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Abstract. Previous research has suggested that nitrogen-fixing lichens can play an important
role in the nitrogen cycle of early primary successional systems and other extreme environ-
ments. In this study, we estimate rates of nitrogen fixation by a nitrogen-fixing lichen,
Stereocaulon vulcani, at 1500 m on the northeast slope of Mauna Loa volcano. Using micro-
climate measurements and a climate-driven model of nitrogen fixation, we estimate that S.
vulcani fixes between 0.2 and 0.45 kg N ha−1 yr−1. We calculate that S. vulcani could have
derived 40% of its nitrogen content from biological fixation.

Introduction

Nitrogen-fixing cyanobacteria are among the first colonists in most primary
successional seres – whether in free-living form, in loose associations with
algae, or in lichen symbioses (Eggler 1963; Henriksson et al. 1972; Sheridan
1991; Sprent 1993). It has been suggested that nitrogen-fixing organisms
should have a competitive advantage early in succession, since most new
substrates contain almost no nitrogen (Vitousek & Walker 1987). Moreover,
colonization by nitrogen-fixers could increase nitrogen availability and facil-
itate colonization by non-nitrogen fixing plants (Vitousek & Howarth 1991).
Research addressing the role of nitrogen-fixing lichens in the nitrogen cycle
of early primary successional systems, and in extreme environments more
generally, suggests that while lichens’ rates of nitrogen fixation are low
relative to those of nodulated vascular plants, their contribution of nitrogen is
important, given the profound nitrogen limitation of their environment, and
the absence of nodulated fixers in many such systems (Snyder & Wullstein
1973; Alexander et al. 1978; Skujins & Klubek 1978; Rhoades 1981; Van
Cleve & Alexander 1981; Chapin & Bledsoe 1992; Line 1992).
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However, these estimates are often extrapolations of acetylene reduction
activity (ARA) measurements that take only a cursory account of climate-
driven variation in nitrogenase activity. Studies that have incorporated micro-
climate measurements into estimates of annual nitrogen fixation have yielded
much lower nitrogen contributions (e.g. Gunther 1989). Lichens are poiki-
lohydric organisms, whose physiological activity depends on both present
and past climate conditions (Huss-Danell 1977; Crittenden & Kershaw 1978).
Accurately assessing the role of lichens in the nitrogen cycle of their environ-
ment, therefore, demands a consideration of these climate conditions, and an
understanding of their effect on lichen nitrogenase activity.

Stereocaulon vulcani (Bory) Ach. is a tripartite, nitrogen-fixing lichen
that dominates the first stage of succession on a’a’-texture lava flows in
Hawaii (Skottsberg 1941; Uhe 1988; Smith 1991; Kurina & Vitousek 1999).
S. vulcani is the most widespread nitrogen-fixing organism in a system
where biomass accumulation in young sites is profoundly nitrogen-limited
(Vitousek et al. 1993; Raich et al. 1996). In Hawaii, S. vulcani is particu-
larly abundant in wet, low elevation sites on young lava flows, where it can
accumulate up to 600 g m−2 of biomass (Kurina & Vitousek 1999).

In this study, we estimate rates of nitrogen fixation by S. vulcani using a
climate-driven model. We measured the microclimate conditions experienced
by S. vulcani in the field, and constructed a model of S. vulcani acetylene
reduction activity based on laboratory-derived responses of S. vulcani ARA
to thallus temperature, ambient light level, and thallus water content. We used
this model, together with the microclimate measurements and measurements
of lichen biomass (Kurina & Vitousek 1999) to estimate lichen N fixation on
three different-aged flows. These estimates were then used to calculate the
proportion of nitrogen in the tissue of S. vulcani samples from a young lava
flow that could have been derived from biological fixation versus from other
sources.

Sites

The northeast slope of Mauna Loa volcano (19◦32′N, 155◦35′W) consists
of a matrix of different-aged lava flows, many crossing thousands of feet in
elevation. S. vulcani is found on young flows on the NE slope of Mauna Loa
from sea level to over 2400 m. Rates of lichen colonization and accumula-
tion are highest at low elevation, where conditions are warm and wet, but
lichens persist longest in the colder, drier, high elevation sites (Kurina &
Vitousek 1999). In this study, we estimate lichen N fixation on a 10 year-
old, 52 year-old and 142 year-old flow at mid-elevation (1500 m). Mean
annual temperature and precipitation at 1500 m are 14.1 ◦C and 2750 mm
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yr−1, respectively (Giambelluca et al. 1986; Juvik & Nullet 1994; Nullet
et al. 1995). S. vulcani abundance on the three flows at this elevation has
been carefully documented (Kurina & Vitousek 1999) and a climate station
at 1640 m recorded air temperature, PAR, and rainfall data from September
1991 through September 1996 (though not always continuously).

