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Executive Summary
Drought and frost are felt to be two of the most limiting factors for tree species survival and establishment. Drought has and will continue to be one of the leading causes of tree mortality related to climate warming. Developing strategies to minimize the impacts of drought on existing timber values and drought and frost on newly established plantations is important to forest managers. Previous available information for managing these risks has only been available at a broad scale (drought) or not spatially (frost). In late 2011 we were approached to conduct drought risk and frost hazard mapping for the Williams Lake TSA. An existing tool developed through funds from the Future Forest Ecosystem Initiative of the Province of British Columbia was used to provide drought risk information at a finer scale that can be used operationally. Previous work on frost hazard was used to develop frost hazard mapping. This report, and accompanying maps and data, provides tools to assist with reducing impacts of drought and frost in the Williams Lake TSA. 
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[bookmark: _Toc320805353][bookmark: _Toc137610465][bookmark: _Toc263776289]Drought Risk Mapping
This section details the background, approach, methods and results of the drought risk hazard mapping.
[bookmark: _Toc320805354]Introduction
Increased drought, caused by recent regional warming, is believed to be one of the leading causes of tree mortality in forest ecosystems of Western North America (Van Mantgem et al. 2009) and worldwide (McDowell et al. 2008). Knowing which forest sites are at most risk to drought impacts is important for forest managers in order to manage risk and develop strategies to minimize the impacts. 

In 2011 a project funded by Future Forest Ecosystem Initiative developed a tool to map drought risk for areas where ecosystem mapping had been completed. It uses the climate and site levels of the Biogeoclimatic Ecosystem Classification (BEC) system (Pojar et al. 1987).  The BEC system breaks the province in to biogeoclimatic units (BGC) using a classification of zonal ecosystems to define areas of similar climate. The zonal ecosystem is a mature vegetation community that occurs on “zonal sites” – areas with average soil and site conditions—which best reflect the regional climate (Pojar et al. 1987). Within each BGC unit an edatopic grid, which has a relative soil moisture regime (RSMR) scale on the y-axis and relative nutrient scale on the x-axis, is used to classify other sites which are drier or wetter/ poorer or richer than the zonal site based on their physiographic position and soil characteristics. A key component of the BEC system is the concept of actual soil moisture regime (ASMR) (Pojar et al. 1987). ASMR is classification scheme based on the number of months that rooting-zone groundwater is absent during the growing season and defined by the ratio of actual evapotranspiration (AET) over potential evapotranspiration (PET). For each combination of BGC unit and RSMR an ASMR can be estimated. This has been done for all BGC units in B.C. by experienced ecologists (unpublished data).

Recently a tree and climate assessment tool (TACA) for modelling species response to climate variability and change has been developed by Nitschke and Innes (Nitschke and Innes 2008b). This tool makes use of AET/PET ratio to predict drought using an annual water balance approach (Oke 1987). Climate variables of precipitation, minimum and maximum temperature can be input in to the model to derive estimates of AET/PET for sites with given soil characteristics (% coarse fragments, soil texture, rooting depth) and slope position (shedding, receiving or neutral). Slope position and soil characteristics are the major determinants of relative soil moisture regime used in the BEC edatopic grid.
The database used to develop the BEC has over 50 000 plots which are mostly assigned a BGC unit and RSMR (British Columbia Ministry of Forests, Range and Natural Resources Management 2011). Using this extensive database and expert knowledge of the ecologists working in the program current tree species distributions can be assigned to their extent across the ASMR gradient.

Using available daily temperature and precipitation data for a climate station representative of a BGC unit and modal site/soil conditions for an RSMR class, ASMR (AET/PET) can be calculated. Future ASMR can also be predicted using estimated temperature and precipitation from the ClimateWNA model (Wang et al. 2006). Using the BGC unit and RSMR assigned to a Site Series drought risk can then be assigned to polygons based on comparing the leading tree species ASMR limit to that calculated for any polygon where Site Series and tree species can be determined. We used this procedure to generate drought risk maps for the Williams Lake TSA for current and future conditions. 

[bookmark: _Toc320805355]Methods
The soil moisture function of TACA was modified to incorporate the Hargreaves model of evapotranspiration (Hargreaves and Samani 1985) and estimates of daily solar radiation based on equations from Bristow and Campbell (1984) and Duarte et al. (2006).  The application of the Hargreaves equation allowed for validation of model outputs as the Hargreaves equation is used across British Columbia to calculate evapotranspiration. In addition, the soil component of TACA was expanded to allow for five different site/soil types to be run simultaneously allowing for the representation of multiple RSMR’s.
  
RSMR keys provided in BEC field guides (e.g., DeLong 2004) were used to determine a set of soil conditions and slope position that would result in xeric to subhygric RSMR’s (Table 1). 

Table 1.	Combinations of slope position and soil conditions for different relative soil moisture regimes (RSMR).  
	RSMR
	Slope position
	Coarse Fragments (%)
	Soil texture
	Rooting depth (cm)

	Xeric
	Shedding
	55
	Sand
	25

	Subxeric
	Shedding
	40
	Loamy Sand
	50

	Submesic
	Shedding
	40
	Sandy Loam
	50

	Mesic
	Neutral
	40
	Loam
	50

	Subhygric
	Receiving
	20
	Silty Clay Loam
	30




Due to the focus on drought hygric and subhydric RSMR’s are not included as by definition these sites have saturated soils throughout the growing season. The values in Table 1 were used in TACA for calculating AET/PET values for the different RSMR’s within a BGC unit. Soil texture specific available water storage capacity (AWSC) (mm/m) and field capacity FC (mm/m) parameters provided in TACA (Nitschke and Innes 2008b) were used to calculate available water holding capacity AWHC (mm) and available field capacity (AFC) (mm) based on rooting depth (RD) and % coarse fragment content (CF) using the following equations:

 						[Equ. 1]
and
 							[Equ. 2]
The difference between AFC and AWHC provides percolation rates (mm/day) for water shedding and receiving positions.

