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EXECUTIVE SUMMARY 

Porsild’s bryum (Haplodontium macrocarpum (Hooker) Spence) is a small moss that forms 
compact, bright green cushions on shaded rock with the presence of constant seepage. The species 
is naturally rare and widely scattered throughout the northern hemisphere. In Canada, there are a 
total of 17 known populations with six of these occurring in Alberta (COSEWIC 2013). The 
species currently faces several threats across its Canadian range and the majority of populations 
and subpopulations in Alberta have experienced declines in colony numbers since the last status 
assessment (COSEWIC 2003). The Alberta Porsild’s Bryum Recovery Plan identifies actions 
required to maintain or restore the current provincial status of the species (Alberta Porsild’s 
Bryum Recovery Team 2011) and contributes to the broader national recovery strategy goals for 
the species (Environment Canada 2012). This report was commissioned to analyze habitat, 
substrate, and hydrological data collected from several Porsild’s bryum populations and 
subpopulations in Alberta, and to interpret the findings as they relate to the goals and objectives of 
the provincial recovery plan for the species. Collected data include the following: i) temperature 
and relative humidity readings from microclimatic sensors placed at the Mountain Park population 
over the 2011 and 2012 growing seasons; ii) water chemistry data obtained from four populations 
and subpopulations at Whitehorse Creek Falls, Mountain Park, and Ribbon Creek; and iii) rock 
chemistry data obtained from eight populations and subpopulations at Whitehorse Creek Falls, 
Whitehorse Creek area, Mountain Park, and Ribbon Creek. 

Results demonstrate that Porsild’s bryum was frequently associated with water and rock that had 
concentrations of several metals; however, there was considerable variation among sites in terms 
of relative chemical concentrations. Sites that were closer together in proximity were not 
necessarily more similar in water or rock chemistry than sites with greater geographic separation. 
For water samples, dissolved elements with the highest mean concentrations (in decreasing order 
of concentration) included Ca, Cl, Sr, Ba, B, Li, Fe, Zi, and Al (remaining elements had <1 µg/L) 
(see Table 2 for chemical abbreviations). Water chemistry variables that were significantly 
associated with variation among the sampled sites were (in decreasing order of strength as 
determined by Principal Component Analysis) bicarbonate, total alkalinity, total hardness, cations, 
Ar, anions, Cu, and Ti. For rock samples, elements with the highest mean concentrations (in order 
of decreasing concentration) included Si, Ca, Mg, Al, Fe, P, K, and S (remaining elements had 
<1000 µg/g) (see Table 5 for chemical abbreviations). Rock chemistry variables that were 
significantly associated with variation in water chemistry among the sampled sites were (in 
decreasing order of strength as determined by Principal Component Analysis) Ca, Al, Ti, Cl, Fe, 
Cr, Ba, S, and Ni. 

Porsild’s bryum along with other species of the genus Mielichhoferia are referred to as “copper 
mosses”, as they show an affinity for substrates with high amounts of copper and/or other metals. 
However, copper concentrations in this study were relatively low for both rock (mean = 4.8 ppm; 
maximum = 10.9 ppm at WH4) and water (mean = 0.0006 ppm; maximum = 0.0006 ppm at K1) 
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as compared to previously published studies (range = 30–770 ppm for rock samples; citations in 
text). This suggests that factors other than copper concentrations may influence the distribution 
and persistence of the species. 

Microclimatic sensors placed along the cliff face at Mountain Park revealed that several key 
temperature and humidity variables exhibited substantial variation over relatively short spatial 
distances over the 2011–2012 growing seasons. In 2011, one sensor was placed a few meters 
beyond the colonies of Porsild’s bryum, and at many times this sensor experienced much higher 
values for daily maximum temperature, daily temperature range, daily RH range, and daily 
VPD, and experienced some of the lowest values for daily minimum RH. These trends suggest 
that habitats uncolonized by Porsild’s bryum may experience a greater frequency of warmer 
and drier conditions, limiting the chances of successful establishment, growth, and reproduction 
for the species. Implications of these findings are that i) relatively minor topographic variation 
can influence growing conditions experienced by the species, ii) microclimatic conditions in 
immediately adjacent areas where the species does not occur are significantly different in terms 
of temperature and humidity regime, evidence that microclimate can be a limiting factor for the 
species, and iii) within a single site, microhabitats may differ in their capacities to mitigate the 
effects of seasonal weather events such as warmer temperatures or low humidity. 

This study provided several new insights about habitat, substrate, and hydrological conditions 
for Porsild’s bryum in Alberta; however, the data were limited in many respects and further 
research is required to more effectively characterize the habitat requirements of the species. 
Notably, all relevant habitat, substrate, and hydrological variables need to be collected not only 
in areas immediately adjacent to Porsild’s bryum colonies but also in unoccupied areas of 
potentially suitable habitat. This is essential for defining what it is about the species’ habitat that 
makes it unique from other habitats and suitable for colonization. Furthermore, water samples 
should be collected at the same sites (and in the same microhabitats) as rock samples to allow 
for direct comparisons of substrate and water chemistry in areas of colonized and uncolonized 
habitat. Water samples should be obtained at the same time of year among sampled populations 
or subpopulations, and whenever possible multiple samples should be taken over the growing 
season to account for seasonal variation in chemical concentrations. In addition, microclimatic 
variables should be assessed for multiple Porsild’s bryum populations or subpopulations in the 
province, for habitats where the species is growing as well as adjacent areas of potentially 
suitable habitat where the species is absent, to characterize variation in temperature and 
humidity over different growing seasons. A more detailed characterization of microclimate 
could provide insights about the desiccation tolerance of Porsild’s bryum, or about the possible 
role of topographic variation at Porsild’s bryum sites in ameliorating the effects of drought. 
Careful consideration of data collection will ensure that important hypotheses can be addressed 
about the species’ biology and its habitat requirements. 
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1.0 INTRODUCTION 

Porsild’s bryum (Haplodontium macrocarpum (Hooker) Spence)1 forms compact, bright green 
cushions and generally grows on shaded calcareous rock with the presence of constant seepage. 
The species is naturally rare with a holarctic disjunct global distribution, occurring in widely 
scattered sites throughout the northern hemisphere (COSEWIC 2003). The species has isolated 
populations in Greenland, Kazakhstan, and the Ural and Sayan Mountains in Asia. In North 
America, the species is presently known in Canada from Alberta, British Columbia, 
Newfoundland, and Nunavut, and in the United States from Alaska, Colorado, Montana, and 
Utah (Environment Canada 2012). The Canadian population represents a large proportion of the 
total global population, with the Alberta population containing more than 800 of the 
approximately 1077 colonies in Canada by recent estimates (COSEWIC 2013). 

The species is presently known in Canada from a total of 17 populations (Fig. 1; Environment 
Canada 2012); there are 12 distinct subpopulations among the 17 populations. In this document, 
the term "population" includes the total number of mature individuals (i.e., colonies) of Porsild's 
bryum in a particular area (COSEWIC 2011). Within a province or territory populations are 
recognized as being distinct from each when they are separated by more than 1 km, the minimum 
separation distance that is generally accepted for differentiating populations of many plant 
species (NatureServe 2004). This default distance takes into consideration declines in gene flow 
and dispersal with geographic distance. Porsild’s bryum can occur along riparian systems 
warranting consideration of criteria for defining populations in these habitats. For riparian 
systems, populations separated by up to 10 km along the same system may be considered 
different populations when there is an intervening gap of persistently unsuitable habitat of 3 km 
or more, measured along the path of water flow (NatureServe 2004). The term "subpopulation" 
in this document refers to geographically or otherwise distinct groups in the population between 
which there is presumed to be little demographic or genetic exchange, one successful migrant 
individual or gamete per year or less (COSEWIC 2011). 

Six populations occur in Alberta: there is one at Evan-Thomas Provincial Recreation Area in 
Kananaskis Country consisting of two subpopulations; one at Mountain Park; one at Whitehorse 
Creek area consisting of eight subpopulations; one at Whitehorse Creek Falls consisting of two 
subpopulations; and there are two at Willmore Wilderness Park (Figs. 2–6, Table 1). There is 
also one historic population in Jasper National Park that was discovered by Thomas Drummond 

                                                      
1 The taxonomic designation of Porsild's bryum has changed since the last COSEWIC status assessment (COSEWIC 
2003). The species has since been recognized as Bryum porsildii (I. Hagen) Cox & Hedderson (Cox et al. 2000; Cox 
and Hedderson 2003) and has more recently been re-classified as Haplodontium macrocarpum (Hooker) Spence 
(Spence 2005). A more complete list of synonyms for the species can be found in Cox and Hedderson (2003) and 
Spence (2005, 2011). The species was listed under the Species at Risk Act (SARA) as Mielichhoferia macrocarpa 
(Hook.) Bruch & Schimp. (SARA, Schedule 1 2011; Government of Canada 2011) but the most recently accepted 
taxonomic name for the species (Haplodontium macrocarpum) will be used for this report. 
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in 1828 (the type locality). However, this population has not been relocated since its original 
discovery despite the targeted searches conducted by R. J. Belland and P. Achuff in 2007 and 
2008 (Environment Canada 2012). 

