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Abstract: Grand fir (Abies grandis (Douglas ex D. Don) Lindley) is widely distributed in the moist
forests of the Inland Northwest. It has high potential productivity, its growth being nearly equal to
western white pine, the most productive species in the region. There are large standing volumes
of grand fir in the region. Nutritionally, the species has higher foliage cation concentrations than
associated conifers, especially potassium (K) and calcium (Ca). In contrast, it has lower nitrogen
(N) foliage concentrations, which creates favorable nutrient balance on N-limited sites. Despite
concentration differences, grand fir stores proportionally more nutrients per tree than associated
species because of greater crown biomass. Although few fertilization trials have examined grand
fir specifically, its response is inferred from its occurrence in many monitored mixed conifer stands.
Fertilization trials including grand fir either as a major or minor component show that it has a
strong diameter and height growth response ranging from 15% to 50% depending in part on site
moisture availability and soil geology. Grand fir tends to have a longer response duration than
other inland conifers. When executed concurrently with thinning, fertilization often increases the
total response. Late rotation application of N provides solid investment returns in carefully selected
stands. Although there are still challenges with the post-fertilization effects on tree mortality, grand fir
will continue to be an important species with good economic values and beneficial responses to
fertilization and nutrient management.
Keywords: forest nutrition; grand fir; fertilization; Inland Northwest

1. Introduction
Grand fir is widely distributed in the moist forests of the Pacific Northwest (Figure 1). Its range of
39–51 degrees latitude and 114–125 degrees longitude includes southern Canada in the Okanogan and
Kootenay Lakes region south through northeastern Washington, northern Idaho, western Montana,
and northeastern Oregon [1]. In the Inland Northwest, it occurs on moister sites from 450 to 1800 m
elevation on a wide variety of soils derived from basalts, granites, gneiss, and sandstone as long as
moisture is adequate [1]. Grand fir does best throughout the region where a deep layer of volcanic ash
occurs [2,3]. There are similar occurrences of grand fir throughout western Montana habitat types and
northeastern Washington and Oregon plant associations [4,5]. Grand fir is shade tolerant and often
takes a subordinate position in the stand in mixture with other inland species.
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Figure 1. Range map of grand fir in the Pacific Northwest [6].
Figure 1. Range map of grand fir in the Pacific Northwest [6].
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Figure 2. Relative cumulative frequency graphs of foliar N (a); K (b); and Ca (c) concentrations for
grand fir (GF), inland Douglas-fir (DF), lodgepole pine (LP), and ponderosa pine (PP). Y-axis shows
the proportion of trees sampled that are below the nutrient concentration on the horizontal axis.
Foliage was collected from over 160 mixed conifer stands that were randomly selected within categories
representing geographic region, habitat type, stand density, and rock type to assure that differences in
foliar nutrient characteristics reflect species and not sample site differences [13].

Figure 2. Relative cumulative frequency graphs of foliar N (a), K (b), and Ca (c) concentrations for
grand fir (GF), inland Douglas‐fir (DF), lodgepole pine (LP), and ponderosa pine (PP). Y‐axis shows
the proportion of trees sampled that are below the nutrient concentration on the horizontal axis.
Foliage was collected from over 160 mixed conifer stands that were randomly selected within
representing geographic region, habitat type, stand density, and rock type to assure that
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with lower N concentrations than other species due to its larger crown biomass, and relatively low N
values (Figure 2a). Although critical levels of N are lower, only 20 percent of unfertilized grand fir has
adequate levels of N (Figure 2a) indicating that there still may be considerable opportunity for growth
increases from N additions. However, there are important limitations in our knowledge of seedling
critical levels relate to fertilizer responses in mature trees.
Table 2. Critical nutrient concentrations for inland conifer species: grand fir (GF), Douglas-fir (DF),
lodgepole pine (LP), and ponderosa pine (PP) [14].
Foliar Concentration
(mg·g−1 )

N
P (mg·g−1 )
K (mg·g−1 )
S (mg·g−1 ))
Cu (µg·g−1 )
B (µg·g−1 )

GF

DF

LP

PP

Ingestad Ratios *

11.5
1.5
5.8
0.8
3
10

14.0
1.2
6.0
1.1
2
10

12.0
1.2
5.0
0.9
3
4.3

11.0
0.8
4.8
0.8
3
20

100
16
50
7
0.03
0.2

* Optimum nutrient ratios, R = 100 (M/N), where M is the concentration of the element of interest and N is the
concentration of N ([19] except S/N).

