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ABSTRACT

Methods of analysis are needed that quantita-
tively characterize the response of organisms to
anthropogenic disturbance. Herein a method is
presented that characterizes bryophyte mor-
phological variability in response to timber har-
vest treatments (clearcut and partial cut). Sam-
ples (n = 6196) of the semi-aquatic bryophyte
Brachythecium frigidum were collected from
clearcut, partial cut and full forest stream
reaches between August 2003 and October 2005
and analyzed to obtain mass to stem length ra-
tios (M:SL). Results show that relative to a full
forest (i.e. full canopy cover condition), average
M:SL ratios were reduced approximately 18% in
the partial cut and 37% in the clearcut, indicating
a decrease in biomass per unit stem length with
increasing harvest intensities. Increased light
intensities and higher air temperatures resulting
from decreased canopy cover in the harvest
treatments corresponded to lower M:SL ratios
(0.31 and 0.24 for the partial cut and clearcut,
respectively). Results quantify the morphologi-
cal response of B. frigidum to habitat perturba-
tion, thereby validating the method as a useful
assessment of anthropogenic disturbance in
post-timber harvest environments. Additional
work should be conducted to test the method in
other physiographic regions and to isolate bryo-
phyte response to alterations of distinct envi-
ronmental variables.

Keywords: Semi Aquatic Bryophytes; Timber
Harvest; Microclimate; Morphological Growth
Response

1. INTRODUCTION

Multiple authors have identified the need for studies
that investigate bryophyte response to post-timber har-
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vest environments [1-6]. Bryophytes are widely distrib-
uted among terrestrial and aquatic environments [7,8]
and serve a number of important roles in forested eco-
systems by contributing greatly to net primary productiv-
ity, nutrient retention, and by providing habitat and a
food base for invertebrates [1,3,9]. Binkley and Graham
[10] found that bryophytes made up an average of 5%
net primary productivity, 20% of the understory biomass,
and 95% of the understory photosynthetic tissue in an
old-growth Douglas-fir forest of the pacific northwest,
USA. Conceivably, semi-aquatic bryophytes may pro-
vide the most appropriate indices for anthropogenic
change in many ecosystems since they are located at the
terrestrial-aquatic interface, and are therefore influenced
by changes occurring in both terrestrial and aquatic eco-
systems. Timber harvest effects that may prove detri-
mental to bryophyte health include increased erosion and
sediment, altered stream flow regimes, microclimate
(including light availability and air and stream tempera-
ture) and nutrient regimes [11-21]. Given bryophyte sen-
sitivity to disturbance, forest management including cle-
arcutting or thinning (i.e. partial cutting) may result in
nearly immediate changes to bryophyte health.

Bryophytes are known to have a narrow range of tol-
erance for many microclimatic conditions [8]. For exam-
ple, low light intensities, low temperatures, and high
relative humidity typical of closed canopy forests are
assumed to be optimal for bryophytes [3,22]. Altered
microclimate in post-harvest forests was shown to have
detrimental effects on mosses in Acadian-mixed wood
[2], boreal [16,23-25], mixed-conifer [3,19], and hem-
lock-northern hardwood forests [26]. For example, Nel-
son and Halpern [3] reported a 90% decline in bryophyte
species richness within one year of harvest treatments.
Likewise, Shields et al. [26] found an approximately
44% reduction in bryophyte cover in forest openings
compared to undisturbed full forest plots.

