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EXECUTIVE SUMMARY

As a silvicultural practice, forest fertilization has emerged to mitigate risks and 
reduce the effect of damage agents on timber supply due to climate change and 
on subsequent extensive landscape-scale natural disturbances in British Co-
lumbia. In total, 61 installations were established in the central and southern 
interior of British Columbia to quantify fertilization responses of major com-
mercial tree species. One-time fertilization with two to five kinds of fertilizer 
blends was applied, and the stand ages at fertilization ranged from 9 to 58 
years. Plots were repeatedly measured at 3-year intervals, although a few plots 
were measured 2–4 years after fertilization. The repeated measurements (up 
to 18 years after fertilization) indicated that trees were damaged by various 
damage agents in the experimental sites, and that the fertilization may have 
been associated with the damage agents’ activities. This report provides a  
descriptive overview of the damage that occurred after fertilization in the 
EP886 installations.

First, the major damage agents after fertilization were identified by com-
paring proportions of damage records for each plot. Second, to account for 
different measurement years since fertilization, annual damage rates were 
calculated. The damage record proportions and damage rates were summa-
rized at different scales (i.e., plot and installation), and by size classes, age, 
and fertilization treatments.

The results of the analyses indicated the following:
1. The four most prevalent damage agents after fertilization were squirrels 

(accounting for 11.8% of total damage records), western gall rust (16.4%), 
mountain pine beetle (19.5%), and white pine weevil (10.8%).

2. Squirrels, western gall rust, and mountain pine beetle were observed  
only in lodgepole pine stands, whereas white pine weevil was exclusively 
observed in spruce stands. The four major damage agents were not ob-
served in Douglas-fir stands.

3. The squirrel attack was concentrated in the stand age class of 25–30 years, 
which implied a potential association between susceptibility and stand age.

4. Throughout the study periods, fertilized plots showed slightly lower average 
plot-level damage than control plots for squirrel (0.1%) but higher damage 
rates for western gall rust (1.0%), mountain pine beetle (5.2%), and white 
pine weevil (6.6%).

5. Annual damage rate throughout the study periods after fertilization for 
squirrel, western gall rust, mountain pine beetle, and white pine weevil 
were 1.1, 1.2, 1.8, and 3.3%, respectively. Those annual damage rates for 
control plots were 1.0, 1.1, 1.2, and 2.9%, respectively.

The results presented are purely descriptive. Further analyses are required 
to assess more detailed associations between fertilization and tree damage. The 
findings in this study will provide insights for further research, and subsequent 
research efforts will provide useful information about the relationship between 
fertilization and forest health for managing interior British Columbia forests 
sustainably.

fertilization, Douglas-fir, lodgepole pine, spruce, forest health, natural 
disturbances
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1 INTRODUCTION

Fertilization is a silvicultural treatment that accelerates stand development 
and individual tree growth without loss of stand volume (Brockley 2005). 
Because forests are closely connected with the industry, economy, and cul-
ture of British Columbia’s communities, public concerns about potential 
adverse effects on sustainability of our forests due to climate change, and re-
lated extensive natural disturbances, have emerged (Spittlehouse 2005). Thus, 
fertilization can provide a relevant option for sustaining wood and biomass 
production in British Columbia.

Climate change can alter environmental conditions, and in turn, affect the 
“biological balances” between biotic pests (insects, diseases, wildlife) and abi-
otic damage and trees because they are linked with each other and interact 
with the changed environment (Woods et al. 2010). An example of the recent 
mountain pine beetle (Dendroctonus ponderosae Hopkins) epidemic in British 
Columbia clearly shows these alterations due to changing climate and their 
effects on forest health (Kurz et al. 2008). The effects of fertilization on forest 
health are difficult to interpret because fertilization can cause both positive and 
negative effects, even on the same damage agent (Jactel et al. 2009). Namely, 
fertilization can increase food quality for some herbivores (Lindgren and Sul-
livan 2018) and/or increase synthesis of secondary defensive chemicals such 
as terpene and phenolic compounds (Herms 2002). In British Columbia, there 
are several reports of fertilization effects on tree damage by mammalian her-
bivores such as snowshoe hares and red squirrels (e.g., Sullivan and Sullivan 
1982; Brockley 2001). However, understanding of the associations between 
fertilization treatment and various damage agents is still limited. 

Experimental Project (EP) 886 research sites provide a unique opportunity 
to fill knowledge gaps. Over 25 years, a network of fertilization experiments 
was established and regularly remeasured across the central and southern  
interior forests of British Columbia, which has provided abundant data on 
diverse fertilization rates and blends. The objectives of this study were to iden-
tify major damage agents in the EP886 fertilization installations and provide 
a descriptive overview of damage in conjunction with fertilization.