Results

Microclimate measurements

Lichen temperature was measured at 1640 m on the NE slope of Mauna
Loa for 12 days in the spring (March–April) and 21 days in the summer
(June–September) of 1996. We measured the temperatures of five separate
lichen thalli using copper-constantan thermocouples. The 5-minute temper-
ature averages were recorded on a Campbell 21x datalogger (Campbell
Scientific, Logan, Utah). Lichen temperature and air temperature followed
the same temporal pattern, but lichen temperature exceeded air temperature
by a few degrees during the day and was slightly lower than air temperature
at night. The months during which we sampled had weather typical of the
Island of Hawaii (NOAA records, Hilo, Hawaii).

The lichen temperature data were used with air temperature data collected
simultaneously by the climate station to calculate hourly air-to-lichen temper-
ature conversion factors (Kurina 1998). We calculated hourly air temperature
averages for each hour from 700–1800 using the climate station data (J. Juvik
& D. Nullet, personal communication). Mean hourly lichen temperature was
calculated as the sum of the hourly air temperature average and the hour-
appropriate air-to-lichen temperature conversion factor. Variance in lichen
temperature is the sum of the air temperature and conversion factor variances.
Estimated mean hourly lichen temperature at 1640 m ranged from 11.1 ◦C at
700 hours to 21.3 ◦C at 1200 hours (Figure 1a).

We estimated mean hourly photosynthetically active radiation (PAR) in
these sites using climate station data. Mean hourly PAR at 1640 m ranged
from 76 µmol photons m−2 sec−1 at 700 hours to 1253 µmol photons m−2

sec−1 at 1200 hours (Figure 1b).
We measured lichen water content for varying lengths of time (2 to 7

hours) for 7 days in March 1996, and for 7 days in the summer of 1996 (July–
September), for a total of 60 hours sampled. Any given hourly lichen water
content average is the result of 3 to 10 hours sampled. During the 14 field
sampling periods, we recorded the weight of a single lichen sample (attached
to a small piece of lava) every five minutes on a Mettler BD202 scale (Mettler-
Toledo, Inc., Columbus, Ohio), specially modified to minimize the area of the
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Figure 1. Mean hourly lichen and air temperature, ambient PAR, and lichen water content at
1640 m on the NE slope of Mauna Loa. Bars represent standard errors.
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weighing surface. By leaving the lichens on the scale continuously, we were
able to detect slight weight differences caused by cloud or mist events, in
addition to the more obvious weight changes caused by rainfall or drying. The
lichen samples were then oven-dried at 70 ◦C for 48 hours. After correcting
the weight measurements for water accumulated by the lava substrate or the
weighing pan, we calculated an average lichen water content for each hour
sampled, and then calculated an hourly mean from these averages. Mean
hourly lichen water content at 1640 m ranged from 158% (expressed as %
oven dry weight) at 700 hours to 33% at 1000 hours (Figure 1c).

Model of S. vulcani acetylene reduction activity

ARA responses to temperature and light
We measured S. vulcani ARA in a variety of temperature and light conditions
in order to model its response to different climate conditions in the field. We
collected S. vulcani from the 1942 flow at 1500 m on the northeast slope
of Mauna Loa volcano in September 1996. The samples were shipped to
Arizona State University and stored air-dried at –18 ◦C until the acetylene
reduction activity experiments were completed, within 2 months of sample
collection. Freezing has no detectable effect on S. vulcani ARA (Kurina,
unpublished data).

Two days prior to an ARA experiment, the lichens were transferred from
the freezer to a growth chamber to acclimate to standard conditions of 12
hours light (200 µmol photons m−2 sec−1) and 10, 15, 20, or 25 ◦C for the
temperature response experiments. For the light response experiments, the
temperature was set at 15 ◦C and light levels were 50, 100, 200, 400, or 800
µmol photons m−2 sec−1. Six replicates per temperature or per light level
were run. One day prior to the experiment, the lichen samples were saturated
with deionized water to stimulate metabolic activity, and then allowed to
dry. On the day of the experiment, the lichens were wet to saturation with
deionized water two hours prior to beginning measurements.

