, including nitrogen analysis, is detailed in Ewing et
al. (2009). Samples were analyzed at the Cary Institute (IES) for bromide, chloride,
phosphate, and sulfate (Br-, Cl-, PO43-, SO42-) on a Dionex DX-500 IonChromatograph and for Ca2+, Mg2+, K+, and Na+ on a Perkin-Elmer P400 inductively
coupled plasma emission spectrometer, after Weathers et al. (2001). Samples with
concentrations below the method detection limits were set at half the detection limit
for data handling.
Seasonal mean, median, minimum, maximum, and first and third quartile ion
concentrations for fog, bulk, TF, TL, and ZTL samples were calculated over all
sampling periods for each season; TF and bulk ion concentrations were volumeweighted before statistical analysis. Season delineation follows Ewing et al. (2009).

Results
Nutrients and other chemicals were more concentrated in fog than rain, and fog
delivered a substantial proportion of the ionic load to the forest floor even though fog
constituted only two percent of the total water delivered via TF (Ewing et al. 2009).
On average, ions in fog water collected outside the forest were about 10-fold (range
three- to 46-fold) more concentrated than in rain water for all elements, and ions were
likewise more concentrated in TF in the fog season (seven- to 22-fold) than in the
rain season (fig. 1). However, the large amount of precipitation in the rain season
meant that the highest per-day inputs of both water and ions were in the rain season
rather than the fog season. However, the flux of ions to the forest floor via TF (on a
per day basis, charge delivered per unit area; eq/ha) from fog was, on average,
approximately 20 percent that of rain (data not shown; Ewing, et al. 2009). The
dominant ions were similar for fog, rain, and TF. In all collections, Na+, K+, Mg2+,
and Ca2+ made up the majority of cations, while Cl- and SO42- dominated the anions.
Bromide, PO43-, NO3-, and NH4+ made up a relatively small proportion of the total
ionic load (fig. 1). Nitrate was the only ion that was consistently less concentrated in
TF relative to fog. Most other ions had more variable concentrations in TF than in
bulk collections, and the non-acid cations in particular were more often more
concentrated in TF than in collections outside the forest (fig. 1).
Nearly all ions delivered to the soil via TF were also found in lysimeters, but
their concentrations differed as a function of lysimeter position within the soil and
were variable across fog and rain seasons. As reported in Ewing et al. (2009), soil
water was collected throughout the rain season in the near-surface soil (12 cm, TL),
but it took approximately a month of rain before water began to drain freely and be
collected in the ZTL at 70 cm. Only rain season data are reported here. The non-acid
cations Ca2+, Mg2+, Na+, and K+ and the anions SO42- and NO3- occurred in higher
concentrations in TL than in TF in the rain season (fig. 2). Chloride and Br- appeared
in roughly the same concentration in soil water as in TF. Sodium was slightly greater
in ZTL than TL samples (median concentration) while Ca2+ and K+ were lower in
ZTL than TL (fig. 2).
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Figure 1—Ionic concentration (µeq/L) of (A) fog water and fog season throughfall,
and (B) rain water and rain season throughfall collected in a redwood forest in
Sonoma County, California. Values for collections at edge and interior sites were
averaged before plotting; plots show variability among collections within a season.
Note different concentration scales in (A) and (B).
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Figure 2—Concentration of ions (µeq/L) in throughfall, tension lysimeters and zerotension lysimeters during the rain season, Sonoma County, CA. Values for
collections at edge and interior sites were averaged before plotting; plots show
variability among collections within a season.

Discussion
Fog is an important input vector for both water and nutrients for coast redwood
forests; many cation and anion fluxes are influenced by fog despite small fog water
fluxes. While water flux outside the forest in the fog season is less than one percent
of the rain season flux, high redwood tree surface area results in TF flux at the forest
edge that is more than five times greater than in the open, although almost no TF
occurred in the forest interior (Ewing et al. 2009). Both the more concentrated nature
of fog relative to rain and the change in concentration of water—usually an increase
in concentration—as fog passed through the canopy supported observations made in
previous studies (for example, Collett et al. 2002, Draaijers et al. 1997, Edmonds et
al. 1991, Ewing et al. 2009, Weathers et al. 1988).
Where TF deposition via fog drip is high, fog may deliver a significant amount of
ions to soil. Further, through root uptake of water and microbial processing, fog
water input has implications for primary production and soil genesis. Root uptake
would be possible most of the fog season at the edge of the forest where plantavailable water, as evidenced by water found in TLs, was collected from surface soil
throughout the fog season. Even in more leeward positions in the forest where fog
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inputs were less, trees could have access to these ions for the first quarter of the fog
season when soil water potentials were high (Ewing et al. 2009). Nevertheless, tree
moisture stress was lower at the windward edge of this forest (Ewing et al. 2009), and
higher litterfall rates here compared to the interior of the forest indicate that primary
production may be greater at the more fog-inundated windward edge of the forest
(Ewing et al. 2009). These differences in inputs and tree production are reflected in
soil characteristics insofar as soil organic matter concentrations and root densities
remain higher deeper into the soil profile at the forest edge (data not shown).
Even in places where fog drip does not occur, fog interception by the canopy can
still supply trees with a wide variety of cations and anions; trees have been shown to
take in fog water through their needles (Burgess and Dawson 2004, Ewing et al.
2009, Limm et al. 2009, Simonin et al. 2009); they almost certainly are taking in ions
in these highly concentrated solutions. Early work predicted that canopy interception
of atmospherically-derived nutrients could be a significant source of plant nutrition in
some crops (Breazeale et al. 1950, Ingham 1950). While no studies of redwood
nutrition as a function of fog exist, our data suggest that redwoods have access to fog
water with high concentrations of many nutrient ions.
As indicated by increasing concentrations of some ions as they pass through the
soil system, some elements are clearly made available through soil weathering or
mineralization in addition to deposition (Ca2+, Mg2+, Na+, K+), but their fate may
depend upon their relative importance as limiting elements for plant growth and their
mobility in soils. Of these, Na+, which appears in greatest concentration in ZTL
solutions (70 cm depth), is not needed for plant growth and may be in high
concentration in the soil either as function of soil weathering or sea salt accumulation
(Edmonds et al. 1991). Potassium and Ca2+, on the other hand, appear in high
concentration in TL (plant-available), but lower concentrations in the ZTL,
suggesting that plant or microbial uptake is important. Sulfate and NO3-, like the nonacid cations, appear in higher concentrations in the soil solution than in TF
suggesting a soil source for them as well. Since the parent material at our study site
was primarily sandstone (Bradbury 2011), the most likely source for sulfur is
mineralization of S from organic matter (Bailey et al. 2004). For NO3-, high
concentrations in TL are also likely a result of organic matter decomposition and
subsequent nitrification of NH4+. Since NO3- is an important nutrient for plants and
microbes, it is unsurprising that nitrate is in much lower concentration in ZTL,
suggesting strong conservation within the forest, as with Ca2+ and K+.

Implications
Both fog water and the chemical constituents within fog are likely to influence
biogeochemical cycling in fog- and cloud-dominated forests. Any environmental
change that affects the frequency, chemistry, and height and depth of fog layers is
likely to impact canopy, soil, and soil water biogeochemical transformation and
fluxes (Cavelier and Goldstein 1989, Ingraham and Matthews 1995, Johnstone and
Dawson 2010, Ponette-González et al. 2010). Microbial community structure and
activity (Bradbury 2011) can also be directly and indirectly affected by fog inputs.
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