Porsild’s bryum was designated as Threatened in Canada in 2003, on the basis of small 
population size, severe fragmentation among five widely separated general areas where the 
species was found in Canada, and a decline in habitat quality (COSEWIC 2003; Environment 
Canada 2012). The species was subsequently added to Schedule 1 of the Species at Risk Act in 
2011 (SARA, Schedule 1 2011; Government of Canada 2011)2. The species has also been listed 
provincially. In January 2005, the species was listed as Threatened under the Newfoundland and 
Labrador Endangered Species Act, and in November 2007, the Minister of Sustainable Resource 
Development in Alberta approved the listing of Porsild’s bryum as Endangered under the 
province's Wildlife Act. Two provincial recovery plans have been prepared for the species: one 
for the island of Newfoundland (Belland and Limestone Barrens Species at Risk Recovery Team 
2006) and the other for Alberta (Alberta Porsild’s Bryum Recovery Team 2011). Recovery work 
has not yet been started in Newfoundland but recovery activities have started in Alberta (Alberta 
Porsild’s Bryum Recovery Team 2011; Environment Canada 2012). 

The Alberta Porsild’s bryum Recovery Plan includes background information on the species’ 
biology, population trends, and threats; a recovery section that outlines goals, objectives, and 
strategies to address the threats to the species; and an action plan that identifies actions required 
to maintain or restore the current provincial status of the species (Alberta Porsild’s Bryum 
Recovery Team 2011). This plan contributes to the broader national recovery strategy goals for 
the species, which outlines strategies to maintain or increase the known populations in Canada 
(Environment Canada 2012). 

The recovery goal for Porsild’s bryum in Alberta is to ensure the long-term persistence of natural 
populations within its provincial range (Alberta Porsild’s Bryum Recovery Team 2011). One of 
the specific actions to achieve this goal is research to “[i]mprove understanding of habitat 
requirements and relationship to substrate and water quality”. This information is relevant to the 
conservation of Porsild’s bryum, as it can improve our understanding of the specialized 
requirements of the species and may help predict the response of Porsild’s bryum to recognized 
threats (Environment Canada 2012). The recovery plan outlines four areas of research that are 
required to meet knowledge gaps and information needs (Alberta Porsild’s Bryum Recovery 
Team 2011, P7): habitat requirements, substrate preferences, water chemistry, and turbidity; and 
the effects of dust and exhaust. 

  

                                                      
2 For further details on the status of the species refer to the SARA Registry: <http://www.sararegistry.gc.ca/sarredirect/>. 
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This project was initiated to analyze habitat, substrate, and hydrological data collected from 
several Porsild’s bryum populations and subpopulations in Alberta, and to summarize the results 
as they relate to the goals and objectives of the provincial recovery plan for the species. 
Collected data include the following:  

i) Temperature and relative humidity readings from HOBO sensor units (HOBO® Data 
Loggers, Onset® Computer Corporation) placed at the Mountain Park population over the 
2011 and 2012 growing seasons;  

ii) Water chemistry data obtained from four populations and subpopulations at Whitehorse 
Creek Falls, and Mountain Park, and Ribbon Creek; and 

iii) Rock chemistry data obtained from eight populations and subpopulations at Whitehorse 
Creek Falls, Whitehorse Creek area, Mountain Park, and Ribbon Creek. Detailed 
information about collected data and the statistical methods used to analyze them are 
provided in the Methods section. 

Given the large knowledge gap about habitat, substrate, and hydrological requirements for this 
species, the intention for this work was to conduct initial exploratory analyses on preliminary 
habitat data collected at some trial populations and subpopulations in Alberta. Specific objectives 
of this report were as follows: 

i) Obtain, collate, and statistically analyze the aforementioned collected data; 
ii) Summarize and interpret the analytical results as they relate to the objectives and goals of 

the provincial recovery plan for the species; and 
iii) Recommend ways to improve the future collection of habitat, substrate, and hydrological 

data to maximize information content and reduce knowledge gaps for the species. 

2.0 METHODS 

2.1 Data organization 

Water chemistry data – Water chemistry data were collected for the following four Porsild’s 
bryum populations and subpopulations (listed from north to south in Alberta; Figs. 2–6, Table 1): 

• Whitehorse Creek Falls, upper subpopulation (WH3) 
• Mountain Park population (M1) 
• Ribbon Creek, lower subpopulation (K1) 
• Ribbon Creek, upper subpopulation (K2) 

Water samples were collected in the field by Alberta Environment and Sustainable Resource 
Development at various dates between August and September, 20113. Water was absent at the 
time of collection from two subpopulations at the Whitehorse Creek area population: the 

                                                      
3 Information about data collection methods and chemical analyses may be obtained from Alberta Environment and 
Sustainable Resource Development. 
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Whitehorse Creek, boulder subpopulation (WH1) and the Whitehorse Creek, across from boulder 
subpopulation (WH2). Surface water is typically absent from these two sites making the 
collection of water samples problematic. Water chemistry data for these sites is unavailable. 
Remaining water samples were subsequently analyzed for a range of chemical parameters by 
Alberta Innovates – Technology Futures (Environmental Analytical Services Group, Vegreville, 
Alberta). Water samples were analyzed for both “dissolved” and “total recoverable” elements. In 
order to calculate the mean and standard deviation of pH, values were transformed to 
concentration of hydrogen ions, where 

 

For presentation purposes, the values of hydrogen ion concentrations were converted back to pH, 
as follows: 

 

Rock chemistry data – Rock chemistry data were available for the following eight Porsild’s 
bryum populations and subpopulations (listed from north to south in Alberta; Figs. 2–6, Table 1): 

• Whitehorse Creek Falls, lower subpopulation (WH4) 
• Whitehorse Creek Falls, upper subpopulation (WH3) 
• Whitehorse Creek, Whitehorse Creek 4 subpopulation (WH5) 
• Whitehorse Creek, boulder subpopulation (WH1) 
• Whitehorse Creek, across from boulder subpopulation (WH2) 
• Mountain Park population (M1) 
• Ribbon Creek, lower subpopulation (K1) 
• Ribbon Creek, upper subpopulation (K2) 

Rock samples were collected by Alberta Environment and Sustainable Resource Development 
during the 2011 growing season3. The samples were subsequently analyzed for a range of 
chemical parameters by Alberta Innovates – Technology Futures (Environmental Analytical 
Services Group, Vegreville, Alberta). Chemical elements were analyzed by “solid total 
digestion” following the methods of Wu et al. 1996 (X. Feng, Senior Research Scientist, Alberta 
Innovates – Technology Futures, personal communication, 7 January 2013). 

Temperature and humidity data – Microclimate data were obtained for only one Porsild’s bryum 
site, the Mountain Park population (M1) (Fig. 5, Table 1). Microclimate sensors consisted of six 
HOBO data units that were placed along the length of the cliff habitat. Sensor data were 
collected from August 17 to October 28, 2011, and from June 19 to October 28, 2012. The six 
sensors were kept in the same place for both years, allowing for direct comparisons of 
microclimatic variables among sensor units and years. Each microclimatic sensor had a unique 
identifying number for both 2011 and 2012 (Fig. 7).  
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Microclimate data for each sensor consisted of temperature (°C) and relative humidity (RH; %) 
readings measured as hourly values (i.e., recorded each day on the hour). These data were then 
used to calculate following variables as they can be important descriptors of bryophyte species 
productivity and mortality (e.g., Rincon and Grime 1989): 

• Daily minimum temperature (°C) 
• Daily maximum temperature (°C) 
• Daily mean temperature (°C) 
• Daily temperature range (°C) 
• Daily minimum relative humidity (%) 
• Daily maximum relative humidity (%) 
• Daily mean relative humidity (%) 
• Daily relative humidity range (%) 

For each variable daily instead of hourly values were used for both expediency of data 
analysis and ease of interpretation. Daily values were calculated from hourly readings over 
each 24 hr period. 

Relative humidity is the ratio between the amount of water the air actually holds and the amount 
it could hold at the same temperature (Allen et al. 1998; Chapter 3, Meteorological data). 
However, because values of RH correspond closely with temperature, vapour pressure deficit 
(VPD) is considered to be a more accurate measure of the evaporative capacity of the air (and 
stress on plants). VPD is the difference between the measured amount of moisture in the air and 
maximum amount of moisture the air can hold when saturated. Daily measures of VPD were 
calculated using the following equation (Allen et al. 1998; Chapter 3, Meteorological data): 

 

where es is the saturation vapour pressure in kilopascals (kPa) at air temperature T in degrees 
Celsius (ºC); and ea is the actual vapour pressure, which is equivalent to 

 

with RH expressed in percent (%). 

As saturation vapour pressure is related to air temperature, it can be calculated from air 
temperature. The relationship is expressed by the following equation (Allen et al. 1998; Chapter 
3, Meteorological data): 
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Where e°(T) is the saturation vapour pressure at the air temperature T (kPa), T is the air 
temperature (°C), and exp(..) is 2.7183 (the base of natural logarithm) raised to the power (..); 
other values are constants. 