We measured S. vulcani ARA using the traditional assay (Stewart et al.
1967) as modified by Jeffries (1989) and Thomas (1994). S. vulcani samples
were placed in 30 ml airtight chromatography vials. 3 ml (∼10%) of the air
volume were removed from the cuvettes and replaced with a like volume
of acetylene. Samples were incubated in the growth chambers under condi-
tions appropriate to the experiment for 2 to 4 hours, depending on sample
activity. Concentrations of acetylene and ethylene in the vial headspace were
measured with a Perkin-Elmer Sigma 4 GC (PerkinElmer LLC, Norwalk,
Connecticut) equipped with a Flame Ionization Detector and a 3 m × 2 mm
ID stainless steel column with a Porapak R column (80–100 mesh). The
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Figure 2. S. vulcani acetylene reduction activity vs. temperature (n = 6 at each temperature).
Bars represent standard errors.

column temperature was set at 56 ◦C. Lichens were weighed before and after
each experiment and then oven-dried at 70 ◦C for 24 hours.

We used SPSS (version 9.0) to test the relationships between ARA and
temperature and ARA and light level. A single-factor ANOVA showed that
S. vulcani ARA increased significantly with temperature between 10 and
25 ◦C (Figure 2, F = 110.97, df = 3, p < 0.0001). Bonferroni post-hoc tests
showed that ARA at any given temperature was significantly different from
ARA at any other temperature (p ≤ 0.002 for all of the comparisons). We
related S. vulcani ARA (expressed as a fraction of the maximum activity) to
temperature (T) using a linear regression model (n = 23, F = 245.30, p �
0.0001).

T scalar = 0.05T − 0.417 r2 = 0.92

A single-factor ANOVA showed that ARA changed significantly with
light level (Figure 3, F = 16.62, df = 4, p < 0.0001). ARA was highest at
the two lowest levels of PAR tested, 50 and 100 µmol photons m−2 sec−1;
Bonferroni post-hoc tests showed no difference in ARA between these two
light levels but did show that ARA at either 50 or 100 µmol photons m−2

sec−1 was significantly different (p < 0.05) from ARA at any of the 3
higher light levels (200, 400, 800 µmol photons m−2 sec−1). Assays done
in Hawaii yielded comparable rates of ARA at 25 µmol photons m−2 sec−1.
ARA was significantly lower at the three higher PAR levels tested (200, 400,
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Figure 3. S. vulcani acetylene reduction activity vs. photosynthetically active radiation (n = 6
at each light level). Bars represent standard errors.

800 µmol photons m−2 sec−1); again Bonferroni post-hoc tests showed no
significant differences among these values. For simplicity’s sake in the model,
we assumed that ARA would be zero at values less than 25 µmol photons m−2

sec−1, maximal at values between 25 and 100 µmol photons m−2 sec−1, and
half maximal at values greater than 100 µmol photons m−2 sec−1.

ARA response to water content
Three separate experiments were done in Hawaii to test the response of
S. vulcani ARA to water content. Samples for the first experiment were
collected from the 1984 flow at 1200 m. Samples for the latter two exper-
iments came from the 1984 flow at 1200 m and the 1942 flow at 1500 m.
On the day of the collection, we brought the samples (which were satur-
ated from rainy field conditions in all three experiments) back to the lab
and placed approximately 2 g (wet weight) in open 250 ml glass canning
jars, allowing them to air dry. The following morning, five sets of lichen
samples (5 replicates each) were sprayed with different amounts of deion-
ized water to generate a variety of lichen water contents among samples.
The lichens were kept hydrated for one hour under low light levels (25–50
µmol photons m−2 sec−1). The rate of ARA in S. vulcani recovers fully after
one hour of rehydration (Kurina, unpublished data). The samples incubated
in the 10% C2H4 atmosphere for 2 hours; 5 ml samples were then injected
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Figure 4. S. vulcani acetylene reduction activity vs. lichen water content.

into a gas chromatograph for ethylene (C2H4) analysis using a Shimadzu
GC-8A (Scientific Instruments Inc., Columbia, Maryland) with a flame ioniz-
ation detector at 140 ◦C and a Porapak N column at 80 ◦C. Acetylene blanks
were run to determine the background level of ethylene. Neither ethylene
production in the absence of acetylene nor ethylene consumption by lichens
had been detectable in previous analyses of S. vulcani (T. Crews, personal
communication). The lichen samples were then weighed and oven-dried at
70 ◦C to determine the water content and dry weights of the lichens.