Long-term climate stations, with a minimum 10 year climate record, were selected to represent a particular BGC unit. Where more than one station was available we selected the station that was most completely encompassed by the BGC unit (e.g., closer to the middle of its extent) and/or the one with the longer climate record. Some BGC units in the Williams Lake TSA were excluded as they were very small, had no current or expected future forestry activity or did not have a long term climate station to represent them. In some cases climate data was only available for older Forest Service weather stations that did not have complete data through the year. In these cases missing data for a year was taken randomly from years that had a complete record. Stations chosen to represent the BGC units included in the analyses are shown in Table 2. Once a climate station was selected the data was screened and years with incomplete records removed (e.g., > 10 missing values for a year for any of the variables) and missing daily records interpolated using surrounding values. Mean values for each year were then calculated and the years ranked based on mean temperature, precipitation, and annual heat index ([Mean Annual Temperature + 10]/ [Annual Precipitation/1000]; Wang et al. 2006). The TACA model runs on a set of 10 years of data so for longer records years to include were chosen using the 90th, 75th, 50th, 25th and 10th percentiles for mean temperature and precipitation. If a particular year was chosen more than once then a year which represented an annual heat index not already represented was substituted. These 10 years were used as input as the observed climate record to run TACA.

Upon the recommendations of climatologists, the three climate scenarios for projecting future climate were the A2 scenario implemented through the Canadian Global Circulation Model, version 3 (CGCM3), of the Canadian Centre for Climate Modeling and Analysis (Flato et al. 2000), the B1 scenario implemented through the Hadley Centre Coupled Model, version 3 (HadCM3) (Johns et al. 2003), and the A1B scenario implemented through the Hadley Centre Global Environmental Model, version 1 (HadGEM1) (Johns et al. 2006).   Future climate data using these scenarios were calculated using the ClimateWNA model (Wang et al. 2006) and climate data used to calculate ASMR was adjusted to represent future climate using the climate normal period (1961 – 1991) as the baseline. 
 
Vegetation data from the BEC database was used to examine tree species distribution across BGC/RSMR combinations to determine the ASMR limits for tree species occurring in the Williams Lake TSA. The ASMR value for all BGC/RSMR combinations where a tree species occurred often in the main canopy, whereas in one RSMR category drier it did not, were located and an average of these values was calculated. We used this ASMR value to represent the lower limit of the Very High Drought Risk Category. Since we have no knowledge of how tree species will respond below this limit we set the limits for High, Moderate and Low Risk at even spacings of 0.05 ASMR units below the ASMR value (Table 3). 

For each site series in the BGC units in Table 2 we assigned a RSMR based on the edatopic grid for the BGC unit. If the unit covered more than one RSMR on the grid we used the driest end to be conservative with drought risk assignment (i.e., assign the highest likely drought risk). Using the Williams Lake PEM database we then assigned ASMR representing current climate, climate for 2010 – 2039 (ASMR2020), climate for 2040 – 2069 (ASMR2050), and climate for 2070 – 2099 (ASMR2080) to each PEM polygon based on our ASMR calculations of each BGC unit/RSMR combination. Leading tree species from the Vegetation Inventory was then overlaid and the Table 3 assignments were used to produce a drought risk for each resultant polygon. 

Table 2.	Range in key climate data for climate stations selected to represent biogeoclimatic (BGC) units. 
	BGC unit
	Location
Years of Record
	Mean Annual Precipitation (mm)
	Mean Annual Temperature (°C)
	Annual Heat Index

	
ESSFwk1
	
Barkerville
1936 - 2006
	
873 - 1845
	
-0.7 – 3.5
	
6 - 15

	ESSFxv1*
	Upper Mosley
1988 - 2010

	441 – 901
	-0.7 – 2.2
	12 - 26

	ICHmk3
	Horsefly Lake
1951 – 2003
	492 – 905
	3.8 – 6.6
	16 – 35

	ICHwk2*
	LikelyRS
1991 – 2009
	438 – 679
	3.3 – 5.0
	20 – 33

	ICHwk4*
	Mathew
1991 – 2010
	616 – 942
	3.2 – 5.3
	13 – 25

	IDFdk3
	100 Mile House
1971 - 1998
	
285 – 594

	2.5 – 5.8
	21 – 47

	IDFdk4
	Tatlayoko Lake
1929 – 2003
	271 – 626
	2.3 – 5.9
	
20 – 49


	IDFdw*
	Middle Lake
1993 – 2005
	262 – 605
	4.3 – 6.4
	
27 – 59


	IDFxm
	Glendale
1966 - 1978
	219 – 462
	4.5 – 6.4
	32 – 70

	MSxv*
	Baldface
1992 – 2010

	222 – 556
	-0.7 – 1.7
	21 – 44

	SBPSdc
	Alexis Creek
1964 – 1982
	298 – 602
	-0.6 – 2.5
	17 – 34

	
SBPSmk
	
Spokin Lake
1984 – 2003
	387 – 757
	1 – 4.8
	16 – 37

	SBPSxc
	
Kleena Kleene
1981 – 2005

	214 – 503
	1 – 4.2
	27 – 60

	SBSdw1
	HorseflyBCFS
1971 – 1980
	477 – 666
	2.2 – 3.9
	20 – 35

	SBSdw2
	Hixon
1971 – 2006
	450 – 804
	2.9 – 6.8
	17 – 37

	
SBSmc1
	
Ft Babine**
1950 - 1971
	419 – 716
	-1.4 – 2.9
	15 – 25

	
SBSmh
	
Quesnel
1921 – 1969
	
295 – 699
	
2.4 – 7.2
	
18 – 51

	
SBSmw
	
Benson***
1990 - 1995

	554 – 805
	3.2 – 5.8
	18 – 28

	
SBSwk1
	
Aleza Lake
1953 - 1980
	709 - 1157
	2.0 -4.9
	10 – 18


*MoF stations with incomplete data. Missing values were taken randomly from other years where data was complete.
**used data from SBSmc2 station for current climate which would reflect a colder climate but future climate was predicted for location within SBSmc1.
** data was augmented with data from McBride N station which was closest match in yearly averages for mean temperature and precipitation.