The above equation for saturation vapour pressure is non-linear so the mean saturation vapour 
pressure per day should be computed as the mean of the saturation vapour pressure at the mean 
daily maximum and minimum air temperatures for that period: 

 

Daily measures of VPD can be calculated using different measures of RH (e.g., daily mean, 
maximum, minimum). For this study daily VPD was calculated in two ways — using i) daily 
mean values of RH to reflect the general trends at a sensor, and ii) daily minimum values of RH 
to provide a potentially more extreme estimate of VPD at a sensor. 

The range of dates for available data were different for 2011 and 2012. For general tabular 
summaries of microclimatic data the full range of available dates was used for each year. For 
statistical comparisons of microclimatic data between years only the common dates between 
years were used (i.e., August 17 to October 28). 

2.2 Statistical analyses 

Water and rock chemistry data 

Water and rock chemistry data were examined separately because samples were obtained from 
different sites (Table 1). Each dataset was examined in two different ways. First, data were 
summarized in tabular format i) for each sample site individually to facilitate comparisons of 
different chemistry variables among sites, and ii) as a “global” summary of all sites combined to 
provide a synthesis of overall conditions for the species. 

Second, data were summarized using multivariate ordination to identify the water and rock 
chemical variables that were significantly associated with variation among the sample sites. 
Because the water and rock chemistry datasets had continuous data the most appropriate 
multivariate method was Principal Component Analysis (PCA) (Legendre and Legendre 2012). 
This is an unconstrained linear ordination method that summarizes complex datasets into a 
reduced number of dimensions. For the water chemistry dataset, “dissolved” chemical elements 
rather than “total recoverable” elements were used in the PCA. Dissolved elements represent that 
fraction in the water column that are available to plants, whereas “total recoverable” elements 
can be thought of as elements that occur in both dissolved and solid (particulate) forms. The 
following steps were taken when conducting PCA on both water and rock chemistry data: 
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1) Any chemical variables that had zero variance (i.e., all values were the same among 
sample sites), or where the majority of sample sites had values below the minimum 
detection limits (MDL) for a variable, were removed from the dataset. PCA is unable 
to incorporate variables with zero variance (Legendre and Legendre 2012). 

2) All variables were checked for normality using Shapiro-Wilk tests in PASW 19 
(SPSS, Chicago, IL) to meet the assumptions of PCA (steps 3 and 4, below) and 
Pearson product-moment correlation (step 4, below). If variables were non-normal 
they were transformed to maximize normality. Some variables were normalized by 
square-root or natural logarithm (ln(x+1)) transformations; other variables were Box-
Cox transformed using the following formula:  

 

Where X is the response variable and λ is the transformation parameter. For λ = 0, the 
natural logarithm (ln) of the data is taken instead of using the above formula. 

3) An initial PCA was run on the full dataset of all possible chemical variables. For water 
chemistry n = 42 variables were entered into PCA and these included both “dissolved” 
elements and all other available chemical parameters; “total recoverable” elements 
were not used in the analysis for reasons described above. For rock chemistry all n = 
36 variables were entered into PCA. 

4) The PCA solution for the full dataset of all possible chemical variables was examined 
and only those variables with significant Pearson product-moment correlations along 
the first two displayed axes were retained. A second (final) PCA was then run using 
only these significant variables to improve interpretability of the final solution. For 
water chemistry the final PCA included n = 8 variables, and for rock chemistry the 
final PCA included n = 9 variables. 

PCA of water and rock chemistry data were performed in Canoco version 5.02 (Ter Braak and 
Šmilauer 2012). 

Temperature and humidity data – Temperature and humidity microclimatic variables were 
calculated for both 2011 and 2012, and were then analyzed in two ways. First, a “global” 
monthly summary of each microclimatic variable was provided for each year. For each year, 
each microclimatic variable was summarized in terms of its monthly mean, minimum, and 
maximum values, and standard error. Although informative, these global summaries obscured 
many fine trends in the data, warranting a more careful examination of available data. 
Therefore, to assess fine-scale variation in microclimate at Mountain Park, a second analysis 
examined differences among individual HOBO sensors for each microclimatic variable, both 
within and among years. 
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The second analysis graphically presented the trends for each microclimatic variable over time. 
For each microclimatic variable the response of individual HOBO sensors was displayed to 
better understand the variation in microclimatic conditions at the site. Differences among 
individual sensors in terms of microclimatic variables were assessed statistically to determine the 
influence of sensor position on microclimate. 

Because each microclimatic variable had values that were correlated over time, standard 
parametric (e.g., analysis of variance, ANOVA) and non-parametric (e.g., Kruskal Wallis, 
Wilcoxon signed rank, Mann-Whitney U) statistical tests were generally not appropriate for 
testing differences between data series. Standard parametric and non-parametric tests assume 
independence among all observations, which is violated when data points are repeated in time. 
Therefore, a more complicated form of data analysis had to be used to test for differences in 
microclimatic variables within and between years. 

The following steps were taken to compare differences between the means of two time series (e.g., 
daily maximum temperature for sensor number 26 (2011) versus daily maximum temperature for 
sensor number 28 (2011)), while taking into account the serial correlation in each time series. Each 
time series first had to be tested to ensure it fit an autoregressive model of lag 1 (refer to Ramsey 
and Schafer 1997; Chapter 15, Adjustment for serial correlation). This analysis was used to see 
which partial autocorrelations are close enough to zero to be ignored. If all but the first lag can be 
ignored (autoregressive model of lag 1) then the methods presented in this report are sufficient for 
comparing two time series (Ramsey and Schafer 1997). Autoregressive models were computed 
using the Forecasting module in PASW 19.0 (SPSS, Chicago, IL). As an example, the partial 
autocorrelation function (fitting an autoregressive model of lag 1) for the variable “daily maximum 
temperature” (sensor number 26, 2011) is displayed in Fig. 8. When this trend was confirmed for 
every microclimatic variable obtained from each sensor, the first serial correlation coefficient was 
calculated on the residuals of each series. Microclimatic variables were first transformed when 
necessary to maximize normality prior to analysis. The “pooled estimate of the first serial 
correlation” of both time series was then used to calculate the adjusted standard error for the 
difference in means of the series. The adjusted standard error was subsequently used to calculate a 
z-score, which was tested using a standard normal table to indicate the difference between the two 
series. The calculations for this analysis are as follows (Ramsey and Shafer 1997; Chapter 15, 
Adjustment for serial correlation): 
 
Step 1 — For each variable, the measure of correlation between adjacent residual values was 
calculated as the correlation coefficient, r1, as follows: 

 

Where c1 and c0 are two estimates of autocovariance, and are calculated as follows: 
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Where n is the sample size of recorded values and res is the residual of each value (at time t or 
t – 1) from the overall mean for a variable. 

Step 2 — When r1 has been calculated for both variables being compared, a pooled estimate of r1 
is obtained by first calculating a pooled estimate of c1 and c0 as follows: 

 

 

The pooled estimate of r1 is then calculated from the pooled estimates of c1 and c0, as follows: 

 

Step 3 — The pooled estimate of r1 was then used to derive the adjusted standard error of the 
difference in means of the two variables being compared. The adjusted standard error is the usual 
standard error but with a correction factor for serial correlation. 

 

Where  is the overall mean for each variable, n is the sample size of recorded values, and sp is the 
pooled standard deviation for the two variables. The pooled standard deviation for the two variables 
is calculated as follows4. 

 

                                                      
4 For further information on the pooled standard deviation refer to <http://goldbook.iupac.org/P04758.html> 
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Step 4 — The z-score is used to test for the potential statistical difference between the two 
variables being examined. The z-score is calculated as the ratio of the difference between 
unadjusted means and the adjusted standard error of the two means. 

 

The z-score can then be used to calculate a P-value of the difference between the two variables 
of interest. In order to calculate the z-score using the above steps, the microclimatic data 
obtained from the sensor units needs to be continuous without missing values. This can often be 
a limiting factor when analyzing data and needs to be considered in advance, when establishing 
field protocols for data collection. 

For this study, each microclimatic variable was compared statistically between all pair-wise 
combinations of sensors separately for 2011 and 2012. Each microclimatic variable was also 
compared between the years 2011 and 2012, for sensors established in the same microhabitat 
over both years. Pair-wise tests were considered to be two-tailed under the hypothesis of no 
difference in temperature, RH, and VPD. Significant P-values were adjusted for multiple tests 
using the sequential Bonferroni method (Holm 1979). 

All statistical tests are considered to be significant at alpha = 0.05. 

3.0 RESULTS 

3.1 Water chemistry 

A global summary of water chemistry variables for all four sampled sites combined (WH3, M1, 
K1, K2) is presented in Table 2. For each measured variable the table presents the minimum 
detection limits (MDL), mean, standard deviation (std dev), and range (minimum and maximum) 
for dissolved and total recoverable elements. Sites were characterized by a mean pH of 8.17 
(range 8.06–8.30); approximately equivalent mean concentrations of cations and anions (4.28 
and 4.31 meq/L, respectively); mean electrical conductivity 387.0 µS/cm; and mean total 
alkalinity 193.5 mgCaCO3/L. The dissolved elements with the highest mean concentrations (in 
order of decreasing concentration) included calcium (Ca; 54.2 mg/L), chlorine (Cl; 0.250 mg/L), 
strontium (Sr; 227.7 µg/L), barium (Ba; 119.5 µg/L), boron (B; 14.50 µg/L), lithium (Li; 4.80 
µg/L), iron (Fe; 2.0 µg/L), zinc (Zi; 1.365 µg/L), and aluminum (Al; 1.07 µg/L). All other 
elements had mean values <1.0 µg/L. 