S. vulcani ARA increased linearly with water content to values of approxi-
mately 125% (Figure 4). We regressed the fraction of S. vulcani’s maximal
ARA against water content, excluding the three points above 125%. This
regression yielded the following scalar for water content (WC) (n = 12, F
= 17.12, p = 0.002):

WC scalar = 0.008WC − 0.106 r2 = 0.63

We used this equation to calculate that ARA would be maximal at water
contents of ≈ 130%. In the model, we used the linear equation to calculate
the scaling factor when lichen water content was less than 130% and assumed
maximal ARA when the water content was equal to or greater than 130%.
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Model of S. vulcani ARA
The overall model of S. vulcani ARA is:

ARA = 90ηmol C2H4 gdwt−1 hr−1 (0.05T−0.417)(PAR scalar)(WC scalar)

90 ηmol C2H4 gdwt−1 hr−1 was the 95th percentile value of S. vulcani acet-
ylene reduction activity in the distribution of the 44 means of ARA assays
done between 1993 and 1996 (Kurina, unpublished data); we treated this as
the maximum value of ARA. T equals temperature; the PAR scalar equals
either 0 (at values less than 25 µmol photons m−2 sec−1), or 1 (at values
between 25 and 100 µmol photons m−2 sec−1), or 1/2 (at values over 100
µmol photons m−2 sec−1); and the WC (water content) scalar equals 0.008
(WC) – 0.106 when WC < 130% and 1 when WC ≥ 130%.

The estimates of annual lichen nitrogen fixation using this model entail a
number of assumptions (see Appendix for a summary of these assumptions)
discussed in detail elsewhere (Kurina 1998). In particular, we assumed zero
lichen N fixation at night and a fixed daylength of 12 hours throughout the
year.

Estimates of S. vulcani nitrogen fixation

Hourly rates of S. vulcani ARA between 700 and 1800 hours were calculated
using the model above, together with the microclimate data. These hourly
rates were then converted into hourly N fixation rates using the ratio 1 mol
N2 reduced/3.1 mol C2H2 reduced determined for S. vulcani from an 15N
calibration experiment (Vitousek 1994). The hourly N fixation rates between
700 and 1800 hours were summed into a daily rate. Annual S. vulcani N
fixation rates on the lava flows were calculated by multiplying the daily N
fixation rate by 365 days/year and by the lichen biomass per unit area on the
1984, 1942, and 1852 flows (97 g/m2, 99 g/m2 and 53 g/m2, respectively). We
estimate that, at mid-elevation, S. vulcani fixes 0.45, 0.45 and 0.2 kg N ha−1

yr−1 on the 1984, 1942, and 1852 flows, respectively.
The three climate factors each constrained hourly ARA by approximately

one half, on average. Temperature, however, reduced ARA most strongly in
the morning and evening, while water content limited ARA between 900 and
1500 hours. PAR reduced ARA by one half every hour beginning at 800
hours.

Percent of nitrogen derived from lichen through fixation

We used the values for S. vulcani abundance and nitrogen content on the 1984
flow, together with the N fixation estimates calculated above, to determine
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how much lichen nitrogen could have come from biological fixation. We
assumed that lichen biomass accumulated at a constant, linear rate over
the ten years since the flow was initiated and that lichen senescence was
negligible over this time period.

We estimate that S. vulcani fixed approximately 2.4 kg N2 ha−1 between
1985 and 1994 at 1500 m. The total amount of nitrogen in S. vulcani tissue
on the 1984 flow is approximately 6 kg N2 ha−1. Biological N fixation, then,
could account for 40% of the nitrogen in S. vulcani tissue at 1500 m.

Discussion

A recent evaluation of global patterns of biological N fixation estimated that
nonsymbiotic N fixation contributes anywhere from 0.3 to 9.5 kg N ha−1

yr−1, depending on the ecosystem and on the substrate or type of fixer being
studied (Cleveland et al. 1999). Although N fixation rates were highest in the
tropics and lower in arid and high latitude ecosystems, an interesting feature
of these estimates is their similarity. In all of the ecosystems considered but
one, estimates of nonsymbiotic N fixation were at least 1 kg N ha−1 yr−1 and
most systems were thought to have inputs exceeding 2 kg N ha−1 yr−1 from
nonsymbiotic N fixation. We suggest that the consistency and magnitude of
these estimates of nonsymbiotic N fixation may result from a disregard of the
role of climate in constraining levels of nonsymbiotic N fixation.