2 MATERIALS AND METHODS

Repeatedly measured tree data from EP886 were acquired from the British 
Columbia (B.C.) Ministry of Forests, Lands, Natural Resource Operations 
and Rural Development. In total, data from 61 installations, including 692 
plots of tree data, were collected from four EPs (EP886.01, 886.13, 886.14, and 
886.15). Each EP consisted of a single installation or multiple installations, and 
each installation contained 9–24 plots (Table A1.1). Experimental installations 
were located throughout the central and southern interior of British Colum-
bia (Figure 1), and encompassed six biogeoclimatic zones: Montane Spruce, 
Engelmann Spruce – Subalpine Fir, Interior Cedar – Hemlock, Interior Doug-
las-fir, Sub-Boreal Pine – Spruce, and Sub-Boreal Spruce (Meidinger and Pojar 

2.1 Data Description
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1991). The plots were established on naturally regenerated stands or plantations 
with three representative interior tree species: lodgepole pine (Pinus contorta 
Douglas ex Loudon var. latifolia Engelm. ex S. Watson) (40 installations), in-
terior Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco var. glauca (Beissn.) 
Franco) (6 installations), and white and hybrid spruce (Picea engelmannii 
Parry × Picea glauca (Moench) Voss × Picea sitchensis (Bong.) Carr) (15 instal-
lations). The Stand Establishment Decision Aid (SEDA) distinguishes specific 
biogeoclimatic (sub-) zones where the white pine weevil problem potentially 
arises (Stock et al. 2005). Of the 15 spruce installations, 2, 1, 6, and 6 were lo-
cated in the high, moderate-high, moderate, and low hazard zones, respec-
tively (Tim Ebata, pers. comm.).

The experimental installations were established from the early 1980s to the 
late 2000s. All stands that were selected for fertilization had been thinned ear-
lier or just before fertilization. Various fertilizer blends (different nutrients 
and/or concentrations of nutrients) were applied at the plot level throughout 

ure 1 Locations of installations used in this study.
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the installations (Table A1.2). Within each installation, treatments consisted  
of a control (no fertilizer) and two to five fertilizer blends replicated 2–4 
times (mainly 3 times). In most of the installations, one-time fertilization 
was applied and stand ages (total stand age) at fertilization ranged from 9 to  
58 years (x̄ = 21; s = 8). The treatments were randomly assigned to measure-
ment plots within an installation. Plot size among installations ranged from 
0.0154 to 0.0833 ha (x = 0.0456; s = 0.0139). Measurements were taken before 
fertilization, 2–3 years after fertilization, and then up to six subsequent re-
measurements were taken every 2–4 years (primarily 3-year intervals, up  
to 18 years after treatments). Tree diameter at breast height (dbh [cm]) and 
height (m) were measured, and any tree damage incident, regardless of its 
location on the stem and its severity, was recorded following the B.C. Forest 
Inventory and Monitoring Program Standards (B.C. Ministry of Sustainable 
Resource Management 2003).

 Damage agent records were tallied across all measurements. Repeatedly re-
ported damage records for a tree were assumed to be present from the first 
recording until the last measurement. By combining all records, the major 
damage agents—which accounted for more than 10% of the pooled damage 
records—were identified. Damage record proportions (ratio of number of 
damaged records to total measurements; hereafter called damage) of the 
major damage agents were investigated based on tree dbh, tree height, and 
stand age. To evaluate the damage rates measured in different measurement 
intervals, annual damage rates for the agents were calculated, similar to the 
classic annual mortality rate provided in Hamilton and Edwards (1976):

annual damage rate = 1 − (Nf / N0)(1 / t)

where Nf is the number of damage-free trees at remeasurement, N0 is the ini-
tial number of trees, and t is the number of years since initial measurement. 
The annual damage rates were summarized by installation and fertilization 
treatments. There were also repeated fertilizations in some installations (i.e., 
Installation 886.01-16 and EP886.13). In these cases, only data taken prior to 
the year of the second fertilization application were included in the analyses.

3 RESULTS

In total, 17 627 damage records from 36 992 trees were tallied; on average, 
there were 0.48 damage records per tree (Table A2.1). Approximately 64.3%  
of the total trees (fertilized + control) were damage-free, and 25.5%, 8.6%, 
and 1.6% of the total trees had one, two, and more than three types of dam-
age agent record, respectively. Most of the damage agents were diseases 
(50.8%), followed by insects (32.6%), and animals (15.1%). Among those  
damage agents, four could be identified: squirrel (11.8% of total damage re-
cords), western gall rust (16.4%), mountain pine beetle (19.5%), and white 
pine weevil (10.8%). Squirrel, western gall rust, and mountain pine beetle 
damage was observed exclusively on lodgepole pine trees, whereas white 
pine weevil had attacked only spruce trees (Table 1). 

2.2 Tree Damage 
Analysis

3.1 Tree Damage 
Overview
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When we ignored the differences in the measuring period by installation, 
fertilized plots had a slightly lower squirrel damage record proportion (0.1%) 
than control plots. Conversely, control plots showed 1.0, 5.2, and 6.6% lower 
damage record proportions than the fertilized plots for western gall rust, 
mountain pine beetle, and white pine weevil, respectively (Table 1). At the 
tree level, fertilized trees tended to have higher damage levels than control 
trees for all the major damage agents. 

3.1.1 Squirrel damage Squirrel damage was recorded in approximately 70% 
of all lodgepole pine installations (30 of 43 installations). Five installations 
(886.01-1, 886.01-2, 886.01-5, 886.01-10, and 886.01-11) that were heavily at-
tacked by squirrels had damage exceeding 50%. The mean damage for other 
installations was less than 15%. As a result, variation in squirrel damage among 
plots within an installation was large. Only 69 of 499 total lodgepole pine plots 
(13.8%) had squirrel damage that exceeded 10% (Figure 2a). The average squir-
rel damage across all installations and plots was 10.5 and 8.2%, respectively 
(Table 1).