Grand fir’s shade tolerant ecological status may help it survive and grow in a subordinate position
in mixed stands. The lower critical N levels compared to Douglas-fir and lodgepole pine and foliar
N levels in untreated stands indicate that grand fir is able to use N conservatively when in low
supply. Conversely, when N is available, grand fir may utilize N more aggressively. Higher foliar
concentrations of other nutrients such as K and B in untreated grand fir stands suggest that it is
commonly in good nutritional balance [14].
Nutrient balance is an important consideration in tree nutrition. Plants require nutrients in
specific proportions, which Ingestad [19,20] expressed as optimal nutrient ratios calculated relative to
N. Nutrient ratios are consistent among plant taxa due to metabolic requirements, and therefore, are
important indicators of nutrient balance (Table 2). As with critical nutrient concentrations, optimal
nutrient ratios are based on seedling studies. We assume they are consistent in mature trees because
there is important stoichiometric balance among all taxa [21], but we are not aware of studies that
consider nutrient balance in mature trees. Grand fir nutrient ratios across three studies found more
than 80% of trees measured had K, S, B, and Cu ratios above the Ingestad ratios listed in Table 2.
Phosphorous ratios of grand fir averaged near Ingestad’s values. Grand fir has relatively high nutrient
ratios compared with inland Douglas-fir [22] and perhaps other inland northwest conifers because
of the relatively low N concentrations and high concentrations of other nutrients in tree foliage
(Figure 2). The resulting good nutritional balance of grand fir further suggests that it may have a
competitive advantage.
The previous data show that grand fir has lower N concentrations and N critical levels than
Douglas-fir and other inland conifer species. However, the concentrations and ratios of other nutrients
are relativity high in grand fir. Grand fir may be better able to utilize available site N than other
inland conifer species because of this favorable nutrient balance. Furthermore, grand fir maintains
relatively high foliage biomass and therefore stores site nutrients for its own use and out of reach from
competitors. These unique features may be partially explained by grand fir’s physiology as a shade
tolerant species [23]. Perhaps grand fir can tolerate low levels of soil N by sequestering site N in foliage
while maintaining a favorable nutrient balance. It is then well-prepared for aggressive growth when
opportunity arises.
3. Response to Fertilization
Fertilization is an important tool in nutrient management of conifer stands containing grand
fir. The commonly deficient N levels along with subordinate canopy position and shade-tolerance

maintains relatively high foliage biomass and therefore stores site nutrients for its own use and out
of reach from competitors. These unique features may be partially explained by grand fir’s
physiology as a shade tolerant species [23]. Perhaps grand fir can tolerate low levels of soil N by
sequestering site N in foliage while maintaining a favorable nutrient balance. It is then well‐prepared
for aggressive growth when opportunity arises.
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Reflecting foliar responses, N fertilization trials generally show a strong response in both tree
diameter, and height [26]. Various trials show consistent growth responses to N rates or combinations
of N with other nutrients [16,27] (Figure 7). Growth responses over 20 percent are within the realm
of economic feasibility. Additional macro‐ and micronutrients have resulted in a response in some,
but not all instances. For example, multi‐nutrient trials showed that grand fir responds well to S and
B applications but not necessarily K [16,27,28]. Limited responses to K are also observed in Douglas‐