Table 3. 	ASMR limits of risk categories for tree species occurring or proposed for use in the Williams Lake TSA.
	Tree Species
	ASMR limits

	
	Very High
	High
	Moderate
	Low

	Ac
	< 0.90
	≥ 0.90 < 0.95
	≥ 0.95 < 1.00
	≥ 1.00

	At
	< 0.75
	≥ 0.75 < 0.80
	≥ 0.80 < 0.85
	≥ 0.85

	Bl
	< 0.83
	≥ 0.83 < 0.88
	≥ 0.88 < 0.93
	≥ 0.93

	Cw
	< 0.77
	≥ 0.77 < 0.82
	≥ 0.82 < 0.87
	≥ 0.87

	Ep
	< 0.83
	≥ 0.83 < 0.88
	≥ 0.88 < 0.93
	≥ 0.93

	Fd
	< 0.60
	≥ 0.60 < 0.65
	≥ 0.65 < 0.70
	≥ 0.70

	Hw
	< 0.82
	≥ 0.82 < 0.87
	≥ 0.87 < 0.92
	≥ 0.92

	Lw
	<0.72
	≥ 0.72 < 0.77
	≥ 0.77 < 0.82
	≥ 0.82

	Pl
	< 0.76
	≥ 0.76 < 0.81
	≥ 0.81 < 0.86
	≥ 0.86

	Py
	< 0.58
	≥ 0.58 < 0.63
	≥ 0.63 < 0.68
	≥ 0.68

	Sb, Se, Sx, Sw
	< 0.80
	≥ 0.80 < 0.85
	≥ 0.85 < 0.90
	≥ 0.90

	
	
	
	
	


[bookmark: _Toc320805356]Results and Discussion

Based on drought risk mapping for the current climate most BGC units in the Williams Lake TSA have a high percentage of sites at Low risk (Table 5).  The BGC units with the most area, where the leading tree species currently occupying the sites will be under Very High risk of drought related mortality in the future, are the IDFdk4, IDFdw, SBPSxc and SBSdh (Tables 6 – 8). By 2050 over 30% and by 2080 over 40% of the area of these units are at Very High risk of drought related mortality (Tables 6 – 8). The SBPSxc has over 75% of the area in Very High risk category by 2020 and is of most immediate concern.  

The BGC units represented by climate stations with shorter climate records or ones where data from other years or other stations were used to fill gaps in the record are likely to produce less reliable risk ratings (see Table 2). See Section 3 for suggestions on how the map information, data and Excel tool provided can be used. 



[bookmark: _GoBack]

Table 5. 	Percentage of land area in different drought risk categories for BGC units in the Williams Lake TSA for the current climate (Note: percentages for categories will not add up to 100% since a percentage of the land is in non-forested site series).


	BGC unit
	Area in Risk Category (ha)

	
	Very High
	High
	Moderate
	Low

	ESSF wc3
	3
	0
	0
	81

	ESSF wk1
	2
	0
	0
	87

	ESSF xv1
	4
	0
	0
	68

	ICH mk3
	1
	0
	3
	83

	ICH wk2
	2
	1
	5
	68

	ICH wk4
	2
	0
	1
	86

	IDF dk3
	3
	0
	3
	77

	IDF dk4
	10
	38
	3
	33

	IDF dw
	19
	24
	0
	28

	IDF xm
	7
	5
	4
	43

	MS xv
	2
	4
	0
	80

	SBPS dc
	2
	0
	0
	75

	SBPS mk
	3
	0
	0
	64

	SBPSxc
	28
	51
	0
	2

	SBS dw1
	2
	0
	2
	75

	SBS dw2
	3
	0
	8
	66

	SBS mc1
	1
	0
	0
	84

	SBS mh
	9
	19
	18
	27

	SBS mw
	3
	1
	6
	85

	SBS wk1
	1
	0
	0
	90


														


Table 6. 	Percentage of land area in different drought risk categories for BGC units in the Williams Lake TSA for 2020 (Note: percentages for categories will not add up to 100% since a percentage of the land is in non-forested site series). 


	BGC unit
	Area in Risk Category (ha)

	
	Very High
	High
	Moderate
	Low

	ESSF wc3
	3
	0
	0
	81

	ESSF wk1
	2
	0
	0
	87

	ESSF xv1
	4
	0
	7
	61

	ICH mk3
	1
	3
	4
	80

	ICH wk2
	2
	1
	12
	60

	ICH wk4
	2
	0
	1
	85

	IDF dk3
	3
	3
	15
	61

	IDF dk4
	48
	0
	4
	31

	IDF dw
	42
	0
	1
	26

	IDF xm
	12
	4
	4
	39

	MS xv
	2
	4
	7
	72

	SBPS dc
	2
	0
	8
	67

	SBPS mk
	3
	0
	3
	61

	SBPSxc
	79
	0
	0
	2

	SBS dw1
	2
	1
	5
	71

	SBS dw2
	4
	3
	38
	34

	SBS mc1
	1
	0
	1
	83

	SBS mh
	21
	24
	1
	27

	SBS mw
	3
	5
	5
	82

	SBS wk1
	1
	0
	1
	90


						



Table 7. 	Percentage of land area in different drought risk categories for BGC units in the Williams Lake TSA for 2050 (Note: percentages for categories will not add up to 100% since a percentage of the land is in non-forested site series). 