In total, 2076 lodgepole pine trees (8.0% of all measured lodgepole pine 
trees) were damaged by squirrels over time (Table 1). Including controls, most 
squirrel damage (> 75%) was recorded around 6 years after fertilization (Figure 
3a), and there was no difference in the damage record distributions between 
fertilized and unfertilized trees (Figure 4a). More than 90% of the squirrel 
damage was observed within 9 years after fertilization. Most of the squirrel at-
tack (82%) occurred in the 25- to 30-year age class (Figure 2b), and this age 
class comprised 26% of all tree measurements. Average tree height and diame-
ter at the first year of recorded squirrel damage were 9.7 m (Figure 2c) and 
11.5 cm (Figure 2d), respectively. The height classes of 8–10 m and 10–12 m 
and the dbh class of 8–12 cm exhibited moderately higher squirrel damage 
record proportion than the other distributions (Figure 2c, d).

3.1.2 Western gall rust damage Western gall rust damage was observed in  
almost every lodgepole pine installation (39 of 43 installations). Severely 
damaged installations were rare, and no installation had more than 50% of 

TABLE 1 Summary of damage records for major damage agents. Damage record proportions, with standard 
deviations in parentheses, are shown for specific host species according to installation, plot, and tree levels.

Mean damage record proportion (%)

Damage  
agent

Damaged  
species

Damage 
typea

Plot Tree

Installation All Fertilized Control All Fertilized Control

Squirrel Lodgepole 
pine

Maimer – 
animal

10.5 (3.7)   8.2 (1.0)   8.2 (1.2) 8.3 (1.8)   8.0   8.0   7.8

Western gall 
rust

Lodgepole 
pine

Maimer – 
disease

10.3 (1.8) 10.7 (0.6) 11.0 (0.7) 10.0 (1.1) 11.1 11.5 10.0

Mountain 
pine beetle

Lodgepole 
pine

Killer –  
insect

11.6 (4.0) 14.9 (1.4) 16.3 (1.7) 11.1 (2.3) 13.2 14.6   9.6

White pine 
weevil

Spruce Maimer – 
insect

21.1 (7.2) 23.0 (2.2) 24.8 (2.6) 18.2 (3.9) 23.9 25.7 18.7

a Woods et al. 2017.
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ure 2 (a) Plot-level (fertilized + control) squirrel damage distribution for lodgepole pine and individual tree 
(b) age, (c) height, and (d) diameter at breast height distributions at first recorded squirrel damage. 
Lines with dots represent corresponding distributions of all lodgepole pine tree records (n = 26 109).

damage record proportions. About 90% of all plots had less than 30% dam-
age record proportion (Figure 5a). Mean western gall rust damage record 
proportion at installation and plot levels was 10.3% and 10.7%, respectively.

At the tree level, 11.1% of all lodgepole pine trees were damaged by west-
ern gall rust (Table 1). There was no distinct change in damage observation 
trend over time and between fertilized and unfertilized trees (Figures 3b and 
4b). Distributions of tree age (Figure 5b), height (Figure 5c), and dbh (Figure 
5d) at year of attack by western gall rust corresponded quite well with distri-
butions of all measured trees. Mean height and dbh at first recorded year of 
attack by western gall rust were 10.3 m and 12.8 cm, respectively (Figure 5c, 
d); the data did not indicate whether the western gall rust canker was located 
on the stem or branch.
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3.1.3 Mountain pine beetle damage Severe mountain pine beetle attacks 
(> 20% damage) occurred in 8 of 43 installations: 886.15-2 (damage rate = 
94.4%), 886.01-38 (86.0%), 886.13-6 (77.8%), 886.14-1 (72.8%), 886.01-17 (62.2%), 
886.01-34 (38.8%), 886.01-16 (32.1%), and 886.01-36 (28.7%). At other installa-
tions, mountain pine beetle damage was low. In total, 109 (of 499) plots were 
completely free of mountain pine beetle damage. Average damage for installa-
tions, plots, and individual trees was 11.6, 14.9, and 13.2%, respectively (Table 1). 
More than 80% of measured plots (401 of 499) had less than 10% of the moun-
tain pine beetle attack (Figure 6a), and damage for 390 plots (78.2%) was less 
than 1%.

The proportion of observed mountain pine beetle damage did not show 
any notable increase up to 10 years after fertilization when compared to all 

ure 3 Cumulative distributions (dotted line; fertilized + control) of (a) squirrel-damaged trees, (b) western 
gall rust–damaged trees, (c) mountain pine beetle–damaged trees, and (d) white pine weevil–
damaged trees. The solid line shows the cumulative distribution of all trees (fertilized + control).

C
um

ul
at

iv
e 

pr
op

or
tio

n 
(%

)

Years after treatment

C
um

ul
at

iv
e 

pr
op

or
tio

n 
(%

)

Years after treatment

0

20

40

80

60

100

0

20

40

80

60

100

0

20

40

80

60

100

0

20

40

80

60

100

0 5 10 15 20

0 5 10 15 20

0 5 10 15 20

0 5 10 15 20

C
um

ul
at

iv
e 

pr
op

or
tio

n 
(%

)

Years after treatment

C
um

ul
at

iv
e 

pr
op

or
tio

n 
(%

)

Years after treatment

(a) (b)

(c) (d)

White pine weevil-damage record

Overall measurement

Western gall rust-damage record

Overall measurement

Squirrel-damage record

Overall measurement

Mountain pine beetle-damage record

Overall measurement



7

records (Figure 3c). Up to 6 years after fertilization, the fertilized trees 
showed a relatively lower proportion of mountain pine beetle damage than  
did unfertilized trees (Figure 4c). The average height and dbh at year of first 
damage were 11.2 m and 15.1 cm, respectively (Figure 6c, d), which suggests 
that more mountain pine beetle damage occurred in the larger size classes 
than at mean sizes of all trees. There was distinctly higher damage in the  
50- to 55-year age class (Figure 6b) than in its adjacent age classes. Only one 
installation (886.01-38) was in this age class, and it was severely attacked (av-
erage damage = 86%). However, despite the higher age class, the site had low 
site productivity (site index 15.0 m at age 50), so any distinct peak in damage 
at larger height and dbh size classes was not found (Figure 6c, d).