Water samples at individual sites often varied considerably in their relative chemical 
concentrations (Table 3). Ranges of dissolved elements among sites (in order of decreasing 
mean values) were as follows: calcium (48.6–68.0 mg/L), chlorine (0.100–0.396 mg/L), 
strontium (86.1–624.0 µg/L), barium (19.0–195.0 µg/L), boron (4.87–34.40 µg/L), lithium (3.48–
6.68 µg/L), iron (minor variation), zinc (0.303–3.850 µg/L), and aluminum (0.56–1.58 µg/L). 
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Variation among sites in water chemistry measurements was also detected by PCA (Fig. 9, 
Table 4). The first PCA analysis (results not shown) incorporated 42 water chemistry variables 
and of these, eight were significantly correlated on the first two PCA axes. These eight variables 
were used in the second (final) PCA ordination to describe chemical differences among sites. 
The length and direction of water chemistry vectors in the ordination represent the strength and 
correlation of variables along each PCA axis and also intercorrelations among variables. The 
following variables were positively correlated with PCA axis 1 (in decreasing magnitude of 
correlation strength): bicarbonate, total alkalinity, total hardness, cations, and anions. The 
variable titanium was significant in the original ordination that included all water chemistry 
variables and was retained for the final analysis, but was non-significant in the final ordination. 
Arsenic and copper were positively correlated with PCA axis 2. 

The upper subpopulation at Ribbon Creek (K2) had a strong weight on axis 1, in association with 
higher concentrations of bicarbonate, total alkalinity, total hardness, cations, anions, and 
titanium. The lower subpopulation at Ribbon Creek had a strong weight on axis 2, in association 
with higher concentrations of copper and arsenic. In comparison, the upper subpopulation at 
Whitehorse Creek Falls (WH3) had lower scores on both axes 1 and axis 2 – this indicates the 
site had lower concentrations of these water chemistry variables as compared to other examined 
sites in the analysis. The Mountain Park population (M1) was located close to the origin of the 
PCA, indicating that its water chemistry variables were closer to mean values. 

3.2 Rock chemistry 

A global summary of rock chemistry variables for all eight sampled sites combined (WH4, WH3, 
WH5, WH1, WH2, M1, K1, K2) is presented in Table 5. For each measured chemical variable 
the table presents the minimum detection limits (MDL), mean, standard deviation (std dev), and 
range (minimum and maximum). The elements with the highest mean concentrations (in order of 
decreasing concentration) included silicon (Si; 171356 µg/g), calcium (Ca; 155472 µg/g), 
magnesium (Mg; 58283 µg/g), aluminum (Al; 6087 µg/g), iron (Fe; 3710 µg/g), phosphorous (P; 
3426 µg/g), potassium (K; 2961 µg/g), and sulfur (S; 1040 µg/g). All other elements had mean 
values <1000 µg/g. Total recoverable elements tended to have concentrations that were slightly 
higher than dissolved concentrations. 

Rock samples at individual sites often varied considerably in their relative chemical 
concentrations (Table 6). Ranges of dissolved elements among sites (in order of decreasing 
mean values) were as follows: silicon (22265–426906 µg/g), calcium (6682–345701 µg/g), 
magnesium (1103–133528 µg/g), aluminum (530–16380 µg/g), iron (1765–8389 µg/g), 
phosphorous (59–18306 µg/g), potassium (287–9774 µg/g), and sulfur (119–2977 µg/g). 

Similar to results presented for water chemistry variables, variation among sites in rock 
chemistry was also detected by PCA (Fig. 10, Table 7). The first PCA analysis (results not 
shown) incorporated 36 rock chemistry variables and of these, nine were significantly correlated 
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on the first two PCA axes. These nine variables were used in the second (final) PCA ordination 
to describe differences among sites. The following variables were positively correlated with PCA 
axis 1 (in decreasing magnitude of correlation strength): calcium, chlorine, and sulfur. The 
following were positively correlated with PCA axis 2 (in decreasing magnitude of correlation 
strength): aluminum, titanium, iron, chromium, barium, and nickel. 

The upper subpopulation at Whitehorse Creek Falls (WH3) was strongly weighted on both PCA 
axis 1 and 2, indicating that it had higher concentrations than other sites for most variables on 
those axes. In comparison, sites with the lowest values on axis 1 were Mountain Park (M1), the 
lower subpopulation at Whitehorse Creek Falls (WH4), and Whitehorse Creek 4 subpopulation 
at the Whitehorse Creek area (WH5). Sites with the lowest values on axis 2 were the Whitehorse 
Creek boulder subpopulation (WH1) and Whitehorse Creek across from boulder subpopulation 
(WH2) at Whitehorse Creek area, and the upper subpopulation at Ribbon Creek (K2). The lower 
subpopulation at Ribbon Creek (K1) was located centrally in the ordination, indicating it had 
water chemistry variables that were closer to mean values. 

3.3 Temperature and humidity 

Sensors placed along the cliff face at the Mountain Park population (M1; Fig. 7) often revealed 
substantial variation in temperature and humidity, both within and between years. Global 
summaries of temperature and humidity data for all sensors are presented separately for 2011 
(Table 8; data available from August 17 to October 28) and 2012 (Table 9; data available from 
July 19 to October 28). In 2011, mean daily maximum temperature and mean daily average 
temperature (°C) were highest during the period August 17 to 31. In 2012, mean daily maximum 
temperature and mean daily average temperature (°C) were highest during the period July 1 to 
31. For both years, mean daily minimum RH and mean daily average RH were lowest, and mean 
daily RH range was highest, during the period from September 1 to 30. Correspondingly, VPD 
(calculated using mean daily RH) was highest for both years from September 1 to 30. A more 
extreme measure of VPD (calculated using minimum daily RH) was highest in 2011 from 
September 1 to 30, and in 2012 from August 17 to 31. 

Variation among sensors over the growing season was pronounced for some temperature and 
humidity variables. Sensor numbers 26 (2011) and 53 (2012) were located the furthest distance 
from Porsild’s bryum colonies, whereas other sensors were situated at comparably more 
sheltered microhabitats at the site (Fig. 7). Different sensors at the site often exhibited different 
readings for several microclimatic variables. 

Temperature – At multiple times during the 2011 growing season, the peripherally located sensor 
number 26 experienced substantial peaks in daily maximum temperature and daily temperature 
range (Fig. 11). In comparison, sensors 54 and 28 were more sheltered along the cliff face and 
frequently had the lowest values for daily maximum temperature, daily minimum temperature, 
and daily temperature range. Sensor number 53 from 2012 was established in the same 
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peripheral microhabitat as sensor number 26 from 2011; however, data from sensor 53 were not 
available for this study as it could not be retrieved from the unit after the growing season. Like 
sensor number 26 from 2011, sensor number 53 was expected to exhibit substantial peaks for 
some temperature variables as compared to the remaining sensors for that year. With the lack of 
data from sensor 53 for 2012, there were no substantial peaks in temperature among the 
remaining sensors (i.e., sensor numbers 60, 58, 56, 52, and 59). However, several sensors 
exhibited much lower values at different times over the growing season: daily maximum 
temperature and daily temperature range were often lower for the centrally located sensors 60 
and 58. 

Humidity – At several times during the 2011 growing season the peripherally located sensor 
number 26 had some of the lowest values for daily minimum RH and some of the highest values 
for daily RH range (Fig. 12). In addition, this sensor also exhibited some of the highest values of 
VPD (calculated using mean daily RH) (Fig. 13). Sensor number 54 had a more sheltered 
placement along the cliff face (Fig. 7) and had some of the highest values of daily minimum RH, 
daily average RH (Fig. 12), and had some of the lowest values for daily RH range and daily VPD 
(calculated using mean daily RH). 

There were few significant differences in temperature and humidity variables when pair-wise 
comparisons were made among sensors, both within and between years. In 2011, pair-wise 
comparisons among sensors for that year revealed that daily temperature range and daily RH 
range had the greatest numbers of significant differences before correction of P-values for 
multiple tests (Table 10). Only daily temperature range between sensor numbers 26 and 54 
differed significantly (z = 2.914; P = 0.004) after adjustment of P-values. For this particular test, 
the positive z-score indicates that the first sensor in the pair (sensor number 26) had a higher 
value for the variable being tested (daily temperature range). In 2012, there were no significant 
pair-wise tests for any temperature or humidity variables (Table 11). This was caused in part by 
the lack of data for peripheral sensor number 53. When pair-wise comparisons were made 
between years (i.e., 2011 and 2012) for sensors in the same microhabitat, no significant 
differences were detected after correction for multiple tests (Table 12). However, before 
correction, mean daily RH for sensor 55 in 2011 was lower than sensor 56 in 2012. Both of these 
sensors were located in a sheltered microhabitat at the site (Fig. 7). 

