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ABSTRACT

An undocumented series of disturbed and remnant vernal pools was
discovered during the abnomally wet 1992-1993 rainfall season in coastal
southern California at San Clemente State Beach in southwestern Orange
County, and from two sites at San Onofre State Beach in northwestern San
Diego County. An additional series of remnant terrace vernal pools was found
between Rancho Laguna and the City of San Clemente also in coastal Orange
County. San Diego pools associated with either claypan or duripan soils have
different suites of plant species despite their close proximity. The coastal
Orange County pools, herein proposed as possible liquefaction-origin pools,
also support a distinctive flora.

Aerial photographs of the region made prior to extensive urbanization
show widespread fields of mima mounds (which coincide with present pool
localities), likely indicating extensive historical vernal pool habitat. In coastal
Orange County, remnant mima mound-type topography is present only at San
Clemente State Beach and at Moulton Meadows in Laguna Beach; fragmented
mounds occur in the Dana Hills and the City of San Clemente. We suggest
that the origin of some mima mounds in coastal southern California may be
attributed to Holocene seismic activity and liquefaction-related events. A
biogenic maintenance hypothesis is proposed for the mima mounds: foraging
activities by fossorial (burrowing) rodents in liquefaction terrain may play an
important role in deterring long-term erosion of mounds and filling in of
intermound pools. New word models are presented to explain how these
relationships might have evolved including:  “earthquake successional
sequences” and “seismogenic tracker species.” Earthquake successional
sequences, including intermittent pools and mounds, provide habitat created by
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ongoing seismic and liquefaction-related activities for invasion by seismogenic
tracker organisms, which possibly include fairy shrimp, western spadefoot
toad, pocket gophers, and other opportunistic species whose mode of life is in
part associated with seismic-induced terrain.

We describe the previously unrecognized role of cryptogamic vegetation in
regulating microscale gradients such as moisture status, nutrient availability,
soil temperature, microbial processes, and safe-site seed selection which
directly affect the biology of vernal pools. The cyanobacterium, Microcoleus
vaginatus, is identified as a potential keystone organism occupying vernal
pools and astatic alkaline sinks in southern and central California. A
preliminary catalog of the cryptogamic and phanerogamic flora of vernal pools
and adjacent upland terrain i1s presented. A number of rare or regionally
uncommon vascular plants were collected during this study including Atriplex
pacifica, Dudleya blochmaniae, and Myosurus minimus. New records
documented for Orange County include the native Trifolium variegatum and
the exotics Atriplex lindleyi and Hainardia cylindrica, Glinus lotoides,
introduced from Europe, is new for San Diego County.

KEY WORDS: Vemal pools, California, Orange County liquefaction-origin
pools, San Diego County duripan/claypan pools, fossorial rodents, mima
mounds, Holocene earthquakes, seismogenic tracker species, cryptogamic
crusts, Microcoleus vaginatus, keystone species, fairy shrimp

INTRODUCTION

California’s vernal pools are small to medium sized temporary ponds which form
above hardpan, claypan, or volcanic mudflow soils during the winter rain season but
drain completely by late spring (Bauder 1986); vernal pools are often defined and
identified by their endemic or regionally restricted flora (Thorne 1984). They range in
size from a few square meters to several hectares and are always shallow, most by 10
to 60 centimeters (Zedler 1987). Pools larger than 20 hectares are referred to as vernal
lakes (Holland 1976). Vemal pools are also surface water depression wetlands
according to Novitzki (1979). Perched above an impermeable soil layer and separated
from groundwater or stream channel inflow, a vernal pool fills only by slowly
collecting precipitation, although the wet-life of vernal pools may be extended by
subsurface flows (Hanes, et al. 1990). Although evaporation exceeds precipitation in
most coastal southern California wetlands (Stevenson & Emery 1958), vernal pools
also share characteristics of ombrotrophic (rainy) environments since precipitation-
dominated wetlands receive nutrient inputs primarily from wet and dry atmospheric
deposition (Doss 1995). Despite the recognized importance of hydrogeologic regimes
in driving nutrient dynamics in wetlands (Carter 1986; Labaugh 1986), the relationship

between hydrologic processes and nutrient cycling in vernal pools has not been
addressed.