	BGC unit
	Area in Risk Category (ha)

	
	Very High
	High
	Moderate
	Low

	ESSF wc3
	3
	0
	0
	81

	ESSF wk1
	2
	0
	0
	87

	ESSF xv1
	4
	0
	8
	59

	ICH mk3
	1
	6
	39
	41

	ICH wk2
	3
	12
	22
	38

	ICH wk4
	2
	1
	3
	82

	IDF dk3
	7
	15
	0
	61

	IDF dk4
	48
	3
	2
	31

	IDF dw
	42
	1
	8
	18

	IDF xm
	12
	8
	31
	8

	MS xv
	6
	10
	53
	16

	SBPS dc
	2
	1
	8
	66

	SBPS mk
	4
	4
	3
	57

	SBPSxc
	79
	0
	0
	2

	SBS dw1
	2
	4
	38
	35

	SBS dw2
	4
	15
	25
	34

	SBS mc1
	1
	1
	12
	71

	SBS mh
	35
	11
	3
	24

	SBS mw
	4
	9
	8
	74

	SBS wk1
	1
	0
	3
	88


						



Table 8. 	Percentage of land area in different drought risk categories for BGC units in the Williams Lake TSA for 2080 (Note: percentages for categories will not add up to 100% since a percentage of the land is in non-forested site series). 


	BGC unit
	Area in Risk Category (ha)

	
	Very High
	High
	Moderate
	Low

	ESSF wc3
	3
	0
	7
	74

	ESSF wk1
	2
	0
	8
	79

	ESSF xv1
	4
	7
	4
	57

	ICH mk3
	1
	22
	23
	41

	ICH wk2
	14
	19
	4
	38

	ICH wk4
	2
	1
	8
	77

	IDF dk3
	22
	0
	0
	61

	IDF dk4
	50
	2
	16
	15

	IDF dw
	42
	9
	9
	10

	IDF xm
	16
	4
	31
	8

	MS xv
	16
	53
	0
	16

	SBPS dc
	3
	7
	1
	66

	SBPS mk
	4
	3
	42
	19

	SBPSxc
	79
	0
	1
	1

	SBS dw1
	3
	13
	27
	35

	SBS dw2
	12
	32
	0
	34

	SBS mc1
	2
	2
	11
	70

	SBS mh
	46
	0
	11
	16

	SBS mw
	12
	15
	14
	52

	SBS wk1
	1
	1
	10
	80


		
[bookmark: _Toc320805357]Frost Hazard Mapping
This section details the background, approach, methods and results of the frost hazard mapping.
[bookmark: _Toc320805358]Introduction
Frost is a major cause of impaired growth and mortality in young plantations throughout British Columbia, especially on high plateaus and montane areas where cold air drainage occurs. Frost can also weaken seedlings ard make them more susceptible to pathogens (Reich and van der Kamp  1989). Frost damage symptoms have been observed in most BGC unit in the Williams Lake TSA and in some areas is a major cause of plantation failure (Steen et al. 1990). 
Damaging frost events are a function of cold temperatures during the growing season before a tree has hardened off. The cold temperatures can be a function of the general climate of the area (i.e., high elevations) or topographic position since cold air can drain from upper elevations to lower elevations. Steen et al. (1990) carried out a study of summer frost in the old Cariboo Forest Region and developed keys for assessing frost hazard using the attributes BGC unit (climate component), and slope gradient and slope position (topographic position component). Since all of these attributes can be mapped in a GIS maps of frost hazard can be produced. Preliminary investigations of frost occurrence indicate that large lakes can reduce frost occurrence within a kilometer of the lake edge in some locations. There are also large low lying areas where frost ponding occurs that can be mapped.  A combination of the factors discussed above were used to map frost hazard for the Williams Lake TSA. 

[bookmark: _Toc320805359]Methods
Frost hazards were assigned based upon biogeoclimatic units, slope gradient, slope position, generalized frost basin's and proximity to large lakes.  Based upon unique combinations of the first three attributes, frost hazards were assigned using the keys in Steen et al. (1990). For units not covered in Steen et al. we used professional judgment to assign them to a BGC group that matched best. Rules for frost hazard assignment are shown in Appendix 1.  

The analysis was performed using raster data sets in ESRI ArcMap.  Bigeoclimatic unit (BGC) version 7 were converted to raster for the Williams Lake TSA.   A smoothed TRIM II DEM was created and used to generate both slope gradient classes and slope position classes.  Slope gradient was generated using the SLOPE functionality in Spatial Analyst to reclassify the DEM into the slope gradients listed in the table above.  

The first step in generating slope position was to calculate the topographic position index (TPI) for each 25m raster cell in the Williams Lake TSA.  Topographic position is defined as the difference between the elevation of  a cell and the average elevation of the cells neighbourhood.  For this analysis we used a circular neighbourhood of 30 pixels for large scale features and a circular neighbourhood of 5 pixels for fine scale features such as toe slopes and depressions.  Once TPI is calculated the range of values is determined and slope positions are reclassified using the following percentages.  

	Landscape Position
	% of Landbase
	TPI Range

	Valley Bottom 
	10.0%
	-       42,257 
	-             3,067 

	Lower
	7.0%
	-         3,067 
	-             1,779 

	Mid
	70.5%
	-         1,779 
	              2,307 

	Upper
	10.0%
	           2,307 
	              8,402 

	Ridge
	2.5%
	           8,402 
	            68,823 

	 
	100%
	 
	 



Toe slopes are defined near the bottom of slopes surrounding the inflection point of the slope gradient.  In order to capture these areas the raster was inverted and reclassified in a similar manner described above, however, due to the inversion ridges actually yielded toe slope.  These slope positions were then compared with a hillshade of the DEM to determine the efficacy of the reclassification.  

