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Abstract 

The biological soil crust (biocrust) is the community of mosses, lichens, algae, 

and cyanobacteria on the uppermost soil layer. It protects the soil from erosive forces, 

increasing its nutrient and water holding capacities. To accelerate its establishment on 

reclaimed mine sites, this project investigated the potential for biocrust propagation in a 

greenhouse, on mining substrates, for subsequent transplantation to the 

Taseko|Gibraltar tailings facility. Several factorial experiments were set up to a) 

determine if diverse moss and lichen biocrust communities can be propagated in the 

greenhouse on mine substrates (i.e tailing sands and overburden), b) assess the effect 

of fertilizer and shade treatments on moss propagation, c) quantify the CO2 dynamics of 

the biocrust propagation treatments and d) design a long-term experimental research 

plot for biocrust transplantation at the Taseko|Gibraltar mine, BC.  Moss and lichen 

propagules were collected at the Gibraltar mine and coastal mosses were sourced at 

NATS Nursery, BC.  The experiments were set up at NATS Nursery and BCIT Outdoor 

Research plot.  The biocrust % cover on each propagation tray was monitored bi-weekly 

using a perception scale (Class 1-9) and image analysis (MATLAB). A gas analyzer 

EGM-5 PP system was used to measure CO2 dynamics.  

Gibraltar and coastal moss % cover increased over time in all three substrates 

but significantly more in the control substrate (up to 80% cover) (F=29.3, p<0.001). 

Lichen’s % cover increased minimally in control treatments. The results from the 

experiments set up outdoors (BCIT) were limited likely due to desiccation during the 

Summer 2021 heatwaves. The soil respiration was higher in the control treatments than 

in tailings and overburden at NATS Nursery. The carbon assimilation fluctuated in all 

substrates during all monitoring dates, with no discernible pattern. Lastly, the 

Taseko|Gibraltar mine transplantation experimental design was completed and installed 

on site in December 2021. 
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1. Introduction 

This applied research project continues from the previous efforts to understand 

the role of biocrust in mine-site reclamation (Figure 1-1). The general aim of this applied 

research project is to explore opportunities for biocrusts in mine-reclamation. This study 

helps identify new avenues of biocrust research on greenhouse propagation and 

contributes to pioneering in moss and lichen transplantation at Gibraltar Mine using the 

greenhouse propagated biocrust.   

1.1 Background and review of relevant prior work 

The province of British Columbia has an active mining sector that produces and 

exports copper, gold, silver, lead, zinc, molybdenum, coal, and industrial minerals (BC 

TRCR n.d.). The economic opportunities of the mining industry come with an 

environmental cost. The mining activities result in landscape modifications and the 

removal of soil and vegetation, which requires post-mining reclamation.  

Mine tailings are a bi-product of the physical and chemical processing of ores 

(Hawley & Cunning 2017; whitworth et al. 2022) from metal mines such as the Gibraltar 

mine operated by Taseko. Mine tailings often have poor water and nutrient retention 

capacity. Overburden (till) is the soil or rock material removed to get access to the ore, 

which is stored in overburden dumps undergoes compaction, nutrient leaching, and 

erosion (Benson 2018). These conditions do exist in natural ecosystems such as 

drylands but the biological soil community plays a significant role in providing soil 

stabilization, regulation of hydrological functions, and nutrient cycling (Belnap 2002; 

Castillo-Monroy et al.2011) 

One of the prerequisites to restoring the ecological function in a disturbed mining 

site is to set the building blocks of soil in which vegetation will establish. The biocrusts 

are the communities of mosses, lichens, algae, and cyanobacteria that live at the 

uppermost soil surface (Weber et al. 2016).  
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  Several recent studies support the role of biocrusts in improving soil function 

and pedogenesis in extreme natural environments such as drylands (Muñoz-Rojas et al. 

2018; Weber et al. 2016), alpine ecosystems (Letendre et al.2019), and human-modified 

environments such as mine sites tailings facilities (Benson 2018, Dutt 2020). The 

composition of the biocrust community and their contribution to ecosystem function 

changes over time. Dutt (2020) studied the biocrust community at reclaimed sites at 

three mine sites in BC spanning six to thirty-one years after reclamation. He found 

microbial biocrust to be the dominating community in younger sites followed by moss-

dominated biocrust in mid-aged and lichen-dominated biocrust at the older sites. 

Microbial biocrust and moss biocrust had more microbial and arbuscular mycorrhizal 

biomass than did lichen biocrust. These changing communities performed different 

functions in the ecosystem. For example, Michel et al. (2013) indicated that dryland 

mosses can absorb water up to 1,400% of their mass. Dryland mosses can tolerate 

desiccation (Oliver et al.2005) and protect soil from erosion by forming soil aggregates 

(Bowker et al. 2018).  

The establishment of biocrust at reclaimed mine sites is desirable. However, with 

its small size and natural propagation strategies, it may not disperse and establish 

quickly unless assisted. Propagation of biocrust for reclamation using techniques such 

as greenhouse cultivation is promising (Letendre et al. 2019). Buxton et al. (2005) 

compared the growth of six moss species under different artificial covers on a moss 

nursery trial revealed the best plot in the trial yielded moss growth that was 30 times the 

quantity after two years. Antoninka et al. (2016) found that the moss biomass that 

received water and fertilizer increased six-fold for the selected two species in four 

months in a greenhouse experiment. The inoculation of biocrust and biocrust-fertilizer 

yielded higher biocrust cover than uninoculated plots in an experiment (Letendre 2019).  

The abundance and diversity of biocrusts are often negatively correlated with 

high solar radiation (Belnap et al 2016). The shade could reduce the incoming solar 

radiation and might create a favourable environment for biocrust to grow. Moss-rich 

biocrusts are ideal for biocrust cultivation in restoration (Antoninka et al. 2016) but limited 

information is available on lichen propagation to assist in the establishment of mature 

biocrust for mining site reclamation. In a biocrust inoculation trial, lichens, mosses, and 

Nostoc spp., derived from matured crusts on-site shown to rapidly establish after ten 

weeks of incubation (Stewart & Siciliano 2015). 
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 Dutt (2020) carried out experiments with different treatments including biocrust 

inoculation, fertilizer addition, super absorbent polymer, and physical amendments to 

assess their effect on the productivity of biocrust on tailings. The results revealed higher 

chlorophyll content in the plots with biocrust inoculation. He characterized the biocrust 

community and identified that on mine sites. Cladonia sp. was the dominant lichen 

genus and Ceratadon purpureus was dominant moss. He recommended using moss in 

future inoculation trials at the Gibraltar Mine. He also indicated that the number of 

harvestable patches of mosses is likely to be a limiting factor; therefore, moss culturing 

may be required before any large-scale field application can be undertaken at the mine 

site. Furthermore, he recommended using the Ceratadon purpureus moss, which is 

more adapted to exposed sites.  

These soil surface communities have global importance as the current cover 

estimate is about 12% of the terrestrial ecosystem (Rodríguez-Caballero et al. 2018; 

Bowker et al. 2018) and the best possible estimate cover is approximately 24% 

(Rodríguez-Caballero et al. 2018). Carbon dioxide is one of the major contributors to 

global climate change along with the other greenhouse gases (GHGs). The land, which 

offers habitat, and ecosystem services act as a source of greenhouse gas and also as 

the sink of GHGs (IPCC, 2019). Biocrust plays important role in the local carbon (C) 

cycle as they fix carbon through photosynthetic activity (Sancho et al. 2016, Robinson et 

al. 2020). Woodin et al. (2009) in their experiment indicated similar amounts of a live 

vascular plant and moss tissue present in 13-C labelled plots but it shows that moss 

contained a high proportion of recalcitrant C than vascular plants. Inorganic CO2 in 

alkaline and saline substrates may exceed the CO2 exchange caused by organic activity 

(Yang et al. 2016). Measurement of CO2 flow in the soil is a difficult process as it is 

affected by biochemical and physical processes due to biotic and abiotic factors 

(Madalina et al. 2020). Biocrust contributes considerably to soil respiration, whereas 

biocrust photosynthesis was smaller than the net ecosystem productivity (Robinson et al. 

2020). Despite being a key component of the dryland ecosystem, carbon fluxes such as 

soil respiration in these ecosystems, biocrusts are neglected (Castillo-Monroy et al. 

2011).  

Most of the biocrust research occurs in the laboratory and only a few cases of 

greenhouse cultivated biocrusts are successfully transplanted to field conditions (zhou et 

al. 2020). There is a need for scaled-up research in the biocrust field, which bridges the 
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gap between science and practice, and documentation of biological and physical factors 

that influence C fixation and loss (Duran et al. 2021). Mass cultivation of biocrust 

materials will reduce harvest pressure on naturally occurring biocrust, which is required 

for sufficient field inoculation (zhou et al. 2020).  

1.2 Conceptual framework 

This study is built upon the previous studies to use biological soil crust for the 

reclamation of mining substrates. The driving research question is: can we propagate 

biocrust on mining substrates in a greenhouse environment and can we transplant them 

in-field condition? The success of the project will open up the potential to scale up the 

research to a larger scale and will be a useful strategy for the mining industry in mine 

reclamation. 

 

Figure 1-1 Conceptual framework of the ARP. The study progressed from the 
recommendation of the previous scholar with new innovation of 
propagating the propagules on mining substrates in greenhouse 
environment and its transplantation, and measuring carbon dioxide 
dynamics. 
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1.3 Objectives  

The goal of this research project is to develop biocrust propagation techniques to 

increase reclamation success on mine tailings and overburden substrates. The result will 

inform the mining industries to use innovative approaches to the use of biocrust and 

create biocrust propagules in greenhouses at or near the mining facility for future 

reclamation. The specific objectives to achieve the overarching goals are:  

1. To determine if diverse moss and lichen biocrust communities can be 

propagated on mine tailings and overburden substrates in the greenhouse.  

2. To assess the effect of different application rates of fertilizer and shade to 

enhance biocrusts propagation on mine tailings and overburden substrates. 

3. To understand the carbon dynamics in the experimental trays due to biocrust 

propagation.  

4. To recommend a long-term experimental research plot design for the 

transplanting of the biocrust mats at the Gibraltar mine site. 
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2. Methods 

This applied research project (ARP) has three components:  

● Greenhouse propagation of moss and lichens on mine substrates (NATS 

Nursery)  
● Comparison of fertilizer application rates and shade treatment for moss 

propagation (BCIT research plot)  
● Design of transplantation experiment for the Taseko|Gibraltar mine site 

near Williams Lake, BC  

2.1 Study area and research facilities 

Taseko|Gibraltar mine shipped tailings sand and overburden (till) substrates, a 

mix of moss species, and a mix of lichen species from the Gibraltar mine site located 60 

Km north of Williams Lake, BC. I used these materials and propagules for the 

experiment in the lower mainland. I set up the experimental propagation of biocrust at 

NATS Nursery greenhouse, which is in Langley, BC (Figure 2.1). I set up the fertilizer 

and shade experimental treatments at the BCIT facility (Figure 2.1), Burnaby, BC. This 

facility is adjacent to parking lot L. These two research sites are approximately 47 km 

apart in the lower mainland of British Columbia. 
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2.2 Experimental design 

The experimental component of the ARP took place in two different locations. 

The first experiment identified the propagation potential of moss and lichens sourced at 

Taseko’s|Gibraltar mine and the coastal mosses from the Lower Mainland on mine 

tailings, overburden, and control substrate (Peat: sand =8:2 ratio) in a NATS greenhouse 

environment. I developed two other experiments at the BCIT facility to assess the effect 

of fertilizer application rates and shade on moss propagation.  

2.2.1 Greenhouse propagation of biocrust on mine substrates   

The first experiment consisted of three sub-experiments to determine if diverse 

moss and lichen biocrust communities’ propagation is viable on mine substrates in a 

greenhouse environment at the NATS Nursery. Biocrust propagules for the experiments 

consisted of moss and lichen species collected from select locations near the tailings 

facility at the Gibraltar Mine site. NATS Nursery provided a mix of coastal moss species. 