Zedler (1990) has likened the winter vernal pool habitat to a cool-temperate pond,
and in late spring to autumn, a desert. Nestled within a subtle upland depression, the
pool ermatically fills and empties, often repeatedly throughout the season due to
uncertain rainfall before completely drying by evapo-transpiration. The dry vemal
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pool pan, also described as a dry marsh bed (Kopecko & Lathrop 1975), may persist
for years without filling completely, especially during severe drought. Winter ponding
deters most aggressive upland plants from invading a vernal pool; and in shallow
pools, the relatively short-lived inundation period also slows development of the
permanent anaerobic conditions necessary for establishment of many marshland
species. The recurrent inflow of rainwater produces an ephemeral amphibious
environment with micro-niches for vascular plant and cryptogamic species including
an easily overlooked, shallow undulating pool margin that simulates a tidal mud flat.
Alternating winter inundation and summer drought has selected a unique assemblage
of amphibious plants and animals including specialized endemics as well as a group of
aquatic generalists capable of tolerating a double-stress regime. Zedler (1990)
developed the “recurrent gap” hypothesis based upon the reliable recurrence of
microhabitats due to uncertain rainfall to explain traits in annual seed plants;
accordingly, we emphasize the importance of the “recurrent flux” of inundating rainfall
in the creation of niches for cryptogams in vernal pool terrain.

The floristic composition of a vernal pool may be perpetuated for decades because
southern California’s arid climate does not support peat formation, a process that
speeds up plant community succession; the amphibious character of this-habitat and its
specialized biota are closely dependent on California’s Mediterranean-type climate
which is characterized by mild, moderately wet winters and rain-free summers. Zedler
(1987) describes four stages of pool development: 1) a wetting phase; 2) an aquatic
phase; 3) a drying phase; and 4) a drought or dormant phase. Vemal pool plants and
animals often depend upon one or more of these specific phases (Zedler 1987; Holland
& Jain 1984). Although Zedler (1987) indicates that climate is key for the
establishment of true vernal pool habitat, edaphic factors may be more important with
respect to the vegetation than climate (Holland & Dains 1990).

Vemal pools are not unique to California (Thome 1984), but their plant
communities of course are (Holland & Jain 1977). Intermittent pools and pool-
forming processes that most closely simulate and support biota characteristic of
California’s vernal pools, occur primarily in other Mediterranean climate regions (i.e.,
South Africa, southwestern Australia, the Mediterranean Basin, and Chile).
Phytogeographic phenomena, including amphitropical disjunctions of the same or
similar phanerogamic species between the pools of temperate North and South
America, also link the vernal pool biota of the Mediterranean climate regions. Long-
distance dispersal by migrating birds is probably involved (Raven 1963). Members of
California’s vernal pool flora which have disjunct austral counterparts include species
of Marsilea, Crassula, Isoetes, Myosurus, and Eryngium (Zedler 1987). New
information on the phytogeography of cryptogamic vegetation suggests that species
shared between southern Califomnia and other Mediterranean climates may be relicts of
an ancient Madro-Tethyan flora rather than products of long-distance dispersal, which
is less likely for many lichens and bryophytes. The cryptogamic flora of South Africa
and California, unlike the vascular flora, does share identical and vicariant taxa, i.e.,
Buellia halonia (Ach.) Tuck., Punctelia punctilla (Hale) Krog, and Trichoramalina
crinitum (Tuck.) Rundel & Bowler/T. melanothrix (Laur.) Rundel & Bowler (Bowler
& Rundel 1974; Riefner 1989; Weber 1993). The recent discovery of Ramalina
canariensis Steiner in California (Riefner & Bowler 1994), previously documented
from all the Mediterranean climate regions except California, points to our lack of
understanding of dispersal mechanisms and relict endemism on the continental level.
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Additional study may yet link the cryptogamic vegetation of California’s vernal pools
with that of other Mediterranean climates.

Vernal pools and much of their biota are considered to be the most specialized and
endangered type of wetland in California (Bauder 1986; Cheatham 1976; Cochrane
1985; Ferren & Pritchett 1988; Ferren & Fiedler 1993; Holland & Griggs 1976;
Thome 1984; Zedler 1987). The rigors of the habitat have provided fertile ground for
rapid evolutionary radiation in the vascular flora (Stone 1990). Noteworthy are
several charactenstic genera of annual plants including Downingia, Eryngium,
Lasthenia, Limnanthes, Navarretia, Orcuttia, Plagiobothrys, and Pogogyne. Many
taxa often belong to a suite of narrowly restricted species which occupy a particular
pool type characterized by specific soil properties, inundation regimes, and/or
elevation (Bauder 1993). The likelihood that a particular suite of species is present in
any one pool group is determined by a highly localized set of gradients that may not be
widely encountered. Bauder (1993) has discussed differences in microscale gradients
of soil and elevation affecting vernal pool plants in San Diego County, including
highly localized species such as Pogogyne abramsii J.T. Howell and Downingia
concolor E. Greene subsp. brevior McVaugh. Similar evidence documenting the
microscale conditions of soils and inundation regimes for specific suites of species in
Merced and Placer counties was presented by Holland & Jain (1990). Selective
pressures exerted by multiple local and microscale parameters including soils,
inundation regimes, temperature, and factors such as fungal associates which may
affect germination have contributed to the complexity of vernal pool ecology and
evolution.

