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Abstract: Dormant forage is generally understood to be low-quality, but how and why 
it changes over the dormant season have not been well studied. Therefore, this study 
evaluated the changes in the forage quality of bluebunch wheatgrass (Pseudoroegneria spicata) 
and Idaho fescue (Festuca idahoensis) over the course of the dormant season and in response 
to concurrent environmental conditions. We collected forage samples every 14 days for 
two consecutive winters in southwestern Montana, USA. Samples were analyzed for crude 
protein (CP), acid detergent fiber (ADF), and neutral detergent fiber (NDF). A suite of 
environmental metrics was derived from PRISM weather data. Data were analyzed with a 
linear mixed model and the STATICO ordination method. Crude protein and ADF varied 
throughout the winter across both years, with CP ranging from 1.9–4.0% and ADF from 
37–42%. The differences between species were more pronounced and more consistent 
in CP. The differences between years were more pronounced in ADF and NDF. Relative 
temperature explained the most variation in forage quality. Crude protein is positively 
correlated with short-term warmer temperatures, whereas NDF is positively correlated 
with longer-term warmer temperatures. This demonstrates that forage quality can change 
over the dormant season and is influenced by winter weather events. 

Keywords: crude protein; dormant season; forage quality; winter environment 

1. Introduction 
Understanding the dynamics of native forage is key to successfully managing live-

stock grazing on rangelands. Characterizing rangeland forage quality was a focus of early 
rangeland livestock research in western North America [1–3] and has continued to be 
an area of interest today [4–6]. Most research has focused on documenting changes in 
forage quality during the growing season, which coincides with most livestock grazing 
and is when changes in forage quality are most pronounced. In an effort to reduce over-
head costs by minimizing reliance on harvested feeds, some livestock producers continue 
grazing into the dormant season—the period during fall and winter when plants are not 
actively growing [7]. This shift necessitates the use of low-quality, dormant forage [8]. To 
compensate for this, producers often provide high-quality supplemental feedstuffs [9]; 
however, decisions about the kind and amount of supplementation are frequently based 
on professional judgment or anecdotal evidence. This highlights the need for robust data 
to inform these decisions. Despite this, how and why forage quality changes over the 
dormant season have not been thoroughly studied. Most of the studies that have reported 
on this are limited in temporal or spatial scale [10–15]. 
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Bluebunch wheatgrass (Pseudoroegneria spicata [Pursh] Á. Löve) and Idaho fescue (Fes-
tuca idahoensis Elmer) are two important forage species in the sagebrush steppe, mixed-grass 
prairie, and Palouse prairie rangelands of western North America [16–18]. Similar to range-
land forage as a whole, the growing season forage quality of Idaho fescue and bluebunch 
wheatgrass has been well-documented [14,19–21]; however, changes in dormant season 
forage quality have been poorly tested in scope or sampling frequency. Additionally, while 
the influence of growing-season environmental conditions is largely understood [6,22–24], 
there has been little to no research on the influence of winter environmental conditions on 
forage quality. Therefore, this study sought to characterize the changes in the forage quality 
of bluebunch wheatgrass and Idaho fescue over the course of the dormant season and in 
response to concurrent environmental conditions. We hypothesized that forage quality 
would fluctuate over the course of the dormant season and that these changes would be 
correlated with variations in temperature and precipitation. 

2. Materials and Methods 
2.1. Study Area 

This study was conducted in a 1064-ha management unit at Montana State University’s 
Red Bluff Research Ranch in Norris, MT at 45◦35 ′ N, 111◦38 ′ W. The area has a cold semi-
arid climate (Köppen-Geiger Climate BSk [25]) with long, cold winters and warm summers. 
The mean annual temperature is 6.9 ◦C, and the mean annual precipitation is 418 mm, with 
55% coming during the growing season months of May–September [26]. The elevation 
of the management unit ranges from 1415 to 1715 m in a combination of gently sloping 
alluvial fans, steep slopes, and broad ridges. Most of the soils in the study area are classified 
as mollisols or inceptisols [27]. 