A thorough review of recent primary literature con-
cerning the effect of climatic alterations and/or timber
harvest impacts on bryophytes suggested that the major-
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ity of studies have utilized community characteristics
such as percentage cover, abundance, and various pa-
rameters of species richness and composition as meas-
ures of bryophyte response [4,6,18-21,24,25,27-33]. Of
the studies that have addressed physiological and mor-
phological responses of bryophyte species to altered cli-
mate conditions, many have focused on increased tem-
peratures and radiation levels in Artic and sub-Artic
ecosystems [34-36], or the response of bryophytes to
increased levels of nutrients such as Nitrogen and Phos-
phorus [37,38]. Few studies have focused on physiologi-
cal and morphological metrics of bryophyte growth re-
sponse to timber harvest. Notable exceptions include
Sollows et al. [22], who found that a species of liverwort
(Bazzania trilobata) showed signs of severe desiccation
stress, by means of decreased photosynthetic activity and
reduced green pigmentation due to changes in microcli-
mate (i.e. increased temperature, increased light intensity,
and decreased relative humidity) that followed clearcut-
ting. When closed canopy conditions were simulated in
the laboratory, liverworts were capable of resuming pho-
tosynthesis and growth, but at rates considerably lower
than those observed prior to canopy removal. Dynesius et
al. [16] experimentally analyzed the effect of canopy
sheltering on bryophyte transplants. Treatment included
placement of transplants in positions of contrasting ex-
posure and covering 50% of sample individuals with
spruce branches. Response was evaluated by estimating
proportion of living shoots and measuring radial trans-
plant growth. Results showed a statistically significant (p
< 0.0001) negative relationship between light intensity
and bryophyte vitality. The results of these two studies
indicate that clearcutting may affect bryophyte growth
morphology, reduce recovery abilities, and significantly
alter bryophyte density following harvest. Understanding
how the effects of timber harvest influence bryophyte
physiology and morphology will help scientists and land
managers better understand how management practices
influence riparian biota and water quality in complex
forested ecosystems.

The overall objectives of this study were to 1) quantify
the physiological/morphological response of a semi-
aquatic bryophyte (Brachythecium frigidum) to anthro-
pogenic disturbance by means of a new method, specifi-
cally the comparison of mass to stem length ratios
(M:SL), and 2) characterize the potential for the method
to predict aquatic ecosystem alteration in a post-timber
harvest riparian ecosystem.

2. METHODS
2.1. Study Site

The study took place from August 2003 through Oc-
tober 2005 in the Mica Creek Experimental Watershed
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(MCEW) located in Shoshone County, northern Idaho,
approximately 25 km southeast of St. Maries, Idaho
(47.17°N latitude, and 116.25°W longitude) (Figures 1
and 2). The Mica Creek Experimental Watershed is a
paired and nested catchment study basin that is privately
owned and operated by Potlatch Corporation. Both con-
tinental and maritime weather patterns influence the wa-
tershed. The continental/maritime climate region, which
includes northern Idaho, is a unique transitional climate
influenced by both maritime and continental weather
patterns [14,39]. Continental climates are characterized
by large seasonal variations in air temperature and strong
influences by relatively dry polar air masses, while mari-
time climates are generally wetter and influenced by the
prevailing westerly winds with cool summers and mild
winters. Given the distinct climate regime of the region,
and the economic importance of the local timber industry,
studies are warranted that address impacts of anthropo-
genic environmental change subsequent to timber harvest.
The experimental watershed encompasses the Mica
Creek and the West Fork of Mica Creek (2700 hectares)
catchments, which are tributaries to the St. Joe River.
The watershed varies in elevation from 1000 to 1585
meters at the headwaters, and receives approximately
1400 mm annual precipitation. The average annual tem-
perature is approximately 4.5°C. The majority of pre-
cipitation falls from November to May, with at least 70%
of all precipitation falling as snow [14].

Vegetation of the MCEW consists of 75- to 85-year-
old naturally regenerated conifer stands, while remnant
old-growth (pre-harvest) red cedar (Thuja plicata) re-
mains along the upper tributaries of West Fork Mica
Creek. Dominant canopy vegetation within the watershed
includes red cedar (Thuja plicata), western larch (Larix
occidentalis), grand fir (Abies grandis), western white
pine (Pinus monticola), western hemlock (Tsuga hetero-
phylla) and Engelmann spruce (Picea engelmannii).
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Figure 1. The Mica Creek Experimental Watershed (MCEW)
located in the panhandle of northern Idaho, USA.
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Figure 2. Pre- and post-treatment aerial photos of the
Mica Creek Experimental Watershed, northern Idaho,
USA.