Holland & Jain (1990) believe that floras of vernal pools differ according to soil
type, while Bauder (1987) and Zedler (1987) state that local pool composition and
structure in southern California are best explained by frequency and duration of
ponding. We believe a more intricate web of functionally linked physical-
hydrogeologic and biological processes including local hydrologic cycles and climate
patterns, landform age and origin of mound-depression microrelief, nutrient cycling,
microbiota and cryptogamic vegetation, abiotic and biotic factors which maintain
mound-depression terrain, site history, and disturbance all interact to affect the
diversity and abundance of plants and other organisms in southern California’s vernal
pool terrain.

Vemal pools occur within an upland vegetation matrix of grassland, chaparral,
coastal sage scrub, and/or oak woodland habitat. Because of their isolation, vernal
pools have frequently been referred to as terrestrial or ecological islands (Holland &
Jain 1988; Zedler 1987; Schoenherr 1992; Stone 1990). The quasi-endemic nature of
vernal pool “island plants” is due in part to lack of seed dispersal mechanisms which
favors keeping the seed supply on-site. Zedler (1990) compiled data indicating that
nearly three-quarters of the vernal pool species in San Diego County have no obvious
means of dispersal. Clusters of “island” pools have been referred to as archipelagoes,
suggesting that principals of island biogeography might be used to unravel complex
phytosociological patterns correlated with pool numbers and size (Holland & Jain
1981, 1988).

In this paper, we refer to local patches of remnant pool habitat as islands within an
upland vegetation matrix, and to chains of such patches as archipelagoes (Burkey
1995). Herein, we report new localities of San Diego claypan and duripan vernal pool
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habitat and a new archipelago comprised of the previously uncharacterized Orange
County vernal pools. The San Diego and Orange county pools each support different
suites of plant species. The ready accessibility of these pools with their distinctive
floras offers a rare opportunity to study the complex, and still incompletely known,
biotic interactions within vernal pool communities.

DISTRIBUTION OF CALIFORNIA VERNAL POOLS

In western North America, vernal pools have been reported from southern Oregon
southward into Baja California, México (Holland & Griggs 1976; Kagan 1986; Moran
1984). The vernal pools of California primarily occur in two clusters: 1) the coastal
terraces and areas of gentle topography of the lower coastal mountains from Sonoma
to San Diego County; and 2) from Shasta to Kern county in the Central Valley (Zedler
1987; Holland & Jain 1977; Ferren & Pritchett 1988). Vemal pool vegetation is best
developed in the eastern Central Valley on ancient terrace soils bordering the foothills
of the Sierra Nevada, where concentric rings of wildflower displays- unmistakably
reveal the presence of vernal pool terrain (Holland & Jain 1988). Holland (1978a;
1978b) states that vernal pools were apparently a common feature in most of the
Central Valley in presettlement times, estimating that nearly one-third of the valley
historically supported them. However, vernal pools in other regions of the state have
not been studied as thoroughly, so we cannot adequately assess their historic range
and estimate habitat loss.

In southern California, Ferren & Fiedler (1993) estimate that as much as 90% of
the vernal pools have been destroyed in the past century. In San Diego County, vernal
pools were once common on coastal terraces and inland valleys (Purer 1939). Many
have been destroyed by development. Current estimates indicate over 93% of the
county’s vernal pool habitat has been extirpated, and many of the remaining pools are
highly disturbed (Bauder 1986). The situation is similar in Orange County. Aenal
photographs of northwestern San Diego and southwestern Orange counties taken prior
to extensive urbanization (1932 Whittier Collection; 1941 USGS; 1953 USDA; 1964
California Coastal Commission) show widespread fields of mima mounds, indicating
extensive historical vernal pool habitat.

Vemal pools are well known in San Diego and Riverside counties, but not in
Orange County, where the pools have remained undocumented. This overlooked
habitat has been omitted in important studies of critical plant communities, such as
Horn, et al. (1993) and Sawyer & Keeler-Wolf (1995). Evans & Bohn (1987)
identified mima mound topography in southern Orange County, and Marsh (1992)
described remnant or extirpated pools from the Laguna Beach area and Dana Point.
Marsh (1992), however, did not cite any of the vernal pool obligate species discussed
by Zedler (1987) and therefore, could not authenticate the presence of true vernal pool

habitat. Marsh (1992) believes that vernal pools were once common in southern
Orange County.