3.1.4 White pine weevil damage Because white pine weevil damage occurs 
only in spruce trees, damage record proportion of white pine weevil was low 

ure 4 Cumulative distributions of (a) squirrel-damaged trees, (b) western gall rust–damaged trees,  
(c) mountain pine beetle–damaged trees, and (d) white pine weevil–damaged trees by treatment.
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(up to 10% of all damage) compared to that of the other damage agents (Table 
A2.1). However, the proportion of trees damaged by white pine weevil tended 
to be higher than the other damage agents (Figure 7a; c.f. Figures 2a, 5a, and 
6a). Average damage at the installation and tree levels was 21 and 24%, respec-
tively (Table 1). No spruce installations were free of white pine weevil damage. 
Two installations (886.01-21 and 886.13-5) were severely attacked by white pine 
weevil, with more than 50% of spruce trees showing signs of damage. Installa-
tions 886.01-21 and 886.13-5 were located in the high and moderate hazard 
zone of the SEDA map (Tim Ebata, pers. comm.).

In total, 1095 (of 7972) spruce trees were damaged by white pine weevil.  
A high incidence of damage was reported in the early years after fertilization; 
45% of total white pine weevil damage was observed 3 years after fertilization. 

ure 5 (a) Plot-level (fertilized + control) western gall rust damage distribution for lodgepole pine and 
individual tree (b) age, (c) height, and (d) diameter at breast height distributions at first recorded 
western gall rust damage. Lines with dots represent corresponding distributions of all lodgepole  
pine tree records (n = 26 109).
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ure 6 (a) Plot-level (fertilized + control) mountain pine beetle damage distribution for lodgepole pine and 
individual tree (b) age, (c) height, and (d) diameter at breast height distributions at first recorded 
mountain pine beetle damage. Lines with dots represent corresponding distributions of all lodgepole 
pine tree records (n = 26 109).
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Up to 6 years after fertilization, 64% of total damage from white pine weevil 
was recorded. Thereafter, the newly observed damage records were added 
gradually (Figure 3d). However, it seems that there was no difference in the 
damage observed between fertilized and unfertilized trees (Figure 4d). Age 
class 20–25 years and height class 4–6 m had slightly higher attack levels than 
those of all trees, but the age, height, and dbh distributions of the damaged 
trees followed those of all tree records, in general (Figure 7b, c, d). Average 
height and dbh in the year that white pine weevil damage was initially report-
ed were 7.0 m and 13.4 cm, respectively.

Averages of annual damage rates for squirrel, western gall rust, and mountain 
pine beetle for all lodgepole pine plots were 1.12 (SE = 0.16), 1.22 (SE = 0.11), and 

3.2 Annual Tree 
Damage Rate
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1.81% (SE = 0.24), respectively. The average for white pine weevil damage in 
spruce stands was 3.29% (SE = 0.53). Eight of 61 installations were completely 
free of any of the four major damage agents (Table A2.2). Because of species-
specificity of damage agents, none of the installations contained all four major 
damage agents. 

Although statistical tests were not conducted, the fertilization treatments 
exhibited a tendency of slightly higher mean annual damage rates than con-
trol plots across all four damage agents. Annual damage rates for squirrel, 
western gall rust, mountain pine beetle, and white pine weevil in fertilization 
treatments were 1.4 (SE = 0.2), 1.3 (SE = 0.1), 2.3 (SE = 0.3), and 3.6% (SE = 0.8), 
respectively. For the control plots, the annual damage rates for squirrel, 

ure 7 (a) Plot-level (fertilized + control) white pine weevil damage distribution for spruce and individual 
tree (b) age, (c) height, and (d) diameter at breast height distributions at first recorded white pine 
weevil damage. Lines with dots represent corresponding distributions of all spruce tree records 
(n = 7972).
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western gall rust, mountain pine beetle, and white pine weevil were 1.0 
(SE = 0.3), 1.1 (SE = 0.2), 1.2 (SE = 0.4), and 2.8% (SE = 1.0), respectively.

Three of 17 total lodgepole pine fertilization treatments had higher annual 
squirrel damage rates than control plots (Figure 8). In total, eight fertiliza-
tion treatments were free of squirrel damage.

ure 8 Annual squirrel damage rate in lodgepole pine stands by fertilization blends. Error bars represent 
standard errors. CON = control. See Tables A1.2 and A1.3 for details about fertilization blends.

In total, 12 (of 17) fertilization treatments of lodgepole pine stands had high-
er annual western gall rust damage rates than control plots (Figure 9). The 
fertilization treatments of 400N, 400N + CM2, and 300N + CM2 had the high-
est damage for lodgepole pine. Only two fertilization treatments (200N + 2B 
and 200N + 50S + 2B) had no damage from western gall rust (Figure 9).

