
. Methods 

Studying the effects of UV-B on plants can be 

logistically challenging and expensive. Greenhouse 

and growth chamber experiments give the greatest 

control over environmental conditions, and the 

ability to establish cause-and-effect relationships. 

However they may alter the patterns and intensity of 

incoming radiation, so that the ratios of UV-B, UV-A, 

and visible light are different from outdoors 

(Caldwell et al. ). This can make plants more 

sensitive to increasing levels of UV-B. The most 

realistic assessments of UV-B effects are studies done 

in the field on seedlings and mature plants, and use 

modulated exposure systems that supplement 

ambient radiation levels (Sullivan et al. a). 

However, these studies are expensive, labour-

intensive, and difficult to establish (Caldwell et al. 

) because of the cost of hardware and meeting 

environmental and regulatory constraints. 
Our UV-B project was limited to a few years with 

a relatively modest budget, with plans to test several 

species of British Columbia trees. Given these 

constraints, we chose to modify existing greenhouse 

facilities for immediate use rather than spend a large 

proportion of time and money developing field 

facilities. We built UV-B chambers and developed 

exposure regimes based on findings of previous 

researchers (Björn ; Adamse and Britz ; Björn 

and Teramura ; Middleton and Teramura a). 
In the  year project, we conducted five studies on 

the effects of increasing UV-B on tree seedlings. 

Details of exposure conditions, sampling methods, 

and data analyses are found in working plans 

(L'Hirondelle and Binder , a, b). 
All studies were done in polycarbonate 

greenhouses (see Figure 2) at the Research Laboratory 

in Victoria, B.C. (°' N, °'W,  m elevation). 

Greenhouses had roof and side vents, supplemental 

lighting, cooling fans, and fan-jet tubes. Temperatures 

inside greenhouses were one to several degrees above 

the outside temperature, and light levels were less 

than full sun due to shading from the structure. 

Hourly temperatures and light levels were recorded.
Our tests were done between spring and early 

autumn, when outdoor light levels were high, except 

for one test with western redcedar. It was done in 

midwinter when the collaborator supplied seed. 

Halogen lamps provided supplemental lighting.
The polycarbonate greenhouse covering screened 
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out incoming UV-B, so doses of UV-B were entirely 

supplied by lamps. We built  UV-B chambers of 

angle aluminum (Figures  and ). Each chamber 

had  UVB- lamps controlled by dimming 

ballasts. Cellulose acetate filters (pre-solarized for  

hours, changed biweekly) screened out UV-C, and 

Mylar filters screened out UV between adjacent 

chambers.  Lamps were pre-aged for at least  hours 

to give standard outputs (Adamse and Britz ). 
_Seedlings were placed   cm below the lamps. 

FIGURE    UV-B exposure chamber with seedlings.

FIGURE    Diagram of UV-B exposure chamber.





UV-B radiation was applied  hours a day, centred on 

solar noon. We measured UV-B weekly in each 

chamber with a spectroradiometer and bulk sensor 

with a solar blind filter.
Instruments and sensors were calibrated regularly. 

Curves were developed to convert bulk sensor readings 
-2 -1

into biologically effective UV-B (UV-B ) in kJ m  d . be
-2 -2 -1

We converted W m  to kJ m  d  with weighting 

factors from the Caldwell plant action spectrum, 

normalized to  nm (Björn and Teramura ). 
Seed was obtained from the Ministry of Forests 

Tree Seed Centre and Research Branch forest genetics 

staff. Seed was stratified and germinated according to 

recommended protocols for each species. Germinants 

(newly germinated seedlings) were grown in 164-ml 

containers, and -year-old seedlings in - or -ml 

containers in a peat mix or vermiculite. Containers 

were watered and fertilized daily.
Most studies used four levels of UV-B  dose: , , be

-2 -1
, or  kJ m  d . Average ambient UV-B levels for 

-2 -1
Victoria are about  kJ m  d , so the  and  kJ 

treatments represented double and triple ambient 

levels for Victoria. These levels are realistic in that 

they already occur farther south and at high 

elevations. The experimental unit for UV-B treatment 

was the chamber. One of the four doses was randomly 

applied to each chamber. 
Germinants or older seedlings were randomly 

assigned to racks for each chamber, and within a rack 

the different elevations were randomly assigned to 

rows. Racks were randomly assigned to positions 

within each chamber. 
In the spring and early summer of , we tested 

the combined effects of UV-B and PAR 

(photosynthetically active radiation) on -year-old 

seedlings. There were two PAR levels: high (about 
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FIGURE    Sampling methods.