Remnant Orange County terrace vernal pools were identified during this study
utilizing aerial photography provided by G. Kuhn (1993, pers. collection), soil
survey, and herbarium specimen data. Several pools were documented between
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Rancho Laguna and the City of San Clemente only during the unusually wet 1992-
1993 rainfall season (Orange County Environmental Management Agency 1996).
Aerial photographs taken prior to urbanization in south-central Orange County (City of
Irvine, University of California Campus) depict vernal pools (1971, W. Bretz-NRS
Collection). Other vernal pools recently recorded from Orange County occur at
Whiting Ranch and O’Neil Park (Jones & Stokes 1993), and in Fairview Park, Costa
Mesa, (Bowler, e al. 1995). A series of small pools also occur near the Badlands
Park in Laguna Beach (P. Bowler, pers. comm.). The remaining vestige of pools in
Orange County are possibly remnants of a once broader complex of coastal terrace
habitats that has been nearly extirpated because of urbanization and agriculture. Soil
surveys show that vernal pools in coastal southern Orange County are developed
primarily over the very slowly permeable, moderately alkaline Myford sandy loam or
the moderately slowly permeable Botella clay loam (Soil Conservation Service 1978).
A map and detailed study of the flora of these pools is in preparation.

THE ORIGIN OF MIMA MOUNDS

Mima mounds are the elevated, often circular areas between vernal pools that are
composed of unconsolidated fine soils; the term mima mounds originates from their
type locality, Mima Prairie, near Olympia, Washington (Dalquest & Scheffer 1942).
Mima mounds and vernal pools are inexorably intertwined; there are no mounds
without intervening depressions. In Califomia, the intermound depressions are also
known as hogwallows (Arkley & Brown 1954; Brandegee 1890; Cox 1984a).
Although climate is key for the formation of vernal pools, topography is also
important, since pools mostly form in closed depressions (Zedler 1987). In North
America, mima mounds are recorded only west of the Mississippi River ranging from
southern Canada to northern México (Cox & Scheffer 1991).

Studies of mima mound formation have produced a number of controversial
theories about the origins of the mounds. @ Washburn (1988) provided a
comprehensive review, and Berg (1990) grouped theories into four categories: 1)
depositional; 2) erosional; 3) periglacial; and 4) biological. Cox (1984b), Zedler
(1987), and Holland & Jain (1988) described mound-building processes pertinent to
California including origin by: 1) wind deposition near the base of shrubs; 2)
groundwater pressure; 3) the activities of fossorial rodents; 4) fracture patterns in the
underlying hardpan; 5) expansion and contraction of clay minerals upon wetting and
drying; and 6) subsurface mass movements such as soil-piping. Zedler (1987)
proposed that differential weathering and settling is primarily responsible for mounded
topography in California and presented a model for mound origin by weathering.
Each one of the foregoing theories can be locally confirmed by data from particular
localities, but none hold true for all situations (Holland & Jain 1988). In recent years,
however, only the fossorial rodent hypothesis has received broad acceptance (Dalquest
& Scheffer 1942; Arkley & Brown 1954, Barry 1981; Cox 1990).

According to the fossorial rodent hypothesis (Cox 1984; Cox & Scheffer 1991),
moundfields originate in shallow soils where pocket gophers build nest sites to escape
predation and weather. The nest sites become the center of fixed territones.
Subsequently, gophers mine and translocate soil in slow centripetal fashion toward
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nests. This tunneling translocates soil, which in time, builds mounds until the
centripetal soil-mining activities are balanced by unknown factors (Cox & Scheffer
1991). Cox (1984a,b) has provided evidence that mound formation by foraging
rodents is plausible; estimating a typical mound could be formed in approximately 108
years. Extensive behavioral documentation of gophers by numerous researchers has
apparently corroborated the pocket gopher theory (Gregory, et al. 1987; Hansen 1962,
Howard & Childs 1959). Scheffer (1958) and Cox & Scheffer (1991) believe that
mima mound terrain occurs only where rodents are, or have been, working the soil.

Although there is an extensive literature discussing the biogenic origin of mounded
landscapes, geologists have remained skeptical. Berg (1989) proposed that mounded
landscapes are formed when strong seismic activity occurs in areas where a shallow
mantle of loess or other fine unconsolidated material overlies a relatively rigid, planar
substratum. The substratum could be hardpan, bedded gravel, or bedrock. Berg
(1990) then presented data showing that the circular shape and the uniform pattern of
mounds can be explained by Richter’s (1958) theory of seismic wave motion.
According to Berg (1990), the distribution of mima mounds in the United States is
directly correlated with regions of moderate to high seismicity. The seismic
hypothesis could account for the presence of mima mound-type topography in a wide
variety of global geomorphic and climatic provinces and could also explain mound
uniformity and soil profiles of mima mound landscapes that cannot be easily
demonstrated by the pocket gopher or other theories.