For the study, I used the abbreviation for the mix of Gibraltar moss species as Gibraltar 

moss (GM), a mix of Gibraltar lichen species as lichen species (L), and a mix of coastal 

moss species as Coastal moss (CM).  The propagation substrates consisted of mine 

 

Figure 2. SEQ Figure \* ARABIC \s 1 1 Research Locations.  Greenhouse 
facility at NATS nursery, Langley, BC (left). Research plot at BCIT, adjacent 
to parking lot L, Burnaby, BC.(Right). Image modified from ESRI. 

Figure 2-1 Research Locations.  Greenhouse facility at NATS Nursery, Langley, 
BC (left). Research plot at BCIT, adjacent to parking lot L, 
Burnaby, BC.(Right). Image modified from ESRI. 
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tailings and overburden procured from Gibraltar mine, and a control nursery soil provided 

by NATS Nursery (peat and sand 8:2 ratio). I set up the experimental treatments on trays 

and replicated them five times as per the following experimental design: 1 propagule 

type (GM or CM or L) x 3 substrates (mine tailings, overburden, control soil) x 5 

replicates = 45 trays (Figure 2.2).  

 

Gibraltar Moss 
Experiment  

Coastal Moss 
Experiment  Lichen Experiment 
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TGM1 OGM1 CGM1  TCM1 OCM1 CCM1  TL1 OL1 CL1 

TGM2 OGM2 CGM2  TCM2 OCM2 CCM2  TL2 OL2 CL2 

TGM3 OGM3 CGM3  TCM3 OCM3 CCM3  TL3 OL3 CL3 

TGM4 OGM4 CGM4  TCM4 OCM4 CCM4  TL4 OL4 CL4 

TGM5 OGM5 CGM5  TCM5 OCM5 CCM5  TL5 OL5 CL5 

Figure 2-2 Experimental design of Gibraltar moss (GM), Coastal moss (CM) and 
lichen(L) propagation in the greenhouse at NATS Nursery. 
Propagation substrates were  tailings (T), overburden(O), and 
nursery soil as control(C). 

 

The experiment at NATS Nursery commenced on January 15 and on January 22, 

2021, with the support of Meghan Bonnell, and Coel Edgier, NATS technical staff. I 

monitored the site and collected data until the end of August 2021.    

I organized trays in blocks of each propagule type and separated them 30cm 

apart. The dimensions of each tray were 50 cm x 25 cm x 5 cm including a one cm thick 

coconut mat placed at the bottom of each tray. I standardized all the respective 

propagules as 10 g per tray and was evenly spread across the tray’s substrate surface. 

NATS technicians helped set up the moss propagation experiment as per their standard 

protocol and technique (note: I signed a non-disclosure agreement regarding the NATS 

proprietary technology of moss propagation for this research). We set up all the trays in 
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a similar environment with similar physical conditions in the greenhouse. The 

greenhouse did not have any artificial lighting or control. The greenhouse tunnel 

received natural light during the daytime and was dark during the nighttime. Similarly, it 

also did not have a temperature control mechanism other than it was warmer than 

ambient in cold months due to the greenhouse effect. The water misting time, frequency, 

and amount were weather dependent to ensure that the substrates did not dry out. 

NATS technician assisted in watering the trays as per NATS standard procedure until 

the trays are fully soaked. In the spring, the experimental trays received water every two 

to three days, whereas in summer technicians set up the automated misting cycle of 

three times every day for two minutes. I and NATS technicians did not add any nutrients 

to any of the experimental trays at the NATS Nursery. NATS nursery technician removed 

the greenhouse poly during summer to protect plants inside the tunnel from overheated 

temperature but the shade clothes were still present.  

I used the Govee Bluetooth Humidity Meter, Hygrometer Thermometer to record 

the relative humidity and temperature data during bi-weekly monitoring at the NATS 

greenhouse. The technicians also recorded temperature data during their regular 

monitoring and maintenance events. After the biocrust establishment, I measured the 

trays using a portable CO2 gas analyzer (EGM-5 PP Systems) until mid-August 2021. I 

used the soil respiratory chamber (SRC) and Canopy assimilation chamber (CPY) to 

obtain the soil CO2 efflux (for respiration) and canopy flux (for photosynthesis) 

respectively on all experimental trays in NATS. The difference in CO2 concentration (DC) 

and the linear rates in experiment trays provided insights into the contributions of the 

biocrust community to the carbon dynamics. This includes the carbon uptake from the 

atmosphere for the photosynthesis process and the release of CO2 from moss and 

lichen respiration. 

The maximum and minimum temperature and relative humidity records during 

the experiment for the data available days are in Table 2-1. The maximum temperature 

recorded was 48.3 o C and the minimum temperature recorded was -7 o C. The relative 

humidity of the greenhouse ranged from 16% to 97%.  
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Table 2-1 Temperature and relative humidity profile at NATS Nursery 

Date Max Temp (o C) Min Temp (o C) Max RH (%) Min RH (%) 
04-Feb 13 0 84 56 

08-Feb 20 -2 NA NA 

12-Feb 20 -2 NA NA 

16-Feb 21 -7.0 96 42 

19-Feb 12.5 -2 96 73 

22-Feb 15.5 -2 97 52 

24-Feb 19 -2 97 35 

26-Feb 18 0 94 59 

01-Mar 18 -2 95 35 

05-Mar 21 0 95 33 

08-Mar 21 0 95 33 

11-Mar 23 -2 95 31 

12-Mar 22 0 89 29 

15-Mar 27 -2 95 27 

18-Mar 28 -0.2 95 25 

31-Mar 23.8 -0.02 92 31 

15-Apr 33.5 0.9 91 16 

29-Apr 19.5 8.8 95 43 

13-May 34.1 4.4 93 23 

27-May 32.4 15.8 95 23 

10-Jun 32.6 7.1 90 21 

24-Jun 43.1 12.6 93 21 

08-Jul 48.3 12.2 94 24 

21-Jul 25.2 15.1 88 45 

06-Aug 39.1 13.5 92 26 

16-Aug 40.1 13.1 95 25 

31-Aug 40.1 8.5 96 25 

2.2.2 Fertilizer and shade treatment effects on moss propagation  

The second experimental component assessed the effect of a) fertilizer 

application and b) shade on the establishment and growth of Gibraltar moss (GM) on 
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tailings and overburden substrates. I used a smaller tray size (20 cm x 12 cm x 5 cm) 

and propagated 5 g of a mix of Gibraltar moss in each tray to ensure sufficient Gibraltar 

moss was available. I used the propagule, which was stored in a refrigerator at a 

temperature between 2 to 4 0C at NATS nursery between January to May 2021 for the 

experiment.  I followed the technique to set up experimental trays as discussed in 

Section 2.2.1 (Experiment 1). I placed the trays set up in the research plot at BCIT (see 

section 2.1 for details) in a non-greenhouse outside environment.   

Fertilizer treatments: The experiment to test fertilizer effect was as follows: 

Propagule (Gibraltar moss) x 2 substrates (mine tailings, overburden) x 3 fertilizer rates 

(low, high, unfertilized) x 5 replicates= 30 trays (Figure 2.3). 

I intended to use a fertilizer 30-30-30 (N-P-K) with an application at a low rate of 

110kg/ha (11g/m2), at a high rate of 220kg/ha (22g/m2), and an unfertilized control. The 

fertilizer type contained all three essential macronutrients.  However, the only fertilizer 

with all three essential macronutrients available for purchase was 20-20-20 (N-P-K). I 

calculated the targeted amount of N, P and K and applied 2g for five replicate trays for 

the lower dose, and 4g for five replicate trays for the higher dose. I mixed the fertilizer 

into 150 ml of water and I applied 30 ml of mix to each tray and sprayed the fertilizer on 

the trays containing mine substrates at the beginning of the experiment in May 2021. I 

repeated the same process for both higher and lower doses. The fertilizer application 

rate calculation is in Appendix B (Table B.2). 

Shade treatments: To test the effect of shade on Gibraltar moss propagation the 

experimental design was as follows: Propagule (GM) x 2 substrates (mine tailings, 

overburden) x 50% shade x 5 replicates= 10 trays. 

I used 50% shade cloth (Lee Valley, tight-knit poly materials) to create shade for 

the experiment. I placed the experimental trays under the shade cloth. I considered the 

control tray (no fertilizer treatment) from Experiment I) as a control (no shade) for the 

shade effect experiment.  
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Tailings and Fertilizer 

 

Overburden and Fertilizer 

 

Tailings 
and 
Shade 

Overbu
rden 
and 
Shade 

High 
Dose 

Low 
Dose Control 

High 
Dose 

Low 
Dose Control 

TMFH1 TMFL1 NTMF1 OMFH1 OMFL1 NOMF1 TMS1 OMS1 

TMFH2 TMFL2 NTMF2 OMFH2 OMFL2 NOMF2 TMS2 OMS2 

TMFH3 TMFL3 NTMF3 OMFH3 OMFL3 NOMF3 TMS3 OMS3 

TMFH4 TMFL4 NTMF4 OMFH4 OMFL4 NOMF4 TMS4 OMS4 

TMFH5 TMFL5 NTMF5 OMFH5 OMFL5 NOMF5 TMS5 OMS5 

Figure 2-3 Representation of the experimental design to determine effect of a) 
Fertilizer (F) application at three different rates ( Low-L, High-H, and 
None-N) b) effect of  50% shade (S) on mix of Gibraltar moss (M) 
propagation on tailings (T) and overburden (O) substrates at BCIT 
research plot. 

 

I initiated the experiment on May 20, 2021, and monitored the experiment until 

September 09, 2021. I covered each tray with a plastic lid to protect the trays from wind 

and cross-contamination and purposely made cracks and holes on the cover lid to allow 

air exchange. I watered and maintained the trays every 2-3 days as required depending 

on weather conditions. The purpose of these experiments was to imitate the field 

environment. These experimental trays did not receive the same watering frequency as 

in Experiment 1 at the NATS greenhouse. I monitored the establishment and growth of 

propagule materials bi-weekly by measuring percent cover based on the perception 

scale. I took photos to track the progress. 

I also used the portable CO2 gas analyzer (EGM-5 PP Systems) to measure soil 

CO2 efflux (for respiration) on all experimental trays in BCIT. I did not measure canopy 

flux (for photosynthesis) in the trays as biocrust did not establish. The differential carbon 

dioxide and the linear rates in experiment trays would provide insights into the increase 

or decrease of CO2 in the chamber implying contributions of the biocrust community to 

the carbon dynamics. The photosynthesis process will fix more carbon to biomass and 

soil, soil respiration will release CO2.  
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2.3 Parameters and data analysis  

2.3.1 Measurement of biocrust cover by visual perception scale  

I monitored the establishment and growth of propagules on each tray every two 

weeks. I developed a monitoring sheet (Appendix B, Table B.4). I took notes of the 

condition of the tray and recorded the growth. I created a perception scale (Table 2-2) 

and assigned the cover scale to the trays according to the perception scale of 1-9 (1 

being just as an experimental setup, 9 being more than 80% covered) for assessing 

biocrust cover percent. I referred to the same perception scale while rating the 

monitoring trays throughout the monitoring to prevent bias.  

Table 2-2 Reference table to rank the biocrust cover in each tray 

% Biocrust Cover/Tray Assigned value Remarks 
0 to 10  1 As start of the experiment 

11 to 20 2 Active biocrust* start to be noticed 

21 to 30 3  Approximately 20-30 % tray 

covered with active biocrust  

31 to 40 4 Approximately 30-40% tray 

covered 

41 to 50 5 Approximately 40 to 50% tray 

covered 

51 to 60 6 Approximately 50 -60% tray 

covered 

61 to 70 7 Approximately 60-70% tray 

covered 

71 to 80 8 Approximately 70 to 80% tray 

covered 

81 to 100 9 More than 80 % tray covered 
* Active biocrust refers to moss/lichen that shows green colour specially on the tips and signs of 

vigor and development. The observations were verified using a magnifying glass. I made 

periodical estimations of the percent cover of mosses and/or lichens on each experimental tray. 
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2.3.2 Measurement of biocrust cover by Image analysis (MATLAB) 

I took photos with a Samsung galaxy S10e mobile phone camera at 

approximately 80 cm height from the ground surface for a digital assessment of biocrust 

cover using image analysis (hereafter named as MATLAB method). I used the Gimp 

software and MATLAB to perform the image analysis to assess the biocrust area of the 

tray. I randomly chose a moderately biocrust established tray to obtain the Red (R), 

Green (G), Blue(B) and Hue (H), Saturation (S), Value (V) of the biocrust (green) and 

non-biocrust (non-green) value. I obtained these values for 30 random biocrust and non-

biocrust points in an image. I calculated the average value and standard deviation to find 

the biocrust and non-biocrust values of the respective R, G, B, and H, S, V values.  