The vegetation is characteristic of the region, dominated by grassland accompanied 
by scattered woodlands of Rocky Mountain juniper (Juniperus scopulorum Sarg.) and limber 
pine (Pinus flexilis James) on the slopes and ridges. Idaho fescue and bluebunch wheatgrass 
are the dominant grasses. Subdominant grasses are needle-and-thread (Hesperostipa comata 
[Trin. & Rupr.] Barkworth) and prairie Junegrass (Koeleria macrantha [Ledeb.] Schult.). Dom-
inant forbs include fringed sagewort (Artemsia frigida Willd.), cudweed sagewort (Artemisia 
ludoviciana Nutt.), and lupine (Lupinus spp.). There are few shrubs in the management unit, 
but those that are present include scattered individuals of rubber rabbitbrush (Ericameria 
nauseosa [Pall. ex Pursh] G.L. Nesom & Baird) and skunkbush sumac (Rhus trilobata Nutt.), 
localized patches of antelope bitterbrush (Purshia tridentata [Pursh] DC.), and populations 
of mountain big sagebrush (Artemesia tridentata Nutt. ssp. vaseyana [Rydb.] Beetle) above 
1550 m. 

2.2. Field and Laboratory Methods 

Idaho fescue and bluebunch wheatgrass were selected for investigation because they 
are the dominant forage species and constitute a large component of livestock diets in 
the study area [28–31]. Five sites were selected within the management unit that were 
representative of the vegetation and topography of the area and contained both species. 
Beginning on 17 October 2018 and continuing every fourteen days until 6 February 2019, 
we used step transects to collect seven to ten ungrazed individuals of Idaho fescue and 
bluebunch wheatgrass by clipping to a 1 cm stubble height. This was repeated for the 
winter of 2019–2020. 

Samples were collected in paper bags in the field and transported to the Oscar Thomas 
Nutrition Center in Bozeman, MT. They were subsequently dried at 55 ◦C in a forced-air 
oven for 48 h, ground to pass a 1-mm screen, and stored in plastic bags at room temperature 
for subsequent chemical analysis. Samples were analyzed for crude protein content (CP) 
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using a LECO 828 Series analyzer (LECO Corp., St. Joseph, MI, USA) [32]. Acid detergent 
fiber (ADF) and neutral detergent fiber (NDF) were analyzed using an ANKOM 200 Fiber 
Analyzer (ANKOM Technology, Macedon, NY, USA) [33]. Results are reported on a dry 
matter basis. All samples were run in duplicate, and any sample whose coefficient of 
variation was greater than 5% was reanalyzed. 

2.3. Environmental Data 

Daily mean temperature and precipitation data for the study area were obtained 
from PRISM [26]. Monthly precipitation for the 2018 and 2019 water years is shown in 
Figure 1. The water year is defined as the period from 1 October of the preceding year to 
30 September of the named year [34]. Year one had a wet spring but a dry summer, whereas 
year two had a dry spring but a wet summer. Overall, both years were somewhat wetter 
than normal. Temperature and precipitation over the study period are shown in Figure 2. 
Both winters were typical for the study area. 
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Figure 1. Monthly and total precipitation for the 2018 and 2019 water years (WY; ending 30 September 
of the named year) at the study site in southwestern Montana, USA. The black line indicates the 
30-year mean. Year one received 137% of mean spring precipitation (April–June) but only received 
55% of mean summer precipitation (July–September). In contrast, year two received 79% of mean 
spring precipitation but received 139% of mean summer precipitation. 