Large low lying areas where cold air is known to pond based on field evidence were digitized on a 1:250,00 scale map. For the areas defined frost hazard was adjusted upwards based upon the following table. 

	Basin ID
	Frost Basin Name
	Hazard Rating

	2
	Upper Chilcotin R
	Very High

	6
	Hungry Val - Big Creek
	Very High

	5
	Moffat Lake
	High

	4
	McKusky Creek
	High

	1
	Cariboo R/ Mathew R
	High



Large lakes tend to have a moderating impact upon frost events and a recent study of temperature in the Prince George area indicates this influence extends out to 1km so all lakes greater than 100ha were buffered by 1km and a frost rating of Low was applied within this lake buffer. 

Once slope gradient, slope position, BEC, frost basins and lake effect layers were generated they were combined into a single raster layer (resultant).  From this resultant code was written to apply the rules in Appendix 1 and assign frost hazard to areas not in frost basins or under lake effects. 


[bookmark: _Toc320805360]Results and Discussion
The lowest frost hazard areas based on the frost hazard mapping (i.e., ≥ 50% sites with Very Low or Low Hazard) are the BGC units in the Bunchgrass (BG) and Interior Cedar – Hemlock (ICH) zones and the IDFxm and IDFdw. BGC units with a high percentage of sites in the Medium and most of the rest in the Low category are the ESSFmw, IDFdk3, IDFdk4, MSdc2, MSdv, all SBPS units except SBPSxc, and all SBSdw variants (Table 9).  The remaining ESSF variants have a high percentage of area in the Medium and High hazard categories and the ESSFxv variants have >10% of the area in Very High hazard category (Table 9).  The SBSmc variant has a high proportion in the Medium Hazard Category (63%) and nearly equal amounts in Low (16%) and High (21%) while the SBSwk1 has most of it’s area in Medium (41%) and High (57%) risk categories. The MSxv and SBPSxc have most of their area in the High and Very High risk categories (Table 9).      

This is the first attempt at frost hazard mapping that we are aware of in BC or perhaps anywhere. The ability to effectively map slope position using a GIS modeling approach is still evolving over time and requires a lot of interpretation of the developer. The maps provided should be used strategically and on site assessments using the keys provided in Steen et al. (1990), which are also duplicated in the Excel tool provided, should be used for operational decisions relating to tree species selection. There is a good discussion of ways of reducing frost impacts discussed in Steen et al. (1990).    


Table 9.	Percentage of area in different frost hazard categories for BGC units in Williams Lake TSA.   
	BGC unit
	% of Area in Different Frost Hazard Categories

	
	Very High
	High
	Medium
	Low
	Very Low

	BG xh3
	0
	0
	0
	13
	87

	BG xw2
	0
	0
	0
	15
	85

	ESSF mw
	1
	11
	85
	3
	0

	ESSF wc3
	5
	35
	59
	0
	0

	ESSF wcw
	3
	28
	69
	0
	0

	ESSF wk1
	1
	25
	72
	2
	0

	ESSF xv1
	16
	49
	35
	0
	0

	ESSF xv2
	18
	42
	40
	0
	0

	ICH mk3
	0
	2
	4
	70
	24

	ICH wk2
	0
	2
	6
	59
	33

	ICH wk4
	0
	14
	6
	43
	37

	IDF dk3
	0
	3
	84
	11
	2

	IDF dk4
	0
	5
	77
	15
	3

	IDF dw
	0
	1
	49
	45
	5

	IDF xm
	0
	0
	1
	75
	24

	MS dc2
	0
	7
	61
	32
	0

	MS dv
	0
	14
	66
	20
	0

	MS xv
	48
	38
	14
	0
	0

	SBPS dc
	0
	9
	89
	3
	0

	SBPS mc
	0
	9
	86
	4
	0

	SBPS mk
	0
	16
	81
	3
	0

	SBPS xc
	9
	84
	7
	0
	0

	SBS dw1
	0
	3
	4
	79
	14

	SBS dw2
	0
	4
	88
	7
	1

	SBS mc1
	0
	21
	63
	16
	0

	SBS mc3
	0
	1
	96
	3
	0

	SBS mh
	0
	0
	4
	74
	22

	SBS mw
	0
	1
	42
	44
	13

	SBS wk1
	2
	57
	41
	0
	0




[bookmark: _Toc320805361]Operational Use 
The data and maps provided can be used for a variety of purposes and below are just some examples of their use.

[bookmark: _Toc320805362]Strategic Planning
The drought risk and frost hazard maps provide an important tool for strategic planning. They allow forest planners to focus on areas of most concern from the impacts of climate change related to decreases in available moisture (e.g. large portions of the SPBSxc, IDFdk4, IDFdw, SBSdh) and present possible solutions (e.g., use of more Douglas-fir, western larch, and possibly Ponderosa pine in areas that are predicted to be impacted by drought but also have relatively low frost hazard (e.g., IDFdw and SBSdh)).  

[bookmark: _Toc320805363]Forest to Grassland
An ASMR value of 0.55 is estimated to be the limits of any tree species native to British Columbia (i.e., Ponderosa Pine). Mapped polygons with an ASMR value below 0.55 would be estimated to no longer support tree growth and would slowly convert to grassland. 
[bookmark: _Toc320805364]Tree Species Suitability
Using the Excel database included in the deliverables, the frost hazard map, and Table 9 a list of tree species suitable for a particular site can be determined. It is recommended that to be suitable the tree species would be at moderate to low drought risk and have a frost hazard suitable for that particular species. For example if western larch was being considered for a site the ASMR2050 (e.g., well in to establishment phase) should be ≥0.77 and the frost hazard should be low or very low. Establishment techniques discussed in Steen et al. (1990) to reduce frost risk could be used to establish Lw in Moderate Frost Hazard zones.