Professor Shawn Chartrand wrote MATLAB script and taught skills to run the 

script for image analysis. The script automatically calculated the total biocrust pixels and 

total pixels of the image, the ratio of biocrust to total pixels gave the proportion of 

biocrust in the image. This method provided the best estimate of the biocrust cover 

percent on experimental trays. In addition, I used the best cover estimate data for 

ANOVA analysis in R-software to see if the propagule type, substrate type or their 

combined effect has any influence on the percent cover of biocrust. 

2.3.3 Measurement of biocrust carbon dynamics 

I measured the carbon dynamics of biocrust by measuring the carbon flux of the 

experimental trays. I measured the carbon flux biweekly once biocrust was established 

on the experimental trays using a portable CO2 gas analyzer (EGM-5 PP Systems).  

The analyzer came with Soil Respiration Chamber (SRC) and Canopy 

Assimilation Chamber (CPY). SRC-2 Soil Respiration Chamber is for the measurement 

of a closed system, soil CO2 efflux. CPY is for measurement of a closed system, net 

canopy CO2 flux. The dimension of SRC is 150 mm (Height) x 100 mm (Diameter) and 

the area is 78 cm2. The dimension for CPY is 145 mm (Height) x 146 mm (Diameter), the 

area is 167 cm2. I followed the standard protocol set by the instrument to measure the 

differences in carbon dioxide concentration and linear rate in different trays. I used both 

canopy and SRC chamber to measure the soil CO2 efflux and canopy flux and linear rate 
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in all the trays in the NATS nursery. However, for the BCIT experimental trays, I only 

used an opaque SRC chamber as biocrust did not establish to measure the canopy flux.  

Guan C et al. (2018) used an automated soil respiration system to measure soil 

respiration rates of biological soil crust using an opaque chamber for an observation 

period of the 90s. Madalina et.al (2020) used the EGM-PP system to measure the 

carbon dioxide flux in soil and set the measurement time to 60 seconds. I trialled 

measuring the CO2 measurement using SRC and CPY for the 60s, 90s, and 120s. After 

the multiple trials, I set the measurement time as 90 seconds to track the change in the 

difference in CO2 concentration and linear rate similar to Guan C et.al. The equipment 

automatically displayed the value at the end of measurement. It uses its in-built software 

to determine the differential CO2 (DC) and fits the linear and quadratic respiration rate. 

The difference in carbon dioxide concentration is the difference between ambient carbon 

dioxide and the amount of carbon dioxide present in the chamber from time equal to 

zero until measurement time of 90 seconds. The biotic and abiotic factors of soil release 

carbon dioxide into the soil. 

The gas analyzer is sensitive equipment, it can record the little changes around 

the measurement such as local carbon dioxide built up as a result of breathing, vehicle 

movement or the presence of any other sources of CO2. I allowed myself a couple of 

trials and exercise caution to use the equipment for reliable data. I worked in the 

Figure 2-4 Measurement of CO2 efflux using gas analyzer in 
NATS nursery. 
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greenhouse environment, which was busy during the summer. There were a frequent 

movement of the small trailers and people working around the facility. I tried to minimize 

the error or record the value. I also repeated the measurement for reliable data. I created 

a random order of measurement of the experimental treatment trays to prevent biases 

but kept that order for all measurement dates.  

2.3.4 Statistical analyses 

I used MS-excel to get the descriptive statistics of the biocrust cover in the 

experiments. I used the same software to create charts and bar diagrams to analyze and 

present the data. 

For differences in biocrusts percent cover, I performed the ANOVA analysis in R-

software to see if the propagule type, substrate type or their combined effect has any 

influence on the percent cover of biocrust using the values obtained from the MATLAB 

method. I assessed the outliers, and tested the normality of data with the Shapiro-Wilk 

test of normality, and I performed the Levene test for the homogeneity of variances to 

satisfy the pre-requisite of the ANOVA test. 

For differences in CO2 concentration (DC), I calculated the average of the DC 

values of different trays in excel and interpreted them based on the mean value. For the 

biocrust cover progress, I created a chart in an excel sheet to track the progress on 

different monitoring dates based on the perception scale. 

2.4 Experimental design for transplantation of propagated 
biocrust at Gibraltar Mine site  

I prepared a transplantation strategy document that included the transplantation 

experimental design, shipping strategies, transplant methodologies and a long-term 

monitoring plan. This document will assist with the field transplantation procedure and 

field data collection to confirm the establishment of the nursery propagated biocrust 

mats. I referred to the available resources on biocrust and the learning from the 

experiment to create the document and field experimental design. I consulted with Steve 
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O’Hara and Twilla Griffith from Taseko | Gibraltar throughout the process. I discussed 

this design in detail in Section 5 of this document.  
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3. Results 

3.1 Greenhouse propagation of biocrust on mine substrates 

3.1.1 Gibraltar Moss cover measured by perception scale   

I used the perception-based scale (Table 2-2) to obtain the cover percent 

estimate of the experimental trays in the greenhouse environment.  The observation 

data showed that the mix of Gibraltar moss species can establish on all three substrates. 

Figure 3-1 depicts the average % cover of the Gibraltar moss of all the replicate trays on 

three different substrates. 

 
Figure 3-1 Mean % cover of Gibraltar moss on tailings (TGM) , overburden (OGM), 

and control substrates(CGM). (n=5).The cover uses a qualitative 
scale of 1 to 9, where 1 is start of the experiment and 9 is more than 
80% cover with active propagule. 

 

On tailings, I observed the active propagules within two and half months of 

setting up the experiment. The mix of Gibraltar moss covers on the five different replicate 

trays varied between 3 to 6 at the end of the experiment.  

  

0

1

2

3

4

5

6

7

8

9

0
4

 F
e

b

1
9

 F
e

b

0
5

 M
ar

1
8

 M
ar

3
1

 M
ar

1
5

 A
p

r

2
9

 A
p

r

1
3

 M
ay

2
7

 M
ay

1
0

 J
u

n

2
4

 J
u

n

0
8

 J
u

l

2
1

 J
u

l

0
6

 A
u

g

1
6

 A
u

g

3
1

 A
u

g

C
o

ve
r 

sc
al

e

Monitoring date
TGM OGM



 

 19  

On the overburden substrate, I observed the active Gibraltar moss within one and 

half months of the experiment setup. The moss-covered area of the five different 

replicate trays varied between 2.5 to 3.5 on a cover scale point at the end of the 

experiment.   

On the control substrate, I observed the active Gibraltar moss within one and half 

months of the experimental setup. The control substrate also had the greatest cover at 

the end of the experiment. The moss-covered area of the five replicate trays varied 

between 4 to 9 on a cover scale point.   

3.1.2 Coastal Moss cover measured by perception scale 

The greenhouse propagation observation showed that the establishment of a mix 

of coastal moss species is successful on all three substrates. Figure 3-2 depicts the 

mean cover of the coastal moss on three different substrates.  

 
Figure 3-2 Mean % cover of all replicates of coastal moss on tailings (TCM), 

overburden (OCM), and control substrates (CCM). (n=5). The % cover 
uses a qualitative scale of 1 to 9, where 1 is the start of experiment 
and 9 is more than 80% cover with active progpagule.  
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On the mine tailings, I observed the active coastal mosses propagules within two 

and half months of setting up the experiment. The biocrust area coverage of the different 

replicate trays varied between 4 to 5 on a cover scale point at the end of the experiment.  

On the overburden substrate, I observed the emergence of active propagules 

within two and half months of setting up the experiment. The biocrust area coverage on 

the trays varied between 3 to 4 on a cover scale point at the end of the experiment. 

On the control substrate, I observed the viability of the propagules within one and 

half months of setting up the experiment. The biocrust area coverage was greatest on 

the control substrate. The different trays’ biocrust cover varied between 4 to 8 on a cover 

scale point at the end of the experiment. 

3.1.3 Lichen cover measured by perception scale  

I was not able to measure the propagation of the mix of Gibraltar lichen species 

on the mine tailings or the overburden substrate. The greenhouse propagation 

observations showed the active lichens on control substrates only. Figure 3-3 depicts the 

lichen cover progress on different substrates. I observed a mix of moss species 

establishment on the lichen trays instead of lichens; however, in the results, I considered 

the cover estimate for lichens only. Most of the lichen propagules dried out on mine 

substrates at the end of the experiment, however, I observed green and active 

propagules on the control substrate in a scattered pattern on all control trays at the end 

of the experiment.  
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Figure 3-3 Mean % cover of all replicates of Lichen on tailings (TL) , overburden 
(OL), and control substrates (CL). (n=5). The % cover uses a 
qualitative scale of 1 to 9, where 1 is start of the experiment and 9 is 
more than 80% cover with active propagule. 

 3.1.4 Biocrust cover using MATLAB image analysis 

I randomly chose an image with the moderate biocrust establishment to get the 

pixel values for both biocrust and non-biocrust. I needed 30 random points for biocrust 

and non-biocrust. This would be difficult to obtain such 60 points in a fully established or 

not fully established tray’s image.  I obtained the following values of biocrust and non-

biocrust pixels of the image to run a MATLAB script to separate biocrust from non-

biocrust. I obtained the average values and standard deviation of 30 random biocrust 

pixels and 30 random non-biocrust pixels of an image.  

Table 3-1 The values used to separate biocrust and non-biocrust pixels 

 R G B H S V 

Avg (biocrust) 152.03 165.37 33.33 66.13 81.62 64.94 

SD- biocrust 35.40 32.99 29.55 4.14 12.91 13.05 

Avg (non-

biocrust) 
150.13 131.47 112.17 29.64 35.99 57.75 

SD- non biocrust 68.09 66.88 63.47 10.69 26.18 26.72 
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I used the values in Table 3-1 to get the cover percent on the images to obtain 

the percent cover. Figure 3-4 is the box plot of biocrust cover percent on the different 

substrates on different experimental treatment trays for 31st August based on MATLAB 

method. The result shows that the maximum cover percent for the Gibraltar moss 

propagules on tailings substrate was 45%, on overburden substrate was 28%, and for 

the control was 78%. The result for the maximum cover of coastal moss on tailings was 

29%, on overburden was 33%, and on control was 51 %. I observed the establishment 

of moss on the lichen trays. The maximum biocrust cover on lichen trays on tailings was 

33%, on overburden was 34%, and on control was 63%.  The Gibraltar moss achieved 

better establishment on tailings than overburden and maximum on control substrates. 

The Gibraltar moss had better coverage than coastal moss on tailings and control 

substrate. For all the propagule types, control has the maximum biocrust cover. I 

observed a similar result on the perception-based scale (See sections 3.1.1-3.1.3).  

 

Figure 3-4 Percent cover of Coastal moss (CM), Gibraltar moss (GM) and Lichens 
at the end of the experiment on August 31st,  2021. The % cover was 
calculated using image analysis. 
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3.1.5 Comparison of MATLAB method and perception-based method 

I converted the values from the perception-based scale to the best estimate 

percent and compared it with the percent estimate from the MATLAB method for the end 

monitoring date of August 31st. Figure 3-5 shows the comparison of percent estimates 

for different experimental trays. The percent cover values for moss did not vary much but 

for lichens, the percent cover values differ. 

 

Figure 3-5 Comparison of perception based estimate % cover and MATLAB 
method estimate % cover of all the greenhouse experimental trays 
monitoring data on August 31, 2021.  