4.0 DISCUSSION 

This study investigated multiple characteristics of Porsild’s bryum habitat for Alberta 
populations and subpopulations of the species, including i) the chemical composition of geologic 
substrates on which the species grows and water that flows through colonies, and ii) temperature 
and humidity conditions among multiple sensor units that were established over the 2011–2012 
growing seasons at the Mountain Park population. Results indicated that sampled sites varied 
substantially in geologic and water chemistry; sites that were in close proximity (e.g., upper and 
lower subpopulations at Ribbon Creek) were not necessarily more similar in terms of rock and/or 



 

14 
 

water chemistry and were sometimes more similar chemically to more distant populations or 
subpopulations. Further, temperature and humidity often varied considerably among individual 
sensors at Mountain Park, suggesting that relatively minor variation in site topography can have 
a notable influence on growing conditions where the species occurs.  

Overall, the following trends were found: 

• Porsild’s bryum was frequently associated with water and rock that had concentrations 
of several metals. 

• There was considerable variation among sites in terms of relative chemical 
concentrations. 

• Sites that were closer together in proximity were not necessarily more similar in water or 
rock chemistry than sites with greater geographic separation. 

• For water samples, dissolved elements with the highest mean concentrations included Ca, 
Cl, Sr, Ba, B, Li, Fe, Zi, and Al (all remaining elements had mean values <1 µg/L). 

• The most important water chemistry variables in describing variation among sites were 
bicarbonate, total alkalinity, total hardness, cations, Ar, anions, Cu, and Ti. 

• For rock samples, elements with the highest mean concentrations included Si, Ca, Mg, 
Al, Fe, P, K, and S (all remaining elements had mean values <1000 µg/g). 

• The most important rock chemistry variables in describing variation among sites were 
Ca, Al, Ti, Cl, Fe, Cr, Ba, S, and Ni. 

• Microclimatic sensors placed along the cliff face at Mountain Park revealed that several 
key temperature and humidity variables exhibited substantial variation over relatively 
short spatial distances over the 2011–2012 growing seasons.  

• The one sensor placed beyond the Porsild’s bryum colonies in 2011 experienced much 
higher values for daily maximum temperature, daily temperature range, daily RH range, 
and daily VPD than sensors placed in closer proximity to colonies, and experienced some 
of the lowest values for daily minimum RH. 

4.1 Substrate and water chemistry 

Porsild’s bryum has been referred to as a “copper moss”, along with other related species of the 
genus Mielichhoferia (Persson 1956; Brassard 1969; Brooks 1971; Shacklette 1967, 1969; Shaw 
1994; Spence 2009). However, few studies have reported on the chemistry of rock substrates or 
water that interacts with copper mosses, including Porsild’s bryum. These species are 
ecologically unique in showing a close affinity for substrates with copper and/or other metals 
(Shaw 1994), although the occurrence of species on these substrates does not indicate whether 
plants have a requirement or tolerance for these compounds (Shacklette 1967). Several studies 
indicate that copper mosses are associated with “heavy metals” (Mårtensson and Berggren 1954; 
Schatz 1955; Shacklette 1967; Brooks 1971; COSEWIC 2003) but this term is poorly defined in 
the literature (Appenroth 2010). Metals are only available for uptake by plants if in solution and 
metals must first react with other elements and form compounds before they can be solubilised 
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(Appenroth 2010). This makes the discussion of heavy metals in plant development confusing; 
the compounds they form may be better indicators of plant response. 

Appenroth (2010) recommends the term heavy metals be defined in relation to the position of 
elements in the periodic table, as position is related to the chemical properties of compounds that 
include an element. The author indicates that three groups from the periodic table should be 
considered heavy metals. These are i) transition elements, all of which are metals (i.e., Ti, Zr, Hf, 
Rf, V, Nb, Ta, Cr, Mo, W, Mn, Tc, Re, Fe, Ru, Os, and Zn); ii) rare earth elements, which are 
subdivided into the lanthanide and actinide series; and iii) some elements (the “lead group”) that 
are either metals (Al, Ga, In, Tl, Sn, Pb, Sb, Bi, and Po) or metalloids/borderline elements. The 
author also recommends that Ge, As, and Te should be included as heavy metals, but not B and 
Si. For the purposes of this report, the term “metals” includes both heavy metals as defined 
above by Appenroth (2010), as well as alkali earth metals (Li, Na, K, Rb, Cs, and Fr) and 
alkaline earth metals (Be, Mg, Ca, Sr, Ba, and Ra) in the periodic table of elements5. 

This study examined the chemical composition of rock substrates and associated water at several 
Porsild’s bryum sites in Alberta. Chemical concentrations were not obtained from nearby areas 
where the species was absent, limiting the inferences that can be made about the role of 
chemistry in the distribution of the species. Regardless, results demonstrate that the species was 
frequently associated with water (Tables 2–3) and rock (Tables 6–7) that had several metals. 
Shacklette (1967) previously found that rocks supporting Porsild’s bryum contained five times as 
much chromium and somewhat more iron, nickel, lead, titanium, vanadium, yttrium, and 
zirconium than immediately adjacent rocks. Many of these and elements were also found in rock 
substrates in this study, especially iron (Tables 6–7). Several metals were significant in the PCA 
for rock chemistry (Fig. 10, Table 7), including (in decreasing order of correlation strength) 
aluminum, titanium, iron, chromium, barium, and nickel; these were associated with variation in 
chemical composition among the eight sampled sites. 

Despite the suggestion that “copper mosses” are often affiliated with substrates having high 
amounts of copper, copper concentrations in this study were relatively low for both rock (mean = 
4.8 µg/g = 4.8 ppm [parts per million]; maximum = 10.9 ppm at WH4) and water (mean = 0.589 
µg/L = 0.0006 ppm; maximum = 0.0006 ppm at K1)6. Previous reports of copper concentrations 
for substrates beneath plants of Mielichhoferia elongata were much higher at 70 ppm (Brassard 
1969), 30–450 ppm (Persson 1956), and 320–770 ppm (Mårtensson and Berggren 1954). 

However, copper was one of the significant chemicals in the PCA analysis for water chemistry 
(Fig. 9, Table 4), indicating it had an important influence (along with arsenic, titanium, 
alkalinity, bicarbonate, cations, hardness, and anions) in describing variation in chemical 
composition among the four sampled sites. Brooks (1971) asserts that evidence concerning the 

                                                      
5 Additional information about chemical elements and element groups can be found at, e.g., 
<http://en.wikipedia.org/wiki/Periodic_table>. 
6 Conversions based on <http://www.cas-lab.com/resources/conversions.html>. 
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role of copper in the ecology of Porsild’s bryum and other species of Mielichhoferia has been 
conflicting, and suggests (along with Schatz 1955) that these species may be better described as 
“sulfur mosses” because of their frequent associations with sulfur compounds of copper, lead, 
zinc, and iron. Substrates with an enrichment of some metals frequently contain sulfur in greater 
concentrations than non-mineralized substrates (Shacklette 1967). The present study confirmed 
that sulfates were indeed present in water samples, sometimes at seemingly high concentrations 
(maximum value = 49 mg/L at WH3), and that sulfur was present in comparatively high 
concentration in rock substrates (maximum value = 2977 µg/g, also at WH3). 

Porsild’s bryum was frequently associated with rock and water 

that had high concentrations of several metals 

Shacklette (1967) found that plants of Porsild’s bryum absorbed greater amounts of nutrients 
(boron, copper, iron, and magnesium) and vanadium, but lesser amounts of phytotoxic chemicals 
(chromium, nickel, and lead) than other mosses on non-mineralized substrates. Chemical 
analyses of Porsild’s bryum plants in Alberta could reveal a requirement or tolerance of the 
species for particular element concentrations. The chemical content of plants may also be related 
to the chemistry of substrates and/or water where it grows. Studies on the chemical composition 
of substrates and water in nearby areas of potentially suitable habitat where the species is not 

found will be important for assessing spatial scale at which chemistry may be a determining 
factor in the species’ occurrence. 

4.2 Temperature and humidity 

HOBO sensors placed along the cliff face where Porsild’s bryum grows at Mountain Park 
revealed that temperature and humidity often varied considerably among individual sensors over 
the growing season, despite the fact that sensors were restricted to a relatively localized area. The 
main implications of these findings are that i) relatively minor variation in topography can 
influence growing conditions experienced by the species, ii) microclimatic conditions in 
immediately adjacent areas where the species does not occur are significantly different in terms 
of temperature and humidity regime, confirming that microclimate can be a limiting factor for 
the species, and iii) microhabitats at a site may differ in their capacities to mitigate the effects of 
seasonal weather events such as warmer temperatures or low humidity (e.g., drought). 