Table 9. 	Suitability of tree species for establishment in different frost hazard zones. Species in brackets should be used with caution. 
	Frost Hazard
	Suitable Tree Species

	Very Low
	All

	Low
	All

	Medium
	All but Cw, Hw (Fd, Lw)

	High
	At, Bl, Pa, Pl, Py, Sb, (Sx, Se)

	Very High
	At, Pa, Pl, Sb



[bookmark: _Toc320805365]Harvest Priority for MPB Impacted Stands 
In the understory of most MPB impacted stands there is live understory trees. In drier colder BGC units like the SBPSxc it is often lodgepole pine while in moister BGC units like the SBSwk1 it is hybrid spruce and subalpine fir. Given other harvest priorities it would seem likely that a higher harvest priority would be given to areas where the drought limit of the live tree species currently occupying the site would be exceeded prior to them being harvested (e.g, 2020 or 2050). A map of unharvested MPB impacted stands that are likely to have a live lodgepole pine understory could be overlaid with the ASMR maps. Polygons with an ASMR value lower than the ASMR limit for lodgepole pine (0.76) would be considered high priority for harvest given other considerations. The same could be done for polygons with hybrid spruce (ASMR limit 0.80) or subalpine fir (ASMR limit 0.83) understory. 
[bookmark: _Toc320805366]Site Potential for Invasive Species
Invasive species will have an ASMR lower limit that relates to their drought tolerance. Invasive species location maps can be overlaid over the current ASMR maps to determine the range of ASMR values of sites they currently occupy. Once a limit has been determined for the species a range of potential occupancy based on drought tolerance can be developed for future climates. It is important to note that current distribution may not match potential distribution over the range of ASMR so mapping should be periodically updated to see if limit is changing. To be most effective other information affecting invasive species establishment (e.g., mineral soil exposure) would also be considered. 

[bookmark: _Toc320805367]Site Potential for Agronomic Species 
Agronomic species will have an ASMR lower limit that relates to their drought tolerance. Agronomic species location maps can be overlaid over the current ASMR maps to determine the range of ASMR values of sites they currently occupy. Once a limit has been determined for the species a range of potential occupancy based on drought tolerance can be developed for future climate. It is important to note that current distribution may not match potential distribution over the range of ASMR so mapping should be periodically updated to see if limit changes. 
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Appendix 1. Assignment of frost hazard. 