Understory vegetation is largely comprised of grasses,
forbs, and shrubs. Stream riparian zones are dominated
by alder (Alnus spp.) and dogwood (Cornus spp.) and
many stream reaches are well populated with bracken
fern (Pteridium acquilinum) undergrowth [14].

2.2. Forest Harvest

Timber harvest took place in the late summer and fall
of 2001. In the clearcut, whole canopy harvest took place
in 50% of the treatment area, and in the partial cut, 50%

of the canopy was harvested in 50% of the treatment area.

The clearcut was broadcast burned and replanted in May
2003 [15,17].

Timber harvest followed all Idaho Forest Practices Act
regulations for Stream Protection Zone (SPZ) require-
ments at that time for the protection of in-stream and
riparian biota and human beneficial uses. The state of
Idaho has set SPZ requirements according to two stream
classifications: class I and class II streams. Class I
streams are fish bearing and are used for domestic water
supply. The SPZ for class I streams must be at least 75
feet (22.9 m) wide on either side of the high water mark.
Harvesting is still permitted in this zone, but 75% of the
original shade must be retained. There are also target
leave tree requirements per 1000 linear feet, depending
on stream width. Class II streams are non-fish bearing,
first order streams. In Idaho, equipment is excluded from
a 30 foot (9.1 m) SPZ on either side of the high water
mark. There are no shade requirements or leave tree re-
quirements for SPZ’s, but skidding logs in or through
class II streams is not permitted [40].

2.3. Canopy Cover

Canopy cover was estimated using the ceptometer
method, which estimates leaf area index (LAI) as per the
methods of White et al. [41] and Keane et al. [42]. Using
an AccuPAR ceptometer (Decagon Devices, Inc., Pull-
man, WA), radiometric readings were collected to esti-
mate unimpeded incoming photosynthetically active ra-
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diation (PAR) in the open and also along two 300 m
transects in the partial cut harvest treatment and full for-
est (Figures 1 and 2). The sky was clear of clouds dur-
ing the data collection for this work. Radiometric meas-
urements were collected in the four cardinal directions
every 20 m and then averaged to account for zenith angle,
and foliar interception variability. LAl was computed
using Eq.1.

LAI :_ln(Ql/Qo) (1)
k

where Q; is the amount of radiation at the base of the
canopy, Q, is the amount of incoming radiation above the
canopy, and K is a radiation extinction constant (normally
assumed, k = 0.5) [43,44]. Limitations of the ceptometer
method can include synchronizing changing light condi-
tions between below and above canopy readings, and
adjusting for solar zenith angle [42].

2.4. Air Temperature

Climate data were collected from stations installed at
mid-slope positions within each treatment type (Table 1)
to capture most representative climate variables in each
treatment and avoid treatment induced edge effects. Air
temperature was monitored with combination tempera-
ture/humidity probes in Gill radiation shields (Vaisala,
HMP45C, Campbell Scientific, Inc., Logan, UT) in the
valley bottom riparian zone in the nested catchment
(Figure 1). Air temperature data were simultaneously
collected at each riparian sampling site at hourly inter-
vals 3 m above the water surface with a Thermochron
iButton temperature data logger [45]. The device collects
time series temperature data within a temperature range
of —20°C to +85°C at 0.5°C resolution, with a manufac-
turer stated accuracy of +£1°C. Hubbart et al. [45] showed
that with a sample size of 61 iButton temperature data
loggers, the accuracy of the sensors was well within
manufacturer stated specifications of £1.0°C with a col-
lective temperature variance of +0.21°C. The radiation
shield utilized for this work was comprised of a 6- and 8-
oz white funnel assemblage with a 1-cm space created
between the outermost and innermost perforated assem-
blage allowing passive airflow to the sensor, and thus
accurate ambient temperatures as per Hubbart [46]. Stream
temperature was not measured at sampling sites. In a
peripheral study in the MCEW, Gravelle and Link [13]
found that the best management practices (BMP’s) em-
ployed in the harvest treatments, explained above, effec-
tively mitigated the impact of canopy removal on stream
temperature.