Forests 2016, 7, 261

Figure 6. Grand fir foliar K response after fertilization with 224 kg N ha−1 (N‐only) or a blend of 224 kg
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Figure 7. Grand fir (GF) and Douglas-fir (DF) volume increment response in three different fertilization
trials at various locations. (a) Average annual ten-year response to two levels of N-only fertilization at
224 and 447 kg N ha−1 in 30 Douglas-fir dominated (80% basal area) stands in Idaho, Montana, Oregon
and Washington including five parent material classes and three vegetation series representing the
range of regional productivity [30]; (b) Average annual eight-year response to either 224 kg N ha−1
or 224 kg N ha−1 + 73 kg S ha−1 ) in seven mixed conifer stands growing on basalt parent materials
at 1370 to 1680 m in Abies grandis and Abies lasiocarpa vegetation series [31]; (c) Average annual
two-year response to individual-tree treatments of 224 kg N ha−1 (N-only) or a blend of 224 kg N ha−1 ,
190 kg K ha−1 + 73 kg S ha−1 + 2.7 kg B ha−1 (Best) in eight young (5–10 cm average diameter) stands
all on metasedimentary parent material [16].

Response trials have shown that the length of the growth response is 4–6 years for unthinned
stands [23,32] and up to 14 years in properly thinned stands [32,33]. Thinning concentrates the growth
on fewer trees allowing them to take advantage of other site resources and sustain the response for a
longer period.
Repeating a fertilization application can have differing effects depending on the site [27].
For example, grand fir showed a strong repeat response with an additional 90 kg N ha−1 treatment
on the drier sites, but did not respond to higher rates. Grand fir also showed a good repeat response
to 89 and 180 kg N ha−1 on the wetter sites. However, Douglas fir did not respond to these repeat
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treatments. Repeat fertilizations of grand fir on moist sites at rates of 90 to 180 kg N ha−1 are expected
to result in a significant basal area growth response compared to a single fertilization. However,
a significant response of grand fir is not likely on drier sites.
Differences in site quality can partly explain the range in fertilizer response. Important factors
affecting fertilizer response to site quality include soil parent material, and soil moisture as indicated by
climax vegetation series. Soil types modified by bedrock geology can influence growth and response
to nutrient additions. One of the earliest investigations involving geologic rock types found no
differentiation between responses on three different rock types [34]. More precise experimental designs
have since detected parent material effects by using individual tree screening trials. Screening trials
include different treatments of replicated trees across a uniform site. Sites with various parent materials
then contain replicates of that design.
Rock types divide into three categories when unfertilized controls are compared using N-only
fertilization, and a multi-nutrient treatment that included N, K, S, and B (Figure 8). Grand fir does
not respond to fertilizer additions on soils derived from some parent material types (schist and
basalt), indicating they are not deficient in any of the applied nutrients. Sites with soils from other
parent materials respond only to N additions, but not multi-nutrients (granite, carbonate bearing
metasedimentary, indicating they are N deficient, but other applied nutrients are not limiting. Heavily
weathered quartz metasedimentary rocks have the greatest response to multiple nutrients to achieve
optimal growth, indicating more than N is deficient. Productivity of grand fir on quartz-meta parent
material
is equal
with
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Figure 8. Fertilizer treatment effects on 2-year stem volume by soil parent material. Stem volume is
Figure 8. Fertilizer treatment effects on 2‐year stem volume by soil parent material. Stem volume is
expressed
as a percentage of untreated trees growing on schist soils. Fertilizer treatments included
expressed as a percentage of untreated trees growing on schist soils. Fertilizer treatments included
−1 (N-only), or a blend of 224 kg N ha−1 , 190 kg K ha−1 + 73 kg S ha−1 + 2.7 kg B ha−1
224224
kgkg
NN
haha
−1 (N‐only), or a blend of 224 kg N ha−1, 190 kg K ha−1 + 73 kg S ha−1 + 2.7 kg B ha−1 (Best).
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N response for all conifer species due to the increase in water‐holding capacity [3]. Yet, only half of
N response for all conifer species due to the increase in water-holding capacity [3]. Yet, only half of
the sites where grand fir is the climax vegetation contain significant ash deposits. Higher elevation
the sites where grand fir is the climax vegetation contain significant ash deposits. Higher elevation
vegetation series are associated with greater moisture availability and ash depth, and grand fir is
vegetation series are associated with greater moisture availability and ash depth, and grand fir is
capable of higher productivity on these sites due to increased moisture availability during the
capable
of higher productivity on these sites due to increased moisture availability during the growing
growing season. The limited ash deposits and dryer site conditions for the grand fir habitat type
season.
The
limited
deposits
dryer
site conditions
for the
grand
fir on
habitat
suggest that
suggest that
grandash
fir is
tolerantand