 

3.1.6 Statistical analyses of Biocrust Cover 

I performed ANOVA for greenhouse experiment for biocrust cover only. The 

greenhouse experiment’s visual observation confirmed the establishment of biocrust on 

mining substrates. I performed the analysis to see if the propagules, substrate or their 

combined effect influences biocrust cover. The p-value is less than 0.05 for the effect 

due to substrate type. This will inform if we need to improve substrate or propagule type 

to have a positive effect on the cover. Table 3-2 represents the ANOVA table. I also 
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performed the Tukey’s HSD (Honesty Significance Difference) post hoc test to assess 

the significance of differences between the substrate types (Appendix D, Table D.1) 

I did not perform the ANOVA test for other experiment and carbon dynamics 

data. The visual observation revealed the drying out of moss in the BCIT experiment for 

fertilizer treatment. For the Carbon dynamics data, I did not differentiate the organic and 

inorganic carbon, the carbon efflux and flux measurement might be the result of 

inorganic carbon and/or organism other than biocrust.  

Table 3-2ANOVA Table (Type II test) of greenhouse experiment for biocrust cover 

 Effect DFn DFd F p value <0.05 Ges 

1 Substrate 2 36 29.307 2.79 e-08 *0.620 

2 Propagule 2 36 2.588 8.90 e-02 0.126 

3 Substrate: 

propagule 

4 36 1.487 2.27 e-01 0.142 

*Ges (generalized eta squared) is a measure of effect size that permits comparisons of 

results across both between-subjects and within-subjects designs 

3.1.7 Biocrust carbon dynamics in substrate treatments 

Difference in CO2 and linear rate using SRC 

Table 3-3 shows the mean differential carbon dioxide concentration (DC) and 

linear rate measured in different trays in NATS Nursery using the SRC process. The DC 

amount is the difference in CO2 concentration (ppm) from the initial time. The linear 

respiration rate (g m-2 hr-1) measures the rate of change (increase) in CO2 concentration 

in the chamber over time. The positive DC implies CO2   release into the chamber 

potential respiration activity of biocrust. The values in the table fluctuates from -10.4 to 

8.4 ppm for mean DC. The linear rate also varies from -0.062 to 0.138 (g m-2 hr-1). 

  



 

 25  

Table 3-3 Mean difference in CO2 concentration and linear rate using SRC process in 
greenhouse experiments on mine substrates with three propagule types 
 

Difference in CO2 
Concentration (SRC) 

ppm 

Linear rate due to SRC process (g m-2 hr-1) 

Treatment DC 
08 
Jul 

DC 
21 
Jul 

DC  
5 
Aug  

DC 
 16 
Aug  

Linear  
08 Jul 

Linear  
21 Jul 

Linear  
5 Aug 

Linear  
16 Aug 

TGM -8.2 -1 -1.2 -1.8 -0.064 0.002 0.034 -0.008 

OGM -3.8 -1.2 0.8 -1.4 -0.018 0.012 0.034 -0.008 

CGM -0.4 2.2 4 3.8 0.018 0.054 0.106 0.062 

TCM -3.2 -1.8 -2.8 -2 -0.024 -0.004 0.004 0.008 

OCM -1.6 0.2 -2.8 0.4 -0.026 0.028 -0.008 0.014 

CCM 3.6 2.6 5.4 5 0.058 0.056 0.094 0.066 

TL -4.2 -3.4 -10.4 -3.6 -0.044 -0.016 -0.062 -0.03 

OL -6.6 0.6 -6.2 -1.4 -0.05 0.024 -0.016 0.006 

CL 1.8 3.4 8.4 4 0.042 0.068 0.138 0.054 

Difference in CO2 concentration using CPY 

Table 3-4 shows the average value from the canopy assimilation process records 

the current difference in CO2 concentration (ppm) from the initial time and linear rate. In 

assimilation, CO2 concentration is decreasing, but for display purposes, the negative 

values are inverted by the software. The linear assimilation rate (μmol m-2 s -1) measures 

the rate of change (decrease) in CO2 concentration in the chamber over time.  The 

positive DC values imply the amount of CO2 used as part of assimilation into biocrust 

biomass. The values in the table fluctuate from -1 to 34 ppm for mean DC among 

different treatment trays. The mean assimilation rate also varies from -0.012 to 2.075 

(μmol m-2 s -1) among different treatment trays. 
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Table 3-4 Mean difference in CO2 concentration and linear rate using CPY process 
 

Difference in CO2 
Concentration due to 
CPY process (ppm) 

Linear rate due to CPY process (μmol m-2 

s -1) 

Treatment DC 
08 
Jul 

DC 
21 
Jul 

DC 
5 
Aug  

DC 16 
Aug  

Linear 
08 Jul 

Linear 21 
Jul 

Linear 5 
Aug 

Linear 
16 
Aug 

TGM 22.4 11.4 19.2 15.250 1.732 0.822 1.286 0.990 

OGM 7.2 1.8 9.8 28.250 0.738 0.326 0.666 1.080 

CGM 14.6 16.2 2.2 18.000 1.156 1.166 0.120 1.178 

TCM 13.2 11.4 13.6 17.500 1.136 0.818 0.964 1.063 

OCM 11 3.6 5 17.667 0.920 0.366 0.540 1.153 

CCM 12 10 -1 3.000 0.894 0.746 0.104 0.300 

TL 14.2 9.6 23.2 24.500 1.062 0.748 1.624 1.565 

OL 15.8 5.4 19.4 34.000 1.176 0.482 1.264 2.075 

CL 9.4 6.6 6.4 2.000 0.728 0.650 0.464 0.307 

(Note: T-Tailings, O-Overburden, C- Control, GM- mix of Gibraltar moss, CM- mix of 

Coastal moss, L- Lichens) 

3.2 Fertilizer and shade treatment effects on Gibraltar Moss 
propagation  

3.2.1 Fertilizer and shade effect on moss cover 

The second component consisted of the effect of fertilizer amendment and shade 

effects on the propagation of a mix of Gibraltar moss species. The experiments occurred 

at the BCIT facility. I could not confirm the fertilizer effect on the propagation of Gibraltar 

mosses as the experiential trays with fertilizer treatment on Gibraltar mosses dried out.  

The shade treatment has some beneficial effects on biocrust propagation. Some 

of the moss in the experimental trays survived throughout the heat waves.  
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Figure 3-6 Effect of shade (S) on Gibraltar moss(M) propagation on tailings (T) and 

overburden (O) based on a perception cover scale from 1 to 9. (n=5). 
The % cover uses a qualitative scale of 1 to 9, where 1 is the start of 
experiment and 9 is more than 80% cover with active progpagule. 

3.2.2 Moss contribution to carbon dynamics 

Difference in CO2 and linear rate using SRC process 

Table 3-5 shows the mean value differential carbon dioxide (DC) concentration 

and linear rate measured in different trays in the BCIT facility using the SRC process. 

The DC value is the difference in CO2 concentration (ppm) from the initial time. The 

linear respiration rate (g m-2 hr-1) measures the rate of change (increase) in CO2 

concentration in the chamber over time. The treatment trays of the experiment are 

showing some activity. The values in the table fluctuate from -3.8 to 2.4 ppm for mean 

DC. The linear rate also varies from -0.008 to 0.048 (g m-2 hr-1). 
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Table 3-5 Mean difference in CO2 concentration and linear rate using SRC process at 
BCIT 
 

Difference in CO2 
Concentration due to 
SRC process (ppm) 

Linear rate due to SRC process (g m-

2 hr-1)  

Treatment  DC 
15 
Jul  

DC 
29 
Jul 

DC 
14 
Aug  

DC 
25 
Aug  

 Linear 
15 Jul  

 Linear 
29 Jul  

Linear 
14 Aug 

Linear 
25 Aug 

TMFH 5 -1 -1 0.6 -0.002 0.002 0.006 0.024 

TMFL 0.2 0 -0.2 0.4 -0.008 0.014 0.008 0.03 

NTMF 3 -0.8 -0.4 -0.2 0.006 0.004 0.002 0.004 

OMFH 7 0.8 -0.2 2.4 0.012 -0.014 -0.012 0.028 

OMFL -4 -0.2 0 0.2 -0.028 0.024 -0.026 0.048 

NOMF -0.6 -1 -1.6 0.6 -0.022 0.01 0 0.02 

TMS -1 1.8 -2.2 -3.8 0.024 0.03 -0.008 -0.012 

OMS -3.8 -0.2 -3.8 -0.8 0.042 0.018 -0.02 0.014 

(Note: T-Tailings, O-Overburden, H- High fertilizer dose, L- Low fertilizer dose, N- None 

fertilizer, M- moss, S- Shade condition) 
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4. Discussion  

4.1 Greenhouse propagation of biocrust on mine substrates  

4.1.1 Biocrust cover in substrate treatments 

The guiding research question for the project was to understand if it is possible to 

propagate biocrust in a greenhouse environment on mine tailings and overburden 

substrates; moreover, if these propagated biocrust mats can be transplanted in the field. 

Dohetry (2014) demonstrated that common biocrust moss, Syntrichia rurarlis rapid 

cultivation is possible in a greenhouse environment. My greenhouse experiment also 

confirmed the establishment of biocrust on the experimental trays. I started the 

experiment in mid-January and monitored it until the end of August for seven months. I 

observed the emergence of active mosses within one and half months for the Gibraltar 

moss and within one month for the Coastal moss after the setting up of the greenhouse 

experiment. Biocrust cover on one of the best-established trays, which is Gibraltar moss 

propagated on the control substrate, was more than 80% based on the perception scale 

and approximately 78% with the MATLAB image analysis at the end of the monitoring 

date within the seven months of the study. The average cover of the propagules on 

different substrates revealed that the control substrate (80% peat soil and 20% sand) 

had better biocrust coverage followed by tailings and overburden (Figure 3-1).  

I observed a wide range of variations on the final % cover achieved by the 

Gibraltar moss mix and the Coastal moss mix on the three tested substrates. Overall, 

Gibraltar moss achieved a greater % cover than coastal moss on tailings and control 

substrates (Figure 3-4), although this difference was not statistically significant. Moss % 

cover increased slowly over time for all propagule types (Figures 3-1 and 3-2). The % 

cover growth was faster on the control substrate than on the other substrates and 

peaked at the maximum value for both types of moss. The moss % cover on the same 

substrate type also varied in different months. For instance, the Gibraltar moss % cover 

on tailings peaked at end of August but showed some variation in between with % cover 

elevated in June and then declined before attaining the peak at the end of August. The 

Gibraltar moss on overburden substrate had a peak value of 4 on cover scale at the end 

of April, then it declined and the cover scale was 3 at the end monitoring date. The 



 

 30  

average % cover of Gibraltar moss on the control was higher in early July, but the best 

cover was on the control substrate, which covered the whole tray at the end of the 

experiment.  The coastal moss species also showed monthly variation. The coastal 

moss showed the peak cover on the control substrate with full coverage on 24th June, 

then after the average % cover declined. I also noticed a slight change in the colour of 

moss in between the months. This trend was also observed for tailings. I noticed that the 

Gibraltar moss cover was not affected the same way as coastal moss after the heat 

dome effect. Differences in cover among trays within the same treatment varied even 

though all the trays received an equal number of propagules and were maintained in 

similar environmental conditions. Despite the homogeneous setting, the variation in the 

% cover among replicate trays and type of moss was significant. Within Gibraltar moss 

treatments, the % cover ranged between 3 and 6 showing a more favourable cover on 

mine tailings than the % cover achieved by coastal moss on this substrate where cover 

ranged from 4 and 5.  The variability might be the result of the effect of the microclimate 

effect on the experimental trays.  

In 2021, the lower mainland of British Columbia had a heat dome effect, where 

temperature broke the record high with as high as 48.3 °C. After the heat dome effect, 

the Gibraltar moss species mix was more active than the coastal moss species. This 

might indicate that the mix of Gibraltar moss species is better adapted to a dry and warm 

climate. This suggests that the locally sourced moss species from the Gibraltar mine site 

are more suitable for reclamation of the Gibraltar Mine site, and may adapt to warmer 

temperatures. This could be valuable when making propagation decisions in the context 

of climate change.  