2.5. Semi-Aquatic Bryophyte

The species of semi-aquatic moss studied in this work
was Brachythecium frigidum (C. Muell.) Besch. Brachy-
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Table 1. Local topographic characteristics for mid-slope climate
stations located within the Mica Creek Experimental Watershed,
northern Idaho, USA.

Treatment EIeE/ne%ion Slope (%) Aspect (deg) Cagsgrz)ercige d
Clearcut 1365 44 46 NE
Patial Cut 1340 20 117 ESE
Full Forest 1299 25 82 E

thecium frigidum is one of thirty species in this genus
that occur in North America. It is found in mesic ecosys-
tems from Alaska to California, Nevada, Utah, Montana,
and Wyoming. A study by Jonsson [47] in the western
Cascades of Oregon, found B. frigidum to occur along a
wide elevation gradient (420 - 1250 m) on moist rocky
substrates. It was most abundant at higher elevations, but
was also common in lower elevation floodplain areas
[48-50]. The abundance of this species of bryophyte
makes it ideal for this type of study since results are
transferable to other regions where B. frigidum is also
likely to occur.

Bracythecium frigidum samples were collected in
three, second order streams of the West Fork of Mica
Creek from August 2003 to October 2005, on a quarterly
basis (~3 month intervals). Each tributary was influenced
by a different harvest condition: clearcut, thinned (partial
cut), or fully forested control (Figures 1 and 2). Com-
plete specimens were collected within the riparian zone
at the terrestrial-aquatic interface (i.e. water surface) to
measure changes occurring where anthropogenic effects
are strongest. Sample collection was randomized, with
no preference for size and presumably age (n = 6196).
Moss samples were promptly placed in properly labeled
brown paper bags as per methods described by Jonsson
[51], and were allowed to air dry in the bags and stored
in the same manner for later analyses. Samples were re-
constituted in the lab in tap water for 24 hours in order to
rinse out soil and woody debris without damaging the
specimen as per methods described by Vargha et al. [52].
Moss samples were then blotted dry with a paper towel
to remove any dripping water from samples before being
weighed in order to standardize moisture content be-
tween samples. After weighing, each sample was dis-
sected into individual stems and spread out on plastic
transparency sheets for computer scanning. ImageJ 1.34s
software (National Institutes of Health™) was used to
trace the scanned images to measure total stem length of
each sample. Subsequent to scanning, each sample was
weighed again to account for any additional debris that
was removed during the dissection process. Post-dissec-
tion sample weights were then compared to initial sam-
ple weights via regression analysis which indicated that
before and after dissection, weights were statistically
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identical (p < 0.01). On this basis, only pre-dissection
weights were included in further analyses. Data were
used to create a mass to stem length ratio (M:SL) for
each sample, which provided a standardized measure of
biomass per unit stem growth for unequally sized sam-
ples. Further, the M:SL ratio served as a measure of
bryophyte morphological response, which mirrored the
bryophyte physiological response to changing land use
and environmental variables. One-way ANOVA was
utilized to compare means between sites (p < 0.05) [53,
54]. Statistical analyses were conducted and graphs were
generated utilizing Origin software (Origin Lab Corpora-
tion™ 2010).

3. RESULTS AND DISCUSSION
3.1. Climate during Study

Meteorological data collected at mid-slope climate
stations within each treatment from 1 Nov. 2003 to 14
Oct. 2005, showed many differences between the clearcut,
partial cut, and full forest treatments (Table 2, Figure 3).
Average mid-slope ambient air temperatures were 6.60°C,
6.09°C, and 6.12°C in clearcut, partial cut and full forest,
respectively. Average ambient air temperatures in the ri-
parian zone (Ta Riparian) were 4.94°C, 4.43°C and 4.36°C
in the clearcut, partial cut and full forest, respectively.