Six fertilization treatments in lodgepole pine stands had higher annual 
mountain pine beetle damage rates than control plots (Figure 10). This might 
suggest that the fertilizer blends produced larger-diameter trees, which then 
became more susceptible to mountain pine beetle attack. Five of those fertil-
ization treatments were severely attacked (> 10% of annual damage rates) by 
mountain pine beetle. Seven of 17 fertilization treatments were not attacked 
by mountain pine beetle (Figure 10).

Damage by white pine weevil in spruce stands was found throughout  
the fertilization treatments (Figure 11). Two of six fertilization treatments 
had higher annual white pine weevil damage rates than control plots. The 
200N +58S + 1.6B treatment had the lowest white pine weevil annual attack 
rate (1.9%, SE = 0.6), whereas the attack rate for control plots in the installa-
tion was similar to the average rate for control plots (2.6%). 
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ure 9 Annual western gall rust damage rate in lodgepole pine stands by fertilization blends. Error bars 
represent standard errors. CON = control. See Tables A1.2 and A1.3 for details about fertilization blends.

ure 10 Annual mountain pine beetle damage rate in lodgepole pine stands by fertilization blends. Error bars 
represent standard errors. CON = control. See Tables A1.2 and A1.3 for details about fertilization blends.

A
nn

ua
l w

es
te

rn
 g

al
l r

us
t 

da
m

ag
e 

ra
te

 (
%

)

Fertilizer blends

0

1

2

3

4

5

0.6

1.1
1.1

1.3
1.31.5 1.5

1.5
1.8

2.3

2.3

4.1

2.8

3.7

1.4

0 0

1

10
0N

10
0S

20
0N

20
0N

2B

20
0N

1.
5B

20
0N

50
S1

.5
B

20
0N

50
S2

B

20
0N

58
S

20
0N

58
S1

.6
B

20
0N

75
S

20
0N

CM
2

30
0N

30
0N

24
4K

30
0N

24
4K

10
0S

30
0N

CM
2

40
0N

40
0N

CM
2

CON

A
nn

ua
l m

ou
nt

ai
n 

pi
ne

 b
ee

tle
 d

am
ag

e 
ra

te
 (

%
)

Fertilizer blends

0

5

10

15

20

0
0.4

1.2
0.6

10.4

0.6

14

18.7

12.1

10.2

1.4

0 0 0 0 0 0
0.7

10
0N

10
0S

20
0N

20
0N

2B

20
0N

1.
5B

20
0N

50
S1

.5
B

20
0N

50
S2

B

20
0N

58
S

20
0N

58
S1

.6
B

20
0N

75
S

20
0N

CM
2

30
0N

30
0N

24
4K

30
0N

24
4K

10
0S

30
0N

CM
2

40
0N

40
0N

CM
2

CON



13

TABLE 2 Annual white pine weevil damage rate in spruce installations according 
to the Stand Establishment Decision Aid hazard rate 

White pine weevil hazard ratea High High-Moderate Moderate Low

Annual damage rate (%) 13.78 0.09 2.65 0.91

Number of installations 2 1 6 6

a Hodgkinson et al. 2011.

Damage rates for installations in the moderate hazard zone were higher 
than those in the low hazard zone (Table 2). High and high-moderate hazard 
zones had insufficient replication for comparisons. Note that the high annual 
damage rate in the high hazard zone was influenced by an extremely high-
damage installation (886.01-21: 26.61%).
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ure 11 Annual white pine weevil damage rate in spruce stands by fertilization 
blends. Error bars represent standard errors. CON = control. See Tables 
A1.2 and A1.3 for details about fertilization blends.
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4 DISCUSSION

Sullivan and Sullivan (1982) reported that young lodgepole pine of 7–16 cm 
dbh are the most susceptible to squirrel damage. This corresponds with our 
results that squirrel damage peaked in the 8–12 cm dbh size class (Figure 2d). 
Although damage severity was not investigated in this study, Sullivan and 
Sullivan (1982) also observed that the severity of damage by squirrels was 
higher for fertilized trees than control trees, due primarily to increased bark 
surface area as a result of fertilization. Thus, it seems plausible that fertilized 
trees are a more attractive food source for squirrels. Our observation of slight-
ly higher annual squirrel damage rates in fertilized stands may support this 
suggestion. Therefore, forest managers may need to consider fluctuations in 
regional squirrel populations prior to using fertilization in lodgepole pine 
stands. A recommended strategy could be to avoid fertilization when stands 
are at risk for aggressive squirrel populations. Fertilization in conjunction 
with thinning may be helpful, because it promotes tree growth to pass the 
susceptible size class quickly. It is also noteworthy that Sullivan and Sullivan 
(1982) suggested that unless trees are girdled completely, the effects of squirrel 
damage on tree growth and mortality should be negligible. However, under-
standing of the effects of squirrel damage on tree growth and timber quality 
are still limited. Therefore, further work on these topics will be required in 
order to make optimized silvicultural decisions.

The observed susceptibility of size class of host trees to other major dam-
age agents in this study also agreed with general conclusions from previous 
studies. It is known that western gall rust infection is not related to stand 
characteristics (van der Kamp 1994). In contrast, mountain pine beetle prefers 
lodgepole pine trees in larger size classes (Roe and Amman 1970). For white 
pine weevil, the spruce size classes of 5–20 cm dbh and 1.5–8.0 m height are 
known to be susceptible (Mehary et al. 1994), which generally coincides with 
the damaged tree sizes in this study.