One of the sensors was placed a few meters beyond the Porsild’s bryum colonies (sensor number 
26, 2011) (Fig. 7). At many times over the 2011 growing season (data available from August 17 
to October 28) that sensor experienced much higher values for several climatic variables, 
including daily maximum temperature, daily temperature range, daily RH range, and daily VPD 
(calculated using both mean and minimum daily RH), and experienced some of the lowest values 
at times for daily minimum RH. Trends in these microclimatic parameters suggest that nearby 
areas unoccupied by Porsild’s bryum may experience a greater frequency of warmer and drier 
conditions, limiting the chances of successful establishment, growth, and reproduction for the 
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species. When VPD was calculated using daily minimum RH as compared to daily mean RH, 
VPD was higher and the outlying sensor number 26 more frequently experienced extreme VPD 
values (Fig. 13). Calculations of VPD using daily minimum RH may provide a better indication 
of stressful microclimatic conditions for the species and how these conditions relate to 
microhabitat. 

Interestingly, there was often substantial variation in temperature and humidity variables over the 
2011–2012 growing seasons for sensors placed immediately adjacent to Porsild’s bryum colonies 
at Mountain Park (Figs. 11–13). This was particularly evident for daily maximum temperature, 
daily temperature range, daily minimum RH, and daily RH range, and daily VPD (calculated 
using minimum daily RH). Many of these variables exhibited significant pair-wise differences 
among sensors before correcting for multiple tests (Tables 11–12). Within a single population, 
therefore, microclimatic conditions may vary substantially over relatively short spatial distances 
for several key temperature and humidity variables. The microclimate that characterizes a 
particular microhabitat may be influenced by a number of interacting factors that operate at fine 
scales, such as amount of solar insolation, movement of surrounding air, and temperature of 
water, etc. Despite the variation in microclimatic conditions observed among sensors at 
Mountain Park, variation is expected to be substantially greater among different populations and 
subpopulations where the species occurs. 

Microclimatic conditions varied substantially over short 

distances at Mountain Park 

The species is a habitat specialist, requiring sheltered rock with the presence of constant seepage 
to persist (COSEWIC 2003; Environment Canada 2012). The species is also cited as requiring 
desiccation in winter through water freezing (COSEWIC 2003; Environment Canada 2012) and 
has some degree of desiccation tolerance (Cleavitt 2002b) but prolonged desiccation over the 
growing season may be damaging (ASRD and ACA 2006; Environment Canada 2013). The 
majority of populations and subpopulations in Alberta have experienced declines in colony 
numbers since the last status assessment (Table 1 in COSEWIC 2013) and declines for several 
(sub)populations (especially those in the Whitehorse Creek area) have been attributed to past 
drought, including the complete loss of colonies at the upper subpopulation at Ribbon Creek and 
the Lookout Falls subpopulation at Whitehorse Creek area (ASRD and ACA 2006; L. Wilkinson, 
personal communication, 18 September 2012; R. Belland, personal communication, 5 September 
2012). The effects of drought on Porsild’s bryum are potentially detrimental, but the 
microclimate conditions that characterize a particular population or subpopulation may influence 
the effects of detrimental climate events such as prolonged summer drought. Indeed, for 
unknown reasons, some sites with a drier moisture regime (e.g., Whitehorse Creek boulder 
subpopulation) have persisted through past drought even though naturally wetter sites (e.g., 
Lookout Falls subpopulation) have apparently been more strongly impacted (L. Wilkinson, 
personal communication, 18 September 2012). Climate change is recognized as an important 
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threat to the species (Tables 2–3 in Environment Canada 2012) and may have widespread 
impacts through changes in weather patterns and extreme temperatures, and water availability at 
Porsild's bryum sites. A complete list of threats currently identified for Porsild's bryum 
populations in Alberta is provided in Environment Canada (2012), along with a threat assessment 
table that summarizes occurrence, frequency, severity, causal certainty, and level of concern for 
each threat. Further study on the role of microclimatic conditions in mitigating the effects of 
drought for different populations and subpopulations is warranted. 

While a comprehensive analysis of data collected for this study provided new insights about 
potential habitat requirements, substrate preferences, and water chemistry associated with 
Porsild’s bryum in Alberta, the data were limited in several respects. Notably, all relevant habitat 
variables need to be collected not only immediately adjacent to Porsild’s bryum colonies but also 
in nearby unoccupied habitat in surrounding areas. This is essential for defining what it is about 
the species’ habitat that makes it unique from other habitats and suitable for colonization. 
Furthermore, water samples should be collected from the same sites (and in the same 
microhabitat) as rock samples to allow for direct comparisons of substrate and water chemistry in 
areas of colonized and uncolonized habitat. Water samples need to be collected at approximately 
the same time during the growing season (and preferably at multiple times) to account for 
potential fluctuations in chemistry over a season. Careful data collection will ensure that 
important hypotheses can be addressed about the species’ biology and its habitat requirements. 

5.0 RECOMMENDATIONS FOR FUTURE MONITORING 

Habitat requirements – More comprehensive characterization of Porsild’s bryum habitat is 
required to better understand the potential threats to the species, including desiccation risk during 
the growing season. This study used HOBO sensors to measure changes in temperature and 
humidity over two growing seasons at the Mountain Park population (M1). This provided new 
insights about the influence of fine-scale topographic variation (i.e., sensor position along the cliff 
face) on microclimatic change over the growing season. However, microclimatic sensors should 
be placed at several Porsild’s bryum populations and/or subpopulations. At selected sites, sensors 
should be placed i) along the range of microhabitats where the species occurs and ii) in nearby 
areas of potentially suitable habitat where the species is not found, in order to gauge the 
microclimatic requirements of the species. One of the reasons why HOBO sensors were not 
placed at additional populations or subpopulations in this study is because several Porsild’s bryum 
sites (e.g., WH1, WH2, K1, K2) are readily accessible by people. This increases the possibility of 
sensor damage and data loss through vandalism, and creates methodological challenges when 
conducting this type of research (L. Wilkinson, personal communication, 31 May 2013). 

The number of installed sensors does not have to be the same at all sites. Porsild’s bryum 
populations and subpopulations in Alberta can differ substantially in colony numbers (COSEWIC 
2013), suggesting that the numbers of sensors required to characterize a site will depend 
approximately on its size and extent. Regardless of the number of sensors installed at a site, the 
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different microclimatic variables (e.g., daily temperature range) can be characterized in terms of 
their mean, minimum, or maximum values. However, in order to perform certain statistical tests 
on the collected data (such as pair-wise tests between HOBO units) the data need to be 
continuous, without missing values. Continuous data are required for calculation of z-scores after 
correcting for serial autocorrelation in the data, and ultimately for the calculation of P-values for 
tests of significance. Missing values can prevent the calculation of pair-wise tests and need to be 
considered when placing sensor units in the field. Sensors need to be maintained to ensure there is 
sufficient battery power and remaining memory. The placement of multiple sensors at a site can 
ensure data redundancy and minimize the problems associated with data loss. 

Installation of sensors in nearby “control” areas of apparently suitable habitats for the species 
(but where the species is absent) will be critical to assess differences between colonized versus 
uncolonized habitat. Indeed, the absence of the species from apparently suitable sites (Cleavitt 
2002a) indicates there are unknown factors related to its dispersal, establishment, or habitat that 
influence the species’ distribution (ASRD and ACA 2006). In the present study, one of the 
sensors (number 26) for one of the years (2011) was placed in uncolonized habitat immediately 
adjacent to the Mountain Park population. This sensor provided what was possibly the most 
important information from this study: extreme values and fluctuations for some climatic 
parameters, suggesting that microclimate is a determining factor for where the species grows. 

The recovery plan indicates that full characterization of the species’ habitat is necessary to help 
define its essential habitat and to effectively manage the species. Together with substrate and 
water chemistry examined in this study, additional habitat features could be examined to more 
fully characterize the species’ habitat. Air movement, water flow rates, water temperature, water 
turbidity, water chemistry upstream and downstream of human activity, and chemical uptake by 
Porsild’s bryum colonies may help answer detailed questions about the species’ physiology and 
tolerance/requirements for particular habitat conditions. 

Careful consideration should be made as to where and when sites are sampled over the next 
several years, both for i) ensuring that extant populations are not damaged by repeat or 
unnecessary visits, and ii) ensuring data collected are of suitable quality for the analyses needed. 
It is very likely that Porsild’s bryum habitat and populations are sensitive to the amount of 
human activity that might be required to implement even some of these research needs, for 
example several visits to a site per season by one or two people. Multiple sites are needed for 
future data collection on Porsild’s bryum habitat; however, those sites should probably be a 
subset of the total Alberta population so that not all sites are exposed to possible disturbance 
from research activity. Sites chosen should be accessible to ensure high quality data (i.e., so that 
sites disturbed by sensors and regular visits at least generate valuable data through regular 
maintenance of sensors for instance), and should be as representative of the provincial population 
as possible. 
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Substrate conditions – Research is needed to more precisely characterize the substrate ecology of 
Porsild’s bryum. Throughout its global range, Porsild’s bryum is described as growing on 
shaded, often dissected sandstone, limestone, basalt, shale, or bressica/conglomerate rock that is 
moist from seepage or from the spray of running water (Brassard and Hedderson 1983; 
COSEWIC 2003; ASRD and ACA 2006). Although Porsild’s bryum occurs on a wide range of 
substrate types globally, in Alberta the species grows on calcareous substrates and appears to be 
a calciphile (Cleavitt 2001, 2002a; COSEWIC 2003). Results from the present study confirm this 
finding and also demonstrate that in Alberta the species grows on rock with metal 
concentrations. However, the affinity of Porsild’s bryum for substrates with metals, and the 
reasons for the wide variation in substrate chemical composition at measured sites, remains 
unexplained and should be studied further to determine the following: i) the relationship between 
occurrence of the species and substrate chemistry, ii) the physiological tolerance of the species 
for different concentrations of particular chemical elements, iii) how substrate chemistry 
influences the chemistry of water that intercepts Porsild’s bryum colonies, and iv) the spatial 
scales over which substrate chemistry changes in the vicinity of Porsild’s bryum colonies.  