Recently, Kuhn, et al. (1995a) identified liquefaction-related features including
fissure fills and lateral spreads in mima mound terrain near Carlsbad, San Diego
County, in coastal southern California. Paleo-liquefaction, as postulated by these
authors, is conspicuous at the Carlsbad site as widespread and abundant injection
dikes composed of fine grained white sand, inferred to be ancient beach sand, thrust
through the plastic clay-rich surficial deposits; the injection dikes are “sand blow
deposits,” previously described by Fuller (1912) and Sieh (1978). Existing sand blow
deposits (mima mounds) are correlated with the extent of an ancient intertidal lagoon.
Kuhn, et al. (1995b) hypothesize that during or since the Holocene, mima mound
formation due to liquefaction only occurred rarely, when a strong earthquake coincided
with unusually high rainfall and perched water conditions far above modem
groundwater levels. Although the age of the liquefaction event(s) remains to be
determined precisely, the size of the sand blow deposits, the area affected, and the
uplift of ancient intertidal deposits imply that coastal uplift and mima mound formation
occurred as a result of large, infrequent pre-historic earthquake(s) of magnitude seven
or greater. Legg, et al. (1994) and Kuhn, et al. (1995a) suggest that the source of
seismic activity may well be the Newport-Inglewood/Rose Canyon fault located four
to six kilometers off the southern California coast. Later studies by Kuhn, e al.
(1995b) have identified paleo-liquefaction features which extend upward into a series
of regressive continental deposits that overlie flights of marine terrace platforms
ranging in elevation from 10 to 60 meters. Cross-cutting stratigraphy and relative
weathering show at least three epochs of paleo-liquefaction in this region that have
displaced very old Indian middens and other archaeological sites (Kuhn, e al. 1995b).
Thus, major Quaternary deformation of the southern California coast induced during
large strike-slip earthquakes are recorded by liquefaction features which could be
important in the formation of vernal pools located on higher terraces in Orange and San
Diego counties.
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Norwick (1991) described the relationship between vernal pool formation and
geomorphic processes. He identified ongoing tectonic activity, including development
of surface folds and shutter ridges (when a fault moves rock masses horizontally
across a valley) with the formation of sag ponds, vernal pools, and swale topography.
Norwick’s “sand volcanos” and liquefaction craters described from the San Andreas
Fault zone were formed during the earthquake of 1906, and apparently predate other
intermittent pools of the region. Sieh (1978) also identified liquefaction-related
features, including sand blow deposits, as by-products of slip along the San Andreas
fault.

Previously, Fuller (1912) studied the succession of shocks collectively designated
as the New Madrid earthquake, which occurred between 1811 and 1812, in the central
Mississippi Valley in an area encompassing portions of Missouri, Arkansas,
Kentucky, and Tennessee. No other feature of the New Madrid region is so
conspicuous or widely encountered as the “sunk lands” which resulted from local
settling or warping of alluvial deposits (Fuller 1912). Sunk lands are characterized by
major alterations to or creation of wetland habitats in clayey alluvial deposits that were
still evident 100 years following the shocks. These include sand sloughs, river
swamps, sinks, lakes, and ponds. Fuller also describes in great detail sand blows and
fissures, which are presently interpreted as relict features of liquefaction events
(Obermier 1989). Fuller cites numerous historical accounts of fields composed of
sandy mounds, including (pg. 81): 1) “In several places the [sand] blows so obstruct
the drainage as to cause the water to collect in shallow pools throughout the wet
season.”; 2) “The [sand] blows were so thick as to touch, giving rise to many irregular
depressions, in some of which considerable pools of water accumulate.”; and (pg. 83)
3) “The country here was formerly perfectly level and covered with prairies of various
sizes dispersed through the woods. Now it is covered with slashes (ponds) and sand
hills or montecules, which are found principally where the earth was formerly the
lowest. . . .” The sand blow regions coincide with Berg’s (1990) regions of past
moderate to high seismicity. Fuller also documents sand craterlets formed near San
Francisco in the earthquake of 1906.

The seismogenic origin of mounded landscapes proposed by Berg (1990) and
Kuhn, et al. (1995b) works also for coastal southern California. Itis plausible that the
origin of mima mound terrain is, in part, a product of paleo-liquefaction induced by
large pre-historic earthquakes, possibly occurring since the Holocene. The impact of
shaking on mound-pool terrain could produce settling of fine mound sediments even
when earthquakes are not powerful or when they do not coincide with perched water
conditions. If mima mounds in coastal southern California were originally formed by
successive episodes of liquefaction (presumably southern California has been
subjected to large seismic events which induced mound-pool formation long before the
Holocene), what ongoing factors operate to maintain the circular profile and height of
mounds and deter siltation of fine sediments and sand into intermitient pools? We
suggest a biogenic maintenance of liquefaction-mounded landscapes by the activities of
fossorial rodents.