Although we observed higher annual damage rates for four major damage 
agents in fertilized stands than in unfertilized stands, and some of the fertil-
ization treatments were strongly associated with differences in damage rates, 
firm conclusions that some fertilization treatments are associated with in-
creased susceptibilities to certain damage agents could not be made based on 
the descriptive statistics provided in this report. Inherent characteristics of 
the data and the complicated structure of the EP886 database make a more 
formal analysis difficult. Repeated measures and a nested experimental de-
sign imply that the data contain spatial and temporal hierarchies that need 
to be accounted for in a modelling approach. In addition, too many zero ob-
servations and the non-normal response variable (i.e., damage rate; having 
values from 0 to 1) raise model assumption violation issues that require a 
modelling approach that goes beyond simple linear models or conventional 
ANOVA. Therefore, the construction of models to address associations be-
tween fertilization treatment effects and damage rates needs to account for 
these issues.



15

5 CONCLUSION

This study indicated that there were three major damage agents (squirrel, 
western gall rusts, and mountain pine beetle) for lodgepole pine stands and 
one major damage agent (white pine weevil) for spruce stands after fertiliza-
tion in interior British Columbia forests. The results suggest that the damage 
rates for certain fertilization treatments may vary with fertilizer blends. How-
ever, statistical significances for the differences were not tested because this 
was not the goal of this study. Therefore, further work (e.g., modelling the 
complicated data structure of the database, testing interactions among dam-
age agents, and representing the zero-inflated response variable) is required 
to assess the associations between the effects of fertilization and damage rates 
in more detail. 
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TABLE A1.2 Fertilizer blend description. Controls were omitted from the table.

EP  
number

Installation 
number

Fertilizer treatment code

F1 F2 F3 F4 F5

886.01 1–11 100N 200N

12, 13 200N 200N + 58S

14 200N 200N + 58S + 1.6B

15 200N 200N + 58S 200N + 58S + 1.6B 200N + CMa1

16 200N + CM2

18, 23, 40 200N 200N + 75S 200N + CM2 (CM3)

43 200N 400N 200N + CM4 400N + CM4

17, 19, 20, 21, 
22, 24–39, 41, 
42, 44–47

200N 200N + 75S 

48 200N + 2B 200N + 50S + 2B 

49 200N + 3B 200N + 50S + 3B 

886.13 1–9 200N + 1.5B 200N + 50S + 1.5B 200N + CM5 200N + ON1b 200N + ON2b

886.14 1 300N 300Nc 300N + CM6 300Nc + CM6

886.15 1 300N + 244Kd 300N + 244Ke + 100Se 300N + 244Kd + 100Sf

2 300N + 244Kd 300N + 244Ke + 100Se 300N + 244Kd + 100Sf 300N + 244Kd + 100Sg 100Sg

a cm = Complete mix; see Table a1.3.
b Yearly fertilization to maintain foliar N concentration at 1.3 (on1) and 1.6% (on2) and other nutrients and nutrient ratios with the 

“optimum” range. 
c Ammonium nitrate. 
d Potassium chloride (KCl).
e Potassium sulfate (K2SO4). 
f Elemental sulphur (raw).
g Elemental sulphur (SulFer95). 

TABLE A1.3 Complete mix (CM) fertilizer blend description

CM1 CM2 CM3 CM4 CM5 CM6

Installation  
number (year)

886.01-15 
(1986)

886.01-16 (1992)a 
886.01-18 (1992) 
886.01-23 (1993)

886.01-40 
(1998)

886.01-43 
(2000)

886.13-1-9 
(1993–2000)

886.14-1 
(1999)

Nutrient content 
(kg/ha)

P 98.7 99.8 99.8 99.7 100.0 100.0
K 102.4 99.6 99.6 99.6 100.0 100.0
Ca 115.9
Mg 51.1 37.6 35.7 37.9 25.0 39.3
S 50.2 75.2 75.0 75.0 50.0 75.0
B 2.2 3.0 3.0 3.0 1.5 3.0
Cu 2.2
Fe 13.2
Mn 5.5
Mo 1.5
Zn 5.1

a Applied multiple times (1992, 1997, 2002).
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APPENDIX 2 Tree damage overview

TABLE A2.1 Overview of damaged trees after fertilization by agent

Damage code Description No. of damaged trees Proportion of damaged tree (%)

A Animal damage 148 0.84

AB Bear 56 0.32

AD Deer 53 0.30

AE Elk 2 0.01

AH Hare or rabbit 33 0.19

AM Moose 3 0.02

AP Porcupine 98 0.56

AS Squirrel 2 076 11.78

AX Birds 186 1.06

D Disease 2 0.01

DB Broom rust 8 0.05

DBS Spruce broom rust 95 0.54

DD Stem rot 3 0.02

DF Foliage disease 105 0.60

DFC Large-spored spruce-Labrador tea rust 1 0.01

DFD Spruce needle cast 127 0.72

DFE Elytroderma needle cast 35 0.20

DFL Pine needle cast 786 4.46

DL Disease caused dieback of leader 128 0.73

DLP Phomopsis canker 1 0.01

DMP Lodgepole pine dwarf mistletoe 2 0.01

DR Root disease 12 0.07

DS Stem disease 3 468 19.67

DSA Atropellis canker (lodgepole pine) 1 226 6.96

DSB White pine blister rust 8 0.05

DSC Comandra blister rust (ponderosa pine) 8 0.05

DSG Western gall rust 2 898 16.44

DSR Ceratocystis canker 1 0.01

DSS Stalactiform blister rust 26 0.15

I Insects 31 0.18

IA Aphids or adelgids 1 0.01

IAG Cooley spruce gall adelgid 202 1.15

IB Bark beetle 51 0.29

IBM Mountain pine beetle 3 437 19.50

ID Defoliating insects 69 0.39

IS Shoot insects 1 0.01

ISP Pitch module moths 1 0.01

ISQ Sequoia pitch moth 13 0.07

IW Weevils 9 0.05
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Damage code Description No. of damaged trees Proportion of damaged tree (%)