Daily temperature and precipitation data were used to derive environmental metrics 
for each of the sampling dates (Table 1). Growing degree day (GDD) is a conceptual 
tool that quantifies heat accumulation above plant-specific growth thresholds [35]. It is 
routinely used to estimate plant phenology [36,37] and has been extended to predict forage 
quality [6,38]. For each sampling date, the number of GDD were calculated as follows: 

GDDi = Tmean − Tbase (1) 

where: 

• GDDi is the accumulated number of GDD on day i, 
• Tmean is the mean temperature on day i, and 
• Tbase is the threshold temperature above which plants are able to initiate growth. 

We set Tbase at 0 ◦C, as that is the temperature above which cool-season grasses are 
theoretically capable of growth [39,40]. 

To derive metrics used in the analysis, we calculated the 5-, 10-, and 15-day sums for 
GDD and precipitation as follows: 

Metrici = 
n−1 

∑
j=0 

V(i−j) (2) 
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And we calculated the 5-, 10-, and 15-day means for mean daily temperature as follows: 

Metrici = 1 
n 

n−1 

∑
j=0 

V(i−j) (3) 

where: 

• Metrici is the calculated mean for day i, 
• n is the number of days in the summation window, and 
• V(i−j) is the daily value for the variable of interest on day i−j. 
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temperature. We adapted Senft and Rittenhouse’s STTS model [41] to apply to plants. 
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difference between the mean temperature for a given day, i, and a rolling mean of previous 
days’ temperatures. Since plants respond more slowly to changes in temperature compared 
to mammals, we adjusted the calculation to account for this lag. Specifically, we calculated 
the difference between the stimulus temperature, defined as the 5- and 10-day mean 
temperatures preceding day i, and the acclimated temperature, calculated as the 5- to 
30-day mean temperatures prior to the stimulus temperature. For each sampling date, STTS 
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Stimulus and acclimated temperatures were calculated as follows: 

Tstim = 1 
N 

N 

∑ 
j=1 

T(i−j) (5) 

Taccl = 1 
M 

N+M 

∑ 
k=1 

T[i−(N+k)] (6) 

where: 

• N is the number of days in the calculation of the stimulus temperature on day i, 
• M is the number of days in the calculation of the acclimated temperature, and 
• T(i−j) and T[i−(N+k)] are the mean daily temperatures on days i−j and i−(N + k), respectively. 

See Table 1 for the values of N and M used in calculating the STTS metrics. 

Table 1. Environmental metrics derived from daily temperature and precipitation data used in the 
study. See Equations (1)–(6) for mathematical descriptions of the calculations. See Results for the use 
of the listed codes. 

Group Code Description 

Growing degree day gdd_5 5-day sum 
gdd_10 10-day sum 
gdd_15 15-day sum 

Precipitation ppt_5 5-day sum 
ppt_10 10-day sum 
ppt_15 15-day sum 

Absolute temperature temp_5 5-day mean 
temp_10 10-day mean 
temp_15 15-day mean 

Short-term thermal stress stts5_5 Difference of the 5-day mean from the 
previous 5-day mean 

stts5_10 Difference of the 5-day mean from the 
previous 10-day mean 

stts5_15 Difference of the 5-day mean from the 
previous 15-day mean 

stts5_20 Difference of the 5-day mean from the 
previous 20-day mean 

stts10_10 Difference of the 10-day mean from the 
previous 10-day mean 

stts10_20 Difference of the 10-day mean from the 
previous 20-day mean 

stts10_30 Difference of the 10-day mean from the 
previous 30-day mean 

2.4. Statistical Analysis 
2.4.1. Analysis of Sampling Date 

This analysis was split into two parts. To quantify how forage quality changed over 
the course of the study period, we used a linear mixed model. The analysis treated the 
study as a repeated measures completely randomized design with five replications of three 
factors (species, n = 2; year, n = 2; and sampling date, n = 9). The species-site sampling date 
was the experimental unit, and CP, ADF, and NDF were the response variables. Data were 
analyzed in R 4.3.1 [42] with the lmerTest 3.1-3 [43] and lme4 1.1-35.5 [44] packages using a 
mixed-effects model that included all factors and up to all two-way interactions, with site as 
a random intercept. For significant effects of sampling date, we tested linear, quadratic, and 
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cubic orthogonal contrasts with the Kenward-Roger method using the emmeans package 
1.10.1 [45]. 