These results show that average air temperatures in the
riparian zones were 1.66°C, 1.66°C, and 1.76°C less than
air temperatures at mid-slope climate stations in the cle-
arcut, partial cut, and full forest, respectively. In addition,
air temperatures measured in the riparian zone displayed
a narrower range of variation than air temperatures meas-
ured at the mid-slope climate stations (Figure 4). In the
riparian zone, average air temperatures ranged from

Table 2. Air temperature (Ta) descriptive statistics from 1 Nov.
2003 to 4 Oct. 2005, at mid-slope and riparian climate stations
in clearcut, partial cut, and full forest within the Mica Creek
Experimental Watershed, northern Idaho, USA. Min = Mini-
mum, Max = Maximum, SD = Standard Deviation.

Air Temperature: Mid-Slope (°C)

Min Mean Max SD
Clearcut -7.21 6.60 21.30 +7.48
Partial Cut =727 6.09 20.13 +7.21
Control =712 6.12 20.14 +7.19

Air Temperature Riparian ("C)

Min Mean Max SD
Clearcut —4.28 4.94 16.56 +6.40
Partial Cut —4.55 443 16.08 +6.46
Control —-5.03 4.36 16.36 +6.55
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Figure 3. Average mid-slope and riparian air temperatures in
clearcut, partial cut, and full forest catchments from 1 Nov.
2003 to 4 Oct. 2005, within the Mica Creek Experimental Wa-
tershed in northern Idaho, USA.
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Figure 4. Average air temperature (Ta) box and whisker
plots from 1 Nov. 2003 to 4 Oct. 2005, at mid-slope (MS)
and riparian (Rip) climate stations in clearcut, partial cut,
and full forest within the Mica Creek Experimental Wa-
tershed, northern Idaho, USA.

—4.28°C to 16.56°C in the clearcut, —4.55°C to 16.08°C
in the partial cut, and —5.03°C to 16.36°C in the full for-
est, compared to average air temperatures at the mid-
slope climate stations, which ranged from —7.21°C to
21.30°C in the clearcut, —7.27°C to 20.13°C in the partial
cut, and —7.12°C to 20.14°C in the full forest.

Air temperature data collected from both the riparian
zones and the mid-slope climate stations (Figure 1)
showed only slight differences in average air temperature
(<1°C) between the clearcut, partial cut, and full forest
treatments (Table 2, Figure 3). However, average air
temperatures in the riparian zone were ~25%, ~27%, and
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~29% lower than average temperatures measured at the
climate stations in the clearcut, partial cut and full forest,
respectively. The clearcut treatment corresponded with
the highest observed air temperatures in both the riparian
zone and the treatment plot (Table 2). These results sug-
gest that forest harvest practice had a warming effect on
air temperature, even in the adjacent riparian areas. The
range of air temperatures observed in the riparian zone
was also narrower in comparison to air temperatures ob-
served at the climate stations. In the riparian zone, the
range of average air temperatures were ~27%, ~25%, and
~22% smaller than the range of air temperatures meas-
ured at mid-slope climate stations in the clearcut partial
cut, and full forest, respectively (Figure 4).

In addition to shading, lower temperatures in the ri-
parian zones may be partially due to cold air drainage
and nocturnal temperature inversion processes that are
known to occur in the MCEW [55]. Air temperature dif-
ferences between the climate stations and the riparian
zones also indicated that riparian zones may have a buff-
ering effect against both increases in air temperature and
fluctuations in air temperature occurring in adjacent har-
vest treatments. These results further demonstrate the
need to maintain adequate riparian buffer zones in har-
vested environments to reduce the negative effects of
altered temperature regimes on bryophytes and stream
ecosystems in general.

3.2. Bryophyte Morphometrics

Bryophyte mass to stem length (M:SL) ratios varied
broadly between the three harvest treatments (clearcut,
partial cut, full forest) following timber harvest (Tables 3
and 4, Figure 5). Dashes in Table 3 indicate no data due
to collection complications or sample unsuitability. The
mean M:SL ratio was 0.38 in the full forest, 0.31 in the
partial cut, and 0.24 in the clearcut. While not statisti-
cally significant (p > 0.05), these results show an 18.4%
reduction of M:SL in the partial cut and 36.8% reduction
of M:SL in the clearcut, relative to the full forest control.