The watering of experimental trays played a vital role in their survival during the 

extreme heat events of summer 2021. I also noticed the occurrence of grass species on 

some of the trays. From the photos and observation, I noticed a change in substrate 

colours in all trays from the beginning of the experiment to the end monitoring date. A 

further lab analysis of substrates with established biocrust cover might further support if 

the biocrust establishment has caused some physical or chemical change to the 

substrates.  

There was evidence of green active lichen species on the control substrate in the 

lichen treatment until the end monitoring date. However, during the study, I did not notice 
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the establishment of lichen species on mining substrates. The mix of Gibraltar lichen 

species was active on some of the control trays, which might propagate further if allowed 

for a longer period. The absence of lichen propagation indicates they might take a longer 

time to establish.  This has been found in other studies, for example, Duncan (2011) 

found that Reindeer Lichen’s annual growth in northern Alberta was 4 to 5 mm/year.  

The other interesting observation for the lichen experimental trays is that moss species 

were established on the lichen trays instead of the desired lichens. The mix of moss 

species establishment might be the Gibraltar moss species. The possible reasons for 

this may be a) lichens and moss were mixed at the collection sites at the mine site, b) 

during the segregation process, complete segregation was not possible. The ‘reindeer’ 

lichens are shallowly attached to the topsoil and on the naturally colonizing mosses, litter 

and humus layers on forest sites (Duncan, 2011). 

For the analysis of the result based on perception, I did not consider the 

moss(biocrust) % cover for lichen trays. I was only interested to observe the progress in 

lichen propagation. However, the MATLAB image analysis could not differentiate 

between moss and lichen and considered all biocrust areas for image analysis. 

Technically this is still the establishment of biocrust. For MATLAB analysis, I took into 

account moss cover in lichen trays as biocrust establishment rather than lichen 

establishment while performing image analysis using MATLAB software. As the control 

substrate had the greatest biocrust cover, adding amendments such as peat to 

propagation mats with tailings may be explored in future experiments. Adding a few cm 

of peat to the mining substrate might support the extra biocrust cover.  

Both the perception scale and the image analysis revealed that the percent cover 

is higher on the control substrates. I compared the perception-based cover estimate and 

image analysis-based cover estimate to understand if human perception to assess 

percent cover is still valid as computer software. I converted the ranking obtained from 

the perception scale to the best estimate percentage for comparison using the data on 

August 31st. I noticed some of the data points exactly overlap, whereas in some data 

points there is a higher estimate in perception-based cover and in some trays MATLAB-

based % cover has higher estimates. However, they don’t depart too much. The 

exception is for the lichen trays where MATLAB estimate had a higher estimate. 

MATLAB could not differentiate lichens from mosses whereas eye observation could 

easily note such qualitative information. I found out that both of these tools are useful in 
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recording information and tracking progress. However, MATLAB-based image analysis 

might be more beneficial for the statistical analysis and to assess % cover more 

accurately.  Perception-based analysis might be used if the assessment tolerates a 

difference of ± 10%.  It is also simple and quick but it requires that the person doing the 

assessment is the same one or that there is a detailed calibration of visual classes 

among all people doing the monitoring to achieve consistency.    

I performed the analysis of variance using the data set of percent biocrust cover 

based on image analysis of 31st August. The ANOVA result (Table 3.1) revealed that 

there is a significant difference in the biocrust coverage due to substrate type. I 

performed the Tukey HSD post hoc test for the significant difference due to substrate 

type. There was a significant difference between tailings and control, overburden and 

control substrate type. However, the test did not show a significant difference between 

tailings and overburden substrate. A reason why the control substrate achieved 

statistically significant higher moss cover may be explained by its rich organic matter 

content, which can retain moisture better than the tailings and overburden substrates. 

The ANOVA result did not reveal a significant difference for propagule type or the 

combined effect of substrate type and propagule. However, during the perception-based 

observation, I noticed that the lichen propagation and establishment were not confirmed 

on mining substrates. There was moss establishment on the lichen trays. MATLAB 

method could not specifically calculate lichen cover and instead estimated total biocrust 

cover. If this fact is to be taken into account, the result would probably suggest that there 

might be a significant difference due to propagule type as well. But the purpose of this 

project was to establish biocrust on mining substrate so the establishment of moss 

instead of lichen is still relevant. In a natural setting, lichens and moss might share the 

same space so it is possible to see moss instead of lichens and vice versa.  

The temperature profiling of the experiment in the greenhouse environment 

revealed that these biocrusts tolerated the temperature between -70 C to 48.30 C. This 

shows that biocrust can survive in extreme weather conditions and tolerate dry and wet 

conditions as well. Moss thrives well in wet conditions but as them being poikilohydric 

species can sustain dry on dry conditions (Green and Proctor 2016; Charron and 

Quatrano 2009). This suggests that biocrust might be crucial in mine site reclamation in 

the context of changing climate. A separate study focusing on the impact of climate 

change on biocrusts will bring valuable inferences. 
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4.1.2 Biocrust carbon dynamics in substrate treatments 

Carbon flux is the exchange of Carbon among the different reservoirs of land, 

water, atmosphere, and organisms. During respiration, organisms release carbon 

dioxide into the atmosphere and during photosynthesis, producers fix carbon dioxide as 

biomass or organic compounds. The different biocrust species are part of the carbon 

dynamics either through respiration or photosynthesis.  

Soil respiration is the CO2 production in soil that goes into the atmosphere (gas 

diffusion and mass flow) and the differences in the concentration in soil and atmosphere 

determine the diffusion of CO2 into the atmosphere (Madelina et.al 2010). The mean soil 

respiration rates in moss-dominated crusts a lichen-dominated crusts varied markedly 

depending on soil temperatures at a depth of 5 cm (Guan C et al. 2018). The 

experimental trays have a depth of 5 cm including 1 cm of coconut mat. The 

measurement data for this study captures the top 5 cm. The gas chambers fitted 

properly on tailings and control substrates as these substrates were less compact. I tried 

to seal the gaps between the rim of the chamber and the overburden substrate, 

however, there might be the possibility of minimal leakage on the overburden trays due 

to compaction, uneven texture and the presence of pebbles.  The ambient CO2 might 

have influenced its concentration inside the chamber, mainly the canopy chamber.   

I aimed to assess the carbon dioxide dynamics due to soil respiration of biocrust 

among the different trays. It was not possible to segregate if the flux is the result of 

biocrust activity, other micro or macro-organism activity or abiotic factors with the help of 

a gas analyzer. It analyzed the difference in CO2 concentration in the chamber at the 

given time. The result shows that there was variation in the differential CO2 (DC) 

concentration for different dates on different trays by different propagule types. The 

average DC values were negative for tailings and overburden substrates but positive for 

the control substrates using the SRC chamber. The DC value for Gibraltar Moss on 

tailings, overburden and the control were -8.2, -3.8, and -0.4 ppm on July 8. The DC 

values for the Gibraltar moss on tailings varied on August 16 to -1.8, -1.4, and 3.8 ppm 

respectively. The linear rate also fluctuated from negative to positive with a monthly 

variation. The control substrate has a positive DC value and a positive linear rate at the 

end of the experiment. The coastal moss also showed a similar trend. The mean DC 

values for coastal moss on tailings, overburden, and the control substrate was -3.2, -1.6, 
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and 3.6 ppm on July 8 and they varied to -2, 0.4, and 5 ppm respectively on August 16.  

The lichen trays had moss established on them followed a similar trend. The DC values 

for lichens on tailings, overburden, and the control substrate was -4.2, -6.6, and 1.8 ppm 

on July 8 and they changed to -3.6, -1.4, and 4 ppm respectively on August 16. The 

lichen on tailings had the highest negative DC at -10.4 on August 5. The lichens on 

overburden had the highest negative DC on July 8 but it declined to -1.4 on August 16. 

The linear rates for all propagule types followed the DC pattern. From the result, usually, 

if the DC is positive the linear rate is positive and vice versa.  The positive value implies 

that there was more CO2 in the chamber than the initial atmospheric concentration. It 

means more respiration or carbon release on those trays. The control substrate has 80% 

peat soil and 20% sand so it has more organic matter (high C content), the percent cover 

data also shows that the control trays had the highest cover. The increase in carbon 

concentration value might be result of increased biocrust activities. The higher 

concentration of positive DC value in lichen trays suggested that the lichens and moss 

might be active and/ or decomposing (lichen treatment trays also had ample moss 

cover). Other microorganisms such as bacteria, fungi, and insects might also be present 

in the experimental trays during CO2 data collection. (Guan C et.al 2018) found the 

maximum value of mean soil respiration rates to be 3.514μmol m-2 s-1 (converted as 

0.0126 g m-2 hr-1) in July. I got the Soil respiration values between -0.008 g m-2 hr-1 

(Gibraltar moss on tailings) on 16 August to the maximum of 0.068 g m-2 hr-1 (Lichens on 

control) on 21st July 2021. Guan. C et al. study and this study both obtained the peak 

respiration rate in July.  

I attempted to measure the carbon dynamics in the grass community to see how 

the carbon flux varied in vascular plant community at three random three lawn-grass 

community plot (See Appendix E, Table E.1). I found the measurement values to be 

fluctuating on the grass community. I found higher and positive DC values when 

measured with SRC. This suggested that there was more respiration and carbon 

released by the grass community. I noticed positive value for control substrate in my 

experimental trays that means more respiration. 

For the CPY processes, the equipment inverted the differential CO2 (DC) value 

and displayed positive DC measurements, which suggested that there was the less CO2 

concentration in the chamber than the initial atmospheric concentration. The canopy 

assimilator chamber measured the net canopy CO2 flux. Most of the trays had a positive 
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value for DC and linear assimilation rate. The range of mean DC values was from -1 for 

coastal moss on control soil (on Aug 16) to 34 ppm (on Aug 16) for lichen on overburden 

substrate. The range of mean linear assimilation rate was from 0.104 μmol m-2 s -1 for 

coastal moss on the control substrate (on Aug 5) to 2.075 μmol m-2 s -1 (on Aug 31).   

The less CO2 in the chamber implies there was more absorption of the gas due to 

assimilation or photosynthetic activity. This might result in more CO2 fixation in the form 

of biomass. Overall, I observed net canopy CO2 flux to be positive implying assimilation 

of biocrust over the period. A study by Baldauf et.al (2018) on a precipitation frequency 

treatment on the carbon balance of lichen-dominated biocrusts in central Spain showed 

a net CO2 uptake (i.e., positive net photosynthesis) with mean net fluxes of 0.35 ± 0.05 

(mean ± 1 SE) and 0.56 ± 0.06 μmol m−2 s−1 for the low and the high-frequency 

treatment, respectively. I did not consider the water misting or moisture content of the 

experimental trays before measuring the carbon data. This might be also one of the 

reasons for variations in the CO2 values in the different trays. The other reason for 

variation might be due to the variation in biocrust cover (less CO2 in trays with high cover 

may be the result of biocrust using it in photosynthesis). This study did not consider 

changes in CO2 due to temperature fluctuation or the relative contribution of inorganic 

and organic carbon. The data observed simply reflected that the biological soil crusts 

would affect net canopy flux. My study was also a short-term study, whereas researchers 

observe the carbon dynamics for a longer time. Darrouzet-Nardi et.al (2015) looked at 

the CO2 over a long-term experiment which showed that biocrust soils were a net source 

of CO2 to the atmosphere at almost more than 90% of the time, but in moisture events, 

there was net photosynthesis. I could not conclude if the biocrust acts more like a sink or 

source of CO2 as I carried out my study only over the summer and there were other 

factors: temperature fluctuation, light variation, moisture content, pressure, leakage that 

might had affected the carbon flux.   

I found the negative DC values when measured with CPY for the grass 

community (Appendix E. Table E.1). The equipment inverted the value for the DC 

measured from CPY, which implied that there was more CO2 accumulated in the 

transparent chamber. For two random grass plots 1 and 2 the linear rate was negative 

and for the third grass plot, the linear rate was positive. The negative values indicated 

that the respiration was higher than the photosynthesis for the grass vegetation type 1 

and 2. Assimilation was positive for grass type 3. The fluctuation in values might be 
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because of the complex relationship of micro and macro-organisms in the grass 

community. Overall, from my study, I learned that the carbon flux is a dynamic process 

and is changing over time and multiple factors influenced the process.    