To test for differences in the coefficient of variation (CV) of CP, ADF, and NDF between 
Idaho fescue and bluebunch wheatgrass, we implemented the Feltz–Miller CV equality 
test [46] using the cvequality package 0.2.0 [47] in R. Statistical significance was accepted at 
p ≤ 0.05, and tendencies were considered at 0.05 < p ≤ 0.10. 

2.4.2. Analysis of Environment 

To evaluate how changes in forage quality were related to concurrent environmen-
tal conditions, we implemented the STATICO method [48,49] using the ade4 package 
1.7-22 [50] in R. STATICO assesses the relationship between paired series of ecological 
tables using co-inertia analysis on each pair of tables then partial triadic analysis on the re-
sulting series of cross tables. This method produces two relevant outputs: the compromise 
and the intrastructure. Though primarily used in community ecology [51,52], STATICO 
and, more broadly, ordination analysis have precedent in forage nutrition [24,53–55] 

In our case, the two series of tables were (1) environmental metrics at every sampling 
date and (2) forage quality metrics (CP, ADF, and NDF) for both species at every sam-
pling date. The compromise, the primary final product of STATICO, represents the stable 
relationships between environmental metrics and forage quality across the two species. 
This provides a broad overview of how environmental conditions consistently influence 
the forage quality of both species. The intrastructure maps the relationship between en-
vironmental and forage quality metrics for each species back onto the compromise. This 
step describes how each species is influenced by environmental conditions and enables 
comparisons between them. 

As the environmental metrics are at the scale of the study area, the experimental unit 
was the species-sampling date, so we used the species-level means of the forage quality 
metrics averaged across the sites. All data were standardized before analysis. 

3. Results 
3.1. Influence of Sampling Date 

Crude protein was influenced by the main effect of species (p < 0.01) and the sampling 
date × year interaction (p = 0.02). Idaho fescue had a greater concentration of CP than 
bluebunch wheatgrass (3.14 ± 0.14% vs. 2.41 ± 0.14%, respectively; p < 0.01; Table 2); 
however, Idaho fescue also had a greater CV than bluebunch wheatgrass (p < 0.01; Table 3). 
In year one, we detected no trends in CP across sampling dates (p ≥ 0.11); however, in year 
two, there was a positive linear trend (p = 0.05) and a tendency for quadratic and cubic 
trends (p = 0.07; Figure 3, Table 4). 

Table 2. Influence of species and year on the crude protein (CP), acid detergent fiber (ADF), and 
neutral detergent fiber (NDF) of Idaho fescue and bluebunch wheatgrass sampled over 9 two-week 
intervals over two winters in southwestern Montana, USA. 

Idaho Fescue Bluebunch Wheatgrass SEM 1 p-Values 2 

Year 1 Year 2 Year 1 Year 2 Y S Y × S 

CP, % 2.83 3.45 2.36 2.46 0.19 0.04 <0.01 0.13 
ADF, % 40.7 a 39.9 b 38.9 b 41.7 a 0.66 0.10 0.98 <0.01 
NDF, % 62.2 68.7 62.8 69.7 1.31 <0.01 0.50 0.87 

1 Pooled standard error of the mean, 2 p-values for main effects, and the interaction between year (Y) and species 
(S) a,b within a year, means in a row that do not share a common superscript differ (p ≤ 0.05). 
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Table 3. Results of the Feltz–Miller coefficient of variation equality test for crude protein (CP), acid 
detergent fiber (ADF), and neutral detergent fiber (NDF) of Idaho fescue and bluebunch wheatgrass 
sampled over 9 two-week intervals over two winters in southwestern Montana, USA. The coefficient 
of variation represents variability in forage quality between sites, reflecting the spatial consistency in 
nutritive value available at each site relative to the area-level mean. 