-2 -1
 µmol m  s ) and low (chambers covered with 

-2 -1
shadecloth to reduce PAR levels to  µmol m  s ). 

-2 -1
There were also two UV-B levels:  and  kJ m  d . 

The four PAR by UV-B treatments were randomly 

assigned to eight chambers in the greenhouse. Racks 

of -year-old seedlings of paper birch, interior spruce, 

western hemlock, and coastal Douglas-fir were 

randomly assigned positions in each chamber and 

grown for  weeks.
We measured changes in morphology, phenology, 

biomass, and physiological response to various 

stresses. Non-destructive measures included height, 

visible injury, root collar diameter, and number of 

branches. Destructive measures included needle 

length and thickness, dry weight of shoots and roots, 

and sampling of needles for pigments, electrolyte 

leakage, and chlorophyll fluorescence (Figure ). 

Measurements were made weekly or biweekly, or at 
_the end of each experiment, using   seedlings per 

seed source per chamber.
Frost hardiness was estimated with stress-

enhanced electrolyte leakage (SEEL) or quantum 

yield (QY) from chlorophyll fluorescence (Burr et al. 

). For SEEL, needles or stem sections were 

removed from seedlings, frozen in containers in a 

programmable freezer, thawed, and soaked for a day 

in deionized water to release electrolytes. Electrical 

conductivity was measured with a conductivity 

meter, samples were killed by oven heating, then 

soaked again, and final conductivity was measured. 

For QY, needles or shoots were frozen (as above), 

thawed, and pre-conditioned under bright light 
-2 -1 _( µmol m  s ) for at least  hour. After   

minutes of dark acclimation, QY was read with a 

pulse-modulated fluorometer. For heat resistance, 

needles or shoots were placed in vials and heated for  

Thaw needles,
read QY





 hour in a growth chamber under bright light. 

Samples were dark-acclimated and QY was read as 

above. Low values of QY indicated that needles were 

damaged. For all tests, control samples (not frozen or 

heated) were included.
For pigment analyses, needles were removed from 

seedlings, frozen in liquid nitrogen, and freeze-dried. 

Chlorophyll content (Moran and Porath ; Moran 
_) and amount of UV-B absorbing compounds 

(Dai et al. ; Day et al. ) were measured from 

tissue extracts.
Experimental designs included split-plot, nested, 

randomized block, and factorial. UV-B dose, PAR, 

and elevation were fixed effects; block, chamber, and 

family were random effects. Analyses of variance were 

run on dependent variables, and regression analyses 

were used to describe relationships among variables. 

Testing was done at p < . for main effects and 

interactions because these were exploratory studies 

and small differences were expected.

.  Results by Species

We tested several species and seed sources of conifers 

and one hardwood. Species tested included the 

following:

_Abies grandis (Dougl. ex D.Don.) Lindl.  grand fir
_Betula papyrifera Marsh  paper birch

_Chamaecyparis nootkatensis (D.Don) Spach    

yellow-cedar
_Larix occidentalis Nutt.  western larch

_Picea engelmannii Parry ex Engelmann    

Engelmann spruce
_Picea glauca (Moench) Voss x engelmannii   

interior spruce
_Picea sitchensis (Bong.) Carr  Sitka spruce

Pinus contorta Dougl. ex Loud. var. latifolia 
_Englem.  lodgepole pine

Pseudotsuga menziesii (Mirb.) Franco var. 
_menziesii  coastal Douglas-fir

_Pseudotsuga menziesii var. glauca (Beissn.) Franco   

interior Douglas-fir
_Thuja plicata Donn ex D.Don  western redcedar
_Tsuga heterophylla (Raf.) Sarg.  western hemlock

Seed sources came from a fairly wide range of 

geographical locations (Figure ). For most species, 

three seed sources were tested, usually low, middle, 

and high elevations from the same latitude. The 

difference between low and high elevations ranged 

from about  to  m. 
There was much variation in UV-B responses 

among and within species, and also among 

individuals within chambers. This was partly due to 
_the random location of each source within chambers   

sometimes slower-growing species were partially 

shaded by faster-growing ones, so they would have 

received a lower UV-B dose in those chambers. There 

was variation in visible light levels across the 

greenhouse, and also in temperature and humidity. 