Canopy cover was most dense in the full forest, with a
mean leaf area index (LAI) of 8.24 (Table 4, Figure 5).
The mean LAI in the partial cut was 2.79 (clearcut LAI =
0.0). Reduced canopy cover (i.e. lower LAI) in harvested
treatments resulted in higher levels of radiation reaching
bryophytes in the stream channel. The relatively dense
canopy in the full forest corresponded to the highest
M:SL ratio of all three treatments (0.38). With less can-
opy cover in the partial cut, the mean M:SL ratio de-
creased to 0.31; and under little to no canopy cover in the
clearcut (LAI = 0.0), the mean M:SL ratio further de-
creased to 0.24. These results suggest a positive relation-
ship between the LAI of the forest canopy and the M:SL
ratio of B. frigidum. Regression analysis between aver-
age M:SL and LAI (n = 6) resulted in a high coefficient
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Table 3. Mass to stem length ratios by date and treatment in the
clearcut, partial cut, and full forest of the Mica Creek Exp-
erimental Watershed, northern Idaho, USA.

M:SL by Treatment and Collection Date

Clearcut Partial Cut Control
Date M:SL n M:SL n M:SL n
08/31/03 0.28 184 - - 0.62 74
10/21/03 - - 0.21 255 1.14 43

11/14/03 0.20 161 0.23 83 0.02 85

03/13/04 0.28 475 0.20 292 0.54 50

06/01/04 0.40 230 0.35 203 0.22 193

08/28/04 - - 0.62 152 0.19 336

11/12/04 0.25 185 0.18 340 0.35 192

01/21/05 0.23 365 0.22 256 0.29 342

04/21/05 0.18 223 0.45 175 0.19 339

07/18/05 0.13 123 0.24 304 0.25 233

10/03/05 0.24 190 0.45 113 - -

Dashed line indicates no samples; M:SL = Mass to Stem Length Ratio; n =
sample size.

Table 4. Descriptive statistics for mass to stem length (M:SL)
ratios, and leaf area index (LAI), in each treatment (clearcut,
partial cut, and full forest) within the Mica Creek Experimental
Watershed, northern Idaho, USA.

Mass to Stem Length Ratio

Treatment Min Mean Max SD
Clearcut 0.13 0.24 0.40 +0.07

Partial Cut 0.18 0.31 0.62 +0.15

Full Forest 0.02 0.38 1.14 +0.32

Leaf Area Index

Treatment Min Mean Max SD
Clearcut 0.00 0.00 0.00 0.00

Partial Cut 0.01 2.79 6.57 +2.29

Full Forest 4.24 8.24 11.54 +2.41

SD = Standard Deviation.

of determination (R?) of 0.97. Given lack of study site
replication more rigorous statistical analyses were not
practical. Regardless, these relationships are compelling.
Future replicated studies should be conducted to supply
statistical rigor and validation to the method established
in the current work.
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Figure 5. Mean mass to stem length (M:SL) ratios
and leaf area index (LAI) in each treatment (clearcut,
partial cut, and full forest) within the Mica Creek
Experimental Watershed, northern Idaho, USA.