	
	BGC unit
	Slope gradient (%)
	Slope position
	Frost Hazard

	BGxh3
	>= 0
	Crest
	Very Low

	BGxh3
	< 10
	Depression
	Low

	BGxh3
	<5
	Level
	Low

	BGxh3
	< 15
	Lower
	Low

	BGxh3
	≥15
	Lower
	Very Low

	BGxh3
	<15
	Mid
	Very Low

	BGxh3
	≥15
	Mid
	Very Low

	BGxh3
	>= 0
	Toe
	Low

	BGxh3
	<15
	Upper
	Very Low

	BGxh3
	≥15
	Upper
	Very Low

	BGxw2
	>= 0
	Crest
	Very Low

	BGxw2
	< 10
	Depression
	Low

	BGxw2
	<5
	Level
	Low

	BGxw2
	< 15
	Lower
	Low

	BGxw2
	≥15
	Lower
	Very Low

	BGxw2
	<15
	Mid
	Very Low

	BGxw2
	≥15
	Mid
	Very Low

	BGxw2
	>= 0
	Toe
	Low

	BGxw2
	<15
	Upper
	Very Low

	BGxw2
	≥15
	Upper
	Very Low

	ESSFdc2
	>= 0
	Crest
	Low

	ESSFdc2
	< 10
	Depression
	Very High

	ESSFdc2
	<5
	Level
	High

	ESSFdc2
	<15
	Lower
	High

	ESSFdc2
	≥15
	Lower
	Moderate

	ESSFdc2
	<15
	Mid
	High

	ESSFdc2
	≥15
	Mid
	Moderate

	ESSFdc2
	>= 0
	Toe
	Very High

	ESSFdc2
	<15
	Upper
	High

	ESSFdc2
	≥15
	Upper
	Moderate

	ESSFwc3
	>= 0
	Crest
	Moderate

	ESSFwc3
	< 10
	Depression
	Very High

	ESSFwc3
	<5
	Level
	Very High

	ESSFwc3
	<15
	Lower
	Very High

	ESSFwc3
	≥15
	Lower
	High

	ESSFwc3
	<15
	Mid
	High

	ESSFwc3
	≥15
	Mid
	Moderate

	ESSFwc3
	>= 0
	Toe
	Very High

	ESSFwc3
	<15
	Upper
	High

	ESSFwc3
	≥15
	Upper
	Moderate

	ESSFwcw
	>= 0
	Crest
	Moderate

	ESSFwcw
	< 10
	Depression
	Very High

	ESSFwcw
	<5
	Level
	Very High

	ESSFwcw
	<15
	Lower
	Very High

	ESSFwcw
	≥15
	Lower
	High

	ESSFwcw
	<15
	Mid
	High

	ESSFwcw
	≥15
	Mid
	Moderate

	ESSFwcw
	>= 0
	Toe
	Very High

	ESSFwcw
	<15
	Upper
	High

	ESSFwcw
	≥15
	Upper
	Moderate

	ESSFwk1
	>= 0
	Crest
	Low

	ESSFwk1
	< 10
	Depression
	Very High

	ESSFwk1
	<5
	Level
	High

	ESSFwk1
	<15
	Lower
	High

	ESSFwk1
	≥15
	Lower
	Moderate

	ESSFwk1
	<15
	Mid
	High

	ESSFwk1
	≥15
	Mid
	Moderate

	ESSFwk1
	>= 0
	Toe
	Very High

	ESSFwk1
	<15
	Upper
	High

	ESSFwk1
	≥15
	Upper
	Moderate

	ESSFxv1
	>= 0
	Crest
	Moderate

	ESSFxv1
	< 10
	Depression
	Very High

	ESSFxv1
	<5
	Level
	Very High

	ESSFxv1
	<15
	Lower
	Very High

	ESSFxv1
	≥15
	Lower
	High

	ESSFxv1
	<15
	Mid
	High

	ESSFxv1
	≥15
	Mid
	Moderate

	ESSFxv1
	>= 0
	Toe
	Very High

	ESSFxv1
	<15
	Upper
	High

	ESSFxv1
	≥15
	Upper
	Moderate

	ESSFxv2
	>= 0
	Crest
	Moderate

	ESSFxv2
	< 10
	Depression
	Very High

	ESSFxv2
	<5
	Level
	Very High

	ESSFxv2
	<15
	Lower
	Very High

	ESSFxv2
	≥15
	Lower
	High

	ESSFxv2
	<15
	Mid
	High

	ESSFxv2
	≥15
	Mid
	Moderate

	ESSFxv2
	>= 0
	Toe
	Very High

	ESSFxv2
	<15
	Upper
	High

	ESSFxv2
	≥15
	Upper
	Moderate

	ICHmk3
	>= 0
	Crest
	Very Low

	ICHmk3
	< 10
	Depression
	High

	ICHmk3
	<5
	Level
	Low

	ICHmk3
	<15
	Lower
	Moderate

	ICHmk3
	≥15
	Lower
	Low

	ICHmk3
	<15
	Mid
	Low

	ICHmk3
	≥15
	Mid
	Very Low

	ICHmk3
	>= 0
	Toe
	High

	ICHmk3
	<15
	Upper
	Low

	ICHmk3
	≥15
	Upper
	Very Low

	ICHwk2
	>= 0
	Crest
	Very Low

	ICHwk2
	< 10
	Depression
	High

	ICHwk2
	<5
	Level
	Low

	ICHwk2
	<15
	Lower
	Moderate

	ICHwk2
	≥15
	Lower
	Low

	ICHwk2
	<15
	Mid
	Low

	ICHwk2
	≥15
	Mid
	Very Low

	ICHwk2
	>= 0
	Toe
	High

	ICHwk2
	<15
	Upper
	Low

	ICHwk2
	≥15
	Upper
	Very Low

	ICHwk4
	>= 0
	Crest
	Very Low

	ICHwk4
	< 10
	Depression
	High

	ICHwk4
	<5
	Level
	Low

	ICHwk4
	<15
	Lower
	Moderate

	ICHwk4
	≥15
	Lower
	Low

	ICHwk4
	<15
	Mid
	Low

	ICHwk4
	≥15
	Mid
	Very Low

	ICHwk4
	>= 0
	Toe
	High

	ICHwk4
	<15
	Upper
	Low

	ICHwk4
	≥15
	Upper
	Very Low

	IDFdk3
	>= 0
	Crest
	Very Low

	IDFdk3
	< 10
	Depression
	High

	IDFdk3
	<5
	Level
	Moderate

	IDFdk3
	<15
	Lower
	Moderate

	IDFdk3
	≥15
	Lower
	Low

	IDFdk3
	<15
	Mid
	Moderate

	IDFdk3
	≥15
	Mid
	Low

	IDFdk3
	>= 0
	Toe
	High

	IDFdk3
	<15
	Upper
	Low

	IDFdk3
	≥15
	Upper
	Very Low

	IDFdk4
	>= 0
	Crest
	Very Low

	IDFdk4
	< 10
	Depression
	High

	IDFdk4
	<5
	Level
	Moderate

	IDFdk4
	<15
	Lower
	High

	IDFdk4
	≥15
	Lower
	Low

	IDFdk4
	<15
	Mid
	Moderate

	IDFdk4
	≥15
	Mid
	Low

	IDFdk4
	>= 0
	Toe
	High

	IDFdk4
	<15
	Upper
	Moderate

	IDFdk4
	≥15
	Upper
	Very Low

	IDFxm
	>= 0
	Crest
	Very Low

	IDFxm
	< 10