4.2 Fertilizer and shade treatment effects on Gibraltar moss 
propagation  

4.2.1 Biocrust cover in fertilizer and shade treatments 

The purpose of propagating the biocrust in the BCIT facility was to understand the 

effect of shade and fertilizer on biocrust propagation.  

There are some studies suggesting the beneficial effects of fertilizers on biocrust. 

There are also studies suggesting negative effects of fertilizer on biocrust. Baldarelli et.al 

(2021) experimented with the addition of nutrients nitrogen (N), phosphorus (P), and 

potassium (K+) in Chihuahuan Desert grassland and the study’s result showed that there 

were no significant main effects or interaction effects of nutrients on mean biocrust cover 

(%), however, the covariate, mean vascular plant cover (%), was highly significant. That 

study also suggested that there was a significant negative relationship (r = -0.70) between 

mean vascular-plant cover (%) and the visual estimate of mean biocrust cover (%). 

 I set up the experiment at BCIT to assess the effect of fertilizer on biocrust, as my 

study did not consider the vascular plant community, this would have provided information 

on the direct relationship of fertilizer on Gibraltar mosses. I also tried to mimic the natural 

environmental variability of field conditions as opposed to the controlled greenhouse 

environment. The experimental trays at BCIT received water once every 2-3 days. 

However, the heat dome effect in the lower mainland in the summer of 2021 caused the 

temperature to rise significantly higher than the normal average summer temperature and 

persisted for a few days resulting in the drying out of the mosses in the experimental trays.  

Therefore, I was unable to confirm the establishment and viability of the mix of moss 

species sourced at Gibraltar for the fertilizer treatments. Although I continued doing bi-

weekly monitoring until the first week of September, I did not notice changes (signs of 

biocrust activity or greening) in the fertilizer treatment experiment. If there would have 

been no heat dome effect then, I would be able to suggest if the fertilizer has any kind of 

effect on percent cover. Dutt (2020) suggested that the inoculation and addition of macro-
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fertilizers (nitrogen and phosphorus) could increase biocrust productivity. Antoninka et.al 

(2016) also revealed that the biomass of moss increased six-fold in a greenhouse 

experiment with water and fertilizer treatment. Based on these literatures, I could suggest 

that fertilizer might negatively affect moss if applied in the presence of a vascular plant 

community, however, in contrast, the greenhouse and field experiment suggested biocrust 

productivity to be increased with fertilizer.  

I used the 50% shade cloth to create shade for the experiment. I observed the 

presence of few active viable mosses on some of the tailings and overburden trays placed 

under the shade condition. I also noticed the presence of slugs on multiple occasions on 

the experimental trays with moss propagules. The presence of slug might have impacted 

the growth of biocrust. The presence of slugs under shade conditions also suggested that 

there was considerable moisture on these trays. I visually observed moisture retained for 

a longer period under 50% shade conditions. I observed that shade has a beneficial effect 

on mix of Gibraltar moss species. Dutt (2020) tested the effect of shade on moss 

establishment on tailings sand, which did not result in significantly different productivity. In 

contrast, my experiment revealed few active mosses on the trays under 50% shade.     

4.2.2 Biocrust carbon dynamics in fertilizer and shade treatments 

I continued monitoring the CO2 efflux with the SRC chamber to see any activity 

due to biocrust. There was no specific pattern on differential carbon dioxide in different 

treatment trays. The variation in the concentration might be due to biocrust being in 

dormant form, biocrust decomposition, or the change in the abiotic factor’s effect. I could 

not a explain higher difference in CO2 concentration in overburden trays. I had concerns 

with the overburden trays as the SRC chamber could not be 100% sealed. The overburden 

substrate was compact and uneven. There was the possibility of minor leakage while 

placing the SRC chamber. The variation in CO2 efflux despite dry moss propagules 

suggested that biocrust still has some positive role in bringing the functional aspect to the 

soil.  
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5. Transplantation Design Strategy 

5.1 Context  

One of the components of this Applied Research Project (ARP) is to create a 

transplantation design strategy document to guide transplantation of the experimental 

trays. These experimental trays are the propagules along with the mining substrate for 

transplantation at the Taseko|Gibraltar mine site. 

There are limited studies regarding the transplantation of the biocrusts grown in 

the greenhouse environment onto the mine site. This document used the available 

resources, and learnings from the greenhouse propagation, greenhouse technicians’ 

experience, and previous research to recommend a design that might enhance the 

survivability and establishment of the biological soil crusts on the mine site. This 

transplantation design is also a trial and will support future studies to create a robust 

design in future. This component will help understand another avenue: Will the 

greenhouse propagated propagules survive and grow in field conditions? 

5.2 Objectives 

The general objective of the third component of ARP is to create a design and 

transplantation strategy document that will guide the biocrust transplantation process at 

the Gibraltar mine site. The specific objectives are:  

● To prepare strategies for packaging and shipping nursery propagated 

biocrust (moss and lichen) to the mine site from Langley to McLeese Lake, 

BC  

● To propose an onsite transplantation strategy and experimental layout to be 

set up at the Gibraltar mine site. 

● To recommend monitoring and maintenance strategies for the onsite 

transplantation experiment.  
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5.3 Experimental design for transplantation of propagated 
biocrust at Gibraltar Mine site  

The biocrust experimental trays transplantation has been planned for late fall 

2021 and spring 2022. The transplantation would help understand if nursery propagated 

biocrust succeeds on the mining site. The transplantation in two seasons would also 

help to understand if there is a difference in emergence or success in different seasons 

and to assess if the propagules could be kept dormant in cool conditions for future 

transplantation designs. The excel “Random” function generated the codes (Appendix B, 

Table B.3). All the odd trays for transplantation planned for late fall occurred on 

December 17, 2021, as soon as the propagules reached the mine site from the Lower 

Mainland. All the even-numbered trays were stored in a shaded outdoor compound for 

spring-2022 transplantation.   

I used the learning and observations from ARP greenhouse propagation and 

BCIT experiments to design the transplantation strategy document. I consulted with the 

Taseko|Gibraltar mine’s thematic expert to discuss possible transplantation strategies. 

We came to a common understanding that our goal is for the nursery propagated 

biocrust to acclimatize, adapt, and be in a natural environment with minimal maintenance 

and effort.  Taseko|Gibraltar mine will monitor the progress after set up.  

I prepared this section to assist the field technician with field transplantation of 

nursery propagated biocrust. Out of the thirty trays received from NATS nursery, field 

technicians divided 12 trays into half. This allowed obtaining more propagules to support 

12 additional grids. If the split survives and further propagates this implies the efficiency 

of producing propagules for mine reclamation. Figure 5-1 shows the transplantation 

design for the mine site. The square grid with the number shows the area of 

transplantation for the respective trays. 
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1  2  3  4  5  6  7  8  9    

                   Tailings Moss 

10  11  12  13  14  15  16  17  18   Overburden Moss 

                   Control Moss 

19  20  21  22  23  24  25  26  27   Tailings biocrust (Lichen) 

                   Overburden biocrust (Lichen) 

28  29  30  31  32  33  34  35  36   Control biocrust (Lichen) 

                   Tailings Moss Fertilizer High 

37  38  39  40  41  42  43  44  45   Tailings Moss Fertilizer Low 

                   Tailings Moss Fertilizer Control 

46  47  48  49  50  51  52  53  54   Overburden Moss Fertilizer High 

                   Overburden Moss Fertilizer Low 

55  56  57  58  59  60  61  62  63   Overburden Moss Fertilizer Control 

                   Tailings Moss Shade 

64  65  66  67  68  69  70  71  72   Overburden Moss Shade 

                    

73  74  75  76  77  78  79  80  81    

                    

        82            

Figure 5-1 Transplantation design of the long-term experimental plot at Gibraltar mine. 
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5.4 Shipping and field transplantation  

5.4.1 Packaging and shipping  

I labelled the trays at BCIT and NATS nursery and separated them at NATS 

nursery in preparation for shipping. I prepared Gibraltar moss species experimental units 

(15 trays) and Gibraltar lichen species experimental units (15 trays) (note: lichens were 

used in these trays as propagules; however, moss species grew in these trays, 

therefore, hereafter, lichen trays are referred as biocrust,) were shipped to the 

Taseko|Gibraltar mine site along with the BCIT 40 experimental trays (30 trays 

containing fertilizer and 10 shade treatments).  The technicians securely packaged the 

experimental trays containing substrates and mosses/lichens propagules in a wooden 

pellet box just before the shipping date.  

 

Figure 5-2 Sample wooden pallet used to ship biocrust trays to Gibraltar mine site 
from NATS Nursery 

  

5.4.2 Transplantation strategies and experimental layout  

Some of the key questions to be considered for the transplantation design are as 

follows: 

● Will the transplanted biocrust survive the mine site conditions? 
Figure  STYLEREF 
1 \s 6. SEQ Figure 
\* ARABIC \s 1 1 
NATS nursery 
technician shipped 
the experimental 
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● Are there any benefits of the amendment on the propagation or 

improvements to the site conditions that will enhance the successful 

propagation of biocrust? 

● Are certain locations such as near the vegetation and shades more suitable 

for biocrusts over farther from other vegetation communities? 

● Can we split the content from propagation trays into smaller pieces to create 

a higher number of biocrusts propagules? 

5.4.3 Onsite space requirements at Gibraltar Mine 

Taseko|Gibraltar received thirty trays that have the Gibraltar moss and lichens 

propagated at NATS and forty trays from BCIT. These trays transplantation will occur in 

two phases one in late fall and one in spring. These propagules are on either tailings, 

overburden, or control substrates.  

The planned transplantation site had enough area for transplantation to support 

the trays shipped from the lower mainland with a buffer space of 1 m in between two 

transplanted trays.  Approximately 20 m X 20 m (400 m2) plot on the tailings site is 

allocated for the field transplantation. The buffer space also allowed for logistics, 

movement and possible propagation of biocrusts in future to a larger area.  

5.4.4 Site preparation and transplantation site  

Taseko|Gibraltar technicians followed the transplantation design strategy 

document to delineate the experimental area with wooden posts at 1 m spacing. This 

allowed the protection from being marked as the study area.  The field site for the 

transplantation is located at the following coordinates in the mine tailings area.  
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Figure 5-3 Proposed transplantation site at Gibraltar mine 

 
 
Table 5-1 Experimental plot coordinates at Gibraltar mine site 

Points Latitude Longitude Elevation 

1 52.56279 -122.285 1091.535 

2 52.56264 -122.285 1089.96 

3 52.56282 -122.285 1089.801 

4 52.56268 -122.285 1089.361 

 

The nearby vegetation community might potentially benefit biocrust by providing 

some shade, protection from wind.  

 5.4.5 Transplantation procedure  

●       We shipped the trays from the Lower Mainland as single freight.  

●       We labelled and attached the code to the Individual trays at the Lower 

mainland before shipping it to the mine site (see Appendix B, TableB.3). 

●       The experimental site is near the vegetation area.  
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●       The transplantation procedure followed a basic flipping method. 

Technicians used a wooden block of the tray size to flip the propagules and 

substrate back to the soil.  

●       The technicians' transplanted trays as per the codes and assigned grid 

numbers.  

●       The splitting of the trays followed the instruction in Tables 5-1 and 5-2.  

●       Each tray in the NATS experiment has a coconut mat at the bottom. This 

will disintegrate into the soil over time. 

5.4.6 Creating additional propagules 

We created more propagules by dividing six trays propagated in the NATS 

nursery in half. We had a total of 30 trays at NATS, however, this procedure helped us to 

create 12 more trays for transplantation.  