3.3. Timber Harvest, Microclimate and
Bryophyte Morphology

Results indicated that altered environmental variables
including leaf area index and air temperature subsequent
to altered canopy conditions (i.e. clearcut and partial cut)
corresponded to a decrease in biomass per unit stem
length in B. frigidum. Additional replicated work should
be conducted in other physiographic regions to test the
method used in the current work and assess ecosystem
response to perturbation. Mass to stem length ratios de-
creased from full forest, to partial cut, to clearcut (in that
order), from 0.38, to 0.31, to 0.24, respectively (Table 4,
Figure 5). This result is supported by the negative rela-
tionship between timber harvest and bryophyte physio-
logical/morphological growth response reported by Dyne-
sius et al. [16]. Stem elongation in bryophytes may be a
response to elevated light, temperature, and nutrient lev-
els observed in the partial cut and clearcut treatments but
it is not necessarily an indication of healthier, more pro-
ductive plants [56,57]. Longer stems often lacked sec-
ondary stem and leaf growth, giving them an etiolated
appearance with less biomass per unit stem length (Fig-
ure 6). This observation is consistent with previous work
by Furness and Grime [56,57] who showed that bryo-
phytes growing at above optimum temperatures exhib-
ited elongated stem growth and a reduction in overlap-
ping leaves. They suggested that bryophytes may be ca-
pable of exploiting short-term seasonal increases in tem-
perature and light conditions. However, prolonged expo-
sure to those conditions leads to changes in growth form
that may be detrimental to bryophyte health, including
reduced leaf density and stem etiolation. Further investi-
gations on the physiology of B. frigidum are warranted to
better explain relationships between moss growth form
and environmental conditions.
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Figure 6. Representative moss (Brachythecium frigidum) sam-
ples from the clearcut, partial cut, and full forest treatments
within the Mica Creek Experimental Watershed, northern Idaho,
USA.

Meteorological data collected at the climate stations
located mid-slope in both treatment catchments clearly
illustrated microclimatic alterations subsequent to har-
vest (Table 2, Figure 3). There were slight differences
(<1°C) in average air temperature between the clearcut,
partial cut, and full forest throughout the study period,
with the clearcut exhibiting the widest range of air tem-
peratures (—7.21°C to 21.30°C) of all three treatments.
Climate differences between treatments demonstrate how
timber harvest leads to multiple environmental changes,
many of which may alter bryophyte health, and thus
stream ecosystem health.

Although riparian zones were protected by a 75 foot
(22.9 m) buffer, harvesting was still permitted providing
75% of the original shade was retained. Regardless, in
the steep sloped v-notch valleys of the MCEW, increased
light in the adjacent harvest areas was also transmitted
horizontally through the thinned riparian canopy to the
stream channel, adding to the amount of light reaching
stream bryophytes. Future research is warranted to better
understand light attenuation through riparian stands and
the impact of thinning on the stream light regime and
primary production. Conceivably, any alteration to light
may alter primary productivity and consequently the
aquatic food web. The stream channel canopy gap should
therefore be considered since, in harvested treatments,
more radiation reaches the stream via horizontal trans-
mittance following riparian thinning practices [58,59].
However, since bryophyte morphology is determined by
multiple micrometeorological and nutrient criteria, fur-
ther studies are needed to isolate the physiological re-
sponse of this species to altered light regimes.

Bryophytes may exhibit a variable response to chang-
ing light intensities between partial cut and clearcut har-
vest treatments due to influences from other interacting
variables (e.g. nutrient alterations, suspended sediment).
Other published studies conducted in the MCEW con-
firm the effects of timber harvest on various environ-
mental variables. For example, Hubbart et al. [14] re-
ported significant (p < 0.01) increases in annual water
yield from harvested plots. Koeniger et al. [60] discov-
ered alterations in the isotopic composition of snow cor-
responding to harvest practices. Gravelle et al. [17]
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found significant (p < 0.001) increases of nitrate + nitrite
(NO; + NO,) concentrations in water draining from the
MCEW. Ultimately, the combined effects of altered en-
vironmental variables may not be merely cumulative, but
rather have a non-linear effect on bryophyte morphology.
Elevated light levels and stream nutrient concentrations
in the partial cut (relative to the full forest) may have a
smaller combined effect on bryophyte morphology than
in the clearcut, where these variables may exhibit a
greater deviation from the full forest. For example, the
broadcast burning that took place in the clearcut follow-
ing harvest may have contributed to the higher stream
nitrate concentrations, and therefore, lower M:SL ratios
in that treatment. Elucidating these interactions was be-
yond the scope of the current work but supplies impetus
for future research.