of dryer
conditions.
However,
when
grown
sites type
with abundant
grand
fir
is
tolerant
of
dryer
conditions.
However,
when
grown
on
sites
with
abundant
moisture
moisture grand fir is capable of better growth than on drier sites. The above results demonstrate
that
there are differences in nutrient availability and fertilization response among soils, bedrock types,
and vegetation series but these differences interact with moisture availability and will require focused
research effort to discover mechanisms responsible for distinctions among bedrock geology, surficial
deposits, and moisture availability.
The development stage of a forest stand explains some of the response variability observed in
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grand fir is capable of better growth than on drier sites. The above results demonstrate that there
are differences in nutrient availability and fertilization response among soils, bedrock types, and
vegetation series but these differences interact with moisture availability and will require focused
research effort to discover mechanisms responsible for distinctions among bedrock geology, surficial
deposits, and moisture availability.
The development stage of a forest stand explains some of the response variability observed in
previous experiments with soils and site types. A good understanding of these stages and their effect
on nutrient requirements helps determine when nutrient additions will provide a growth response.
Stands of trees have differing nutritional needs depending on where they are in the successional
pathway of development [35].
At the seedling and sapling stage, the trees are unrestricted in their quest for nutrients, especially if
artificially planted with competition control. Consequently, during the seedling stage of development,
sites meet seedling nutrient requirements, and seedlings can explore the soil for available nutrients
reducing the need for additions. Furthermore, they can take advantage of the nutrient flush that often
occurs after timber harvest. Grand fir plantations are rare because the species abundantly regenerates
in association with planted seedlings of higher-value species. Consequently, we are not aware of
seedling fertilizer tests specifically for grand fir. Nutrition of natural grand fir seedling development is
a potential area of research. Tests using planted seedling of other inland conifer species on multiple
sites show few consistent responses to broadcast applied nutrients [36]. During one seedling trial
where fertilizer was applied into the planting hole, Douglas-fir and ponderosa pine exhibited increased
height and diameter growth after outplanting, but also had higher mortality, especially at greater N
application rates [37].
As stands develop through intermediate ages, nutrient demands increase until they reach the
self-thinning stage when nutrient demands are greatest [35]. At this stage, the ability to respond to
treatments is high because of nutrient limitations and high stand vigor. This stage is not necessarily
age-related because stand age at self-thinning can vary depending on the size-density relationship,
species, site quality, and stand establishment practices [38,39]. One would expect during self-thinning
that nutrient additions would increase growth. Unfortunately, many of the recorded grand fir
experiments do not specifically indicate the stage of stand development or measures of density.
Experiments in relatively young (10–30 years old), high-density stands showed strong response
to fertilization [26,40–42]. As stands mature, nutrient demands continue and stand density becomes a
controlling influence. If artificial fertilization occurs during this time, grand fir should have a strong
response in comparison with associated species. Tree spacing control during this period is important
to allow sufficient non-nutrient resources to support fertilizer response. As stands reach mature and
old growth conditions, nutrient demands depend more on site factors. Grand fir’s physiology as
a late-successional, shade-tolerant tree may affect its response by allowing it to conserve N when
necessary but be more demanding during competitive growth phases such as that which would occur
during crown closure [23]. Focused study is required on the ability of grand fir to compete for nutrients
during between crown closure and self-thinning stages of stand development.
During the crown closure through self-thinning stages of development, additional growth
response is possible when thinning and fertilization are combined as demonstrated from numerous
experiments [32,34,43–45]. After thinning a crowded stand, light, water, and temperature become more
favorable for growth [46]. Fertilization within a decade after thinning, or in properly spaced stands
allows the trees to take advantage of the additional resources [30,47]. Thinning and then nutrient
additions are beneficial, especially if relative densities prior to fertilization allow adequate space for
increased growth. Research trials show that combined thinning and fertilization are additive compared
to the individual treatments [47,48]. In some instances the total growth response of the crop trees is
greater than the sum of either fertilization or thinning effects alone [32].
Grand fir exhibits higher mortality after fertilization, especially with N-only amendments.
Its mortality is naturally greater than that of Douglas-fir, and N fertilization only increases that