As discussed above, evidence has been accumulating for decades indicating that
pocket gopher activity is associated with mima mound terrain (Dalquest & Scheffer
1942; Arkley & Brown 1954; Barry 1981; Cox 1990). Soil mining and translocation
within “mima mounds” by pocket gophers could replace fine sediments easily lost to
erosion, accounting for the long-term maintenance of the mounds’ circular form and
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height. Tunneling and soil translocation may also impede the otherwise inevitable
siltation of intermound basins. Cox (1984b) believes the activities of fossorial rodents
create intermound basins while Kuhn, e al. (1995a) state that some vernal pools
originate over liquefaction-related laterally spreading clays.

Kuhn (unpublished data) has observed vacant rodent burrows in liquefaction
terrain in southern California. Abandoned or declining gopher populations in mima
mound terrain could produce a mosaic of swales and cloudy silt-pools that provide
favorable habitat for other organisms including fairy shrimp, but not for vernal pool
obligate plants. Some species of fairy shrimp are not randomly distributed in natural
temporary ponds but may favor pools with turbid water to avoid Notonectid (i.e.,
backswimmer) predation (Woodward & Kiesecker 1994). Shallow silt-pools lack
inundation regimes necessary to sustain year to year vernal pool obligate plants except
during abnormally high rainfall years. However, cloudy later succession *seres” of
intermittent pools could be important in the distribution of vernal pool plants and other
species which lack long-distance dispersal mechanisms by providing local habitat
patches in the chain of biological archipelagoes. Seed and other propagules could be
dispersed between vernal pool “islands” by birds (Baker, et al. 1992). Study of
liquefaction terrain could afford insight into abiotic and biotic processes affecting
possibly coevolutionary biological interactions in earthquake landscapes.

The widely accepted hypothesis that the origin of mounded topography and
associated intermittent pools in California is the result of only a single or simplified
process should be reevaluated. Vitek (1978) also concluded that mounded topography
may result from various processes, and Fuller (1912) described the differences in the
genesis of sand blow mounds and prairie mounds. In California with its complex
geologic history, mound-depression landscapes can be atiributed to numerous and
often complementary processes, so that interacting biotic and abiotic processes need to
be quantified at each site. In coastal southern California on high geomorphic surfaces
(pre-Holocene), mound topography could have a complex origin; mounds may have
formed when the surfaces were at low elevations, particularly in sandy sediments
conducive to liquefaction, but after uplift, the mounds would have been modified by
fossorial rodent activity (R. Shlemon, pers. comm.). Mima mounds and pools
developed on specific geologic formations or soil series with different inundation
regimes, water-retention capacities, stability and sediment shedding characteristics
would be expected to support distinctive floras and faunas.

Liquefaction-origin pools developed in sandy substrates are prone to wetted-clay
slip and external drainage; human disturbance could easily reduce the frequency and
duration of ponding in vernal pools. As a result, liquefaction-terrain vernal pools may
not be recognized readily and their accompanying biota could be overlooked; clearly,
this has been the case in Orange County. Mima mounds composed of white or tan fine
sands occurring in proximity to major fault zones or in soils without an argrllic
horizon, especially those on coastal terraces or inland dunes, may be suspected of
liquefaction origin (G. Kuhn, pers. comm). Aernal photographs depicting white,
circular spots may indicate remnant mima mounds (i.e., sand blow features) that have
been mechanically bladed or disced (Kuhn, et al. 1995a). Vemal pools on uplifted
marine terraces in the San Diego area previously discussed by Purer (1939) should
also be inspected for liquefaction features.



Riefner & Pryor: Southern California vernal pools 305

FLORISTICS AND ECOLOGY OF CRYPTOGAMIC VEGETATION IN VERNAL
POOL TERRAIN

One of the most widely discussed topics of California natural history is the
distinct, concentric assortment of vascular plant species which describe subtle
topographic gradients in vernal pools. In southern California the floras of vernal pools
differ (Bauder 1987), but whatever species are present selectively inhabit micro-niches
or broad radial zones related to inundation regimes, and perhaps, nutrient availability.
Kopecko & Lathrop (1975) describe five habitat zones for vascular plants in vernal
pools on the Santa Rosa Plateau in western Riverside County, but cryptogamic species
also display this kind of zonation.