Semi-aquatic bryophytes such as B. frigidum are un-
derstood to draw the majority of their nutrients from
stream water [1], so it is possible that differences in nu-
trient availability subsequent to harvest treatments may
affect bryophyte productivity. Future controlled experi-
ments should seek to measure the response of semi-
aquatic bryophytes to increased stream nitrate levels.
One method of evaluating this response would be to cul-
ture bryophytes in a laboratory and measure the response.
This work could easily be done in conjunction with
varying light levels in order to measure both the individ-
ual and cumulative effects of these variables on bryo-
phyte productivity.

Similar to Dynesius et al. [16], this study sought to
determine the physiological/morphological growth re-
sponse of bryophytes to climate alterations subsequent to
timber harvest. However, in contrast to Dynesius et al.
[16], this research was conducted on individuals sampled
from their natural habitat, as opposed to experimental
transplants. This study developed a practical method of
assessing the relative response of bryophyte individuals,
a method which can be utilized by land managers to
evaluate the effect of harvest practices on aquatic/terres-
trial ecosystem viability. While results of this work were
not statistically significant, even minor responses subse-
quent to timber harvest, although statistically undetect-
able, should not be interpreted as ecologically benign.
Results indicate that bryophytes respond proportionally
to disturbance levels (in this case, harvest intensity). For
example, this work showed that shoot lengthening was
greater in the clearcut than in the partial cut, relative to
the full forest. This suggests that perhaps riparian forests
should be selectively harvested in order to maintain a
stand density that will continue to protect riparian stream
ecosystems and biological and water quality integrity in
post-harvest environments. Future work is thus war-
ranted to quantify these relationships and validate con-
temporary riparian forest buffer best management prac-
tices.
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4. CONCLUSIONS

This work adds to the limited body of knowledge per-
taining to the eco-physiological response of riparian
bryophytes to anthropogenic disturbance, and presents an
assessment method to measure that response. Average
mass to stem length ratios (M:SL) were 18.4% less in a
partial cut and 36.8% less in a clearcut relative to a fully
forested control, indicating stem elongation and reduced
leaf density per unit stem length in the harvested treat-
ments. Canopy density in the full forest (mean LAI =
8.24) corresponded to the highest M:SL ratios (0.38) of
all three treatments. Reduced canopy cover in the partial
cut and clearcut (mean LAI = 2.79 and 0.0, respectively)
corresponded to lower M:SL ratios (0.31 and 0.24, re-
spectively). Regression analysis between mean average
M:SL and LAI demonstrated a high coefficient of deter-
mination (R?) of 0.97. Lower average air temperature in
the full forest corresponded to the highest biomass per
unit stem length (M:SL = 0.38), whereas higher air tem-
peratures in the clearcut and partial cut corresponded to
lower biomass per unit stem length (M:SL = 0.24 and
0.31, respectively). These results suggest a negative rela-
tionship between altered climate conditions subsequent
to timber harvest and bryophyte growth response. Aver-
age air temperatures in the riparian zones were cooler
than air temperatures measured at the mid-slope climate
stations, which may be explained by persistent cold air
drainage that is known to occur within the watershed.
Lower air temperatures in the riparian zones also indicate
that riparian zones may have a cooling effect on air tem-
peratures relative to the adjacent harvest treatments.

Bryophytes are particularly sensitive to land use im-
pacts, as they exhibit a narrow range of tolerance to en-
vironmental disturbance. As primary producers, they are
quick to respond to alterations to the riparian environ-
ment. The practical assessment method presented here
can be utilized by land managers to evaluate the effect of

land use practices on aquatic/terrestrial ecosystem fitness.

This holds important implications for minimizing distur-
bance to higher trophic level organisms such as macro-
invertebrates. Results of this work should serve as a
springboard to further investigations (both laboratory and
field) that isolate the direct bryophyte morphological
response to individual environmental variables, including
light and nutrient availability, and stream and air tem-
perature. Further research is warranted to measure bryo-
phyte response to timber harvest and other land uses (e.g.
urbanization) over greater spatial and temporal scales,
and to investigate the rate of bryophyte recovery from
disturbance.
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