Idaho Fescue Bluebunch 
Wheatgrass p-Value 

Coefficient of Variation 

CP, % 52.7 35.7 <0.01 
ADF, % 10.0 12.8 0.02 
NDF, % 15.0 12.8 0.15 
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Table 4. Results for polynomial orthogonal contrasts of crude protein (CP) and acid detergent fiber 
(ADF) of Idaho fescue and bluebunch wheatgrass sampled over 9 two-week intervals over two 
winters in southwestern Montana, USA. 

Orthogonal Contrast p-Values 

Linear Quadratic Cubic 

CP 
Year 1 0.11 0.87 0.99 
Year 2 0.05 0.07 0.07 
ADF 

Year 1 0.23 0.22 0.05 
Year 2 0.69 0.06 0.70 

Acid detergent fiber was influenced by the species × year (p < 0.01) and sampling 
date × year (p < 0.01) interactions. In year one, Idaho fescue had 1.8 percentage points 
more ADF than bluebunch wheatgrass (p = 0.05); however, in year two, Idaho fescue had 
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1.8 percentage points less ADF than bluebunch wheatgrass (p = 0.04; Table 2). Across years, 
the CV for bluebunch wheatgrass ADF was greater than the CV for Idaho fescue (p = 0.02; 
Table 3). In year one, ADF exhibited a cubic trend across sampling dates (p = 0.05), whereas 
in year two, there was a tendency for a quadratic trend (p = 0.06; Table 4). 

Neutral detergent fiber was only influenced by the main effect of year (p < 0.01), where 
NDF was lower in year one than in year two (62.5 ± 0.90% vs. 69.3 ± 0.92%, respectively; 
p < 0.01). We detected no difference in the CV of NDF between Idaho fescue and bluebunch 
wheatgrass (p = 0.15; Table 3). 

3.2. Influence of Environment 

For each species, the relationships between forage quality and concurrent environmen-
tal conditions are visualized in the intrastructure biplots (Figure 4). The cos2 values quantify 
how well the species-specific relationships align with the overall compromise structure, 
which represents the shared patterns between the two species. While the compromise 
captures the information for both species well, it aligns more strongly with Idaho fescue 
(cos2 = 0.93) than bluebunch wheatgrass (cos2 = 0.89). This suggests that Idaho fescue 
exhibited a slightly more consistent relationship between environmental and forage quality 
metrics than bluebunch wheatgrass. 
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Inertia represents the total variability of the data captured by the components of the 
model. The proportion of the inertia contained by each component or variable indicates how 
well it explains variability in the data. In the compromise, the first axis (PC1) contains 57% 
of the overall inertia, while the second axis (PC2) contains 35%. The first axis is primarily 
characterized by short-term temperature changes with warmer temperatures on the right. 
Five-day STTS metrics contain 62% of PC1 inertia. The second axis is characterized by 
longer-term temperature changes with warmer temperatures in the lower part of the plot. 
Ten-day STTS metrics contain 54% of PC2 inertia. 
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At our study site, winter precipitation events are generally in the context of a winter 
storm from a passing cold front followed by a decrease in temperature. Precipitation metrics 
load in the second quadrant correlated with both short- and longer-term cold temperatures. 
Precipitation metrics contain 16% of PC1 inertia and 17% of PC2 inertia. Growing degree 
day metrics contain little overall inertia, only containing 7.3% of PC1 inertia and 1.4% of 
PC2 inertia, all loading on the left. Ten-day mean absolute temperature contained 15% of 
PC2 inertia; otherwise, individual absolute temperature metrics contained less than 7% of 
PC1 or PC2 inertia, all loading in the lower part of the plot. 