Variable conditions also exist at field sites. Repeated 

tests on the same seed sources usually gave the same 

trends, but the degree of response varied. 
Even with this level of variation, we found many 

trends and significant effects of UV-B dose and seed 

source on the measured morphological and 

physiological traits of seedlings in our experiments.
In the following pages we present some of the 

results of our studies, including photographs of 

morphological responses to increased UV-B and 

graphs of measured traits.

FIGURE    Biogeoclimatic map of British Columbia 
showing locations of seed sources used in 
UV-B testing.





..  Abies grandis (grand fir)
Grand fir ranges from southern British Columbia to 

California, generally at low elevations on moist sites 

(Farrar ). Its upper limit in British Columbia is 

usually less than  m (Xie and Ying ), while 

farther south it may be found up to  m (USDA 

Forest Service ). Although seedlings grow well in 

moderate shade, mature trees of this species do best in 

full sun. In British Columbia, grand fir is a climax 

species. Relative to associated conifers, it has thinner, 

longer-lived needles, which might be vulnerable to the 

cumulative effects of UV-B exposure. The major cause 

of seedling mortality in natural regeneration is 

drought, so interactions between UV-B and water 

stress may be important.
The seed sources we used were from a fairly 

_narrow range of elevation (  m) from the 

District of Chilliwack in southern British Columbia, 

and all grew fairly slowly (Figure ). Height growth 

was affected both by elevation of the seed source and 

UV-B exposure (Figure ). 
The low-elevation seedlings were the slowest-

growing, not a typical result for this species (Xie and 

Ying ). They had an average height of only  cm 

after  months of summer growth, about % shorter 

than the high-elevation seedlings at . cm. Low-

elevation seedlings grew best at zero or ambient UV-B 

exposure. Height decreased by about % between the 

two lowest and the two highest UV-B doses. 
Middle-elevation seedlings were intermediate in 

height between low- and high-elevation sources. They 

grew best at ambient UV-B, where they were about 

% taller than seedlings grown without UV-B. 

Growth decreased somewhat as UV-B increased, but 

not as much as for the low-elevation seedlings.
High-elevation seedlings showed the greatest 

height growth, and they grew best at the highest UV-B 

dose. Growth in the  kJ treatment was anomalous, 

showing an apparent decrease relative to the other UV 

doses. The reason for this is not clear. 
Based on our greenhouse test, we suggest that the 

resistance of grand fir to UV-B has a high degree of 

genetic control, so choice of seed source will be 

important in regeneration. The geographical location 

of the seed sources may have differed in more than 

elevation (moisture levels, aspect, etc.), so increased 

FIGURE    Grand fir seedlings.
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FIGURE    Shoot height of grand fir seedlings after 
16 weeks of UV-B exposure in greenhouses. 
Each bar is the mean of 25 seedlings, ± one 
standard error.

UV-B resistance cannot be attributed to elevation 

alone. There may also be an interaction between seed 

source and growing conditions that modifies the 

response of seedlings to UV-B. The next step would 

be to test a range of seed sources from gradients of 

elevation and latitude to establish the range of UV-B 

resistance, and to test foliage of mature trees as well. 
In general, grand fir seedlings appear to be fairly 

resistant to UV-B, although seedlings from the lowest 

elevations may show reduced growth with an increase 

in UV-B dose above ambient levels. 





..  Betula papyrifera (paper birch)
Paper birch has a wide distribution across Canada, 

from coast to coast and north to Alaska (Farrar ). 

Although generally a low-elevation species, it is found 

near timberline in the northeastern United States. 