Field technicians divided some of the NATS trays into half as per the design to 

create more source propagules for field transplantation.  I used Microsoft Excel to create 

the random numbers and assigned a rank number to each tray for random 

transplantation at the field site to avoid any possible biases. 
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Table 5-2 Recommended splitting of the NATS trays at Gibraltar mine site. Two of the 
experimental trays at NATS split into half to create more propagules 

Experiment 
(GM) 

Trays splits 
# 

Dimension  Experiment 
(L) 

Trays splits 
# 

Dimension  

Tailings GM (TGM)  Tailings L (TL)   

 TGM1 1 50X25 cm  TL1 1 50X25 cm 

 TGM2 1   TL2 1  

 TGM3 1   TL3 1  

 TGM4 2 25X25 Cm  TL4 2 25X25 Cm 

 TGM5 2 25X25 Cm  TL5 2 25X25 Cm 

Overburden GM (OGM)  Overburden L (OL)   

 OGM1  1 50X25 cm  OL1 1 50X25 cm 

 OGM2 1   OL2 1  

 OGM3 1   OL3 1  

 OGM4 2 25X25 Cm  OL4 2 25X25 Cm 

 OGM5 2 25X25 Cm  OL5 2 25X25 Cm 

Control GM (CGM)   Control 

Biocrust (CL) 

 

 CGM1 1 50X25 cm  CL1 1 50X25 cm 

 CGM2 1   CL2 1  

 CGM3 1   CL3 1  

 CGM4 2 25X25 Cm  CL4 2 25X25 Cm 

 CGM5 2 25X25 Cm  CL5 2 25X25 Cm 

Total  21    21  

        

Note: The table provides on how many splits will be made from each tray received from 

NATS. Once the tray touches the ground. This allowed to get large number of 

propagules, which will cover the larger area for transplantation. The number 1 is the full 

tray (F) without any split. The number 2 is split into as half tray (H).  
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Table 5-3 Recommended splitting of the BCIT trays at Gibraltar mine site. These trays 
are smaller in size so will be transplanted as it is without splitting 

Experiment  
Tailings-
Fertilizer- 
Moss 

Trays 
(25 cm 
X 12 
cm) 

Experiment  
Overburden-
Fertilizer- 
Moss 

Trays 
(25 cm X 
12 cm) 

Experiment 
Shade 

Trays (25 
cm X 12 
cm) 

High TMFH1 High OMFH1 Tailings TMS1 

 TMFH2  OMFH2  TMS2 

 TMFH3  OMFH3  TMS3 

 TMFH4  OMFH4  TMS4 

 TMFH5  OMFH5  TMS5 

Low TMFL1 Low OMFL1 Overburden OMS1 

 TMFL2  OMFL2  OMS2 

 TMFL3  OMFL3  OMS3 

 TMFL4  OMFL4  OMS4 

 TMFL5  OMFL5  OMS5 

Control NTMF1 No NOMF1   

 NTMF2  NOMF2   

 NTMF3  NOMF3   

 NTMF4  NOMF4   

 NTMF5  NOMF5   

Total 40 15  15  10 

Note: The experimental trays received from BCIT is referred to as Q. 

The total number of propagules/trays for transplantation are as below:  

50 cm X 25 cm/full tray = 18(F)  

25 cm X 25 cm/ half tray = 24 (H) 

25X 12 cm/ Quarter trays of BCIT = 40 (Q) 

Total squares grids for transplanting = 82 
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5.4.7 Transplantation window: Fall and spring transplantation 

Moss transplantation is possible throughout the year, however the better time to 

transplant moss is from September to November, or late March to mid-June (Moss 

acres, n.d). The moisture and precipitation in fall and spring increase their chances of 

survival. We planned the transplantation in two phases to understand a better time for 

transplantation window for future transplantation. Taseko|Gibraltar mine technicians 

transplanted 50% propagules (experimental trays) in the first phase in the third week of 

December due to shipping delay and stored the remaining trays under shade condition 

for the second phase planned in late spring.   

The purpose of the two phases of transplantation is also to understand if there is 

a difference in emergence or success and to observe if the propagules could be kept 

dormant in cool conditions for future transplantation. I used the excel function to create a 

random number to code the trays (Appendix-3).  

5.5 Maintenance and monitoring 

The other purpose of field transplantation is to see if the trays could survive the 

natural environment with minimum maintenance and aftercare. We wanted to create a 

mine-reclamation strategy that is low cost and requires minimum maintenance. We 

expect these trays to survive on their own. They will not receive the same level of care 

as in a greenhouse environment. We transplanted in winter and planned the second 

phase in spring to prevent desiccation in the early transplantation period. However, 

monitoring, maintenance, and adaptive management are key components of the 

reclamation effort and success. I recommend the implementation of the following 

strategies for successful transplantation as far as possible.  

● Transplantation in an area close to the vascular community, may create shade or 

reduce wind velocity. 

● The experimental area was delineated with a wooden post for easy identification.  

● Watering for a couple of minutes during a prolonged dry season to support 

successful establishment. 
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● Application of modern technologies or amendments available to ensure they are 

not blown by the wind or water erosion. Some of the available technologies and 

materials are spikes, tackifiers, shade clothes on the top wherever possible. 

● Taseko|Gibraltar technicians monitor the transplantation site after transplantation 

is complete. Create an observation data sheet and record the monthly (periodic) 

progress to track the progress starting from the transplantation date. The 

information is valuable to compare progress against the baseline photographs. A 

perception-based monitoring sheet will be helpful to track the progress of 

propagules along with the photographs. A sample monitoring sheet is in appendix 

-4. 
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6. Conclusion and Recommendation 

The ARP’s field component and experiments are complete. The result confirmed 

the possibility of moss propagation on all three substrates in the greenhouse 

environment. The cover establishment was different for each substrate and propagule 

type. The lichen propagation on the mining substrate was inconclusive. The control 

substrate showed the best coverage in the greenhouse environment. ANOVA test results 

also suggested that the biocrust coverage was significantly influenced by the substrate 

type. For the second component, we could not confirm if the application of fertilizer had 

any effects on biocrust propagation. However, the shade has some beneficial effects on 

moss propagation.  

Biocrust played an important role in CO2 flux. This experiment told us that there 

was variation in carbon dynamics among the different trays. The experiment and data 

could not conclude if the biocrust acts as a possible sink or source of carbon dioxide as 

multiple factors play a role at the same time.  

The project answered the research question. Yes, we can propagate moss in a 

greenhouse environment. However, we have yet to determine if the transplanted 

propagules will survive and establish on the mine tailings in the mining site. Continued 

research and applied projects in this sector will re-enforce biocrust’s role as one of the 

mine site reclamation strategies in the future. 

This project contributed to a better understanding of the application of biocrust for 

potential mine reclamation treatments. The learning outcome of the ARP was that 

different moss species available at Gibraltar could be propagated in the greenhouse 

environment in a similar way as the mix of the coastal moss. The moss species were 

able to survive and establish to some extent on all three substrates (mine tailings, 

overburden, and control substrate). Control substrates (peat soil) had the best coverage 

than overburden and tailings. 

Some of the recommendations for future studies and next steps are to explore further 

are as follows: 
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● A suitable procedure for optimizing the resources for biocrust survival and growth 

in terms of greenhouse length of time, shade and amendments, transplantation 

strategies.  

● Evaluate the success of field transplantation of nursery propagated biocrust. This 

transplantation outcome will contribute to field transplantation knowledge. Field 

technicians can further investigate the success rate of the project and suggest if 

any modification or improvement will create a better result. The success of the 

transplantation will open up a new avenue for the mining industry to produce 

seedlings with biocrust propagules to reclaim the disturbed land.   

● Mix the biocrust species with the vascular plant communities to provide the 

required shade or microclimate for vegetation plans for reclamation efforts.  

● Perform biocrust research focusing on a few targeted species to see if any 

specific species are better for mine reclamation. Some biocrust species might be 

better in establishment than others. 

● Continued research and applied projects in this sector will re-enforce biocrust’s 

role as one of the mine site reclamation strategies in future. Biocrust research 

with industrial partners to experiment with transplantation is valuable to the 

mining industry.  

● Create collaboration between scholars and industrial partners to explore 

innovative processes to contribute to the restoration effort by propagating 

biocrust components such as local mosses, lichens and vascular plants. They 

may be grown in a mat together with many species as a mat with mosses, 

lichens, forbs and or grasses for transplanting. 
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Appendix A. Photos 

A.1 NATS Nursery experimental trays 
 
Initial phase (4th February 2021) End monitoring (31st August, 2021) 
TGM 1-5 (4th Feb 2021)  TGM 1-5 (31st Aug, 2021) 
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Initial phase (4th February 2021) End monitoring (31st August, 2021) 
OGM 1-5 (4th Feb 2021) OGM 1-5 (31 Aug 2021) 

  

 
 

 

 

 
 



 

 59  

  
Initial phase (4th February 2021) End monitoring (31st August, 2021) 
CGM 1-5 (4th February 2021) CGM 1-5 (31 Aug 2021) 
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Initial phase (4th February 2021) End monitoring (31st August, 2021) 
TCM 1-5 (4th February 2021) TCM 1-5 (31 Aug 2021) 
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Initial phase (4th February 2021) End monitoring (31st August, 2021) 
OCM 1-5 (4th February 2021) OCM 1-5 (31 Aug 2021) 
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Initial phase (4th February 2021) End monitoring (31st August, 2021) 
CCM 1-5 (4th February 2021) CCM 1-5 (31 Aug 2021) 
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Initial phase (4th February 2021) End monitoring (31st August, 2021) 
TL 1-5 (4th February 2021) TL 1-5 (31 Aug 2021) 
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Initial phase (4th February 2021) End monitoring (31st August, 2021) 
OL 1-5 (4th February 2021) OL 1-5 (31 Aug 2021) 
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Initial phase (4th February 2021) End monitoring (31st August, 2021) 
CL 1-5 (4th February 2021) CL 1-5 (31 Aug 2021) 
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A.2 Comparative images photos versus image analysis using MATLAB (White 
shade- biocrust) 
 
Observation on August 31st  MATLAB image analysis of 

observation (Aug 31) 

  
TGM-4 (% cover- ~ 50%)  TGM-4 (White Biocrust) (% cover- 42.45)  

  
OGM-2 (% cover- ~ 20%) OGM-2 (% cover- 27.9) 
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CGM-3 (% cover- greater than 80%) CGM-3 (% cover- 78) 

  
TCM-4 (% cover- ~50%) TCM-4 (% cover- 28.8) 

  
OCM-2 (% cover- ~ 20%) OCM-2 (% cover- 18.5) 

  
CCM-4 (% cover- ~ 70%) CCM-4 (% cover- 51.35) 

  
TL-2 (% cover ~ 10%) * TL-2 (% cover- 22.7) 

  
OL-1 (% cover ~ 10%) * OL-2 (% cover- 29.4) 
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CL-3 photo (% cover ~ 15%) * CL-3 (% cover- 62.35) 
  

Note*: For the lichens, I estimated the % cover based on perception only for lichens not 
for mosses. However, MATLAB couldn’t differentiate lichens and moss so its estimate 
includes moss cover as well. 
 
A.3 BCIT Experiment Trays 
 
Initial monitoring on June 3 End monitoring on Aug 25 

  
TMFH1 TMFH1 

  
TMFL3  
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NTMF2 NTMF2 

 
 

OMFH4 OMFH4 

 
 

OMFL5  
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NOMF2 NOMF2 

  
TMS1 TMS1 

  
OMS2 OMS2 

(Photo’s source: Pradeep Poudel, 2021) 
 
A.4 Field transplantation 
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(Field transplantation photos source: Steve O’Hara, 2021) 
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Appendix B. Label, calculation, and codes for 
experiment 

Table B.1: Label and codes for fertilizer and shade experiment at BCIT 

Experiments/ 
Amendment 

Doses/ Replicates  Total 
units 

Remarks/ 
Nomenclature 

 Low 
dose(L) 

High 
dose(H) 

None/Control 
(N) 

Shade   

Fertilizer       

Tailing & Moss 

+ Fertilizer 

5 5 5  15 TMF-L, TMF-

H, NTMF 

Overburden 

&Moss + 

Fertilizer  

5 5 5  15 OMF-L, OMF-

H, NOMF 

Tailings + 

shade + moss 

   5 5 TMS 

Overburden + 

Shade + moss 

   5 5 OMS 

 10 10 10 10 40  

 
Table B.2 Fertilizer dose calculation for BCIT experiment 

Intended fertilizer type to use: 30-30-30 

Low dose = 11g/m2,       High dose = 22 g/m2 

0.264 g / tray         High dose = 0.528g/tray  

 For total tray = 1.32 gm      For total tray high dose = 2.54 

g/total  

Available fertilizer in market: of 20-20-20 fertilizer (Miracle Go) 

The macro nutrient would have 60%  

60% of the application rate should yield 11g/m2 

Thus the application rate = 11g/0.6  = 18.33 g/ m2 

For tray dimension (240 cm2) = each tray should be 0.44 g / tray with round figure = 0.4 

g/tray for low dose 

Higher dose = 2*lower dose = 0.8g/tray 
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Table B.3 The code of trays are assigned number randomly using excel sheet (RAND ()) 

function. These trays will be placed in the field at the Gibraltar mine site as per the 

assigned grid as in the drawing table.  