stands allows the trees to take advantage of the additional resources [30,47]. Thinning and then
nutrient additions are beneficial, especially if relative densities prior to fertilization allow adequate
space for increased growth. Research trials show that combined thinning and fertilization are
additive compared to the individual treatments [47,48]. In some instances the total growth response
of the crop trees is greater than the sum of either fertilization or thinning effects alone [32].
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Grand fir exhibits higher mortality after fertilization, especially with N‐only amendments. Its
mortality is naturally greater than that of Douglas‐fir, and N fertilization only increases that trend
(Figure
9) [49].
Of Of
thethe
known
reasons
forfor
mortality,
N Nfertilization
increases
insect‐caused
treetree
trend (Figure
9) [49].
known
reasons
mortality,
fertilization
increases
insect-caused
mortality
more
than
other
causes.
This
is
commonly
observed
in
trees
and
is
attributed
to
improved
mortality more than other causes. This is commonly observed in trees and is attributed to improved
foliage nutritional quality [50]. Addition of other macro‐ and micronutrients tended to reduce
foliage nutritional quality [50]. Addition of other macro- and micronutrients tended to reduce mortality
mortality but not significantly [16]. There is critical need to learn more about the causes of increase
but not significantly [16]. There is critical need to learn more about the causes of increase mortality to
mortality to N‐only fertilizer applications.
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productivity. All stands were recently thinned or were naturally well spaced. Initial basal area averaged
36 ± 10 m2 ha−1 [30].