In order to effectively gauge the range of variation in substrate conditions for the species, 
surficial rock samples should be obtained from Alberta populations and subpopulations i) along 
the range of microhabitats where the species grows at a site, and ii) in nearby areas of potentially 
suitable habitat where the species is not found. Along with detailed descriptions of local geologic 
formations, this may reveal factors affecting the distribution and abundance of the species within 
and among sites. In addition to substrate chemistry, water chemistry should be obtained from the 
same microhabitat and at the same time. This data could provide indirect evidence about the 
tolerance/requirements of the species for substrates with particular chemical concentrations, and 
the relationships between substrate–water concentrations where the species grows. 

Hydrology, water chemistry, and turbidity – Porsild’s bryum may be particularly susceptible to 
changes in hydrology, water chemistry, and turbidity. This study documented the concentrations 
of dissolved elements at several sites as a preliminary investigation into the baseline water 
chemistry conditions where the species occurs. Water that flowed through Porsild’s bryum 
colonies was found to contain several dissolved metals and sulfates (Fig. 9, Table 4), suggesting 
that the species may benefit from or tolerate these compounds under some circumstances. 
Several changes to water sampling protocols should be made to more effectively determine the 
role of water chemistry influencing where the species is found. 

For this study, water that was in contact with Porsild’s bryum colonies was sampled at four sites 
at different times over the 2011 growing season (Table 1). Water chemistry can change over the 
growing season (e.g., Vitt et al. 1995), suggesting that all measurements should be taken at the 
same time, and preferably at multiple times over a growing season to account for possible 
changes in element concentrations. Further, as mentioned in the above section on “Substrate 
conditions”, water samples should be collected in the same place as rock samples to relate the 
chemical signatures between these sample types. Water samples also need to be obtained from 
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nearby areas of potentially suitable habitat where the species is not found, in order to assess i) the 
range of variation in water conditions for the species and ii) the roles of substrate/water 
chemistry versus microclimate in influencing the distribution of the species. Despite being a 
“copper moss”, copper concentrations for rocks sampled in this study seemed low in comparison 
to values reported for other copper mosses (Mårtensson and Berggren 1954; Persson 1956; 
Brassard 1969), suggesting that substrate/water chemistry may have a smaller influence on the 
species’ distribution and persistence than other habitat factors (e.g., microclimate). 

In addition to monitoring of water chemistry at Porsild’s bryum sites, water can also be 
monitored in terms of its flow (e.g., volume) and turbidity. Water flow can vary among 
populations and subpopulations (COSEWIC 2003; ASRD and ACA 2006) with the impacts of 
drought having different influences at different sites. Examining the relationships between water 
availability and climate will be important for assessing the potential impacts of drought at 
different sites. ASRD and ACA (2006) indicated that water turbidity may have detrimental 
effects on populations or subpopulations located downstream from mining or recreational 
activities. Future research should compare water chemistry and turbidity both upstream and 
downstream of such activities at sites where such activities are likely to impact the future 
persistence of the species. 

Recommended priorities 

Given the relatively large number of Porsild’s bryum populations and subpopulations in Alberta 
as compared to other provinces and territories in Canada (Environment Canada 2012), data 
collection at all sites will be difficult and expensive, and is not recommended. Instead, a subset 
of Porsild’s bryum sites should be selected that represent a wide range of population or 
subpopulation sizes (i.e., colony numbers) and habitat conditions (e.g., bedrock geology, water 
availability), and that differ in geographic areas in terms of latitude and elevation. Selecting a 
variety of sites for examination and analysis will ensure the data are representative of the Alberta 
population and can provide insights about population and subpopulation trends in relation to 
variation in habitat, water, and substrate conditions. The following measurements are perhaps the 
most important in the context of describing the habitat requirements and distribution of the 
species and should be considered at a subset of Alberta populations and subpopulations: 

1) Both rock and water samples should be collected from the same habitat. 
2) Rock and water samples should be collected in habitats where Porsild’s bryum has 

established and also in adjacent areas of potentially suitable habitat where the species 
is absent. 

3) Water samples should be collected from the same habitat at least twice in the same 
growing season. 

4) The placement of microclimatic sensors should be expanded from their present positions 
to include areas of potentially suitable habitat where the species is absent. 
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5) Complete enumeration of colony numbers (and other population or subpopulation 
attributes, if possible) where rock and water chemistry and microclimatic measurements 
are being obtained. 

The minimum number of populations or subpopulations selected for enumeration of these 
measurements should consider the number of sites where i) all of the above measurements are 
possible (i.e., no gaps in data for a site), and ii) all of the above measurements can be repeated 
each year for several years to allow for detection of inter-annual variation. 
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Fig. 1. Distribution of Porsild's bryum (Haplodontium macrocarpum (Hooker) Spence) in North 
America. The larger dot in Alberta covers four populations, the dot in Newfoundland covers 
seven populations, and the dot in Nunavut covers three populations. The species is known also 
from Colorado (Spence 2011; Colorado Natural Heritage Program 2013). Historic populations 
have not been illustrated (refer to COSEWIC 2003 and ASRD and ACA 2006). Map from 
Environment Canada (2012). 

  



 

27 
 

  

Fig. 2. Porsild’s bryum populations and subpopulations in Alberta. Sites examined for this report 
are depicted from north to south in the four maps below (Figs. 3–6). Maps generated by Google 
Earth (version 7.0.2.8415). Geographic coordinates of populations and subpopulations were 
provided by R. Belland. Refer to Table 1 for further information about each site. 
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Fig. 3. Porsild’s bryum populations and subpopulations in Alberta. Whitehorse Creek Falls, upper 
subpopulation (WH3), and Whitehorse Creek Falls, lower subpopulation (WH4). 
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Fig. 4. Porsild’s bryum populations and subpopulations in Alberta. Whitehorse Creek, 
Whitehorse Creek 4 subpopulation (WH5); Whitehorse Creek, boulder subpopulation (WH1); 
and Whitehorse Creek, across from boulder subpopulation (WH2).  
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Fig. 5. Porsild’s bryum populations and subpopulations in Alberta. Mountain Park population (M1). 

  



 

31 
 

 

Fig. 6. Porsild’s bryum populations and subpopulations in Alberta. Ribbon Creek, lower 
subpopulation (K1), and Ribbon Creek, upper subpopulation (K2). 
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Fig. 7. Relative positions of 2011 and 2012 HOBO® sensors at Mountain Park (M1), in 
proximity to colonies of Porsild’s bryum. Sensor units are identified in the photograph with 
circles, and sensor unit numbers for both 2011 and 2012 are indicated. Note that sensor numbers 
26 (2011) and 53 (2012) are the furthest of any sensors from Porsild’s bryum colonies. 
Photographs courtesy of R. Belland. 
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Fig. 8. Example partial autocorrelation function (partial ACF; demonstrating an autoregressive 
model of lag 1) for the microclimatic variable “daily maximum temperature” (for sensor number 
26, 2011; Fig. 7). The partial ACF conveys information about the dependence structure of a 
process7. This analysis was used to see which partial autocorrelations are close enough to zero to 
be ignored. If all but the first lag can be ignored (autoregressive model of lag 1) then the methods 
presented in this report are sufficient for comparing two time series (Ramsey and Schafer 1997). 
In this example the partial ACF depicts the similarity of daily maximum temperature at different 
lags (number of days). The partial ACF at lag k can be regarded as the correlation between daily 
maximum temperature at X1 and Xk+1, while adjusting for the intervening observations X2 ... Xk. 
Values that fall within the dashed lines (95% confidence intervals) do not differ significantly 
from zero. For this report, an autoregressive model of lag 1 was confirmed for every 
microclimatic variable obtained from each HOBO® sensor for each year.  