Trays Assign
ed 
number 

Tray 
size* 

Treatment 
trays 

Assig
ned 
numb
er 

Tray 
size* 

Treatme
nt trays 

Assign
ed 
numbe
r 

Size 

OL5 H2 1 F OGM5 H2 42 H OMS1 56 Q 

TMS5 2 Q OMFL3 30 Q NTMF3 57 Q 

OL1 3 F TGM4 H1 31 H CL3 58 F 

TMFH3 4 H TL5H2 32 H NOMF1 59 Q 

TMS3 5 Q OMFH2 33 H CL2 60 F 

OL2 6 F CGM5H2 34 H TGM2 61 F 

OGM1 7 F NTMF4 35 Q OMFH1 62 Q 

TGM5 

H1 

8 H NOMF2 36 Q NOMF3 63 Q 

TMFH5 9 Q OMFH4 37 Q OMFL5 64 Q 

NTMF1 10 Q CL5 H2 38 H TMFL5 65 Q 

OMFL4 11 Q TL3 39 F OGM5H1 66 H 

CL5 H1 12 H OMS4 40 Q OMFH3 67 Q 

TGM4 

H2 

13 H OMFL2 41 Q CGM5 H1 68 H 

NOMF4 14 Q CGM4 H2 29 H CGM1 69 F 

NTMF5 15 Q OGM4 H2 43 H OGM2 70 F 

OMS2 16 Q TGM1 44 F CL4 H1 71 H 

TGM3 17 F TL4H2 45 H OMFH5 72 Q 

TMS2 18 Q CGM2 46 F TMS4 73 Q 

TMFL3 19 Q TMFH1 47 Q NOMF5 74 Q 

OMS5 20 Q TL2 48 F OMS3 75 Q 

OMFL1 22 Q OL5 H1 49 H TL1 76 F 

CL4 H2 21 H TGM5 H2 50 H TMFH4 78 Q 

TMFL1 23 Q TMFL2 51 Q TL4 H1 77 H 
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TL5 H1 24 F OGM3 52 F OGM4 

H1 

79 H 

CL1 25 F TMFH2 53 Q CGM3 80 F 

OL4H2 26 H OL4 H1 54 H OL3 81 F 

CGM4 

H1 

27 H TMFL4 55 Q NTMF2 82 Q 

TMS1 28 Q       

● The tray size abbreviations are: Full- F, Half- H, or Quarter-Q  
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Table B.4 Reference monitoring sheet used for observation recording 

Propagule type:   Date:    Time:    Weather 

Location: 

Note:                                   
                                                                 
 
 
 
 

Note: Note: 

TGM1 OGM1 CGM1 
Note: 

 
 
 
 
 

Note: Note: 

TGM2 OGM2 CGM2 
Note: 

 
 
 
 
 

Note: Note: 

TGM3 OGM3 CGM3 
 

Note: 
 
 
 
 

Note: Note: 

TGM4 OGM4 CGM4 
Note: 

 
 
 
 
 

Note: Note: 

TGM5 OGM5 CGM5 
Note: I used similar sheet for other propagule type. This sheet is also relevant for 
further monitoring of the field transplantation plots  
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Appendix C. Perception score for biocrust cover   

Table C.1 Biocrust propagation progress summary of experiment at NATS nursery. The 

number in table is mean perception score of each propagule and substrate.  

Date/ 
Propagules 

TGM OGM CGM TCM OCM CCM TL OL CL 

04 Feb 1 1 1 1 1 1 1 1 1 

19 Feb 1 1.5 1.5 1 1 1.5 1 1 1 

05 Mar 1 1.5 1.5 1 1 1.5 1 1 1 

18 Mar 2 2 2 1.9 1.5 2 1 1 1 

31 Mar 2 1.5 1.5 1.9 1.5 2 1 1 1 

15 Apr 2.3 2.8 2.9 3.1 2 2.7 1 1 1 

29 Apr 2.7 3.4 4.4 3.5 2.6 4.3 1 1 1 

13 May 2.6 2.3 3.8 3.9 2.5 5.3 1 1 1 

27 May 3.5 3 5.2 5.2 3.4 6.2 1.3 1 2.3 

10 Jun 4.1 2.7 6.4 5.1 2.9 6.4 1 1 2.7 

24 Jun 3.2 2.4 6.8 4.1 1.9 8.1 1 1 1.7 

08 Jul 3.6 3 7.1 4.5 2.9 6.4 1 1.2 1.9 

21 Jul 3.3 3.3 6.3 3.8 2.9 4.5 1 1 1.6 

06 Aug 3.4 2.8 6.4 3.7 2.6 4.4 1 1 1.5 

16 Aug 3.9 3.3 6.2 3.7 3.4 4.6 1 1 1.6 

31 Aug 4.5 2.9 6.6 4.4 3.2 5.4 1 1 2.3 
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Appendix D. R code for ANOVA analysis 

 

# Prepare work environment ---------------------------------------------------- 

library(tidyverse) 

library(ggpubr) 

library(rstatix) 

library(here) 

library(agricolae) 

setwd("c:/users/user/Desktop/ARPR") 

# load dataset 

dat <- read.csv(here::here("covernatsaov1.csv")) 

# check first few rows of data 

head(dat) 

# fix names so it's easier to work with the dataframe 

names(dat) <- make.names(tolower(names(dat))) 

head(dat) 

# Explore dataset ------------------------------------------------------------- 

# boxplot 

ggboxplot( 

  dat, x = "substrate", y = "cover", 

  color = "propagule", palette = "jco") 

# Test of ANOVA assumptions --------------------------------------------------- 

# Outliers 

dat %>%  

  group_by(substrate, propagule) %>% 

  identify_outliers(cover) 

# normality 
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# Build the linear model 

model  <- lm(cover ~ substrate * propagule, data = dat2) 

# Create a QQ plot of residuals 

ggqqplot(residuals(model)) 

# Compute Shapiro-Wilk test of normality 

shapiro_test(residuals(model)) 

# Homogeneity of variances 

dat2 %>% levene_test(cover ~ substrate * propagule) 

# Computation ANOVA ------------------------------------------------------------ 

res.aov <- dat %>% anova_test(log.cover ~ substrate * propagule) 

res.aov 

aov1<-aov(cover~substrate, data=dat) 

aov1 

TukeyHSD(aov1, conf.level=.95) 

plot(TukeyHSD(aov1, conf.level=.95)) 

aov2<-aov(cover~substrate+propagule+substrate:propagule, data=dat) 

aov2 

TukeyHSD(aov2, conf.level=.95) 

plot(TukeyHSD(aov2, conf.level=.95)) 

 

Table D.1 Tukey HSD post hoc test to assess the significant difference due to substrate 
type 

 Diff Lwr Upper P adj 
Mine tailings-
Control 

-22.078000 -     

31.88724 

-12.268762 0.0000068 

Overburden-
Control 

-27.566667 -37.37590 -17.75742 0.0000001 

Overburden-Mine 
tailings 

-5.488667 -15.29790 4.320571 

 

0.3711332 
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Appendix E. Observed values 

Table E.1 CO2 measurement of grass for reference measured on 5 Aug 2021  

 SRC  CPY  
Vegetation type 
(Grass) 

DC(SR
C) 

Linear rate((μmol m-2 
s -1) 

DC(PP
M) 

Linear rate (μmol m-2 
s -1) 

 Plot 1 64 0.85 -38 -0.39 
Plot 2 60 0.73 -33 -2.31 
Plot 3 28 0.39 -13 0.84 
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Appendix F. MATLAB script for image analysis 

 

myDir = ('.\Aug_31_2021\');  

myFiles = dir(fullfile(myDir,'*.jpg')); %gets all txt files in struct 

steps = length(myFiles); 

% Make a matrix to store the results - column 1 proprotion biocrust and  

% column 2 is proportion non-biocrust 

ThresholdResult = zeros(steps,2); 

for kk = 1:length(myFiles) 

    baseFileName = myFiles(kk).name; 

    fullFileName = fullfile(myDir, baseFileName); 

    fprintf(1, 'Now reading %s\n', fullFileName); 

    fopen(fullFileName); % Open the file 

    % Split the filename into it's parts for creating a directly below 

    % when writing output to file 

    [~,f,~] = fileparts(fullFileName); 

    WriteFileName = fullfile(f); 

    % STEP 1 

    % Read in an image and plot it to inspect. Note "imread" gives the RGB data 

    [I,map] = imread(fullFileName,'jpg'); 

    [Y,X,~] = size(I); 

    TotalPixels = X * Y; 

    figure(1) 

    imshow(I,map); 

    % STEP 2 

    % Grab data from individual color channels 

    % RGB 

    rPlane = I(:,:,1);  

    gPlane = I(:,:,2);  
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    bPlane = I(:,:,3); 

    % HSV 

    % Convert the image to HSV space 

    hsvImage = rgb2hsv(I);               

    % Get the hue plane scaled from 0 to 360 

    hPlane = 360.*hsvImage(:,:,1);       

    % Get the saturation plane 

    sPlane = hsvImage(:,:,2);            

    % Get the brightness plane 

    brPlane = hsvImage(:,:,3);            

    % Pradeep's images concern biocrust 

    % Work in RGB data 

    nonGreenIndexbPlane = (bPlane > 3) & ...  

                  (bPlane < 63); 

    % Work in HSV data 

    nonGreenIndexhPlane = (hPlane > 58) & ...  

                  (hPlane < 72); 

    % Prepopulate a matrix 

    threshMatrix = zeros(Y,X); 

    % coverage 

    for j = 1:Y 

        for jj = 1:X 

            if nonGreenIndexbPlane(j,jj) == 1 && nonGreenIndexhPlane(j,jj) == 1 

               threshMatrix(j,jj) = 1; 

            elseif nonGreenIndexbPlane(j,jj) == 1 && nonGreenIndexhPlane(j,jj) == 0 

                   threshMatrix(j,jj) = 1; 

                elseif nonGreenIndexbPlane(j,jj) == 0 && nonGreenIndexhPlane(j,jj) == 1 

                   threshMatrix(j,jj) = 1; 

                end 

            end 
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        end 

        % Biocrust pixels 

    TotalBiocrust = sum(sum(threshMatrix)); 

    % Non-biocrust pixels 

    NTotalBiocrust = TotalPixels - TotalBiocrust; 

     % Proportion biocrust coverage 

    ProBiocrust = TotalBiocrust / TotalPixels; 

    % Percent non-biocrust coverage 

    ProNBiocrust = NTotalBiocrust / TotalPixels; 

    % Store result 

    ThresholdResult(kk,1) = ProBiocrust; 

    ThresholdResult(kk,2) = ProNBiocrust; 

    % Print results to screen 

    fprintf('Proportion Biocrust = %f\n', ProBiocrust); 

    fprintf('Proportion NonBiocrust = %f\n', ProNBiocrust); 

    % Plot the outcome - White pixels = biocrust; Black pixels =  Nonbiocrust 

    h = figure(3); 

    imshow(threshMatrix) 

    close all 

end 