Cryptogams in vernal pools have scarcely been studied in California, and their
contribution to the ecology of this ecosystem has been severely neglected and warrants
immediate attention. A preliminary survey of southern California vernal pools
suggests a cryptogamic community dominated by cyanobacteria, bryophytes, and
cyanophilous lichens (lichens that have blue-green algae photobionts) occupy zones
similar to those of the specialized vascular plants. Kopecko & Lathrop’s (1975)
“muddy margin zone” and the “vernally moist zone” are occupied and often
temporarily dominated (extending from the pool basin to mesic margin) by such
organisms including species of Nostoc (cyanobacterium), Scleropodium (moss),
Microcoleus (cyanobacterium), Fossombria (liverwort), Collema (cyanolichen), Riccia
(liverwort), Funaria, Bryum, and Ceratodon (mosses). Nostoc, Leptodictyum
(moss), Microcoleus, (?) Fissidens (moss), and Scleropodium often thrive in the
“vernally standing water zone” of vernal pools, and species of Bryum, Funaria, and
Microcoleus are common invaders of the “drying marsh bed.” A narrow, ephemeral
band of bryophytes dominated by liverworts which occurs between the “muddy
margin and vernally moist zones” indicates seasonal or year to year fluctuations in
precipitation. Lichens most frequently become a prominent feature in the “dry
grassland/scrub zone” of undisturbed vernal pool landscapes and may include species
of Acarospora, Catapyrenium, Collema, Cladonia, Psora, Toninia, and Trapeliopsis.
The lichens are successionally dominant to mosses and even certain grass and forb
species in specialized habitats (Coker 1966; During & Van Tooren 1990; Watt 1937),
such as southern California coastal cliffs, dunes, volcanic tablelands, and littoral
communities, but are not dominant in inundated areas of vernal pool landscapes. Later
successional bryophyte species and cyanophytes such as Microcoleus vaginatus
(Vauch.) Gom. are also important in native grasslands and scrub in southern
Califoria. The absence of cryptogamic flora from suitable habitats in and around
vernal pools indicates disturbance and/or alteration of hydrologic cycles by human
activities including habitat fragmentation, grazing and discing, alteration of the fire
ecology, and air pollution (Bowler & Riefner 1990). It should be noted that pristine
floras such as the Morro Bay region in San Luis Obispo County support nearly 375
lichen taxa (Riefner, in prep.); the depauperate list of cryptogams presented in this
paper is typical of urban environs in coastal southern California.

Cryptogamic soil crusts (also called biological, cryptobiotic, organogenic, and
microphytic crusts) are formed by complex communities of several groups of
microphytes including mosses, lichens, liverworts, fungi (including mycorrhizal
fungi), green algae, cyanobacteria (blue-green algae), and bacteria. Soil crusts are
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common in arid and semi-arid landscapes, and when well-developed, cover the ground
with an almost continuous sheet of photosynthetic machinery equivalent to a layer of
phanerogamous leaves (Lange, et al. 1994). Although usually not thicker than a few
millimeters, soil crusts play a decisive role in the functional ecology of arid
ecosystems, including cycling of nutrients (especially nitrogen), soil aggregation and
stabilization, carbon gain in large areas (Eldridge & Greene 1994; Lange, et al. 1992;
Beymer & Klopatek 1991), and soil fertility and microbial food webs (Harper &
Marble 1988; Johansen 1993; Belnap & Gardner 1993; Belnap 1995). More
importantly, cryptogamic crusts deter surface evaporation by sealing the soil surface,
and improve overall moisture storage (Lange, ez al. 1992). During rains, these crusts
produce a high yield of runoff percolation which does not occur if crusts are broken or
absent (Yair 1990; Lange, et al. 1992). Claims of reduced erosion and improved
water relations due to cryptogamic vegetation have been widely reported in the
literature, but until recently, the evidence has been largely circumstantial. Several
authors, however, have recently described and expenmentally reproduced the
mechanisms by which cryptogams protect the soil and regulate water flow (Chartes &
Mucher 1989; Eldridge & Greene 1994; Tchoupopnou 1989; Kinnell, et al. 1990; Yair
1990). Thus, the presence or absence of cryptogamic crusts in arid regions can
influence the hydrologic cycles of total landscapes including soil erosion (Cameron &
Blank 1966; St. Clair & Johansen 1993; West 1990). Despite their importance and
widespread distribution, our present knowledge of the species composition and mode
of life of cryptogamic crusts is extremely limited in California where research has
largely focused on the study of higher plants.