	Depression
	Moderate

	IDFxm
	<5
	Level
	Low

	IDFxm
	≥0
	Lower
	Low

	IDFxm
	<15
	Mid
	Low

	IDFxm
	≥15
	Mid
	Very Low

	IDFxm
	>= 0
	Toe
	Moderate

	IDFxm
	<15
	Upper
	Low

	IDFxm
	≥15
	Upper
	Very Low

	MSxv
	>= 0
	Crest
	Moderate

	MSxv
	< 10
	Depression
	Very High

	MSxv
	<5
	Level
	Very High

	MSxv
	<15
	Lower
	Very High

	MSxv
	≥15
	Lower
	High

	MSxv
	<15
	Mid
	High

	MSxv
	≥15
	Mid
	Moderate

	MSxv
	>= 0
	Toe
	Very High

	MSxv
	<15
	Upper
	High

	MSxv
	≥15
	Upper
	Moderate

	SBPSdc
	>= 0
	Crest
	Low

	SBPSdc
	< 10
	Depression
	High

	SBPSdc
	<5
	Level
	Moderate

	SBPSdc
	<15
	Lower
	High

	SBPSdc
	≥15
	Lower
	Moderate

	SBPSdc
	<15
	Mid
	Moderate

	SBPSdc
	≥15
	Mid
	Low

	SBPSdc
	>= 0
	Toe
	High

	SBPSdc
	<15
	Upper
	Moderate

	SBPSdc
	≥15
	Upper
	Moderate

	SBPSmc
	>= 0
	Crest
	Low

	SBPSmc
	< 10
	Depression
	High

	SBPSmc
	<5
	Level
	Moderate

	SBPSmc
	<15
	Lower
	High

	SBPSmc
	≥15
	Lower
	Moderate

	SBPSmc
	<15
	Mid
	Moderate

	SBPSmc
	≥15
	Mid
	Low

	SBPSmc
	>= 0
	Toe
	High

	SBPSmc
	<15
	Upper
	Moderate

	SBPSmc
	≥15
	Upper
	Moderate

	SBPSmk
	>= 0
	Crest
	Low

	SBPSmk
	< 10
	Depression
	High

	SBPSmk
	<5
	Level
	Moderate

	SBPSmk
	<15
	Lower
	High

	SBPSmk
	≥15
	Lower
	Moderate

	SBPSmk
	<15
	Mid
	Moderate

	SBPSmk
	≥15
	Mid
	Low

	SBPSmk
	>= 0
	Toe
	High

	SBPSmk
	<15
	Upper
	Moderate

	SBPSmk
	≥15
	Upper
	Moderate

	SBPSxc
	>= 0
	Crest
	Low

	SBPSxc
	< 10
	Depression
	Very High

	SBPSxc
	<5
	Level
	High

	SBPSxc
	<15
	Lower
	High

	SBPSxc
	≥15
	Lower
	Moderate

	SBPSxc
	<15
	Mid
	High

	SBPSxc
	≥15
	Mid
	Moderate

	SBPSxc
	>= 0
	Toe
	Very High

	SBPSxc
	<15
	Upper
	High

	SBPSxc
	≥15
	Upper
	Moderate

	SBSdw1
	>= 0
	Crest
	Very Low

	SBSdw1
	< 10
	Depression
	High

	SBSdw1
	<5
	Level
	Low

	SBSdw1
	<15
	Lower
	Moderate

	SBSdw1
	≥15
	Lower
	Low

	SBSdw1
	<15
	Mid
	Low

	SBSdw1
	≥15
	Mid
	Very Low

	SBSdw1
	>= 0
	Toe
	High

	SBSdw1
	<15
	Upper
	Low

	SBSdw1
	≥15
	Upper
	Very Low

	SBSdw2
	>= 0
	Crest
	Very Low

	SBSdw2
	< 10
	Depression
	High

	SBSdw2
	<5
	Level
	Moderate

	SBSdw2
	<15
	Lower
	Moderate

	SBSdw2
	≥15
	Lower
	Low

	SBSdw2
	<15
	Mid
	Moderate

	SBSdw2
	≥15
	Mid
	Low

	SBSdw2
	>= 0
	Toe
	High

	SBSdw2
	<15
	Upper
	Low

	SBSdw2
	≥15
	Upper
	Very Low

	SBSmc1
	>= 0
	Crest
	Low

	SBSmc1
	< 10
	Depression
	High

	SBSmc1
	<5
	Level
	Moderate

	SBSmc1
	<15
	Lower
	High

	SBSmc1
	≥15
	Lower
	Moderate

	SBSmc1
	<15
	Mid
	Moderate

	SBSmc1
	≥15
	Mid
	Low

	SBSmc1
	>= 0
	Toe
	High

	SBSmc1
	<15
	Upper
	Moderate

	SBSmc1
	≥15
	Upper
	Moderate

	SBSmc2
	>= 0
	Crest
	Low

	SBSmc2
	< 10
	Depression
	High

	SBSmc2
	<5
	Level
	Moderate

	SBSmc2
	<15
	Lower
	High

	SBSmc2
	≥15
	Lower
	Moderate

	SBSmc2
	<15
	Mid
	Moderate

	SBSmc2
	≥15
	Mid
	Low

	SBSmc2
	>= 0
	Toe
	High

	SBSmc2
	<15
	Upper
	Moderate

	SBSmc2
	≥15
	Upper
	Moderate

	SBSmc3
	>= 0
	Crest
	Low

	SBSmc3
	< 10
	Depression
	High

	SBSmc3
	<5
	Level
	Moderate

	SBSmc3
	<15
	Lower
	High

	SBSmc3
	≥15
	Lower
	Moderate

	SBSmc3
	<15
	Mid
	Moderate

	SBSmc3
	≥15
	Mid
	Low

	SBSmc3
	>= 0
	Toe
	High

	SBSmc3
	<15
	Upper
	Moderate

	SBSmc3
	≥15
	Upper
	Moderate

	SBSmh
	>= 0
	Crest
	Very Low

	SBSmh
	< 10
	Depression
	Moderate

	SBSmh
	<5
	Level
	Low

	SBSmh
	≥0
	Lower
	Low

	SBSmh
	<15
	Mid
	Low

	SBSmh
	≥15
	Mid
	Very Low

	SBSmh
	>= 0
	Toe
	Moderate

	SBSmh
	<15
	Upper
	Low

	SBSmh
	≥15
	Upper
	Very Low

	SBSmw
	>= 0
	Crest
	Very Low

	SBSmw
	< 10
	Depression
	High

	SBSmw
	<5
	Level
	Moderate

	SBSmw
	<15
	Lower
	Moderate

	SBSmw
	≥15
	Lower
	Low

	SBSmw
	<15
	Mid
	Moderate

	SBSmw
	≥15
	Mid
	Low

	SBSmw
	>= 0
	Toe
	High

	SBSmw
	<15
	Upper
	Low

	SBSmw
	≥15
	Upper
	Very Low

	SBSwk1
	>= 0
	Crest
	Low

	SBSwk1
	< 10
	Depression
	Very High

	SBSwk1
	<5
	Level
	High

	SBSwk1
	<15
	Lower
	High

	SBSwk1
	≥15
	Lower
	Moderate

	SBSwk1
	<15
	Mid
	High

	SBSwk1
	≥15
	Mid
	Moderate

	SBSwk1
	>= 0
	Toe
	Very High

	SBSwk1
	<15
	Upper
	High

	SBSwk1
	≥15
	Upper
	Moderate
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