IWP Lodgepole terminal weevil 13 0.07

IWS White pine weevil 1 905 10.81

IWW Warren's root collar weevil 2 0.01

N Non-biological (abiotic) injuries 1 0.01

NG Frost 6 0.03

NGC Frost crack 59 0.33

NL Lightning 1 0.01

NW Windthrow 19 0.11

NX Wounding/rubbing 4 0.02

NY Snow or ice (includes snowpress) 51 0.29

T Treatment injuries 3 0.02

V Problem vegetation 1 0.01

VP Vegetation press 4 0.02

VT Tree competition 148 0.84

Total 17 627 100.00

TABLE A2.2 Summary of annual damage rates (%) by installation. Numbers in parentheses are standard 
errors. AS: squirrel; DSG: western gall rust; IBM: mountain pine beetle; IWS: white pine weevil;  
N: number of plots.

Installation Major speciesa AS DSG IBM IWS N

886.01-1 Pl 10.01 (1.40) 1.05 (0.18) 0 (0) 0 (0) 9

886.01-2 Pl 16.49 (0.95) 0.04 (0.02) 0 (0) 0 (0) 9

886.01-3 Pl 0.08 (0.03) 0.24 (0.06) 0 (0) 0 (0) 9

886.01-4 Pl 0.79 (0.30) 0.18 (0.06) 0 (0) 0 (0) 9

886.01-5 Pl 4.47 (0.27) 1.41 (0.27) 0 (0) 0 (0) 9

886.01-6 Pl 0.62 (0.12) 0.61 (0.12) 0 (0) 0 (0) 9

886.01-7 Pl 0.59 (0.13) 0.13 (0.03) 0 (0) 0 (0) 9

886.01-8 Pl 0.42 (0.08) 1.24 (0.18) 0 (0) 0 (0) 9

886.01-9 Pl 0.80 (0.09) 1.03 (0.10) 0 (0) 0 (0) 9

886.01-10 Pl 8.30 (1.89) 0.52 (0.10) 0 (0) 0 (0) 9

886.01-11 Pl 15.23 (1.77) 0.34 (0.05) 0 (0) 0 (0) 9

886.01-12 Pl 0.57 (0.13) 0.30 (0.12) 0 (0) 0 (0) 9

886.01-13 Pl 0.21 (0.10) 0.09 (0.04) 0 (0) 0 (0) 9

886.01-14 Pl 0.20 (0.09) 0.16 (0.07) 0 (0) 0 (0) 9

886.01-15 Pl 0.01 (0.01) 3.51 (0.36) 0 (0) 0 (0) 15

886.01-16 Pl 0.06 (0.02) 0.55 (0.07) 2.74 (1.57) 0 (0) 21

886.01-17 Pl 0 (0) 1.15 (0.19) 1.99 (0.16) 0 (0) 9

886.01-18 Pl 0 (0) 0.37 (0.08) 0 (0) 0 (0) 12

886.01-19 Sw 0 (0) 0 (0) 0 (0) 0.58 (0.15) 9

886.01-20 Sw 0 (0) 0 (0) 0 (0) 0.07 (0.04) 9

886.01-21 Sw 0 (0) 0 (0) 0 (0) 26.61 (1.45) 9

886.01-22 Sw 0 (0) 0 (0) 0 (0) 0.95 (0.19) 9
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Installation Major speciesa AS DSG IBM IWS N