Although tripartite lichens are symbiotic organisms, the nitrogen-fixing
component (the cyanobacterial population) is metabolically independent
of the major carbon-fixing component (the algal population); that is, the
cyanobacteria use their own photosynthesis to power nitrogen fixation (Rai
1988). The analogy, then, between nitrogen-fixing cyanobacteria in lichens
and free-living nitrogen fixing organisms, is fairly straightforward.

If we assumed that measured rates of fixation under good conditions were
sustained (as many studies do), we would calculate annual rates of lichen N
fixation between 1 and 9 kg N ha−1 yr−1 on Mauna Loa’s northeast slope.
Taking climate conditions and an understanding of how those conditions
affect S. vulcani ARA into account reduced our estimate of lichen N fixa-
tion on a young lava flow at mid-elevation considerably, to 0.45 kg N ha−1

yr−1. Nitrogen inputs from lichen N fixation are easily exceeded by annual
inputs of inorganic nitrogen in atmospheric deposition in a nearby site –
estimated at approximately 1.0 kg N ha−1 yr−1 in precipitation and substan-
tially more in cloudwater (Heath & Huebert 1999). Earlier field studies with
other Stereocaulon spp. (S. alpinum, S. paschale, S. vesuvianum) in high-
latitude ecosystems also yielded quite low estimates of annual lichen N
fixation (Crittenden 1975, Alexander 1981, Huss-Danell 1977). S. vulcani
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nitrogenase activity, like that of all cyanolichens, depends on lichen temper-
ature, light availability, and water content (Kallio et al. 1972; Kershaw 1974;
Kelly & Becker 1975; Crittenden & Kershaw 1979; Fritz-Sheridan & Coxson
1988). Conditions at mid-elevation on Mauna Loa’s NE slope often preclude
maximum lichen nitrogenase activity. At low elevation, in contrast, where the
climatic constraints would be substantially relaxed, there could be much more
fixation, as much as 9 kg N ha−1 yr−1, if water is rarely limiting.

The assumption that nonsymbiotic N-fixers are successful colonists in
primary successional seres because of their ability to fix nitrogen implies
that these organisms are largely independent of their nitrogen environment,
deriving the majority of their nitrogen from biological fixation (Denison
1973). Nitrogen fixation, however, is an energetically expensive process –
on average, for free-living diazotrophic bacteria, the figures vary between 10
and 50 mg N fixed/g carbon utilized (Marschner 1995); the nitrogen demand
of N-fixing lichens must be relatively low, given their slow growth rate (Nash
1996); and many lichens are efficient at harvesting inorganic nitrogen from
rainfall (Crittenden 1983; Knops et al. 1991).

We estimate that lichens on the 1984 flow at mid-elevation can only have
derived 40% of their nitrogen from biological fixation. This suggests that the
dominance of S. vulcani on young lava flows at mid-elevation on Mauna Loa’s
NE slope is not primarily a function of its ability to fix nitrogen, in accord
with earlier work on cyanolichens in diverse systems (Hitch and Stewart
1973; Becker et al. 1977).

Comparing the response surfaces of carbon and nitrogen assimilation in S.
vulcani suggests a possible explanation for why S. vulcani is so widespread
at mid- and high elevation on the NE slope of Mauna Loa, even given its
relatively low rates of biological N fixation. Rates of net CO2 uptake in S.
vulcani saturate at a lower temperature and water content than do rates of
nitrogen fixation (Kurina 1998). N fixation rates, in contrast, saturate at a
much lower light level (25 µmol photons m−2 sec−1) than carbon fixation
rates (200 µmol photons m−2 sec−1), and are adversely affected by high
light levels. These results support other lichenological studies which have
shown that, first, cyanobacterial photobionts require liquid water in order to
be metabolically active – in contrast to green algae, which can be active in
conditions of high relative humidity (Lange et al. 1986; Lange et al. 1993)
and, second, that cyanobacterial symbionts are often more sensitive to high
light than green algal symbionts (Demmig-Adams et al. 1990). The climate
conditions at mid-elevation on Mauna Loa which mitigate against S. vulcani
N fixation may support relatively high levels of carbon assimilation.