Of the three forage quality metrics, CP exhibited the strongest structure, containing 
49% of the overall inertia. Crude protein loaded into the fourth quadrant, with PC1 
containing 75% of its inertia and PC2 containing 25% of its inertia. Both NDF and ADF 
loaded into the third quadrant. Neutral detergent fiber contained 34% of the overall inertia, 
with PC1 containing 35% of its inertia of NDF and PC2 containing 60% of its inertia. Acid 
detergent fiber had the weakest structure, only containing 18% of the overall inertia, with 
PC1 containing 42% of its inertia and PC2 containing 24% of its inertia. 

4. Discussion 
It has been well-documented that forage quality declines over the growing sea-

son [4,14,56,57]; however, there are conflicting reports on how forage quality changes 
over the dormant season [12,13,58,59]. Most previous studies that collected data during 
the dormant season sampled with a relatively coarse temporal resolution (1×/month to 
1×/season). Therefore, they may not have been able to adequately characterize the change 
in forage quality. In contrast, we sampled every two weeks, a frequency that has scarcely 
been reported over the dormant season [3], allowing us to detect changes that may other-
wise have been missed. Our results show that forage quality is relatively stable but can 
be dynamic within a narrower range of values than during the growing season. In year 
one, we did not detect any changes in CP, whereas in year two, CP fluctuated over the 
winter, at one point increasing by two percentage points (a 110% increase), over the course 
of six weeks. In both years, ADF followed either a cubic or quadratic pattern, fluctuating 
by over five percentage points. 

The differences between species were more pronounced and consistent in CP, with 
Idaho fescue containing greater levels of CP than bluebunch wheatgrass. In contrast, ADF 
and NDF varied more between years and showed less consistent or no differences between 
species. The range of values and relationships between the species in our results are broadly 
consistent with previously published data. For example, in the salt desert shrubland of 
Utah, bluebunch wheatgrass had 2.8–3.4% CP during winter [60–62]. Similarly, in the 
sagebrush steppe of southeastern Oregon, bluebunch wheatgrass had 2.3% CP and 57.1% 
ADF during winter [63]. In southwestern Montana, bluebunch wheatgrass had 3.0% CP, 
48.9% ADF, and 73.7% NDF during winter [64]. In contrast, in eastern Washington, Idaho 
fescue CP fluctuated between 3.6–5.8%, with a mean of 4.6% during late fall and winter [3]. 
In the mountains of northeastern Nevada, Idaho fescue contained more CP than bluebunch 
wheatgrass in the early fall (5.6 vs. 4.0% CP, respectively) [65]. Likewise, in the Palouse 
prairie of eastern Washington, Idaho fescue contained more CP and less crude fiber (CF) 
than bluebunch wheatgrass (4.62 vs. 2.94% CP and 27.2 vs. 33.4% CF, respectively) during 
the late fall and early winter [66]. 

Idaho fescue is preferentially consumed over bluebunch wheatgrass during the dor-
mant season by elk (Cervus canadensis) [67,68], domestic sheep (Ovis aries) [69], and cat-
tle [10,28,70]. Idaho fescue responds to fall precipitation by generating new vegetative 
growth [3,11] and does so more readily than bluebunch wheatgrass [10]. This fall growth 
retains its nutritional quality through the winter; in one study, it was reported at a mean of 
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15.8% CP, 26.5% ADF, and 53.3% NDF between October and February [10]. Livestock are 
selective foragers and are capable of consuming higher-quality diets than samples obtained 
by clipping [71–73]. Over the course of two winters at our study site, ewes and yearling 
heifers were able to select diets that contained 7.0 and 4.3% CP, respectively [74]. Livestock 
consuming a diet dominated by Idaho fescue may be able to exploit its greater variation 
in CP and select a proportionately higher quality diet compared to livestock consuming a 
diet dominated by bluebunch wheatgrass. Combined with Idaho fescue’s greater mean CP, 
this may partially explain why Idaho fescue is preferentially consumed over bluebunch 
wheatgrass during the dormant season. 