886.01-23 Fd 0 (0) 0 (0) 0 (0) 0 (0) 12

886.01-24 Pl 0.08 (0.05) 0 (0) 0 (0) 0 (0) 9

886.01-25 Fd 0 (0) 0 (0) 0 (0) 0 (0) 9

886.01-26 Fd 0 (0) 0 (0) 0 (0) 0 (0) 9

886.01-27 Sw 0 (0) 0 (0) 0 (0) 0.11 (0.04) 9

886.01-28 Fd 0 (0) 0 (0) 0 (0) 0 (0) 9

886.01-29 Sw 0 (0) 0 (0) 0 (0) 0.76 (0.12) 9

886.01-30 Fd 0 (0) 0 (0) 0 (0) 0 (0) 9

886.01-31 Pl 0 (0) 0.32 (0.10) 0 (0) 0 (0) 9

886.01-32 Pl 0 (0) 0.54 (0.15) 0 (0) 0 (0) 9

886.01-33 Pl 0.09 (0.09) 0.45 (0.16) 0 (0) 0 (0) 9

886.01-34 Pl 0 (0) 0 (0) 2.14 (0.59) 0 (0) 9

886.01-35 Pl 0.06 (0.04) 0.39 (0.09) 0 (0) 0 (0) 9

886.01-36 Pl 0 (0) 0.47 (0.07) 1.45 (0.48) 0 (0) 9

886.01-37 Pl 0 (0) 0 (0) 0 (0) 0 (0) 9

886.01-38 Pl 0.02 (0.02) 0.60 (0.19) 7.00 (0.61) 0 (0) 9

886.01-39 Pl 0.73 (0.13) 0.07 (0.07) 0.04 (0.04) 0 (0) 9

886.01-40 Pl 0 (0) 0.13 (0.05) 0 (0) 0 (0) 12

886.01-41 Pl 0.04 (0.04) 0.19 (0.07) 0.10 (0.06) 0 (0) 9

886.01-42 Sx 0 (0) 0 (0) 0 (0) 0.09 (0.07) 9

886.01-43 Pl 0.02 (0.01) 4.35 (0.39) 0 (0) 0 (0) 15

886.01-44 Sx 0 (0) 0 (0) 0 (0) 4.00 (0.50) 9

886.01-45 Sx 0 (0) 0 (0) 0 (0) 3.37 (0.39) 9

886.01-46 Pl 0.25 (0.25) 21.46 (3.49) 0 (0) 0 (0) 9

886.01-47 Pl 0.03 (0.01) 0.23 (0.08) 0.08 (0.08) 0 (0) 9

886.01-48 Pl 0 (0) 0 (0) 0 (0) 0 (0) 9

886.01-49 Sx 0 (0) 0 (0) 0 (0) 4.33 (0.59) 9

886.13-1 Pl 0 (0) 1.07 (0.13) 0 (0) 0 (0) 18

886.13-2 Pl 0.05 (0.03) 0.56 (0.10) 0 (0) 0 (0) 18

886.13-3 Sx 0 (0) 0 (0) 0 (0) 0.39 (0.09) 18

886.13-4 Pl 0.02 (0.01) 0.29 (0.08) 0 (0) 0 (0) 18

886.13-5 Sx 0 (0) 0 (0) 0 (0) 5.88 (0.44) 18

886.13-6 Pl 0 (0) 5.72 (0.50) 3.47 (0.33) 0 (0) 18

886.13-7 Pl 0.01 (0.01) 0.69 (0.12) 0 (0) 0 (0) 18

886.13-8 Pl 0 (0) 0 (0) 0 (0) 0 (0) 18

886.13-9 Sx 0 (0) 0 (0) 0 (0) 1.89 (0.21) 18

886.14-1 Pl 1.04 (0.43) 1.91 (0.38) 10.85 (1.31) 0 (0) 15

886.15-1 Pl 0 (0) 1.89 (0.63) 0 (0) 0 (0) 16

886.15-2 Pl 0.06 (0.06) 1.89 (0.36) 30.31 (2.22) 0 (0) 24

a Pl: lodgepole pine; Sw: white spruce; Fd: Douglas-fir; Sx: hybrid spruce.
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TABLE A2.3 Summary of annual damage rates (%) by fertilization blends. Numbers in parentheses are standard 
errors. AS: squirrel; DSG: western gall rust; IBM: mountain pine beetle; IWS: white pine weevil; N: 
number of plots. Fertilizer blend codes are defined in Tables A1.2 and A1.3.

Fertilizer blend AS DSG IBM IWS N (speciesa)

100N 5.59 (1.25) 0.63 (0.10) 0 (0) 33 (Pl)

100S 0 (0) 2.30 (0.45) 18.69 (2.34) 4 (Pl)

200N 2.25 (0.53) 1.12 (0.32) 0.42 (0.15) 4.40 (1.81) 96/27 (Pl/Sw, Sx)

200N1.5B 0.02 (0.02) 1.28 (0.38) 0.61 (0.38) 2.22 (0.72) 18/9 (Pl/Sw, Sx)

200N2B 0 (0) 0 (0) 0 (0) 3 (Pl)

200N3B 2.35 (0.53) 3 (Sw, Sx)

200N50S1.5B 0 (0) 1.46 (0.49) 0.65 (0.35) 2.39 (0.80) 18/9 (Pl/Sw, Sx)

200N50S2B 0 (0) 0 (0) 0 (0) 3 (Pl)

200N58S 0.39 (0.16) 1.53 (0.84) 0 (0) 9 (Pl)

200N58S1.6B 0.06 (0.05) 1.75 (0.80) 0 (0) 1.86 (0.60) 6/3 (Pl/Sw, Sx)

200N75S 0.07 (0.03) 1.03 (0.42) 0.72 (0.25) 3.98 (1.58) 48/27 (Pl/Sw, Sx)

200NCM2 0.06 (0.02) 1.40 (0.36) 1.37 (0.50) 21 (Pl)

300N 0.66 (0.44) 1.30 (0.60) 10.42 (1.58) 6 (Pl)

300N244K 0.19 (0.19) 2.33 (0.84) 12.05 (4.65) 8 (Pl)

300N244K100S 0 (0) 1.47 (0.43) 14.00 (2.67) 20 (Pl)

300NCM2 1.92 (0.90) 2.8 (0.61) 10.21 (2.26) 6 (Pl)

400N 0 (0) 4.15 (1.25) 0 (0) 3 (Pl)

400NCM2 0 (0) 3.66 (0.47) 0 (0) 3 (Pl)

Control 0.98 (0.25) 1.12 (0.23) 1.23 (0.38) 2.85 (0.99) 137/39 (Pl/Sw, Sx)

Treatment mean 1.40 (0.24) 1.27 (0.14) 2.30 (0.34) 3.59 (0.84)

a Pl: lodgepole pine; Sw: white spruce; Sx: hybrid spruce.
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