In undisturbed vernal pool landscapes cryptogamic crusts are often a prominent
feature that are easily destroyed by grading, discing, grazing, alteration of the fire
ecology, and trampling. In a dry climate, human alteration of gently mounded
topography characteristic of vernal pool terrain can easily disrupt the delicate balance
of specialized hydrophytes inhabiting the narrow radial zones of shallow pools.
Additional loss of rain inception and runoff generated percolation historically produced
by cryptogamic crusts may dramatically influence the hydrologic status of disturbed
vernal pools in southern California, where the average rainfall is markedly less than in
the northern part of the state. Increased erosion and decreased aggregate soil stability
associated with degradation of cryptogamic communities of disturbed sites (Eldridge &
Greene 1994; Kinnell, ef al. 1990) could also negatively affect the biology of vernal
pool terrain. The impact of severe erosion in vernal pool terrain is likely to be greater
due to increased transport of organic nitrogen by eroded sediments where the erosional
products are nutrient-rich silt and clays rather than sand (Burwell, et al. 1975; Pallis, et
al. 1990; Kinnell, et al. 1990). Disturbance of soil surface crusts can also affect
vascular plants due to disruption of food webs and alteration of the soil microbiota
including mycorrhizal and rhizosheath associations (Allen 1991; Fitter 1977; Grime, et
al. 1987, Hardie & Leyton 1981; Hartnett, et al. 1993), decreased water availability
and nutrient uptake in vascular plants (Belnap 1995; Harper & Pendleton 1993; Rogers
& Bumns 1994), and decreased germination and seedling establishment (Lange, et al.
1994; Harper & Pendieton 1993; Rogers & Burns 1994; West 1990). The absence
and/or reduction of cryptogamic crusts throughout much of southern California’s
remaining vernal pool landscapes raises many questions critical to the long-term
management of this threatened, arid-land resource.

The microphyte-rich communities inhabiting southern California's vernal pool
landscapes support several interesting, strongly interacting associations occupying the
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muddy margin and vernally moist zones which could potentially affect the biology of
other pool species. During an ongoing investigation of vernal pools in southern
California, observations by the senior author of several undisturbed and disturbed pool
complexes indicate the dominant constituent of these crusts, the cyanobacterium (bfue-
green alga) Microcoleus vaginatus, could influence or directly regulate several
microscale gradients which affect seed plants competing for limited resources in
narrow zonal boundaries. This paper presents several mechanisms by which
cryptogamic crusts dominated by M. vaginatus regulate microscale gradients including
water relations, nutrient availability, microbial processes and soil microbiota, soil
temperature, safe-site seed selection, and seedling enhancement in vernal pools.

Microcoleus vaginatus is a filamentous, black, mat-forming species which secretes
a mucilaginous polysaccharide material from a network of filaments which bind other
microphytes and fine sediments into a well-developed crust (Belnap 1993a).
Microcoleus vaginatus commonly comprises the major component of cryptobiotic
crusts in many western states (Belnap 1993a). The success of this cyanophyte in
occupying a wide habitat range is due to its resistance to temperature extremes,
hypersalinity and alkalinity, desiccation, and to modest nutrient requirements (Carr &
Whitton 1982). Microcoleus is ubiquitous, and the crust is often inconspicuous as a
dark film in the “dry grassland zone” of Kopecko & Lathrop (1975). Microcoleus,
however, develops a conspicuous mat or crust in vernally moist to inundated clay
depressions in grasslands, alkaline sinks, and vernal pools if alternating cycles of
wetting and exposure are present which favor rapid filament and sheath production.
During the aquatic phase of vernal pools, M. vaginatus is often the locally dominant
organism forming extensive mats over a broad zone extending from the outer pool
edge to standing pool water. As ponded waters fluctuate, the Microcoleus colony
simultaneously swells into a motile mat covering exposed mud to reach favored photic
zones. During the drying phase of vernal pools as the perimeter retreats, Microcoleus
does also, often coinciding with the germination of vascular plants. The desiccating
mat forms a crust/shell over saturated pool soil, deterring evaporation and enhancing
the life of an anaerobic zone which inhibits upland vascular plants from colonizing
pool margins, and importantly, promotes growth of vernal pool obligates by providing
fuel in the form of ammonia. After completely drying, “the dry marsh bed” of shallow
pools is often richly covered by Microcoleus, and in late spring and summer the
curling crusts are a conspicuous feature of many alkaline sinks and vernal pools. This
feature could be useful for identifying seasonal wetlands and perched water conditions
in southern and central California.

Two key ecophysiological characteristics of Microcoleus vaginatus could account
for possible mechanisms that effect important microscale gradients.

(1) Microcoleus vaginatus produces a large, distinct, sticky extracellular sheath
that surrounds groups of living filaments (Belnap 1992). Sheath material rapidly
absorbs water, and when wetted, swells, then mechanically extrudes through or over
the soil; as the substrate dries the filaments secrete additional mucilaginous material.
Rewetting repeats this cycle. Microcoleus vaginatus frequently develops a mat or
drying crust several millimeters thick due to the recurrent flux of vernal pool waters.
Microcoleus is capable of growing up to five centimeters in 24 hours (Belnap, et al.
1993b) when wetted which enables it to reach favorable photic zones along fluctuating
or subsiding pool waters. These adaptative mechanisms may maintain the mat in an































