Nitrogen fertilization can potentially stimulate pests and disease. Insects such as spruce budworm
(Choristoneura occidentalis Freeman) reduce current growth, and can diminish fertilizer response [48].
Grand fir is more susceptible to Douglas-fir tussock moth (Orgyia pseudotsugata McDunnough) than
other inland conifers, but experience confirms that susceptibility tends to decreases with soil volcanic
ash content [51] which, as described above, is expected to interact with soil moisture, tree nutrition
and fertilizer application. The effects of Armillaria root disease (Armillaria ostoyae Romagnesi) can
substantially reduce net response to fertilization. Therefore, stand-level responses to fertilization
may be lower than expected if root disease is present in the stand. Although there were initial
experiments implying that fertilization (especially with K additions) [52] may reduce incidence of root
disease, a 10-year study in a diseased stand found no treatment differences due to fertilization [27].
Moore et al. [29] suggested that tree nutrition (K/N ratio) controls production of phenolic defense
compounds and resistance to the root rot disease Armillaria in Douglas-fir. If true, grand fir should
exhibit a similar relationship because it too is susceptible to Armillaria infection. While the relationship
between favorable K/N ratios and phenolic concentrations was confirmed in seedlings [53,54] they
could not demonstrate an effect of stand-level N and K fertilization on root disease or mortality after
ten years. The potential negative effects of pests and diseases following fertilization are important
to recognize [55] and managers should avoid fertilization in stands that display these properties.
Increased effort is needed to elucidate the relationship between nutrient balance, defense compounds,
and root disease.
Vegetation control using herbicides is expanding in the Inland Northwest. Herbicide application is
cheaper, more effective, and protects the soil surface from compaction and displacement by heavy site
preparation machinery. Grand fir is generally more tolerant to herbicides than associated species [56]
so prudent use presents few difficulties. Specific effects of herbicide application in combination with
fertilization are not well understood in the Inland Northwest Region. However, in the southeastern
U.S., research confirms the positive combined effects of herbicide treatments and nutrient additions [57].
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There is evidence that vegetation control alone may provide additional nutrients to trees by eliminating
competition and causing faster breakdown and mineralization of organic matter [55].
In summary, these studies indicate that grand fir growing under the right conditions can respond
to N fertilization with volume growth ranging from 15% to 50%. Grand fir generally has a longer
response duration than other inland conifers, the greatest response occurring during 3–5 years, tapering
off during 5–8 years, with some response lasting through 10–12 years under optimum conditions.
The response can be greater after well-timed thinning. Repeated fertilizer applications have the
potential to maintain growth response depending on the site and the stage of stand development. It is
important to recognize site types and their interaction on fertilizer response. Grand fir is sensitive to
higher mortality rates after fertilization so when seeking locations for effective treatments, it is critical
to avoid sites with heavily weathered parent material where nutrient imbalance may lead to high pest
and disease susceptibility.
4. Economics of Grand Fir Fertilization
Large land-holding companies in the Inland Northwest are interested in the economics of
fertilization. As a financial investment, forest fertilization must consider the time value of money.
Success is very sensitive to the time between the initial outlay and the final return on investment;
thus, fertilization in older stands is considered to be more profitable because the volume gains
can be harvested sooner [58] and investment returns increase [59]. Late rotation fertilization has a
short payback period with relatively low investment costs relative to other forestry investments [60].
Repeated fertilization can extend the response duration, however a second amendment doubles
the cost and the response is not as strong as the first application. These economic principles have
led foresters in the region to believe that a one-time fertilization late in the rotation can be a sound
forestry investment. A recent Internal Revenue Service (IRS) tax law change that allowed expensing of
fertilization costs further increased the investment potential [61].
Since most grand fir in the Inland Northwest grows in mixture with Douglas-fir and other species,
fertilization experiments require additional analysis and assumptions to confine the results to just
grand fir. Because of this, grand fir response, by itself, is usually inferred using data from mixed stands.
Properly spaced, 60–90 years old mature stands containing grand fir may respond well to N
fertilization with responses similar to those obtained for Douglas-fir stands in western Washington [58].
The treatment generally involves application of 150–300 kg ha−1 of urea N followed by timber
harvest in 8–12 years. This results in a basal area growth response of 20%–80% with comparable
volume responses. Addition of multi-nutrients may improve protection against mortality but does not
significantly improve individual tree growth response [29], so the added cost does not increase the
economic benefit.
Recent operational fertilization treatments in mixed stands including grand fir confirm that
investment returns are very good, often surpassing those of other forestry investments, if stands
are carefully selected [62]. It is essential to identify stand conditions that will provide an acceptable
economic response [63]. Incorporation of a carefully selected fertilization treatment into a general
forest management plan can be economically warranted. These growth responses can be used for
more sophisticated economic analysis for more accurate projections depending on management
requirements. However, such growth responses may require adjustments in coming decades with
increased atmospheric carbon dioxide concentrations and accompanying changes in climate.
5. Management Recommendations
We recommend that a grand fir nutrient management and fertilization program consider the
following concepts.
1. The greatest response from added nutrients seems to occur just after crown closure when
competitive stresses are high.
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2. Grand fir is expected to best respond to nutrient additions when it is maintained in a healthy
and vigorous condition through stand density management.
3. To conserve site nutrients, soil disturbance should be minimized during timber harvest and
stand regeneration activities. Heavy-handed site preparation and slash cleanup may have a negative
impact on the site’s nutrient resources, especially low-quality sites [14]. Some alternate possibilities to
consider include light broadcast burning; leaving small limbs, foliage, and larger material scattered
across the site; and the use of herbicides.
4. Carefully analyze timber stands to determine tree and site conditions, species mix, stand
density, soil parent material, and harvest plans before making fertilization decisions to assure effective
results. Consult the latest fertilization research results to guide grand fir nutrient management.
6. Conclusions
Grand fir is ubiquitous in Inland Northwest forests growing in mixture with other species, mainly
Douglas-fir. It often contains higher crown nutrient content than associate species [14]. Grand fir has
good growth response to N fertilizer and possibly K. The effect of nutrition, especially K, on root disease
potential remains unconfirmed. Good investment returns are possible from fertilization treatments
after careful site evaluation. With good management, and a solid understanding of nutrient dynamics,
grand fir will remain an important species with solid economic values and a positive response to
fertilizer under the right conditions in Inland Northwest forests.
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