                                                      
7 Brockwell, P. J., and R. A. Davis. 2009. Time series: theory and methods. Springer, New York. 595 pages. 
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Fig. 9. Results of Principal Component Analysis (PCA) on water chemistry variables for the four 
sampled sites (WH3 – Whitehorse Creek Falls, upper subpopulation; M1 – Mountain Park 
population; K2 – Ribbon Creek, upper subpopulation; K1 – Ribbon Creek, lower subpopulation). 
A results summary is provided in Table 4. Displayed variables were chosen by first running a 
preliminary PCA on a larger (n = 42) set of water chemistry variables and then selecting only 
those variables that had significant correlations on PCA axis 1 and/or axis 2 for the final 
ordination (see Methods). Abbreviations of displayed chemical variables: As, arsenic; Cu, 
copper; Ti, titanium. 
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Fig. 10. Results of Principal Component Analysis (PCA) on rock chemistry variables for the 
eight sampled sites (WH1 – Whitehorse Creek, boulder subpopulation; WH2 – Whitehorse 
Creek, across from boulder subpopulation; WH3 – Whitehorse Creek Falls, upper subpopulation; 
WH4 – Whitehorse Creek Falls, lower subpopulation; WH5 – Whitehorse Creek, Whitehorse 
Creek 4 subpopulation; K1 – Ribbon Creek, lower subpopulation; K2 – Ribbon Creek, upper 
subpopulation; M1 – Mountain Park population). A results summary is provided in Table 7. 
Displayed variables were chosen by first running a preliminary PCA on a larger (n = 36) set of 
rock chemistry variables and then selecting only those variables that had significant correlations 
on PCA axis 1 and/or axis 2 for the final ordination (see Methods). Abbreviations of displayed 
chemical variables: Al, aluminum; Ba, barium; Ca, calcium; Cl, chlorine; Cr, chromium; Fe, 
iron; Ni, nickel; S, sulfur; Ti, titanium. 
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Fig. 11. Trends in temperature variables between August 17 and October 28 for 2011 (left column) and 
2012 (right column) at the Mountain Park population (M1). For both years, trend lines for a variable 
correspond to individual sensor units (see legend). For 2011, arrows indicate when sensor 26 (located 
the furthest distance from Porsild’s bryum colonies) had noticeably higher values for a variable. 
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Fig. 12. Trends in relative humidity (RH) variables between August 17 and October 28 for 2011 
(left column) and 2012 (right column) at the Mountain Park population (M1). For both years, 
trend lines for a variable correspond to individual sensor units (see legend). For 2011, arrows 
indicate when sensor 26 (located the furthest distance from Porsild’s bryum colonies) had 
noticeably higher values for a variable.  



 

38 
 

 

 

Fig. 13. Trends in vapour pressure deficit (VPD) variables between August 17 and October 28 
for 2011 (left column) and 2012 (right column) at the Mountain Park population (M1). Note that 
VPD was calculated using either mean daily RH or minimum daily RH. For both years, trend 
lines for a variable correspond to individual sensor units (see legend). For 2011, arrows indicate 
when sensor 26 (located the furthest distance from Porsild’s bryum colonies) had noticeably 
higher values for a variable. 
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Table 1. Collection dates of rock and water samples for different populations and subpopulations 
in this study. Populations in the table are listed from north to south in Alberta. 

 

 

 

 



 

40 
 

Table 2. Global summary of water chemistry for all four sampled sites combined. Provided are 
units of measurement, minimum detection limits (MDL), mean, standard deviation (std dev), 
minimum, maximum, and range. Results are presented by element group, dissolved elements, 
and total recoverable elements. Analytical methods follow Alberta Innovates – Technology 
Futures. 
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Table 2, continued. 
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Table 3. Summary of water chemistry for each of the four sampled sites (WH3 – Whitehorse Creek 
Falls, upper subpopulation; M1 – Mountain Park population; K2 – Ribbon Creek, Upper Troll Falls 
subpopulation; K1 – Ribbon Creek, Lower Troll Falls subpopulation). Units of measurement and 
minimum detection limits (MDL) are presented for each variable by element group, dissolved 
elements, and total recoverable elements. Underlined values for a site are below the MDL for a 
particular test. Analytical methods follow Alberta Innovates – Technology Futures. 
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Table 3, continued. 
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Table 4. Results of Principal Component Analysis (PCA) on water chemistry variables among 
four Porsild’s bryum sites (WH3 – Whitehorse Creek Falls, upper subpopulation; M1 – 
Mountain Park population; K2 – Ribbon Creek, Upper Troll Falls subpopulation; K1 – Ribbon 
Creek, Lower Troll Falls subpopulation). a) Summary of PCA results. b) Pearson product-
moment correlations of water chemistry variables along the first two PCA axes. Variables are 
listed in order of decreasing correlation strength. 
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Table 5. Global summary of rock chemistry for all eight sampled sites combined. Provided are 
units of measurement, minimum detection limits (MDL), mean, standard deviation (std dev), 
minimum, maximum, and range. Results are presented by element group, dissolved elements, 
and total recoverable elements. Analytical methods follow Xu. et al. 1996 (X. Feng, Senior 
Research Scientist, Alberta Innovates – Technology Futures, personal communication, 7 Jan 
2013). 
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Table 6. Summary of rock chemistry for each of the eight sampled sites (WH1 – Whitehorse 
Creek, boulder subpopulation; WH2 – Whitehorse Creek, across from boulder subpopulation; 
WH3 – Whitehorse Creek Falls, upper subpopulation; WH4 – Whitehorse Creek Falls, lower 
subpopulation; WH5 – Whitehorse Creek, Whitehorse Creek 4 subpopulation; K1 – Ribbon 
Creek, Lower Troll Falls subpopulation; K2 – Ribbon Creek, Upper Troll Falls subpopulation; 
M1 – Mountain Park population). Units of measurement and minimum detection limits (MDL) 
for each variable are presented by element group, dissolved elements, and total recoverable 
elements. Analytical methods follow Xu. et al. 1996 (X. Feng, Senior Research Scientist, Alberta 
Innovates – Technology Futures, personal communication, 7 Jan 2013). 
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Table 7. Results of Principal Component Analysis (PCA) on rock chemistry variables among 
eight Porsild’s bryum sites (WH1 – Whitehorse Creek, boulder subpopulation; WH2 – 
Whitehorse Creek, across from boulder subpopulation; WH3 – Whitehorse Creek Falls, upper 
subpopulation; WH4 – Whitehorse Creek Falls, lower subpopulation; WH5 – Whitehorse Creek, 
Whitehorse Creek 4 subpopulation; K1 – Ribbon Creek, Lower Troll Falls subpopulation; K2 – 
Ribbon Creek, Upper Troll Falls subpopulation; M1 – Mountain Park population). a) Summary 
of PCA results. b) Pearson product-moment correlations of rock chemistry variables along the 
first two PCA axes. Variables are listed in order of decreasing correlation strength. 
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Table 8. Global summary of 2011 microclimatic variables at the Mountain Park population (M1). Summaries of variables are 
provided for ranges of dates that also correspond to those for the 2012 growing season (Table 9). Provided are the mean, range 
(minimum and maximum), and standard error (std err) for temperature, relative humidity (RH), and vapour pressure deficit (VPD) 
variables. Measures of VPD were calculated using either mean daily RH or minimum daily RH (see Methods for calculations). 
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Table 9. Global summary of 2012 microclimatic variables at the Mountain Park population (M1). Summaries of variables are 
provided for ranges of dates that also correspond to those for the 2011 growing season (Table 8). Provided are the mean, range 
(minimum and maximum), and standard error (std err) for temperature, relative humidity (RH), and vapour pressure deficit (VPD) 
variables. Measures of VPD were calculated using either mean daily RH or minimum daily RH (see Methods for calculations). 
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Table 10. Comparisons of microclimatic variables for all possible 2011 pair-wise combinations 
of sensors at the Mountain Park population (M1). Sensors are indicated by unit number that 
correspond to year and location at the site (Fig. 7). Measures of VPD were calculated using 
either mean daily RH or minimum daily RH (see Methods for calculations). P-values shown 
have not been corrected for multiple tests and P-values <0.05 have been indicated by boxes. P-
values that were significant after sequential Bonferroni correction for multiple tests per variable 
are indicated in bold font. 

 

 

Note: positive z-scores indicate that the first sensor in the pair being tested (e.g., sensor 26 for the 
test 26 versus 28) had a higher value of the variable being tested. 
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Table 11. Comparisons of microclimatic variables for all possible 2012 pair-wise combinations 
of sensors at the Mountain Park population (M1). Sensors are indicated by unit number that 
correspond to year and location at the site (Fig. 7). Measures of VPD were calculated using 
either mean daily RH or minimum daily RH (see Methods for calculations). P-values have not 
been corrected for multiple tests. 

 

 

Note: positive z-scores indicate that the first sensor in the pair being tested (e.g., sensor 60 for the 
test 60 versus 58) had a higher value of the variable being tested. 
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Table 12. Comparisons of microclimatic variables for 2011 versus 2012 sensor pairs at the 
Mountain Park population (M1). Sensors are indicated by unit number that correspond to year 
and location at the site (Fig. 7). Sensor units for each pair-wise comparison were placed at the 
same location between years. Measures of VPD were calculated using either mean daily RH or 
minimum daily RH (see Methods for calculations). P-values have not been corrected for multiple 
tests and values of P <0.05 are indicated. No P-values were significant after sequential 
Bonferroni correction for multiple tests per variable. 

 

 

Note: positive z-scores indicate that the first sensor in the pair being tested (e.g., sensor 28 for the 
test 28 versus 60) had a higher value of the variable being tested. 
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Species at Risk Program Reports 

(current as of August 2013) 
 
No. 1 Alberta species at risk program and projects 2000-2001, by Alberta Sustainable 
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