The influence of growing season environmental conditions on forage quality is well 
understood and has been modeled [6,22,24]. Our results indicate that dormant season 
environmental conditions are also associated with patterns of forage quality. While several 
authors who measured forage quality during the dormant season have postulated the 
influence of environmental conditions on forage quality [14,58,75], to our knowledge, this 
is the first study to formally analyze this relationship. 

A common modus operandi among range and livestock managers working on north-
ern rangelands is to assume that between fall quiescence and spring green-up, cool-season 
perennial plants remain in an unresponsive, dormant state. However, this may not be the 
case. In contrast to spring annuals, which avoid harsh temperatures by not maintaining 
live tissue during the winter, fall annuals and perennials retain live tissue over the winter 
and must undergo physiological changes to protect their tissues from frost damage by 
avoiding or tolerating freezing [76]. Rather than a binary state, cold tolerance is a dynamic 
characteristic achieved through acclimatization, a process of adaptation in response to 
successively lower temperatures [77]. This process continues even below 0 ◦C [78,79]. The 
reverse process, deacclimatization, occurs in response to successively warmer tempera-
tures [80]. Thus, a plant’s degree of cold tolerance is actively matched to its acclimated 
thermal environment. 

In our study, relative temperature (STTS) accounted for the most variation in for-
age quality, surpassing both absolute temperature and GDD. This suggests that plants 
responded more to relative temperature change rather than to absolute temperature. Addi-
tionally, the minimal variation explained by GDD metrics indicates that plants responded 
to the full range of temperatures over the winter rather than exclusively temperatures 
above freezing. 

In northern Idaho, Daubenmire reported slow, intermittent development of Idaho 
fescue and bluebunch wheatgrass over the course of the winter during periods of weather 
above freezing [81]. Although temperatures in southwestern Montana are typically colder 
than in northern Idaho, this illustrates that both species are capable of acclimatization and 
deacclimatization throughout the winter. In the STATICO analysis, Idaho fescue contained 
a more coherent data structure, which may imply that environmental factors have a more 
consistent influence on its forage quality than that of bluebunch wheatgrass. Idaho fescue 
has a larger proportion of its roots in the upper portions of the soil profile than bluebunch 
wheatgrass [82–84]. Relative to deeper horizons, soil temperatures of surface horizons 
are more dynamic and closely reflect changes in air temperature [85]. Consequently, 
Idaho fescue may be more sensitive and responsive to changes in air temperature than 
bluebunch wheatgrass. 

While this study did not seek to identify the mechanisms behind the changes in forage 
quality, we can make some inferences. Rather than a progressive decline in quality that 
could be attributed to an external factor such as nutrient leeching or tissue decay, we 
observed fluctuations in forage quality throughout the winter. These fluctuations may 
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reflect internal physiological changes, such as the translocation of phytochemicals during 
successive acclimatization and deacclimatization in response to temperature changes. 

5. Conclusions 
Our results show fine scale, at times, rapid changes in winter forage quality associated 

with environmental conditions. Livestock managers in the region can use this informa-
tion to estimate baseline forage quality for pastures dominated by Idaho fescue and/or 
bluebunch wheatgrass. 

Despite some differences, Idaho fescue and bluebunch wheatgrass shared many of 
the same patterns in forage quality. Although our study focused on specific conditions 
in southwestern Montana, the relationship between forage quality and environmental 
conditions is likely comparable in other cool-season perennial grasses found in similar 
rangelands worldwide. 

In this study, we used modeled air temperature and precipitation data at the scale 
of the entire study area; however, the conditions experienced by plants are at the site 
scale and include ambient air and soil temperature. Future studies investigating this topic 
could improve data quality by measuring environmental conditions in the field at each site. 
Higher-quality data may allow investigators to move from relational analyses (ordination) 
to predictive analyses (regression). This would allow the development of tools to predict 
changes in forage quality in real-time as the winter progresses. Livestock managers would 
be able to use these tools to adjust management in response to changing conditions. 
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