Lichens have long been thought of in terms of their contribution to
the surrounding system – initiating soil formation by weathering the rock
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substrate (but see Cooper & Rudolph 1953), and, for cyanolichens, bringing
nitrogen into N-scarce environments, whether early in primary succession
or in desert, tundra, or Arctic systems (Denison 1973; Snyder & Wullstein
1973; Alexander et al. 1978; Boring et al. 1988; Chapin & Bledsoe 1992;
Line 1992; Eldridge & Green 1994). However, a recent geochemical study of
the basalt surface S. vulcani inhabits found no weathering effects attributable
to S. vulcani’s presence (Cochran & Berner 1993). Further, our results suggest
that its importance as a source of nitrogen in this young system is limited both
temporally, to a relatively brief period of time during which lichen abundance
is high, and spatially, to the warmest and wettest locations on Mauna Loa’s
NE slope. S. vulcani apparently fulfills neither of its anticipated ecosystem-
level roles. Rather than conceptualizing lichens in terms of these roles, it
may be more accurate to think of them as organisms well-suited to inhabiting
conditions ill-tolerated by vascular plants.
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Appendix

Assumptions used for the N fixation estimate include the following:
1. S. vulcani doesn’t fix nitrogen in the dark.

Although some cyanolichens do fix N at low levels in the dark (MacFarlane et al. 1976,
Kershaw et al. 1977), field assays with S. vulcani showed that nitrogenase activity was
zero one to two hours before sunrise (Kurina, unpublished data); whether S. vulcani fixes
nitrogen shortly after sunset is unknown. Restricting the calculation of S. vulcani nitrogen
fixation to daylight hours may underestimate S. vulcani’s true nitrogen fixation, but not
by much.

2. The restrictive effects of water content, temperature, and light availability on
S. vulcani ARA are multiplicative.
This model makes good intuitive sense, but we don’t have a complete matrix of ARA
responses to water content, temperature, and light, to support this assumption. A simple
alternative model is that S. vulcani ARA is reduced to the level dictated by the climate
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factor most limiting at that time and is not restricted further by the other climate factors.
N fixation estimates under this model do increase somewhat, to 1.25 kg N ha−1 yr−1 on
the 1984 and 1942 flows and 0.7 kg N ha−1 yr−1 on the 1852 flow.

3. Using hourly averages of temperature, light, and water content doesn’t bias the
estimate, despite the nonlinear response of ARA to these parameters.
Estimates of N fixation based on ARA estimates calculated for every 5 minute period of
the microclimate measurements were essentially identical to our original estimates using
hourly averages (Kurina 1998).

4. Hourly temperature, light, and water content averages are a good representation
of the microclimate conditions S. vulcani typically experiences and it is therefore
reasonable to extrapolate up from a value for nitrogen fixation in a typical day to a
yearly nitrogen fixation estimate.
Extrapolating upwards from a typical day of lichen N fixation to a yearly N fixation
estimate neglects day-to-day variation in weather. However, N fixation estimates recal-
culated using hourly values of the climate factor in question that were either one standard
deviation above or below the mean had little material effect on the estimates (Kurina
1998). We also calculated rates of lichen N fixation in an extremely dry year and in an
extremely wet year to explore the effect of yearly climate variations on the N fixation
estimate. Our estimate of N fixation in a extremely dry year at mid-elevation dropped to
0.2 kg N ha−1 yr−1 on the 1984 and 1942 flows and to 0.09 kg N ha−1 yr−1 on the
1852 flow. In an extremely wet year, our estimate of S. vulcani N fixation doubled to 0.9
kg N ha−1 yr−1 on the 1984 and 1942 flows and to 0.5 kg N ha−1 yr−1 on the 1852
flow. Finally, we explored the effect on the N fixation estimate of incorporating a variable
day length across the year. We calculated mean hourly lichen temperatures for November
to April and for May to October, assuming a day length of 11 hours and 13 hours for
these two time periods, respectively, and re-calculated lichen N fixation. Although lichen
N fixation does vary across the year under these assumptions, from 0.32 kg N ha−1 yr−1

for the winter/spring months to 0.61 kg N ha−1 yr−1 for the summer/fall months, mean
annual lichen N fixation is essentially unchanged – 0.46 kg N ha−1 yr−1 on the 1984
flow, 0.48 kg N ha−1 yr−1 on the 1942 flow, and 0.26 kg N ha−1 yr−1 on the 1852 flow.

5. S. vulcani ARA doesn’t vary among flows.
ARA rates per unit thallus dry weight do not vary appreciably across lava flow ages or
elevations (Kurina, unpublished data).
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