Paper birch is a short-lived and shade-intolerant 

pioneer species (USDA Forest Service ), so it is 

well-adapted to high light intensities. Leaf 

morphology changes as light level increases: sun 

leaves are thicker, have a higher density of stomata, 

and have a larger surface area than shade leaves in 

young trees (Ashton et al. ). Other birch species 

have the ability to increase flavonoid production in 

response to increased UV-B, and are relatively 

insensitive to higher UV-B levels (Lavola ). 
We tested -year-old seedlings of paper birch (one 

seed source, from the British Columbia interior) 

immediately after removal from over-winter cold 

storage, so their leaves expanded in the presence of 

UV-B. In this test only two levels of UV-B were used 
-2 -1

(ambient at  kJ m  d  and triple ambient at ), 

along with two levels of visible light (low at  µmol 
-2 -1

m  s  and high at ). After only  weeks of UV-B 

exposure, there were very striking differences in 

appearance of the seedlings and the leaves (Figure ). 
Leaves grown at low light tended to be larger in 

area (Figure a) and dry weight than those grown at 

higher visible light levels. But the most pronounced 

effect was that of UV-B. The total surface area of 

leaves , , and  from the apex was % lower at  

than at  kJ UV-B (Figure a). Leaves at high UV-B 

had a bumpy surface (Figure ) and curled margins, 

and sometimes developed chlorotic patches between 

the veins (Figure ). 
When leaves were heat stressed (exposure of leaf 

discs to ºC for  minutes in bright light), those 

grown at high UV-B were more resistant than those 

grown at ambient (Figure b). It appears that growth 

under additional UV-B stress increases the ability of 

birch leaves to survive high temperatures, likely 

because similar mechanisms are used to dissipate 

excess energy.
Paper birch seedlings from this seed source were 

very sensitive to UV-B radiation, with pronounced 

decreases in growth and morphology at high UV-B 

levels. However, they also showed an increase in 

resistance to heat. It may be possible to find sources 

that combine a greater degree of UV-B resistance with 

the ability to tolerate heat. The next step would be to 

test a wider range of seed sources at more UV-B 

levels, to give a more comprehensive estimate of the 

sensitivity of this hardwood species.
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..  Chamaecyparis nootkatensis (yellow-cedar)
Yellow-cedar, also known as Alaska-cedar, is a long-

lived coastal species ranging from Alaska to 

northern California. It grows relatively slowly but 

can reach  years of age, at elevations from sea 

level to  m (USDA Forest Service ). The 

leaves of yellow-cedar are small and scale-like 

(Figure ), and are quite shade tolerant (Farrar 

), although this species also grows well in full 

sun as a climax species.
We tested yellow-cedar seedlings of a Vancouver 

Island seed source from  m elevation. Seedlings 

were  year old when they were placed under four 

levels of UV-B and grown for  months. New foliage 

at the higher UV-B levels appeared quite different 

from that grown without UV-B (Figure ). The 

leaves retained a more juvenile appearance, and were 

strongly curled.
Although there were no large changes in total 

biomass of the seedlings, there were changes in frost 

hardiness and pigment levels (Figure a,b). 

Seedlings freeze-tested in early September showed a 

pattern of increasing frost hardiness with increasing 
-2 -1

UV-B levels from  to  kJ m  d , but then a 

decrease in hardiness at the highest UV-B level 

(Figure a). At this level, their frost hardiness was 

lower than that of seedlings grown without UV-B. 
Foliar levels of the photosynthesis pigments, 

chlorophylls a and b, were significantly affected by 

growth under increased UV-B. Leaf content of 

chlorophyll a increased by %  and chlorophyll b 

by % between the zero and  kJ UV-B 

treatments, so the total chlorophyll content 

increased by % (Figure b). We did not measure 

photosynthetic rates, so we do not know if they were 

affected by this change. 
These results suggest that yellow-cedar seedlings 

from this seed source are fairly sensitive to UV-B 

increases, but have the capacity to acclimate to 

changes in UV-B levels without large short-term 

effects on biomass. However, with large increases in 

UV-B, they may become more sensitive to fall 

freezing events.
The next step would be to test a wider range of 

seed sources from a gradient of latitudes and 

elevations, preferably under field conditions. There 

is moderate genetic variation in other adaptive traits 

of this species, related to latitude and elevation of 

seed origin (Russell ).

FIGURE    Yellow-cedar branches from seedlings grown 
-2 -1at 0 (left) or 12 (right) kJ UV-B m  d  for 

5 months.

FIGURE  b  Chlorophyll a+b content of yellow-cedar 
foliage after 5 months of UV-B exposure. 
Each bar is the mean of 15 seedlings, 
+_ o ne standard e rror.
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